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Definition

Peptide library is an assembly of a large number

of peptides with different amino acid sequences

of 10 to 109 or more.

Background

Peptide libraries are usually exploited to discover

a single or a group of peptides that bind specifi-

cally to a target protein and other biological mol-

ecules or to target cells in a dish as well as those

inside the living body. The selected peptides are

potential candidates as the probing molecules

with fluorescent or radioactive labels or as the

carrier molecules that deliver drugs to the target

cells in vivo.

Building Up of Peptide Library

Peptide library can be built up simply by mixing

different peptides of equal or sometimes different

amounts. Although the simple mixing method

appears too tedious to be practical, it is advanta-

geous in keeping high quality of library, provided

that the component peptides have been isolated

and purified before mixing. With the use of auto-

matic synthesizers designed for that purpose, up

to 384 different peptides may be synthesized on

one stage. Then, the peptides are mixed alto-

gether after purification.

Peptide library can be prepared in one pot by

using a mixture of Fmoc-amino acids at each

elongation step of the peptide synthesis [1].

Care has to be taken, in this case, however, the

percentage of each amino acid unit incorporated

into library may be different from the percentage

of each component in the Fmoc-amino acid mix-

ture, because of different reactivities of Fmoc-

amino acids. Roughly speaking, peptide libraries

of short peptides of less than 10 amino acids may

be synthesized in one-pot synthesis with good

enough quality, but those of longer than

15 amino acids have to be built up by mixing

isolated and purified peptides.
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The component amino acids are selected from

naturally occurring 19 amino acids excluding Cys

because it leads to intramolecular as well as

intermolecular disulfide linkages. Instead,

several nonnatural amino acids, like hydro-

philic/hydrophobic, fluorescent, biotinated,

and even radioactive amino acids, are incorpo-

rated depending on the final purpose of the

library.

If a mixture of 14 different Fmoc-amino acids

was used at each elongation step, the diversity of

the final peptide library of eight residue peptides,

for instance, will be 148 = 1.5 � 109. This dem-

onstrates how easily a library of large enough

diversity can be built up by the mixed Fmoc-

amino acid technique.

No matter how the peptide library was built

up, the most serious problem remains in the sol-

ubility of the component peptides, especially if

the library was intended to be in contact with

living cells in vitro and in vivo. Peptide compo-

nents that contain high percentage of Val, Leu,

Ile, Met, and Phe tend to precipitate or form

aggregates in aqueous media. Even if a specific

peptide component itself is water soluble, it may

often form insoluble aggregates when it was

mixed with other peptide component(s). So, if

no precaution has been taken, hydrophobic pep-

tides often precipitate or form aggregates on cell

surfaces. Under this condition, peptides screened

are biased to highly hydrophobic ones that had

been nonspecifically bound onto cell surfaces. To

avoid the solubility problem and the nonspecific

binding problem, several attempts have been

made: incorporation of very hydrophilic compo-

nents, like oligoethyleneglycol units, as the fixed

ingredient works to ease the insoluble problem.

Also, biased amino acid populations to decrease

percentages of hydrophobic amino acids intro-

duced may be effective.

Easy biodegradation is the second major prob-

lem of peptide libraries, when they were screened

under cultivated cells on dishes or in the animal

body. Some peptides are known to have their

lifetimes of less than 10 min under such condi-

tions. Incorporation of D-amino acids or other

nonnatural components is the current strategy to

avoid this problem.

One-Bead-One-Peptide Library

Usually, peptides are synthesized on small plastic

beads of diameters less than 0.1 mm (sold-phase

peptide synthesis). Peptide library can be built

up on the beads with a single type of peptide

on a single bead, i.e., “one-bead-one-peptide

(OBOP)” strategy [2]. The library is prepared

following the steps as illustrated in Fig. 1a.

First, a whole bunch of the beads on which

peptides will be elongated are split into several

groups (five groups in the case of Fig. 1a). Then,

different amino acids are attached onto different

bead groups in separate reaction tubes. After the

elongation reaction, the five bead groups are

mixed together thoroughly and then split again

into five groups. By repeating the

(splitting ! separate elongation ! remixing)

cycle, until the peptides attain desired length, an

assembly of beads was obtained on which a single

type of peptide is linked on a single bead and

another type on another bead.

The peptides on beads are utilized for the

screening without isolating the peptides from the

beads. Typical screening process is as follows

(Fig. 1b): First, a solution of target protein labeled

with a fluorescent tag was prepared. The library on

beads was immersed into the protein solution for a

while and then washed to remove temporarily

attached proteins. The beads that bind to the

labeled protein were detected on a fluorescent

microscope. The amino acid sequence of the pep-

tide on the single bead can be identified by using a

highly sensitive peptide sequencer.

Although the library building up and the

screening along OBOP strategy appear very sim-

ple and easy, its limitation is obvious. Since the

screening is carried out with the peptides linked

to beads, the peptides selected are not always

effective when they are liberated from the

beads, because of possible changes of peptide

conformations and other factors.

Characterization of Peptide Library

Quality of peptide library is a crucial factor for

the successful screening. The quality of library
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stands for several factors: First, the expected pep-

tide components should be contained in the

library in expected quantities; second, no debris

components should be contained; and third, no

aggregation of component peptides should be

formed. If the library was built up by mixing

isolated and purified peptides, the first and the

second concern can be avoided.

It had been very difficult to examine those

factors after building up the library. Recently,

advanced liquid-chromatogram mass spectroscopy

(LCMs) instruments become available for the

library characterization. As an example, an LCMS

chart of a library, H-Lys-Ser-NH(CH2CH2O)6-

CH2CH2CO-xaa-his-xaa-xaa- Sar3-NH2 is shown

in Fig. 2.

The peptide library has been built up through

one-pot synthesis using mixtures of 14 Fmoc-

D-amino acids (xaa’s). Since the peptide consists

of three xaa units, the total number of peptides

will be 143 = 2,744. In the LCMS chart, 1,032

different peaks were identified; each peak show-

ing reasonable matching to one of the molecular

weights of peptides expected in the library.

At this point, however, all the identified peaks

cannot be assigned to peptides, because there are

a large number of debris peaks that are not shown

on the chart and there remains a possibility that

some of debris peaks accidentally show matched

molecular weights.

Krokhin et al. proposed a linear relationship

between the retention times and the types of

amino acids included in the peptides [3].

According to the relation, the retention time, Rt,

of a peptide is expressed as the sum of the reten-

tion coefficients, Rcs, that are assigned to specific

types of amino acids included in the peptide, plus

base retention time Rt0. In the case of the above

Fmoc-NHCHCOO

R1

aa1

All peptides on a single bead are identical

•  •  •  •  •  •

Fluorescence-Labeled
Antibody

a b

Manipulation under
Fluorescence
Microscope

Peptide Sequence
Analyzer

Amino Acid Sequence

aa2 aa3 aa4 aa5

Peptide Library, Fig. 1 (a) Buildup of peptide library for “one-bead-one-peptide” strategy. (b) Screening of the beads
using fluorescently labeled target protein
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peptides that consist of three mixed amino acid

units, (fixed part)-aa1-aa2-aa3-(fixed part), the

linear relationship is

Rt aa1, aa2, aa3ð Þ ¼ Rc aa1ð Þ þ Rc aa2ð Þ
þ Rc aa3ð Þ þ Rt0: (1)

The parameters, Rcs for all amino acids

involved and Rt0 depend on the LC column and

other elution conditions; therefore, they must be

determined by a least-squares fitting that opti-

mizes 14 Rc values and Rt0 to give the best linear

relationship. The results for the 1,032 peaks

of H-Lys-Ser-NH(CH2CH2O)6-CH2CH2CO-xaa-

his-xaa- xaa-Sar3-NH2 peptides in Fig. 2 are

shown in Fig. 3a. The retention times of a major

portion of the matched peaks are resting close to

the diagonal line, indicating that the retention

times calculated using the least-squares Rc values

are in agreement with observed values. However,

a significant number of the peaks are deviated

from the linear relationship. The deviated peaks

may be assigned to peptides of extraordinary con-

formations, to peptides temporarily associated

with other peptides, or to other debris peaks

from unsuccessful synthesis or from the environ-

ment. In any case, peaks close to the diagonal line

can no doubt be assigned to peptides that are

expected in the library.

If the peaks deviated from the diagonal line

were excluded from the least-squares calculation

to optimize Rcs and Rt0, a more clear relationship

is observed between observed and calculated

retention times (Fig. 3b).

One of the advantages of the above analysis

is that amino acid pairs of equivalent molecular

weights, like (Ala + Tyr)/(Ser + Phe),

(Val + Glu)/(Leu + Asp), etc., may become dis-

tinguished in this way.

Although LCMS technique is very powerful

for the identification of peptide components in a

library, it has some limitations. First, it will not

tell anything about the order of amino acids in a

peptide. Second, as described above, there are

amino acids and amino acid pairs that cannot be

distinguished only by their molecular weights.

Leu/Ile are isomers to each other and Gln/Lys

have very close molecular weights that are diffi-

cult to distinguish. Seventeen amino acid pairs

like (Gly + Leu)/(Ala + Val) have the same

molecular weights. To compromise this com-

plexity, exclusion of several amino acids from

the amino acid ingredients is recommended. For

example, if Gly, Leu, Cys, Lys, Glu, and Gln

were excluded from the amino acid components,

only three pairs are remained to have equivalent

molecular weights: (Ala + Tyr)/(Ser + Phe),

(Val + Thr)/(Ile + Ser), and (Asn + Trp)/

(His + Tyr).

The third limitation is that the sensitivity of

mass detector sharply depends on the types of

amino acids included in a peptide. Peak intensi-

ties in the LCMS chart in Fig. 2, for example, do

not necessarily reflect the amounts of the

Peptide Library, Fig. 2 LCMS chart of a peptide

library, H-Lys-Ser-NH(CH2CH2O)6- CH2CH2CO-xaa-

his-xaa-xaa-Sar3-NH2 (xaa = ala, val, leu, met, ser, thr,

arg, asp, asn, his, phe, tyr, trp, pro; the small three-letter

codes indicate D-amino acids). The sticks on the chart

indicate peaks whose molecular weights show reasonable

matching to those of the expected peptides
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corresponding peptide components included in

the library. Moreover, some types of peptides

cannot be even detected. Unfortunately, there

seems no reliable theory that predicts the sensi-

tivity of LCMS for a given amino acid sequence.

However, roughly speaking, hydrophilic peptides

are more sensitively detected than hydrophobic

ones. Increase of the population of hydrophilic

amino acids during library synthesis may

improve this difficulty, but it will introduce a

serious bias in the screening result, because

hydrophilic amino acids are often ionic ones.

Instead, the author recommends the reader to

introduce oligosarcosine (Sar) as the fixed

C-terminal unit of peptides. Sarcosine

(Sar = N-methylglycine) is nonionic and its olig-

omer unit adds excellent solubility to the peptide.

Moreover, oligosarcosine units do not take spe-

cific conformation, like a-helix or b-sheet,
because the N-methylamide linkage takes both

cis and trans configurations almost equally. In

short, oligosarcosine unit at the C-terminal will

not seriously alter the peptide property.

In Vitro Screening of Peptides Using
Peptide Library

Peptide libraries are exploited for efficient dis-

covery of a peptide or a group of peptides that

specifically bind to target proteins or target cells.

The discovery process usually consists of several

screening steps, at each step contracting the

diversity of peptide library. The techniques used

for peptide screening are divided into several

classes, depending on the form of peptide library.

If the library is provided as one-bead-one-peptide

form, the screening will be made with peptides

linked onto beads as illustrated in Fig. 1b.

Because peptides are hanging on plastic beads,

the screening of OBOP library cannot be done

in vivo. Peptides selected by the OBOP strategy

must be reexamined or rescreened after liberating

peptides from the beads.

If the library is provided as fluorescently

labeled free peptides, screening will be made on

microplates with a fluorescence detector

(microplate reader). Peptide libraries of different

Peptide Library, Fig. 3 (a) Correlation between

observed retention times and those calculated from

Eq. 1, using retention coefficients that give the best fit

between the retention times. All peaks that show reason-

able matching to the molecular weights of expected pep-

tides are plotted. (b) Correlation between observed

retention times and those calculated from Eq. 1, using

retention coefficients that give the best fit between the

retention times. Peaks that deviate from the relationship

are excluded from the least-squares optimization of Rcs
and Rt0
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peptide components are screened by the amounts

of bound peptides as detected by their fluores-

cence (Fig. 4).

The screening on microplate can be automated

and is practical enough to find candidate peptides.

One of the advantages of this method is that

peptides are served in solution and, contrary to

the case of OBOP strategy, peptides bind onto

target proteins or cells in their intact form. This

advantage has to be somewhat reserved, how-

ever, if the peptides are applied to final uses

after removing the fluorescence labels.

If the library is provided as non-labeled free

peptides, LCMS is the only technique available

for detecting and identifying peptides. The

screening procedure currently employed in the

author’s laboratory is illustrated in Fig. 5.

Following this procedure, peptides that are

lightly attached onto surfaces of target cells are

discarded and only those penetrated into cytosol

are selected.

In Vivo Screening of Peptide Library

If one is looking for peptides that bind to

target cancer cells inside the human body,

in vivo screening of free peptides in cancer-

cell-implanted mice is currently the shortest

approach. But the shift of the screening process

from in vitro to in vivo requires several factors

that have to be taken into consideration. First,

peptides must not be linked to insoluble supports

and must be well soluble by themselves in aque-

ous media; otherwise, they will stick onto veins

or other organs and will not be delivered to target

cells. In some cases, however, serum albumin in

blood will take up hardly soluble peptides and

possibly transport them around the whole body.

The latter possibility may depend on a very subtle

balance between the solubility of a peptide and

the uptake ability of albumin, making prediction

of in vivo results difficult.

Second, as described above, biodegradability

is a crucial factor in determining in vivo activity

of peptides. Introduction of D-amino acids and/or

non-amide backbone is a current strategy to avoid

this problem. Third, in vivo experiments are often

difficult to reproduce, because of the difficulties

in controlling animal conditions, in controlling

target (cancer) cell conditions, and in controlling

conditions for peptide injection. Those complex-

ities, however, may be averaged off or, at least,

compromised by doing in vivo experiments under

competitive circumstance. For example, in the

author’s in vivo screening process, as illustrated

in Fig. 6, peptides are screened in competition

between different peptides and in competition

between different cancer cells.

First, seven different peptide libraries were

labeled with seven different fluorescence probes.

The libraries were mixed together and injected

into a mouse that was implanted with two differ-

ent cancer cells (e.g., A431 and MCF7). The

peptides compete with each other toward the

cancer cells in the mouse body. The amount of

96 well microplate 
covered with a target 
protein or target cells
at each well

Addition of fluores-
cently-labeled peptide
libraries of different 
components

Wash off unbound 
peptides

Fluorescence detection to 
find the library that 
contains the best bound 
peptide

Peptide Library, Fig. 4 Screening of fluorescently labeled library on a microplate covered with a target protein or with

target cells
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Peptide Library, Fig. 5 Screening of non-labeled peptide library on target cancer cells by using LCMS as a detector

Peptide Library, Fig. 6 Double competitive in vivo screening of peptide libraries labeled with different fluorophores

against different target cancer cells, by using two-dimensional fluorescence spectroscopy
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each peptide library taken into the cancer cells

was evaluated after the mouse was sacrificed

and the cancer cells were taken up. The amounts

of peptides were evaluated by using

two-dimensional fluorescence spectroscopy that

enables to quantify concentrations of the seven

fluorophores independently by single measure-

ment. The competition between peptides makes

the in vivo results much more reliable than the

results obtained by injecting a single type of

peptide to multiple numbers of implanted mice,

because the relative binding or incorporation effi-

ciencies of seven peptide libraries are insensitive

to mice conditions, although absolute values vary

significantly from mouse to mouse.

As illustrated in Fig. 6, two different cancer

cells were implanted into a mouse body, intro-

ducing competition between different cancer

cells to attract peptides. The dual implant allows

to evaluate peptide affinities toward different

cancer cells. In the author’s experience, the dou-

ble competitive in vitro screening gives currently

the best reliable results, with some reservation

that removal of fluorescence labels after screen-

ing may change the binding properties of selected

peptides.

Future Prospective

Peptide library technique has long been known

and applied by many workers. Yet, only a few

successful peptides have been found. The most

serious problem is their biodegradability. Intro-

duction of nonnatural amino acids and/or

D-amino acids may suppress the degradability as

described above. Another serious problem is the

lack of reliable technique applicable to in vivo

screening. In this section, the author described

what we believe as the best technique currently

available in vivo by using advanced tools, like

library synthesizers, LCMS machines, and 2D

fluorescence spectrometers. Although the

methods described here are not yet very common

yet, the author wishes this section will attract

attention of young workers who reconsider pep-

tide library as the best shortcut to target drug

carriers or target probe molecules.

Related Entries

▶ Polymeric Drugs

▶ Proteins as Polymers and Polyelectrolytes

▶Vaccine
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Pervaporation Membranes

Tadashi Uragami

Functional Separation Membrane Research

Center, Suita, Osaka, Japan

Synonyms

Liquid permeation

Definition

Pervaporation (PV) membranes are generally

composite structures which are consisted of a

dense layer (active or permselective layer) and a

porous layer (support layer). Those membranes

are effective for separation of organic liquid mix-

tures with high osmotic pressure, can be applied

to the separation and concentration of azeotropic

mixtures, close-boiling-point mixtures, and

structural isomers, and can be used for the

removal of certain components in equilibrium

reactions.
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Pervaporation Principle

Pervaporation (PV) was coined as a term for the

combination of the permeation of the permeate

through the membrane and its evaporation into

the vapor phase based on the two basic steps of

the process.

The principle of PV is shown in Fig. 1. In this

separation process, when a liquid mixture is fed to

the upstream side of a membrane and the down-

stream side is evacuated, a component in the

feed mixture can preferentially permeate through

the membrane. In a PV process, differences in

the solubility of permeants in the membrane, the

diffusivity of permeants in the membrane, and the

relative volatility of permeants can influence

the permeability and selectivity [1–4]. In general,

PV exhibits the following characteristics [5–7]:

1. Selective transport across a non-porous

membrane is achieved by a three-step process

consisting of solution, diffusion, and evaporation.

2. Because the driving force for permeation is the

vapor pressure for each component rather than

total system pressure, this process is effective

for separation of organic liquid mixtures with

high osmotic pressure.

3. PV can be applied to the separation and con-

centration of mixtures that are difficult to sep-

arate by distillation. For example, it is useful

for the separation of azeotropicmixtures, close-

boiling-point mixtures, and structural isomers.

4. PV can be used for the removal of certain

components in equilibrium reactions.

5. Polymer membrane compaction, a frequent

problem in high-pressure gas separations,

is not encountered in PV because the feed

pressure is typically low.

This PV process can be applied to the dehydra-

tion of organic liquids, concentration of alcohols,

removal of volatile organic compounds (VOCs) in

aqueous solutions, separation of organic/organic

mixtures, facilitation of chemical reactions such as

esterification, and analysis of liquid materials.

Fundamental Permeation Equation

The permeation rate, Qi, of component i is

expressed by Fick’s first law as follows [6, 7]:

Qi ¼ �D Cið ÞdCi=dx; (1)

where D(Ci) is the diffusion coefficient, Ci is the

concentration of component i in the membrane,

and x is the distance from the membrane/

feed-solution interface.

Fick’s second law of diffusion is:

dCi=dt ¼ D Cið Þd=dx dCi=dxð Þ
¼ D Cið Þ d2Ci=dx

2
� �

(2)

where D(Ci) is given by the following equation:

Vacuum

Membrane

Upstream side

Downstream side

Solution

Diffusion

Evaporation

Feed liquid

Vapor

Pervaporation
Membranes,
Fig. 1 Principle of

pervaporation

((T. Uragami)

pervaporation membranes)
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D Cið Þ ¼ D0exp gCið Þ (3)

Here, D0 is the infinite dilution diffusion coeffi-

cient, and g is a measure of membrane plastici-

zation that is dependent on temperature.

At steady-state permeation, the boundary con-

ditions are dCi/dt, Ci = C1 at x = 0, Ci = C2 at

x = l. When Eq. 3 is inserted in Eq. 2 and is

integrated, Eq. 4 is obtained.

Qi ¼ D0=glð Þ expgC1 � expgC2ð Þ (4)

The concentration distribution is expressed as

follows:

Ci ¼ 1=gð Þln expC1� x=l expgC1� expgC2ð Þf g
(5)

If the concentration at the boundary of the feed

solution and the membrane is equilibrated ther-

modynamically, the following equations hold:

C1 ¼ C� p0
� �

(6)

C2 ¼ C� p2ð Þ (7)

where C* is a pressure dependent function, p0 is
saturated vapor pressure, and p2 is the vapor pres-

sure on the down-stream side of the membrane.

Using these expressions, Eqs. 4 and 5 may be

rewritten with p0 and p2. At the same time, the

permeability, Pi, is derived as follows:

Pi ¼Qil=Dp¼ D0=gDpð Þ expgC1� exp gC2ð Þ
(8)

where Dp = p0�p2. When Eqs. 6 and 7 obey

Henry’s law, C*(p) = SP, and Eqs. 4, 5, and

8 are easily expressed as a function of p0 and p2.

Qi ¼ D0=glð Þ expgSp0 � expgSp2
� �

(9)

Ci ¼ 1=gð Þ ln expgSp0� x=l expgSp0� expgSp2
� �� �

(10)

Pi ¼ D0=gDpð Þ expgSp0 � expgSp2
� �

(11)

Solution-Diffusion Model

When a similar treatment is applied to gas or

vapor permeation, the following equations are

obtained [1, 8]:

Qil ¼
ðC2

C1

D Cið ÞdCi (12)

Qi ¼ Pi p1 � p2ð Þ=l; (13)

where p1 and p2 are the vapor pressures on the

high concentration side and low concentration

sides of the membrane, respectively.

Combining Eqs. 12 and 13 yields the

following:

Pi ¼
ðC2

C1

D Cið ÞdCi

� �
p1 � p2ð Þ (14)

Rearrangement gives:

Qil ¼ R ¼ Pi p1 � p2ð Þ ¼
ðC2

C1

D Cið ÞdCi; (15)

where R is the normalized permeation rate. When

the concentration-averaged diffusion coefficient,

Di, is defined as in Eq. 16, Pi and R are expressed

as in Eqs. 17 and 18, respectively.

Di ¼
ðC2

C1

D Cið ÞdCi= C1 � C2ð Þ (16)

Pi ¼ Di C1 � C2ð Þ= p1 � p2ð Þf g (17)

R ¼ Di C1 � C2ð Þ (18)

If the diffusion coefficient is not dependent on

permeant concentration then Di equals D. In PV,

the downstream pressure is much lower than the

upstream pressure (p1 � p2). Hence, Eqs. 16, 17,

and 18 can be represented as follows:

Di ¼
ðC2

C1

D Cið ÞdCi=C1 (19)
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Pi ¼ Di C1=p1ð Þ (20)

R ¼ Di C1; (21)

where C1/p1 = S1, which is the pseudo solubility

coefficient. Under these conditions Pi may be

expressed by:

Pi ¼ Di S1: (22)

Separation Factor

The separation factor is represented by the ratio,

y, of the overall permeation rate for the mixed

solution, Qp, and the sum of the permeation rate

of each component in the mixture, Qc.

y ¼ Qp=Qc (23)

The permeation ratio in the A and B binary sys-

tem, Qi is defined as follows:

QA ¼ q
p
A=q

c
A, QB ¼ q

p
B=q

c
B ; (24)

qpi and qci, correspond to the component Qp and

Qc, respectively.

In an ideal system in which there is not an

interaction between the components in the

mixed solution, y is 0. In general, when y > 1,

the permeation rate is larger than that in an ideal

system, when y < 1, it is less than that in an ideal

system.

Quantitative Treatment of Separation Factor

When the permeation rates for A andB components

in the binary system are qpA and qpB, respectively,

the overall permeation rate, Q, is as follows:

Q ¼ q
p
A þ q

p
B: (25)

In an ideal state in which there is not an interac-

tion between the components,

q
p
A ¼ XA q

c
A, q

p
B ¼ XB q

c
B; (26)

where XA and XB are the weight fraction or mole

fraction of the components A and B in the

upstream side, respectively.

The overall permeation rate in an ideal system,

Qc, is as follows:

Qc ¼ XqcA þ 1� XAð ÞqcB: (27)

When the weight fractions or mole fractions of

A and B components in the downstream side in

PV are YA and YB, respectively,

q
p
B=q

p
A ¼ YB=YA (28)

The separation factor, aB/A, represented by the

component fractions in the feed solution and

permeate is as follows:

aB=A ¼ YB=YAð Þ= XB=XAð Þ (29)

By using Eqs. 26, 27, and 28:

aB=A ¼ YB=YAð Þ= XB=XAð Þ
¼ YB 1� XBð Þ=XB 1� YBð Þ
¼ q

p
B=q

p
A ¼ XBq

c
B

� �
XA= XAq

c
A

� �
XB

¼ qcB=q
c
A: (30)

The separation factors in the ternary component

are as follows:

aB=A ¼ YB=YAð Þ= XB=XAð Þ,
aC=A ¼ YC=YAð Þ= XC=XAð Þ,
aC=B= ¼ YC=YBð Þ= XC=XBð Þ

(31)

aA=total ¼ YA= YAþYBþYCð Þ=XA= XAþXBþXCð Þ� �
¼ YA=SYið Þ=XA=SXi:

(32)

In PV, the separation factor, aB/A, a relative mea-

sure for the degree of separation, can be

represented by the component mole fractions in

the feed and permeate as follows:

aB=A ¼ YB=YAð Þ= XB=XAð Þ; (33)

where XA and XB are the weight fraction or mole

fraction of A and B components in the upstream-

side, respectively. YA and YB are the weight frac-

tion ormole fraction of A and B components in the

downstream side, respectively.
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PV Membranes for Separation of
Organic Liquid Mixtures

Dehydration PV Membranes

Dehydration PV Membranes for Alcohols

Water/alcohol selective PV membranes are

effective for the following scenario. For example,

when an aqueous solution of dilute ethanol (about

10 wt%) produced by the bio-fermentation is

concentrated by distillation, since an aqueous

solution of 96.5 wt% ethanol is an azeotropic

mixture, ethanol cannot be concentrated any

more by distillation, and consequently ethanol is

concentrated by azeotropic distillation with the

addition of benzene. If membranes that can pref-

erentially permeate only water at 3.5 wt% in an

azeotropic mixture of aqueous ethanol solution

can be developed, significant energy savings

would be achieved. The separation of permeants

in PV depends on the differences in the solubility

and diffusivity of the permeants in the feed mix-

ture. When structures of water/alcohol and water/

organic liquid for selective PV membranes are

domically designed, hydrophilic materials can be

recommended as membrane materials. There-

fore, an increase in the solubility of water mole-

cules into the membrane during the solution

process can be expected. In order to raise the

affinity of membranes for water molecules, mem-

branes with dissociation groups introduced into

their structure are used for dehydration from

organic solvents.

Hydrophilic organic–inorganic hybrid mem-

branes were prepared from hydrophilic

quaternized chitosan (q-Chito) and

tetraethoxysilane (TEOS) by a sol–gel process,

in order to minimize the swelling of the q-Chito

membranes. When an azeotrope of ethanol/water

was permeated through their q-Chito/TEOS

hybrid membranes during PV, the q-Chito/

TEOS hybrid membranes showed high H2O/

EtOH selectivity. However, the H2O/EtOH selec-

tivity of the membranes decreased slightly with

increasing TEOS content over 45 mol% [9, 10].

To control the swelling of sodium carboxymeth-

ylcellulose (CMCNa) membranes, mixtures of

CMCNa and glutaraldehdde (GA) and mixtures

of CMCNa as an organic component and

tetraethoxysilane (TEOS) as an inorganic com-

ponent were prepared, and CMCNa/GA cross-

linked membranes and CMCNa/TEOS hybrid

membranes were formed. In the separation of an

ethanol/water azeotrope by PV, the effects of the

GA or TEOS content on the water/ethanol selec-

tivity and permeability of these CMCNa/GA

cross-linked and CMCNa/TEOS hybrid mem-

branes were investigated. Cross-linked and

hybrid membranes containing up to 10 wt% GA

or 10 wt% TEOS exhibited higher water/ethanol

selectivity than CMCNa membrane without any

cross-linker. This resulted from both increased

density and depressed swelling of the membranes

by the formation of a cross-linked structure

[11]. Zeolite-embedded hybrid membranes are

manufactured by using a casting machine with

polyester nonwoven fabric as the supporting

layer, polyacrylonitrile (PAN) as the porous

backing layer, and PVA as the active separating

layer. Experimental results show the H2O/EtOH

selectivity has been greatly improved after

adding zeolite 4A and that reasonably high sepa-

ration factor can be achieved for feed ethanol

concentration of above 80 wt%, probably due to

the superior molecular sieving effect of added

zeolite 4A on the water/ethanol system. By incor-

poration of zeolite, apparent Arrhenius activation

energy significantly decreased for water but obvi-

ously increased for ethanol. Water molecules

require much less energy whereas ethanol mole-

cules need much more energy to transport

through the membrane because of the hydrophilic

characteristics of zeolite 4A.

Dehydration PV Membranes for Organic Liquids

Water/organic selective PV membranes are

effective for the dehydration of water/organic

mixtures. The dehydrated organic solvents can

be useful as industrial reaction solvents, washing

solvents, and analytical solvents.

PVA-based nanocomposite membranes were

prepared by coprecipitation of different amounts

of Fe(II) and Fe(III) taken in an alkaline medium

and their PV performances were investigated to

dehydrate from aqueous solutions of 10–20 wt%

2-propanol and 1,4-dioxane and 5–15 wt%
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tetrahydrofuran. Thin layer membranes were cast

on polyester fabric cloths as support layers to

improve their PV separation performances for

all three mixtures over that of the pristine cross-

linked PVA membrane. In particular, the com-

posite membrane prepared by taking 4.5 wt% of

iron oxide showed an improved selectivity with a

slight sacrifice in the permeation rate compared

to membranes containing lower contents of iron

oxide as well as the pristine cross-linked PVA

membrane. The permeation rate decreased with

increasing content of iron in the PVA matrix,

while the selectivity increased systematically.

Dense polymer membranes were made by mixing

aqueous solutions of hydrophilic polymers PVA

and PEI for investigating the separation of an

azeotrope of tetrahydrofuran (THF)/water

(94 wt% THF) by PV. The membranes were

found to have good potential for breaking an

azeotrope of THF. An increase in PVA content

in the blend caused a decrease in the permeation

rate and an increase in selectivity. The blend

membrane of PVA/PEI of 5/1 showed the highest

separation factor for H2O/THF selectivity of

181.5 and the permeation rate of 1.28 kg

(m2h)�1 for an azeotropic mixture, respectively.

Zeolite K-LTL-loaded NaAlg-mixed matrix

membranes were prepared by solution casting

and cross-linked with GA. The PV dehydration

of 2-propanol, 1,4-dioxane, and tetrahydrofuran

was tested at 30–70 �C as a function of membrane

thickness and feed compositions. These mem-

branes showed enhancement in both the perme-

ation rate and water selectivity in azeotropic

mixtures. These results were due to the addition

of K-LTL particles in NaAlg matrix. The perme-

ation rate and selectivity to water were higher for

water/1,4-dioxane azeotrope than those of water/

2-propanol and water/tetrahydrofuran azeotropic

mixtures. Molecular sieving effect based on uni-

form distribution of K-LTL zeolite particles

showed that in NaAlg matrix its hydrophilicity

and hydrophilic NaAlg gave higher membrane

performance than pristine cross-linked NaAlg

membrane.

Membranes constructed from pure poly

(4-methyl-1-pentene) (TPX) 4-vinylpylidine

(4-VP) and modified TPX (TPX/P4-VP)

membranes were prepared for PV. The introduc-

tion of a hydrophilic 4-VP monomer into the TPX

matrix was done by free radical polymerization to

form the TPX/P4-VP membrane. The separation

factor for H2O/CH3COOH selectivity and perme-

ation rate of the TPX/P4-VP membranes were

higher than those of the unmodified TPX

membranes for the PV of an aqueous acetic acid

solution. Acrylnitrile (AN) and hydroxyl

ethylmetacrylate (HEMA) were grafted onto

PVA using cerium(IV) ammonium nitrate as initi-

ator at 30 �C. The PVA-g-AN/HEMAmembranes

were prepared by a castingmethod, and used in the

separation of acetic acid/water mixtures by

PV. PVA-g-AN/HEMA membranes gave separa-

tion factors for H2O/CH3COOH selectivity of

2.26–14.60 and permeation rates of 0.18–2.07 kg

(m2h)�1. Grafted membranes gave lower perme-

ation rates and greater separation factors for H2O/

CH3COOH selectivity than PVAmembranes [12].

Novel hydrophilic polymer membranes based

on cross-linked mixtures of poly(allylamine

hydrochloride)-PVA have been developed. The

high selectivity and permeation rate characteristics

of these membranes for the dehydration of organic

solvents are evaluated using PV technology and

are found to be very promising when compared to

existing membranes.

Organic Selective PV Membranes for

Aqueous Solutions

Alcohol Selective Membranes

Cross-linked PVA composite membranes have

been used in commercial PV plants for dehydra-

tion of ethanol beyond the azeotrope. However

aqueous ethanol solutions that can be produced

by bio-fermentation are dilute (about 10 wt%).

Therefore, if ethanol/water (EtOH/H2O) selective

membranes with high efficiency can be prepared,

the distillation process in the first stage to obtain an

azeotrope can be replaced which is very advanta-

geous for reduction of energy cost. There are fewer

reports on EtOH/H2O selective membranes com-

pared with those of H2O/EtOH selective mem-

branes. One reason why the development of

efficient high-performance EtOH/H2O selective

membranes is difficult can be attributed to the
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fact that ethanol has a larger molecular size than

water and must be preferentially permeated

through the membrane. In fact, permeation and

separation in a PV process through dense mem-

branes is based on the solution-diffusion mecha-

nism [1, 8]. Therefore, when it is required that

ethanol molecules with larger molecular size pref-

erentially permeate from an aqueous ethanol solu-

tion, it cannot be expected to be separated by the

diffusion process. Consequently, only a difference

of solubility selectivity in the solution process in

which both ethanol and water components are

dissolved can contribute to the separation. Figure 2

shows the ethanol concentration in the permeate

through a poly(dimethylsiloxane) (PDMS) mem-

brane during PV and the amount sorbed into a

PDMS membrane. These results support the

hypothesis that the difference in the solubility of

the permeants contributes to the EtOH/H2O selec-

tivity. PDMS membranes show high EtOH/H2O

selectivity, but their mechanical strength is weak,

and it is difficult to prepare thin membranes from

PDMS. In order to obtain both EtOH/H2O selec-

tivity and mechanical strength, graft copolymers

composed of PDMS macromonomer and vinyl

monomers were synthesized.

Graft copolymer membranes, which were

either ethanol- or water-selective, were prepared

by copolymerization of an oligo-dimethylsiloxane

(DMS) monomer with methyl methacrylate

(MMA) [7]. Transmission electron micrograph

(TEM) demonstrated that the PMMA-g-PDMS

membranes showed microphase-separated struc-

tures. When an aqueous solution of 10 wt% etha-

nol was permeated through the PMMA-g-PDMS

membranes by PV, the ethanol concentration in

the permeate and the permeation rate increased

drastically with the DMS content in the copoly-

mer. In particular, at a DMS content of less than

40 mol%, water permeates preferentially from an

aqueous solution of 10 wt% ethanol, whereas

membranes with more than about 40 mol% of

DMS are EtOH/H2O selective, as shown in

Fig. 3. The change in the EtOH/H2O selectivity

of the PMMA-g-PDMS membranes can be

explained by a microphase-separated polymer

structure using Maxwell’s model and a combined

model consisting of both parallel and series

expressions. Furthermore, image processing of

TEMs allowed the determination of the percola-

tion transition of the PDMS phase at a DMS con-

tent of about 40 mol%. These results suggest that

the continuity of the PDMS phases in the

microphase-separated PMMA-g-PDMS mem-

branes directly affects their EtOH/H2O selectivity

for aqueous ethanol solutions [7].

0

100

1000

E
tO

H
 i
n 

pe
rm

ea
te

 (
w

t%
)

vap
or-l

iqui
d equ

libr
ium

curv
e

20 40 60 80

20

40

60

80

100

20

40

60

80

E
tO

H
 i
n 

m
em

br
an

e 
(w

t%
)

EtOH in feed solution (wt%)

Pervaporation Membranes, Fig. 2 Permeation and

separation characteristics of aqueous ethanol solutions

through a PDMS membrane during PV ((T. Uragami)

pervaporation membranes)

0.1

1

10

0

2

4

6

8

0 20 40 60 80 100
DMS content (mol%)

Se
pa

ra
ti
on

 f
ac

to
r;
 α

E
tO

H
/H

2O

N
or

m
al

iz
ed

 p
er

m
ea

ti
on

 r
at

e
(x

10
6  

kg
/m

2 h
)

PervaporationMembranes, Fig. 3 Effects of the DMS

content on the normalized permeation rate (○) and sepa-

ration factor (●) through the PMMA-g-PDMS membrane

during PV. Feed: aqueous solution of 10 wt% ethanol.

Dashed line is the feed composition ((T. Uragami)

pervaporation membranes)

1522 Pervaporation Membranes



It is well known that poly[1-(trimethylsilyl)-1-

propyne] (PTMSP) membranes show high

EtOH/H2O selectivity [13]. In order to enhance

the EtOH/H2O selectivity of PTMSPmembranes,

surface-modified PTMSP membranes were pre-

pared by adding a small amount of a polymer

additive, a graft copolymer (PFA-g-PDMS)

consisting of poly(fluoroacrylate) (PFA) and

PDMS, in the casting solution of PTMSP. Mod-

ified PTMSP membranes were cast on glass

plates and the contact angles of water on the

membrane surfaces exposed to the air-side and

the glass-side, respectively, were measured. The

contact angle for water on surface-modified

PTMSP membranes was significantly different

on the air-side versus that on the glass side; the

contact angles on the air-side were more

hydrophobic. Furthermore, the contact angle for

water increased in hydrophobicity with addi-

tional amounts of PFA-g-PDMS. The high hydro-

phobicity of the membrane surface on the air-side

and the increase in hydrophobicity with addi-

tional amounts of polymer additive were also

confirmed by X-ray photoelectron spectroscopy.

The permeation rate for an aqueous solution of

10 wt% ethanol in PV experiments using surface-

modified PTMSP membranes decreased slightly.

However, the EtOH/H2O selectivity increased

considerably with increasing amounts of

PFA-g-PDMS [13].

Organic Selective Membranes

Organic liquid/water selective PV membranes

are effective for the removal of organics in

water and recovery of organic solvents from

water. These membranes can contribute to the

environmental problem and effective use of

organic solvents.

Novel cross-linked hydroxyterminated

polybutadiene based polyurethane urea-poly

(methyl methacrylate) (PMMA) interpenetrating

network (IPN) membranes were developed for

the selective removal of chlorinated volatile

organic compounds (VOCs) such as 1, 1, 2,

2-tetrachloroethane (TCEN), CHCl3, carbon tet-

rachloride (CCl4), TCET in water in very low

concentration by PV. IPNs of different PMMA

content and also different cross-linking density

were used. Since the selective permeation and

diffusion of the VOCs through the membrane

are dependent on their interaction with the mem-

brane material, their sorption and diffusion

behaviors through the membrane were also inves-

tigated by swelling the membrane in pure VOCs.

The sorption and diffusion behaviors were

explained with the help of their solubility param-

eter data and calculated interaction parameter

data of the membrane polymers with the VOCs.

All three IPN membranes showed excellent sep-

aration performances of the chlorinated VOCs

from water. One IPN containing PMMA of

26 % produced TCET of 88.7 % in the permeate

and resulted in the permeation rate of 0.2 kg

(m2h)�1 and a separation factor of 7,842 for

0.1 % aqueous feed at 30 �C. All three IPN

membranes of different compositions showed

the separation performances, viz., permeation

rate and separation factor in the order of

TCEN < CCl4 < CHCl3 < TCET.

Fundamental model experiments revealed that

very small amounts of VOCs, which are toxic

substances, could be removed effectively from

water by polymer membranes containing an envi-

ronmentally friendly ionic liquid (green sustain-

able reagent) using a PV process. The removal of

VOCs is required for the purification of contam-

inated water as a possible source for drinking

water. This removal is very significant for the

security of the scarce drinking water supply

around the world. To be concrete, a block copol-

ymer membrane composed of poly(styrene) (PSt)

and PDMS, which has a PDMS continuous phase

in the microphase separated structure in the

PSt-b-PDMS membrane, containing an ionic liq-

uid (IL) having high affinity for VOCs and low

affinity for water was applied to the removal of

VOCs from aqueous solutions of dilute VOCs by

pervaporation. The membranes with different IL

contents showed high VOC/water selectivity and

high permeation rate.

In Table 1, the permeation and separation

characteristics of various polymer membranes

consisting of the PDMS components are com-

pared under the same PV condition: feed solu-

tion, an aqueous solution of 0.05 wt% benzene;

permeation temperature, 40 �C; pressure of
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permeation side, 1.33 Pa. As can be seen in

Table 1, both the normalized permeation rate

and the Bz/H2O selectivity of the CA/

PDMSDMMA-DVB, CA/PDMSDMMA-DVS,

and CA/PDMSDMMA-DVF membranes

containing tert-butylcalix [4] arene (CA) were

improved as compared to the PDMSDMMA-

DVB, PDMSDMMA-DVS, and PDMSDMMA-

DVF membranes. Although, the separation fac-

tors of the CA/PDMSDMMA-DVB and CA/

PDMSDMMA-DVS membranes were lower

than that of the PFA-g-PDMS/PMMA-g-PDMS

membranes, the PSI of the former membranes

was much greater than that of the latter one. In

Table 1, it is found that the addition of CA into

the cross-linked PDMSDMMA membranes

cross-linked with a suitable cross-linker is signif-

icantly effective to obtain a higher permeation

and separation characteristics. A CA/

PDMSDMMA-DVF membrane with DVF of

90 mol% and CA of 0.4 wt% showed the best

membrane performance, i.e., the normalized per-

meation rate, separation factor for Bz/H2O

selectivity, and PSI were 1.86 � 10�5 mkg

(m2h)�1, 5,027, and 9,350, respectively [7].

PV Selective Membranes for Separation of

Organic Liquid/Organic Liquid Mixtures

Organic/organic selective membranes are effec-

tively used for the purification and separation of

industrial products and reuse of organic solvents

based on separable recovery of organic mixtures.

Benzene/Cyclohexane Selective Membranes

The separation of benzene (Bz) and cyclohexane

(Chx) by distillation is a very energy-intensive

process, because the boiling points of the compo-

nents are very similar. PV may be an alternative,

more energy-efficient process for the separation

of Bz/Chx mixtures. Therefore, many researchers

have studied the PV properties of polymeric

membranes for Bz/Chx separation.

In Table 2, the PV performance of various

polymer membranes for the separation of

Bz/Chx mixtures are listed [6]. When the PV

performance is estimated by the pervaporation

Pervaporation Membranes, Table 1 Performance for Bz/H2O of various membranes containing PDMS

component [7]

Various PDMS membranesa asep. Bz/H2O asorp. Bz/H2O adiff. Bz/H2O NPRb PSIc

PMMA 53 422 0.13 0.29 16

PMMA-g-PDMSd 620 739 0.86 0.13 226

CA/PMMA-g-PDMSe 1,772 1,267 1.40 0.71 1,240

PFA-g-PDMS/PMMA-g-PDMSf 4,492 0.64 2,879

PDMSDMMA-DVBg 3,171 1,436 2.21 1.46 4,629

PDMSDMMA-DVSh 2,886 1,270 2.46 1.96 5,656

PDMSDMMA-DVFi 4,316 1,804 2.49 1.72 7,423

CA/PDMSDMMA-DVBj 4,021 1,689 2.18 1.75 7,037

CA/PDMSDMMA-DVSk 3,866 1,620 2.39 1.97 7,616

CA/PDMSDMMA-DVFl 5,027 1,998 2.52 1.86 9,350

aPV experimental conditions: feed solution, an aqueous solution of 0.05 wt% benzene; permeation temperature, 40 �C;
pressure of permeation side, 1 � 10�2 Torr (1.33 Pa)
bNormalized permeation rate [10�5 mkg (m2h)�1]
cPV separation index (NPR � asep. Bz/H2O)
dPDMS content, 74 mol%
ePDMS content, 74 mol%; CA content, 40 mol%
fPDMS content, 74 mol%; PFA-g-PDMS content, 1.2 wt%
gDVB content, 80 mol%
hDVS content, 90 mol%
iDVF content, 90 mol%
jDVB content, 80 mol%; CA content, 0.5 wt%
kDVS content, 90 mol%; CA content, 0.5 wt%
lDVF content, 90 mol%; CA content, 0.4 mol%
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separation index (PSI), which is the product of

the permeation rate and the separation factor, PSI

can be used as a measure of membrane perfor-

mance during PV. It is found that poly(styrene)/

poly(acrylic acid) (PS/PAA), benzoylchitosan

(Bzchito) [9, 10], and benzoylcellulose (Bzcell)

membranes showed higher performance for the

separation of Bz/Chx mixtures during PV.

Organic/Organic Selective Membranes

PV separation of ternary and quaternary mixtures

of ethyl acetate, water, ethanol, and acetic acid,

which are present in the hydrolysis of ethyl ace-

tate encountered in pharmaceutical industries

was investigated. Water concentrations in the

feed mixtures are in the range of 90–98 wt%,

while the concentrations of ethyl acetate, ethanol,

and acetic acid are much lower. PDMS was used

as a membrane to separate organic compounds

from aqueous streams. PV experiments showed

that PDMS membrane was much more selective

to ethyl acetate than other organic components.

An increase in the ethyl acetate concentration in

feed mixture resulted in higher total permeation

rates but lower selectivities of ethyl acetate. The

blend membranes from a polymer blend of PAA

and PVA were evaluated for the separation of

methanol from methyl tert-butyl ether (MTBE)

by PV. Methanol (MeOH) permeated preferen-

tially through all blendmembranes tested, and the

MeOH/MTBE selectivity increased with increas-

ing PVA content in the blends. However, a

decrease in the permeation rate was observed

with increasing PVA content. Upon increasing

the feed temperature, the permeation rate

increased and the MeOH/MTBE selectivity

remained constant. In addition, the influence of

cross-linking on the MeOH/MTBE selectivity

was investigated. The PV permeation rate

decreased with increasing cross-linking density;

however, this was coupled with an increase in

MEOH/MTBE selectivity. This was due to a

more rapid decrease in the partial permeation

rate of MTBE compared to that of methanol.

Pervaporation Membranes, Table 2 PV performance of various polymer membranes for the separation of BZ/Chx

mixtures [6]

Membranea Benzene in feed (wt%) Temperature (�C) NPR (kg mm/m2h) aBz/Chx PSI

PVA/PAAm 50 25 2.3 11.9 27.4

BP-3MPD/PD 50 70 2.7 14 37.8

BP-PEO 60 25–70 2.1 9.1 19.1

DSDA-DDBT 60 78 0.93 32 29.8

DSDA-DDBT 60 78 2.4 20 48

PU-TEOS 50 50 0.65 19 12.4

PGMA grafted 60 40–70 8.7 22 191.4

PS/PAA 50 20 48.4 9.6 464.6

PEMA-EGDM 10 40 8.7 6.7 58.3

PEMA-EGDM 10 40 55.1 3.9 214.9

n-LPC 50 10 13.1 2.0 26.2

s-LPC 50 10 7.5 1.9 14.3

BzChito 10 40 6.4 65 416.0

BzChito 50 40 1.5 13 19.5

BzCell 10 40 0.6 2.3 13.8

BzCell 50 40 33.6 9.1 305.7

TosCell 40 40 0.06 28.9 1.7

a3MPD 2,4,6-trimethyl-1,3-phenylenediamine, BzChito benzoyl chitosan, BzCell benzoyl cellulose, BP 3,30,4,40-
biphenyltetracarboxylic dianhydride, DDBT dimethyl-3,7-diaminobenzothiophene-5,50-dioxide, DSDA 3,30,4,40-
diphenylsulfone tetracarboxylic dianhydride, EGDM ethylene glycol dimethacrylate, n-LPC nematic liquid crystalline

polymer, PAA polyacrylic acid, PAAm polyallyl amine, PAS polyacrylonitrile-co-styrene, PD 1,3-phenylenediamine,

PEMA polyethyl methacrylate, PEO polyethylene oxide, PGMA polyglycidyl methacrylate, PMMA polymethyl methac-

rylate, PS polystyrene, PU polyurethane, TEOS tetraethyl orthosilicate, s-LPC smectic liquid crystalline polymer, TosCell
tosyl cellulose
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Sorption and PV experiments were carried out

with cellulose triacetate membranes for the sep-

aration of MTBE and MeOH mixtures. In the PV

experiments, the total and MeOH permeation

rates increased with the increasing methanol con-

centration in the feed while the permeation rates

of MTBE first increased and then decreased. The

total permeation rates are significantly enhanced

with increasing temperature. This temperature

dependence was more pronounced at low metha-

nol concentration, but the extent of increase of the

total permeate rate was relatively constant when

MeOH concentrations were greater than 10 %.

The MeOH/MTBE selectivity decreased with

increasing of methanol concentration and became

more or less constant at high MeOH

concentrations [14].

Selective Membranes for Isomers

Propanol and xylene isomer selective membranes

are very important for the separation of industrial

chemical products and energy saving for the sep-

aration of those mixtures.

PVA membranes containing b-CD (PVA/CD

membrane) were prepared and the permeation

and separation characteristics for propanol and

xylene isomers through the PVA/CD membranes

were investigated by PV [15]. The PVA/CD

membrane preferentially permeated 1-propanol

rather than 2-propanol from their mixtures. In

particular, a mixture of 10 wt% 1-propanol con-

centration was concentrated to about 45 wt%

through the PVA/CD membrane. The increase

in CD content gave an increase in p-xylene/

o-xylene selectivity through the PVA/CD mem-

brane. This was attributed to the stronger affinity

of CD for p-xylene compared with o-xylene.

Especially, the PVA/CD membrane at a CD con-

tent of 40 wt% showed a higher separation factor

for p-xylene/o-xylene selectivity. When the

p-xylene concentration in the feed was lower,

the p-xylene/o-xylene selectivity was improved.

PAAmembranes containing a-, b-, or g-CD were

prepared and used for the separation of

o-/p-xylene mixture by PV. The native PAA

membrane was almost impermeable for the

xylene isomers, and the incorporation of CDs in

the PAA membranes resulted in membranes

having molecular recognition function, which

selectively facilitated the transport of the xylene

isomers. For all types of CDs, the facilitated

transport occurred at CD concentrations higher

than the threshold concentration. As the CD con-

centration increased, the permeation rates

increased, while the o-xylene/p-xylene selectiv-

ities were almost constant. The selectivity for

o-xylene/p-xylene selectivity of the membranes

was strongly influenced by the types of CDs

incorporated in the membranes [16]. The PV

characteristics of xylene isomer mixtures through

a fixed carrier membrane consisting of CA as

a base polymer and dinitrophenyl (DNP) group

as a selective fixed-carrier were studied. In the

PV of xylene isomer mixtures, the DNP group

selectively facilitated the transport of xylene

isomers through the membrane. The order of the

preferentially permeating component was

p-xylene > m-xylene > o-xylene. Fractionation

of o- and p-xylene isomeric mixtures was

performed using PV with poly(urethane)

(PU) membranes containing ZSM zeolite. The

xylene vapor sorption isotherms exhibited a

Henry’s law relationship in this PU-zeolite

blend. In binary solutions the individual xylene

uptake was also proportional to the solvent com-

position. Although incorporating zeolite into the

PU-zeolite membrane rendered a decrease in

xylene solubility as compared with that sorbed

in the PU film without zeolite addition, the

increase of diffusion coefficient and diffusivity

selectivity increases enhanced the separation effi-

ciency using the PU-zeolite blend. Increasing the

operating temperatures enhanced the xylene per-

meation rate of xylene. The permeation rates of

xylene and selectivity increased with increasing

zeolite content [17].

PV Selective Membranes for Facilitation of

Chemical Reactions

Selective membranes for facilitation of chemical

reactions are useful for reactors coupled with PV

membrane separation technology. These systems

can help to enhance the conversion of reactants

for thermodynamically or kinetically limited

reactions via selective removal of one or more

product species from reaction mixtures.
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PVA membranes cross-linked with

sulfosuccinic acid (SSA) were used for the

removal of water in the esterification with acetic

acid by isoamylic alcohol. In order to study the

effects of the cross-linking degree and, simulta-

neously, the amount of sulfonic groups, different

membranes were prepared with SSA/PVA ratios

in the range of 5–40 mol%. To eliminate the

dependence between the amount of acid sites

and the cross-linking degree, PVA membranes

with the -SO3H groups which were introduced

by anchoring 5-sulfosalisilic acid (SA) on the

PVA chains were also prepared. The consumed

conversion of iso-amylic alcohol increased when

the amount of sulfosuccinic acid used in the poly-

mer cross-linking was increased from 5 % to

20 %. However, when cross-linking degree

increased from 20 % to 40 %, its conversion

increased only slightly, probably due to the

increase of molecular mobility restriction in the

PVA matrix. In the case of the PVA membranes

introduced to the -SO3H groups, the membrane

activity for esterification increased with the poly-

mer cross-linking [18]. Esterification of lactic

acid and succinic acid with ethanol to generate

ethyl lactate (C5H10O3) and diethyl succinate,

respectively, was studied in well-mixed reactors

with solid catalysts (Amberlyst XN-1010 and

Nation NR50) and two PV membranes (GFIF-

1005 and T1-b). Experiments were carried out

by a closed-loop system of a “batch” catalytic

reactor and a PV unit employing GFIF-1005.

The kinetics of PV is studied to obtain a working

correlation for the permeation rate of water in

terms of temperature and water concentration on

the feed side of the pervaporator. The efficacy of

PV-aided esterification was illustrated by attain-

ment of near total utilization of the stoichiomet-

rically limiting reactant within a reasonable time.

Protocols for recovery of ethyl lactate and diethyl

succinate from PV retentate were discussed and

simultaneous esterification of lactic and succinic

acids, which is an attractive and novel concept, is

proposed [19]. Reaction-PV hybrid processes can

be an alternative to classical chemical processes

to enhance the conversion of equilibrium-limited

reactions such as esterification and trans-

esterification. The esterification of acetic acid

with isopropanol coupled with PV was investi-

gated. The synthesis and hydrolysis of isopropyl

acetate have been studied using the commercial

polymeric membrane PERVAP (R) 2201. The

effect of temperature and feed composition on

the permeation characteristics of the membrane

was analyzed and preferential water permeation

from the quaternary mixture involved in the

esterification of acetic acid with isopropanol

was discussed under the experimental

conditions [20].
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PES (Poly(ether sulfone)),
Polysulfone
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Synonyms

Poly(aryl ether sulfone); Poly(arylene ether

sulfone)

Definition

Poly(ether sulfone) and polysulfone are polymers

respectively containing ether and sulfone group

in repeating units. Conventionally, they stand for

the specific commercialized aromatic amorphous

thermoplastics carrying para-linked diphenyle-

nesulfone and aromatic ether in their repeating

units.

Introduction

In general, poly(ether sulfone) (PES) and

polysulfone (PSF) specifically indicate the poly-

mers carrying para-linked diphenylenesulfone

and aromatic ether in the repeating units as

shown in Fig. 1. These polymers are classified

as amorphous thermoplastic polymers with clar-

ity, high glass-transition temperature (Tg), and

good mechanical strength. These polymers also

possess outstanding stability and resistance to

heat, oxidation, hydrolysis, and chemical
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environments [1, 2]. By virtue of these good

properties, they have been widely expanding

their application field in, for example, automo-

bile, electrical equipment, and household appli-

ances, after the commercialization started in

1960s by Union Carbide Corporation, Inc. and

Imperial Chemical Industries, Ltd. [3, 4].

A nomenclature “polysulfone” in a strict sense

describes all polymers carrying sulfone groups in

the repeating unit. Therefore, “polysulfone” con-

tains both aliphatic and aromatic polymers.

Among them, aliphatic polysulfones can be

prepared by radical copolymerization of sulfur

dioxide and vinyl monomers [5]. The polymer

structures of aliphatic polysulfones are deter-

mined by the reactivity ratio of comonomers.

For example, the combination of sulfur dioxide

and alkene monomer often gives an alternating

structure, while the combination with vinyl

monomers carrying electron-withdrawing sub-

stituent like acrylate gives the polymer with low

sulfone content. The obtained aliphatic

polysulfones, however, are not applied to practi-

cal use because of unattractive properties and

relatively low stability induced by b-hydrogen
elimination.

Thus, most of commercialized polysulfones

are aromatic with much better physical properties

compared to aliphatic ones. Especially, aromatic

polysulfones containing ether linkage (some-

times called “poly(aryl ether sulfone)s”) are

attracting much attention as good candidates for

various application, and, in some cases, they are

already in practical use. In this entry, the repre-

sentatives of aromatic polysulfones, PES and PSF

in Fig. 1, and their derivatives are discussed on

their synthetic methods, chemical structures,

physical properties, processing ways, and

applications.

Synthesis

Nucleophilic Substitution Reaction Route.

Commercial PES and PSF are synthesized by

polycondensation via nucleophilic substitution

mechanism, which was discovered in 1960s. As

shown in Fig. 2, the polymerization is normally

conducted by the reaction between dihalo-

diphenylsulfone and the salt of bisphenol com-

pound, which is produced by the reaction of

bisphenol compounds and bases like sodium

hydroxide, potassium hydroxide, and potassium

carbonate. The choice of bisphenol compound

changes the structure of the obtained polymer.

For example, PES and PSF are prepared from

bisphenol-S (bis(4-hydroxyphenyl)sulfone) and

bisphenol-A (4,4’-(propane-2,2-diyl)diphenol),

respectively.

Because of the polycondensation mechanism,

the purity of monomers and the stoichiometric

balance of dihalide and bisphenol salt are impor-

tant to obtain high molecular weight. A typical

contaminant is meta-substituent of dihalide,

which is inactive for the substitution reaction to

behave as a terminator in the polymerization. For

the stoichiometric balance, water produced by the

reaction of bisphenol and base sometimes dis-

turbs the polymerization because water hydro-

lyzes the dihalide to generate phenol compound.

It changes the stoichiometric balance of the

monomers and prevents to obtain polymers with

high molecular weight. Hence, water should be

thoroughly removed from the reaction system.

The electric condition of dihalide, the electro-

negativity of halogen atom, and the basicity of the

base, which forms the salt with bisphenol com-

pounds, also affect the substitution reaction. The

fluoride compound is more reactive than chloride

and bromide, but dichloride is often favored

PES PSF
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O

O
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because of its cost. As for the base, strong base

immediately forms the bisphenol salt and readily

reacts with dihalides to produce high molecular

weight polymers in a short period. But this way

involves some problems in solubility of the salt

and undesirable hydrolysis of dihalide. Hence,

weak base such as potassium carbonate is favored

especially in the synthesis of PES, which needs

high reaction temperature.

The reaction is usually conducted in aprotic

and polar solvent such as N-methylpyrrolidone

(NMP), dimethylacetamide (DMAc), and

dimethylsulfoxide (DMSO). Among them,

DMSO is suitable for PSF synthesis, because it

is a good solvent both for the polymer and the

sodium salt of bisphenol-A. PSF synthesis is typ-

ically performed in DMSO at 130–160 �C, while
PES synthesis requires higher reaction tempera-

ture. Therefore, the solvent with higher boiling

point such as NMP is favored for PES synthesis.

Electrophilic Substitution Reaction Route.

Another popular synthesis of PES and PSF is

conducted by aromatic electrophilic substitution

reaction. This Friedel-Crafts type polymerization

is performed in the combination of sulfonyl chlo-

ride and aromatic ether in the presence of Lewis

acid such as FeCl3, AlCl3, and BF3 as shown in

Fig. 3a. Single-monomer route with monomers

containing both functional groups (Fig. 3b) is

also applicable. In this Friedel-Crafts route, it is

difficult to obtain linear polymers because of

accompanied branching reaction derived from

substitution at the ortho position. It disturbs the

industrial application, although single-monomer

route is helpful to avoid this side reaction. In

addition, the limited monomer versatility is also

the reason.

Other Synthetic Routes. For the synthesis of

other aromatic polysulfones especially

containing phenyl-phenyl linkage, coupling reac-

tions are also effective. As shown in Fig. 4, for

example, polyphenylsulfone is prepared by

nickel-catalyzed coupling reaction of dihalide

compounds. In addition, other phenyl-phenyl

coupling reactions such as Ullman coupling

using copper catalyst and Scholl reaction with

Lewis acid are also applicable.

Polymer Functionalization. By utilizing the

abovementioned synthetic routes, various

functionalized polysulfones can be prepared to

improve thermal and mechanical properties.

One strategy is the introduction of functional

groups into the conventional monomers before

polymerization. Another one is post-polymeriza-

tion modification of polysulfones especially by

incorporation of functional groups into aromatic

rings. Besides, more complicated structures like

telechelic polymers, block polymers, and graft

polymers are also realized by recent advance in

synthetic technique [6].
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Chemical Structures

The properties of aromatic polysulfones are

strongly affected by their chemical structures.

Popular ways for control of polysulfone structure

are changing bisphenol compound in polyconden-

sation route, for example, bisphenol-S for PES and

bisphenol-A for PSF synthesis. One additional

example to improve the mechanical strength and

thermal properties of polysulfone is utilizing

4,4’-biphenol for the synthesis of polyphenylsulfone.

Such aromatic polysulfones generally possess

high stability against hydrolysis and acidic or

basic condition because the polymer backbone

is formed by chemically inert aromatic, ether,

and sulfone groups. The rigid aromatic backbone

and sulfone groups give high Tg to polysulfones.

High oxidation state of the sulfur atoms and

highly resonant structure through aromatic rings

and the sulfone groups contribute to oxidation

resistance. Therefore, polysulfones are not

oxidized even by heat exposure in 150–190 �C.
Due to the ether linkage, which gives chain flex-

ibility to the backbone, polysulfones have good

mechanical toughness. It also affects the rheolog-

ical properties in the melting state. In concert

with good rheological characteristics and high

thermal stability, polysulfones can be fabricated

at high temperature up to 400 �C for the melt

processing.

The properties of polysulfones are also related

to the backbone structure. In general, para-linked

linear structure without any branching is impor-

tant for favorable processability and high

mechanical properties. Hence, precise synthesis

is required to avoid the branching reaction.

Properties

Thermal Properties.Aromatic polysulfones like

PES and PSF show outstanding thermal
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properties. The characteristic thermal features of

polysulfones are high Tg, good resistance to ther-

mal oxidation, and structure stability under melt-

processing condition at high temperature.

The Tgs of aromatic polysulfones typically

ranges at 190–290 �C. Such high Tgs are attrib-

uted to the rigid backbone structures and sulfone

groups. The Tgs of the commercially available

polysulfones are shown in Table 1. As shown in

Table 1, the Tg of polysulfones can be controlled

by the chemical structure. PSF shows its Tg
at 185 �C, which is lower than that of PES at

220 �C because of the presence of flexible

isopropylidene groups. Chemical modification

of polysulfone is also effective to obtain higher

Tg. For example, methyl-substituted aromatic

polysulfones show 60–70 �C higher Tg than

non-substituted ones [7].

The thermal oxidative endurance is also the

advantage of polysulfones. Thermogravimetrical

analysis reveals that PES and PSF show no struc-

tural change up to about 500 �C. This high ther-

mal stability is favorable for melt processing, and

polysulfones can be easily fabricated at about

400 �C.
Optical Properties. The resins of PES and

PSF are transparent because aromatic

polysulfones are basically amorphous and

non-crystallizable. This non-crystallizable nature

leads to low shrinkage during processing into

resin and high-dimensional stability during

usage. Although the resins of PES and PSF are

transparent, they show a slight yellow or amber

color. These colors are produced at the process of

melting fabrication at high temperature. The

great effort to minimize this color has been

made so far, and PSF currently exhibit the highest

transparency with the lowest color among the

aromatic polysulfone resins.

Mechanical Properties. Polysulfones like

PES and PSF are tough and rigid polymers and

exhibit the practical impact strength. They also

show excellent strength and stiffness, which are

much better than conventional aliphatic plastics.

In addition, they can keep such high strength and

stiffness even at high temperature. An elevated

temperature normally decreases the strength and

stiffness of polymer materials, but polysulfones

maintain high level of their mechanical proper-

ties such as tensile modulus and creep resistance

even at long-time exposure to high temperature.

In the practical use, polysulfones are often

reinforced by the addition of glass fiber to

enhance their mechanical properties.

Flammability. Polysulfones exhibit a good

flame retardation characteristic compared to

PES (Poly(ether sulfone)), Polysulfone, Table 1 Tgs of commercially available polysulfones
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various engineering thermoplastics. Especially,

PES is much resistant to burning than PSF prob-

ably due to its aromatic structure without ali-

phatic moieties. In addition, polysulfones have

very-low-smoke-release characteristic.

Electrical Properties. Polysulfones are high

insulation materials with high dielectric strength,

low dielectric constant, and low dissipation factor

over a wide range of temperature and frequency.

Coupled with outstanding stability at high tem-

perature and excellent low flammability,

polysulfones are considered to be useful for elec-

trical and electronic devices.

Solubility. Polysulfones have a limited solubil-

ity to common solvents because of their aromatic

backbone and high polarity. As a rule, polysulfones

are soluble in high polar solvents such as NMP,

DMAc, and DMSO, which are often used as syn-

thetic solvents. Pyridine and aniline are also good

solvents for polysulfones. Among the representa-

tive polysulfones, PSF has relatively good solubil-

ity due to aliphatic isopropylidene group in the

backbone. PSF can be soluble in less polar solvents

including tetrahydrofuran, 1,4-dioxane, chloro-

form, dichloromethane, and chlorobenzene.

Polysulfones are basically insoluble in water,

but they can absorb the moisture due to highly

hygroscopic sulfone groups. Water uptake is

sometimes problematic especially in engineering

application. In that sense, PSF can significantly

reduce the amount of water absorption compared

to PES, which carries much sulfone groups in the

backbone than PSF.

Resistance to Chemical Environments.

Amorphous plastics are generally corroded to

undergo cracking when the plastics are exposed

to some chemical environments under stress.

Polysulfones are not excluded from that and pro-

duce environmental stress cracking in certain

condition. This environmental stress cracking is

considered to relate with solubility of polymers.

For example, ketones, esters, aromatic com-

pounds, and chlorinated hydrocarbons easily

induce stress cracking to polysulfones. On the

other hand, they show good resistance to aliphatic

hydrocarbons. Therefore, polysulfones can be

good choices for the materials used where oils

or greases frequently contact at high temperature.

Polysulfones also exhibit the excellent resis-

tance to hydrolysis. They are not hydrolyzed even

by exposure to boiling water, high-pressure

steam, acids, bases, and salt solutions. Such

good resistance to hydrolysis is the reason that

polysulfones are selected as the practical mate-

rials prior to polycarbonates, polyesters, and

polyamides. Basically, PES shows better resis-

tance to chemical environments than PSF. Thus,

PES is preferable for the usage in harsh condition.

If PSF and PES are not enough to the target

conditions, grass-fiber reinforcement is effective

to further improve the chemical environmental

resistance.

Radiation Resistance. Polysulfones have

good resistance to electromagnetic radiation in

the wide range of frequencies including micro-

wave, infrared, and visible regions. Especially

polysulfones exhibit excellent resistance to

microwave radiation, which makes polysulfones

suitable for the application in cookware. On the

other hand, polysulfones absorb UV light to

induce deterioration in mechanical properties

derived from polymer degradation. Such

UV-induced losses in mechanical properties are

generally avoided by pigmentation and/or rein-

forcement of the resins.

Processing

As abovementioned, polysulfones show various

advantages such as high Tg, transparency, excel-
lent stiffness and strength, low flammability,

insulation properties, hydrolysis resistance, and

so on. As well as these features, the stability

under fabrication process is also crucial for the

commercialization of the products.

Polysulfones can be fabricated by various pro-

cess including injection molding, extrusion,

thermoforming, and blowmolding. In the injection

molding, for example, PSF is molded in the range

of 325–400 �C,while PES is fabricated in the range
of 360–400 �C. Here, the most important point is

the high stability of polysulfones under high tem-

perature. Polysulfones exhibit the excellent thermal

oxidation endurance and structure stability under

melt-processing condition at high temperature.
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In addition, polysulfones produce no toxic and

volatile by-products and remain odorless by

heating during melt processing.

Applications

Because of the excellent properties and favorable

characteristics for processing, polysulfones

expand their area of practical applications. By

virtue of chemical inertness, high stability in

thermal and oxidative conditions, and low toxic-

ity, polysulfones are permitted in various coun-

tries to be used in food processing applications

with direct food contact such as carafes and ser-

vice trays. The features required for the cookware

are also crucial for the use in medical applications

such as trays and devices. For the use in cookware

and medical devices, the resistance to steriliza-

tion in boiling water, steam, and a variety of

disinfectants is also important. For the medical

uses, PSF membrane is especially utilized for the

hemodiafiltration (artificial kidney).

High oxidation and hydrolysis endurance are

suitable for the use in plumbing. Polysulfones are

also highly resistant to chlorine and calcium

deposits. Therefore, polysulfones are widely

used in household plumbing. With chemically

inert nature, polysulfone plumbing can be applied

in chemical processing equipment.

High insulation properties of polysulfones

coupled with low flammability and high-

dimensional stability lead to the application in

electric and electronic devices including packag-

ing, printed circuit board, lighting sockets, and

fuses. Design flexibility and high transparency

are favored in the application in aircraft interiors.

It also relates to the applications in transparent

plastic components such as room dividers and

window display case.

In general, both of PSF and PES can be applied

to the abovementioned uses. Among them, PSF is

often preferable in the view of cost, and PES is

selected when higher thermal properties and chem-

ical resistance are required. If both of PSF and PES

are short of the requiring properties such as stabil-

ity and strength, more functional polysulfones such

as polyphenylsulfone are the candidates.

Related Entries

▶Monomers, Oligomers, Polymers, and Macro-

molecules (Overview)

▶ Polyphenylenes
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Synonyms

Semi-aromatic polyester; Synthetic polyester

Definition

PET (poly(ethylene terephthalate)) is one of the

synthetic semi-aromatic polyesters and has
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terephthalic acid and ethylene glycol units in

main chain. PTT (poly(trimethylene terephthal-

ate)) is also a synthetic aromatic polyester with

terephthalic acid and propylene glycol units.

Both of PET and PTT are thermoplastics and

they are used for various applications such as

clothes and bottles. Although the term “polyes-

ter” is a category of polymers containing the

ester linkages in their main chains, most com-

monly it refers to PET. PET and PTT are prepared

by a polycondensation method from the

corresponding monomers.

Introduction

Both of PET and PTT are known as thermoplas-

tics with high mechanical strength, toughness,

and fatigue resistance as well as good

chemical, hydrolytic, and solvent resistance.

They are used for bottles, clothes, packages,

sports and recreation goods, household goods,

and so on [1–4]. In this essay, preparation, prop-

erties, usages, and recycling of PET and PTT are

described.

Poly(ethylene terephthalate), PET

PET is the most popular among synthetic poly-

esters and can be categorized into low-viscosity

PET and high-viscosity PET. Low-viscosity PET

typically has an intrinsic viscosity of less than

0.75 dL/g, while high-viscosity PET typically

has an intrinsic viscosity of 0.9 dL/g or higher

[5]. Low-viscosity PET is used in a wide variety

of products, such as clothes and bottles. High-

viscosity PET is tougher than the low-viscosity

one and is used in tire cord, seat belts, etc.

General Synthetic Method of PET

PET is produced commercially from the

corresponding monomers: ethylene glycol

(EG) and either dimethyl terephthalate (DMT)

or terephthalic acid (TA) (Fig. 1). Both of DMT

and TA are solids at room temperature; a melting

point of DMT is 140 �C and TA sublimes. At the

early stage, DMT was available in the required

purity but TA was not. Therefore, the DMT

process was the first to be commercialized.

PET (Poly(ethylene terephthalate)) and PTT (Poly(trimethylene terephthalate)), Fig. 1 Synthesis of poly

(ethylene terephthalate) (PET) by dimethyl terephthalate (DMT) and terephthalic acid (TA) processes
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Nowadays, both of DMT and TA processes are

used, because pure TA is available. In both pro-

cesses, the intermediate bis(2-hydroxyethyl)

terephthalate (BHET) monomer is first gener-

ated, accompanied by the elimination of either

methanol (DMT process) or water (TA process).

The properties and usefulness of PET depend on

the structure by appropriate control of process vari-

ables during polymerization and subsequent

processing into products. Temperature control and

the choice of polymerization catalysts are impor-

tant to avoid unfavorable side reactions. The pro-

duction of high-molecular-weight polymer

requires the complete removal of the generated

water or methanol in the polycondensation process.

Properties of PET

Crystallization Characteristics

Melting temperature of PET is 250–265 �C, and
the glass transition temperature (Tg) is 67–81

�C
[6]. PET can exist both as an amorphous polymer

with high transparency and as a semicrystalline

polymer, depending on its thermal and

processing history. Furthermore, the thermal

expansion coefficient and water absorption are

small, and excellent dimensional stability is

known. PET is not suited for injection molding

because of its slower crystallization kinetics than

polyamide and polyacetal.

The well-known method of increasing the rate

of crystallization is increasing the number of crys-

tal nuclei by the addition of nucleating agents.

Highly crystallized PET by using nucleating agents

does not deform even near themelting temperature.

Such highly crystallized PET is used as heat-

resistant food container. Also, there is a method

of growing crystals in the crystallization tempera-

ture range or a method of growing crystal at low

temperature by lowering the Tg by the addition of a

plasticizer. Transparent containers for food prod-

ucts are produced by this method.

Poly(butylene terephthalate) (PBT) has high

degree of crystallinity and melting temperature

similar to PET (Fig. 2) [7]. PBT has lower tem-

perature crystallization region than PET, and

the crystallization kinetics is faster. Furthermore,

fluidity in the mold is good because it has a low

melt viscosity. PBT is excellent as an injection

molding material.

Chemical Resistance and Gas Permeability

PET is not tolerant of various pharmaceuticals

including alcohol. In particular, PET can be

decomposed by transesterification in the presence

of alcohol. On the other hand, PET dissolves or

swells in trifluoroacetic acid, phenol, cresol, and

chlorinated hydrocarbon [6]. Concentrated sulfuric

acid or nitric acid can decompose PET. PET shows

inferior stability to an aqueous heat treatment.

PET shows oxygen permeability; therefore,

antioxidants such as vitamin C are added to the

beverages inside PET bottles for long-term stor-

age. Poly(ethylene naphthalate) (PEN) has rigid

molecular chain because it has naphthalene

2,6-dicarboxylic acid units (Fig. 2). PEN has

excellent hydrolysis resistance and ultraviolet

light barrier resistance. Furthermore, oxygen per-

meability of PEN is much lower than that of PET.

Recycling of PET

The chemical nature of PET permits easy recy-

clability by some recycling methods. Recycling

PET (Poly(ethylene terephthalate)) and PTT (Poly(trimethylene terephthalate)), Fig. 2 Chemical structures of

poly(butylene terephthalate) (PBT) and poly(ethylene naphthalate) (PEN)
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of PET has become an important process from the

environmental viewpoint, and it has given com-

mercial opportunity due to wide spread use and

availability of PET bottles, packages, and fibers

[8, 9]. While material recycling is well

established, chemical recycling is highly

dependent on the manner in which the

depolymerization is carried out. The chemical

recycling methods include processes such as

alcoholysis, hydrolysis, aminolysis, and other

processes [10]. For instance, controlled hydroly-

sis of polyethylene terephthalate using

dilute HNO3 as the catalyst is possible, and the

acid hydrolysis is shown to be much more

efficient compared to neutral and alkaline

hydrolysis [11].

Poly(trimethylene terephthalate), PTT

Poly(trimethylene terephthalate) (PTT) is a

recently commercialized aromatic polyester

made by the melt polycondensation of

1,3-propanediol (PDO) and TA or DMT. Pro-

cesses for spinning this polymer for use as carpet,

textile, and nonwoven fibers and for special use

as racket guts and musical bowstrings, umbrella

fabric, artificial leather, and so on have been

developed [12].

Synthesis of PTT by Direct Esterification
and Polycondensation

PTT can be synthesized by polycondensation

with purified TA or DMT and PDO (Fig. 3).

The transesterification reaction can be catalyzed

by ethylene glycol titanate, and antimony acetate

catalyst can be used in the polycondensation

reaction.

The direct polycondensation route is a generic

polyester synthesis route, which is industrially

carried out at high temperature above 200 �C
under vacuum. In the laboratory scale, however,

the synthesis of the PTT under mild conditions is

also possible in the presence of picryl chloride,

using pyridine as solvent (Fig. 4) [13]. In this

case, purified TA and PDO react one another,

giving PTT in good yield. This reaction generates

trinitrophenyl ester of the active intermediate.

This active ester reacts with alcohol to form a

new ester linkage through an ester exchange

reaction.

Bio-based PTT

PTT is a recently commercialized polyester as

trade names Corterra® and bio-based Sorona®

produced by Shell Chemicals and DuPont,

PET (Poly(ethylene terephthalate)) and PTT (Poly
(trimethylene terephthalate)), Fig. 3 Synthesis of

poly(trimethylene terephthalate) (PTT) by

transesterification method from dimethyl terephthalate

(DMT) and 1,3-propanediol (PDO)

PET (Poly(ethylene terephthalate)) and PTT (Poly
(trimethylene terephthalate)), Fig. 4 Synthesis of

poly(trimethylene terephthalate) (PTT) by direct

polycondensation method in the presence of picryl chlo-

ride from terephthalic acid (TA) and 1,3-propanediol

(PDO)
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respectively [14, 15]. PTT is produced by the

polycondensation reaction of PDO with TA or

DMP. At the early stage, the main problem in

commercialization of PTT was the high cost of

PDO production, which was solved by Shell

Chemicals. They developed the low-cost method

of producing PDO from ethylene oxide. At pre-

sent, the PDO used for the polymerization can be

prepared either chemically or biologically.

DuPont recently developed a biological process

for the large-scale production of PDO using corn

sugar as the raw material in place of petroleum

[14–16]. DuPont’s Sorona® is made from PDO

derived from renewable corn sugar and

terephthalic acid derived from fossil fuel. As a

result, Sorona® production uses less energy and

reduces greenhouse gas emissions [12].
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Definition

Polymers with ester (primarily –CO2–) linkages

in the polymer backbone result in the ability to

undergo slow degradation; polyesters are typi-

cally biocompatible and biodegradable.

(Polymers with an ester substituent pendant to

the polymer backbone are not categorized as

polyesters.)

Introduction and Historical Background

The first known natural polyester was shellac,

which is secreted by the female lac insect. In

ancient Egypt, it was used to embalm mummies,

whereas it is now used in nail polish and as a

primer coating on wood and other objects. There-

fore, the first uses of polyesters were as adhesives

1538 PET and Other Polyester Synthesis

http://www.intechopen.com/download/get/type/pdfs/id/39405
http://www.intechopen.com/download/get/type/pdfs/id/39405
http://www.epa.gov/ttnchie1/ap42/ch06/final/c06s06-2.pdf
http://www.epa.gov/ttnchie1/ap42/ch06/final/c06s06-2.pdf
http://www.dupont.com/products-and-services/fabrics-fibers-nonwovens/fibers/brands/dupont-sorona.html
http://www.dupont.com/products-and-services/fabrics-fibers-nonwovens/fibers/brands/dupont-sorona.html


and coatings, applications that are now served by

alkyd resins.

A more recently explored class of natural

polyesters is the polyhydroxyalkanoates

(PHAs), which are produced from carbon sources

such as glucose by many microorganisms when

under stress and accumulate as intracellular gran-

ules [1]. The PHAs are biocompatible and biode-

gradable and therefore applicable to biomaterials

and eventually as sustainable replacements for

conventional petroleum-derived plastics.

Synthetic polyesters [2] were first developed

by Carothers and coworkers at DuPont in the late

1920s and 1930s. They first synthesized low

molecular weight polyesters by polyesterification

of aliphatic dicarboxylic acids with aliphatic

diols and then established the ability to synthe-

size high molecular weight polyesters by remov-

ing water as it formed as the condensation

by-product.

The synthetic polyester produced in

highest volume is poly(ethylene terephthalate)

(PET), which is produced by polyesterification

of terephthalic acid with ethylene glycol.

Figure 1 presents the chemical structures of sev-

eral common commercial polymers. Polyesters

are used extensively as fibers and thermoplastics,

although highly cross-linked thermosets are pro-

duced by curing alkyd resins, which are based on

unsaturated polyesters.

Polyesters are not limited to simple linear struc-

tures; for example, introducing monomers with

multiple functional groups causes branching in

the polymer. Polyester dendrimers have been

made by both convergent and divergent (Fig. 2)

syntheses and are useful because of the large num-

ber of end groups in their well-controlled struc-

tures [3]. Star polyesters are of interest because the

composition and number of arms can be tuned to

control their physical properties [4].

There are many ways to modify the physical

properties of polyesters [5]. Synthetically, the

simplest approach is to control the polymer’s

molecular weight. Other approaches include by

copolymerization of multiple monomers, adding

functional monomers, varying the molecular

architecture (linear, cycles, branched, stars,

dendrimers), and cross-linking, including with

PET and Other Polyester Synthesis, Fig. 1 Chemical

structures of common polyesters: PET poly(ethylene tere-

phthalate), PTT poly(trimethylene terephthalate), PPT
poly(propylene terephthalate), PBT poly(butylene tere-

phthalate), PEN poly(ethylene naphthalate), PHB

poly(p-hydroxybenzoate), PLA poly(lactic acid), PGA
poly(glycolic acid), PLGA poly(lactic acid–co–glycolic
acid), PCL poly(e-caprolactone), P(3HB)
poly(3-hydroxybutyrate)
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variations in the cross-link density. The proper-

ties can also be manipulated physically by blend-

ing polymers, adding fillers, and annealing to

increase crystallinity.

This chapter will focus on PET [5, 6], an

important polymer for commodity applications,

and poly(lactic acid) (PLA [7]), an important

polymer for biological applications, although

it is rapidly being developed for durable

applications due to its sustainability and

compostability.

Synthetic Routes

As outlined in Fig. 3 using PLA as an example,

there are three main routes for synthesizing poly-

esters [2, 8]: step-growth polymerization, ring-

opening polymerization (ROP), and enzymatic

polymerization.

Simple condensation of lactic acid produces

low molecular weight PLA with Mn =
2,000–10,000 g/moL, while more involved pro-

cesses like azeotropic dehydrative condensation

or chain extension can produce PLA with molec-

ular weights above 104 g/moL. Similarly, PET is

made in two steps to produce a final polymer with

anMn between 19,200 and 26,800 g/moL.

ROP is generally preferred over step-growth

polymerization because it is better controlled,

with polydispersity (Ð) often being less than

1.5. PLA can be polymerized by ROP using tin

catalysts to produce polymers with molecular

weights >104 g/moL. Poly(caprolactone) (PCL)

withMn ranging from 530 to 630,000 can also be

synthesized by ROP [9]. Aromatic polyesters are

also prepared from oligomeric macrocycles

(rings with �14 atoms) to produce polymers

with Mn 50,000–136,800 Da [10]. Ring-opening

polymerizations are covered in other sections of

this encyclopedia.

The third main route for synthesizing polyes-

ters is by enzymatic polymerization [11, 12] of

hydroxyalkanoic acid and lactone monomers.

The enzyme can be either free in solution or

immobilized on a resin. CAL-B (or its

immobilized equivalent, Novozym 435) is a pop-

ular enzyme for the synthesis of polyesters.

L-Lactide has been polymerized using Novozym

435 in the presence of ionic liquids to produce

PLLA withMn around 37,800 Da. This is a grow-

ing area of research that strives to eliminate the

need for toxic heavy metal catalysts while mak-

ing the synthesis greener. Enzymatic polymeriza-

tions are covered in another entry in this section.

In addition to these three main routes, PHAs,

especially poly(3-hydroxybutyrate) (P3HB), are

currently produced metabolically [1] by

Metabolix using microorganisms in fermenters.

Synthesis of Polyesters by
Polycondensations

As outlined in Fig. 4, polyesters are synthesized by

step polymerizations by polycondensation of

hydroxycarboxylic acids, or their esters or acid

chlorides, with diols (AA + BB polymerization),

as well as by polyesterification of the

corresponding hydroxycarboxylic acids and deriv-

atives (AB polymerization) [2, 8]. The esterifica-

tion of carboxylic acids with an alcohol and

transesterification of esters are both equilibrium

reactions in which the small molecule by-products

(water and alcohol, respectively) must be removed

to achieve high molecular weight. In this case, the

polymerization is usually performed in bulk in the

melt state under vacuum to remove the

PET and Other Polyester Synthesis, Fig. 3 Three synthetic routes to polyesters using PLA as an example
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condensation by-product and in the presence of an

acid catalyst to speed the reaction. Alternatively,

the polymerization can be performed in solution in

a solvent such as toluene that forms an azeotrope

with the water or alcohol, and the azeotrope is

removed by distillation throughout the polymeriza-

tion to shift the equilibrium in the forward direc-

tion. Finally, the polymerization can be performed

in a solvent at room temperature in the presence of

a dehydrating agent such as a carbodiimide.

In contrast, the equilibrium of an esterification

of a carboxylic acid chloride with an alcohol lies

far to the side of the ester product and is therefore

considered irreversible. In this case, the polymer-

ization can be performed in solution without

removing the small molecule by-product. How-

ever, it is advantageous to add an amine base to

further activate the acid, as well as to consume

the acid chloride generated.

Biological Uses of Polyesters

Polyesters play a large role in biological applica-

tions [13–15]. One of the most popular polyesters

for biological use is PLA. Polyesters are part of

the “2nd generation” of biological materials.

They are designed to be resorbed by the body

and to be bio-inert. Polyesters have found roles

in almost all types of biomedical applications,

including drug delivery, tissue engineering, den-

tal work, bone regeneration, and as endodontic

sealers. The physical properties of biomaterials

based on polyesters can be manipulated synthet-

ically through variations in polymer molecular

weight, and by copolymerization, such as copo-

lymerization of LA and glycolic acid (GA) to

produce PLGA, as well as physically through

blending and even variations in device design.

Polyesters synthesized via step-growth poly-

merization tend to have lower molecular weight

and a broader polydispersity. Although ROP pro-

duces high molecular weight polymers, purifica-

tion is required to remove heavy metal catalysts

for biological applications. Many researchers are

therefore focusing on using enzymes to produce

polyesters. This is an exciting and promising area

of research.

PLA

PLA is prepared from lactic acid, which has two

stereoisomers: polymerization of pure L-lactic

acid (or L-lactide) produces PLLA and polymer-

ization of pure D-lactic acid (or D-lactide) pro-

duces PDLA. PLA can be synthesized by all three

of the main synthetic routes outlined in Fig. 3,

with the most common route being ROP of

lactides. PLA is popular in the biomedical field

because of its biocompatibility and biodegrad-

ability and because the Tg of PLA and PLGA is

higher than the body temperature (37 �C). PLA is

a bulk-eroding polymer. In the form of a block

PET and Other Polyester
Synthesis,
Fig. 4 Synthesis of

polyesters by condensation

reactions of dicarboxylic

acids or their derivatives

with diols or of

hydroxycarboxylic acids or

their derivatives
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copolymer with a hydrophilic block like poly

(ethylene oxide) (PEO or PEG), PLA can encase

hydrophobic drugs like paclitaxel and docetaxel

in the core of micelles (Fig. 5), in which PLA is in

the core and the hydrophilic PEO block is in the

corona. These micelles help to solubilize the

drug, protect the drug from being eliminated

from the body, and deliver it where needed.

Commodity Uses of Polyesters

Linear aromatic polyesters are processed into

films, fibers, injection, and blow molded parts

and are therefore widely used as packaging mate-

rials, textile fibers, and bottles or containers.

Liquid crystalline polyesters were developed to

lower the processing temperature of aromatic

polyesters and to increase their mechanical prop-

erties by extension and orientation during

processing; however, the melting temperature

of completely aromatic polyesters like

poly(p-hydroxybenzoate) (PHB) in Fig. 1 is too

high to readily process and must be modified with

comonomers to reduce the melting temperature.

Polyesters are also used to produce block copol-

ymer elastomers, in which the high-Tg polyester

block acts as a physical cross-link for the soft

block. Polyesters can be modified as described

previously in order to become tougher, less brit-

tle, and less thermally sensitive.

PET

The most important commercial polyester is PET

[5, 6, 16]. It was discovered in 1946 and is pro-

duced all over the world; as of 2011, China is the

largest producer of PET. PET has a white or

cream color, is chemically and thermally stable,

and is resistant to acids, bases, some solvents, and

hydrocarbons. It is approved by the FDA for use

in food packaging materials. PET is resistant to

mildew, abrasions, and aging.

PET is made commercially by one of two

routes (Fig. 6). The first route is direct esterifica-

tion of terephthalic acid with ethylene glycol,

followed by polycondensation with elimination of

ethylene glycol as the condensation by-product.

The second route involves transesterification of

dimethyl terephthalate with ethylene glycol,

followed by polycondensation with elimination of

ethylene glycol. The dimethyl terephthalate was

more common before highly pure terephthalic

acid became readily available. PET is made in

two steps by first synthesizing bis(hydroxyethyl

terephthalate) (BHET) or a prepolymer

(Mn between 4,800 and 6,700 g/moL). BHET or

the prepolymer is then chain extended in the melt

by heating under vacuum to produce a final poly-

mer with Mn between 19,200 and 26,800 g/moL.

Degradation and Recycling of Polyesters

The polyesters that are traditionally used for

commodity applications have long lifetimes

before they degrade. The life-span is often

decades longer than that of the products they are

used for. Waste plastic has therefore accumulated

PET and Other Polyester Synthesis, Fig. 5 Micelle

formation and drug encapsulation using block copolymers

of a hydrophobic polyester block and a hydrophilic PEO

block
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and will remain for long periods of time. Aliphatic

polyesters are well situated to replace petroleum-

based aromatic polyesters and polymers like poly-

ethylene and polypropylene because they degrade

relatively fast. Polyesters can be degraded by hydro-

lysis, solvolysis (in protic solvents such as metha-

nol, ethanol, glycol, and water), and aminolysis and

by naturally occurring enzymes, with the rate of

hydrolysis being greatest for aliphatic polyesters,

especially those that are amorphous.

Because of the large amount of PET in exis-

tence, considerable attention has been devoted to

how to recycle the polymer [17]. Although it will

slowly degrade as described above, the volume of

PET waste accumulates each year. PET waste is

also recycled using mechanical means such as

flotation or solution washing. One disadvantage

of mechanical recycling is the temperatures are

not high enough to ensure sterilization of the

recycled PET, and recycled PET therefore cannot

be used for food applications. The waste products

produced as part of the recycling process can also

limit PET’s recyclability.

Summary

Polyesters are a well established but growing

class of polymers that will continue to play a

major role in everyday life. Although PET will

likely continue to be the most important polyester

for commodity applications, the production and

applications of green polyesters derived from

green processes or renewable resources will also

grow. Since these green polyesters are both sus-

tainable and degradable in a relatively short time,

their use as commodity polymers that replace

nonbiodegradable petroleum-based polymers

like PE and PP will grow if oil prices remain

high, and they will continue to be major compo-

nents of the “fourth-generation” biomaterials.
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Synonyms

C5/C9 hydrocarbon resin

Definition

Thermoplastic hydrocarbon resins/polymers

derived from monomers of cracked petroleum

fractions such as C5, C9, and dicyclopentadiene

feedstocks.

General Introduction

Petroleum resin is term in common use for low

molecular weight, about Mw 500–5,000, thermo-

plastic hydrocarbon resins derived from cracked

petroleum fractions. They are to be distinguished

from high polymers such as polystyrene and

polypropylene, which are pure-monomer-based

resins essentially made from pure starting mate-

rials such as styrene and propylene, respectively.

The petroleum resin generally has a tackifying

effect and is suitable for use in paints and varnishes,

coatings, printing ink, lithographic inks, paper,

adhesives, rubber, concrete-curing compounds,

and other areas where tackiness is required, literally

in thousands of applications [1, 2].

Historically speaking, early petroleum resins

were soft, unstable, and dark. However, they have

been continuously improved to the point with the

times. In the early 1940s, the United Gas

Improvement Company (UGI) of Philadelphia,

Pennsylvania, made an extensive study of condi-

tions for cracking crude oil to obtain a high yield

of resin formers and produced a pitch with low

free-carbon content [3]. One index of the depth of

cracking is the volume of gas produced per vol-

ume of crude oil fed to the unit.

Depending on the nature of the starting mate-

rials, which come from the deep cracking of

petroleum distillates, three main petroleum resins

are classified: aliphatic, aromatic, and

dicyclopentadiene (DCPD) [4]. The petroleum

distillates are called naphtha, and the feed

streams to produce hydrocarbon resins are

by-products of the naphtha cracking as shown in

Fig. 1. Strictly speaking, naphtha is defined as the

fraction of hydrocarbons in petroleum boiling

between 30 �C and 200 �C. It consists of a com-

plex mixture of hydrocarbon molecules generally

having between 5 and 12 carbon atoms (C5–12). It

typically constitutes 15–30 % of crude oil, by

weight. The naphtha can be divided into two

groups: light naphtha (fraction boiling between

30 �C and 90 �C with 5–6 carbons) and heavy

naphtha (fraction boiling between 90 �C and

200 �C with 6–12 carbons) [5].

Aliphatic Petroleum Resins

Aliphatic petroleum resins are mainly based on

C5 (including a small amount of C4, and C6)

feedstock (C5 resin oil) containing varying

amounts of piperylene (1,3-pentadiene), iso-

prene, and various monoolefins in addition to

nonpolymerizable paraffinic compounds.

Figure 2 shows the polymerizable monomers

(unsaturated compounds) in C5 feedstock. The

composition of the feedstock determines the
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usefulness of C5 resins [4]. As an example, the

typical components (wt%) of C5 feed identified

by gas chromatography are shown in Table 1

[5]. The liquid C5 feedstock can generally be

polymerized to a hard resin using a Lewis acid

catalyst and carefully selecting temperature and

pressure to obtain the desired softening point and

molecular weight. For Lewis acid catalysts,

AlCl3 and BF3 are the catalysts most often used

for the polymerizations, i.e., cationic polymeri-

zation [6–8]. Other effective catalysts include

AlBr3, TiCl4, SnCl4, alkyl aluminum chlorides,

and certain activated clays, such as attapulgite

and montmorillonite. Brønsted acids such as

H2SO4 and HCl/ether may be used as well

[9]. In the presence of aluminum halides, resins

Petroleum Resin,
Fig. 1 Origin of C5, C9,

and DCPD petroleum resin

feedstock

Petroleum Resin,
Fig. 2 C5 petroleum resin

oil composition

(polymerizable monomers

for aliphatic resins)
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with higher molecular weight are formed than in

the presence of BF3 complexes. The structure of

the polymerized resin is difficult to characterize

since the various isomers of the feedstock will

combine unpredictably. Otherwise, thermal poly-

merization is also applied to the preparation of

the resins. The thermal polymerization is based

on free radicals in the absence of catalyst, which

is cheaper than cationic method, but it ends to

produce darker resins. The thermally polymer-

ized resin properties are not comparable with

those of the cationically polymerizable resins

due to limited controlling parameters of the

polymerization.

After polymerization, the catalysts are

removed to give clear stable resin. These methods

including thermal and cationic polymerization

for aliphatic resin are the same as that for aro-

matic and dicyclopentadiene resins. These resin

products are conditioned in flake, powder, gran-

ule, dispersion, or other forms and then widely

used all over the world.

Aromatic Petroleum Resins and Their
Hydrogenated Resins

Aromatic petroleum resin contains significant

quantities of polyindenes, which are polymerized

from indene being one of C9 feedstock. The typ-

ical boiling range at atmospheric pressure is

about 140–200 �C. Thus, lower boiling C5 hydro-

carbons are not present in this aromatic resin as

shown in Table 1. Thus, such aromatic resins are

produced from C9 resin oil (including C8, and

C10) that contains various monomers as illus-

trated in Fig. 3. Here, vinyl groups are basically

reacted in order to produce aromatic resins as

shown in Fig. 4. However, since C9 resin oil is a

relatively unrefined material, its polymerization

Petroleum Resin, Table 1 Composition of the resin oils

Petroleum resin Components (wt%)

C5 aliphatic Isopentane (15.0), n-pentane
(22.1), 3-methyl-1-butene (0.6),

2-methyl-1-butene (4.7),

2-methyl-2-butene (2.6),

1-pentene (3.4), 2,2-dimethyl

butane (0.1), 1,4-pentadiene

(1.6), cis-, trans-2-pentenes
(5.4), 2,3-dimethyl butane (0.1),

isoprene (15), 2-methyl pentane

(0.6), 3-methyl pentane (0.3),

cyclopentane (0.9), n-hexane
(2.1), cis-, trans-piperylenes
(8.7), cyclopentene (1.8),

CPD/DCPD (14.5), other

C4 (0.5)

C9 aromatic Paraffins, benzene, toluene,

styrene, a-methyl styrene, vinyl

toluenes, indene, methyl indenes

Dicyclopentadiene

(DCPD)
DCPD (70–95), codimers of

DCPD with other dienes

(e.g., methylcyclopentadiene,

methylcyclopentadiene dimer,

butadiene, isoprene, as well as

styrene and/or indene)

Petroleum Resin,
Fig. 3 C9 petroleum resin

oil composition (monomers

for aromatic resins)
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leads to much darker resins than other hydrocar-

bon resins.

C9 resins are more compatible with polar elas-

tomers than C5 resins, due to their aromatic struc-

ture. However, the double bonds in their aromatic

structure are relatively unstable. An effective

way to stabilize these resins is to hydrogenate

them. Thus, resins are often hydrogenated in

solution. During hydrogenation, the aromatic

ring structures gradually lose their aromatic

nature and become cycloaliphatic as shown in

Fig. 5. When the process is allowed to go to

completion, the resultant product is fully hydro-

genated hydrocarbon resin with full aliphatic

character. The process can also be adjusted to

prepare the partly hydrogenated resins, which is

widely used in adhesive formulations. This is

because the resins still have some aromatic

rings, and the aliphatic/aromatic balance gives

these resins their unique properties. In theory,

any degree of hydrogenation can be

manufactured. Such hydrogenation process also

can be applied to C5 aliphatic resin and DCPD

resin given later in order to change the residual

C=C double bonds in the resin. As just described,

this is a useful process to decrease its color and

improve its stability toward heat, oxygen, and

ultraviolet light after polymerization.

Dicyclopentadiene Resins

Dicyclopentadiene (DCPD) resin contains

70–95 % of DCPD feedstock with other dienes

Petroleum Resin,
Fig. 4 Preparation of C9

petroleum resins via

cationic polymerization

Petroleum Resin,
Fig. 5 An example for

hydrogenated C9 petroleum

resins
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as summarized in Table 1. They are usually

manufactured by thermal polymerization in the

absence of catalyst. In comparison with aliphatic

and aromatic resins, DCPD resins are highly

unsaturated. Thus, they can be chemically

modified. To prepare the modified resins, either

polymerization using special modified feed-

stock or modification after polymerization is

conducted. For example, DCPD resins can react

with maleic anhydride, drying oils, or rosin on

heat treatment. Of course, catalytic hydrogena-

tion of resins is also conducted to give

high-quality water-white resins with a different

solubility and compatibility profile than the

original resin.

Mixed Resins

C5 aliphatic and C9 aromatic resins can be mod-

ified by mixing the two or three feed streams

together at a carefully chosen ratio to produce

hybrid polymers. This ratio determines the ali-

phatic/aromatic balance of the resin, which is an

essential determinant of the resin’s compatibility.

For example, as the cloud points of the resins

decrease, the compatibility with polar and aro-

matic polymers increases.

Table 2 summarizes typical properties of

petroleum resins including their mixed resins

and pure-monomer-based resins [4]. Mixed ali-

phatic/aromatic resins are manufactured with

varying proportions of the above-described C5

and C9 feedstocks to produce resins with a

range of softening points and molecular weights.

These resins are chosen as usage. Thus, many

resins are widely distributed

Related Entries

▶CationicAddition Polymerization (Fundamental)
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Petroleum Resin, Table 2 Typical properties of petroleum resins

Resin Softening pointa (�C) Colorb Bromine numberc Density (g/cm3)

C5 aliphatic 70–150 3–9 25–45 0.88–0.98

C9 aromatic 95–140 7–11 3–22 1.04–1.09

DCPD 90–100 7–11 55–60 1.11

Hydrogenated C9 70–140 >1 – 0.98–0.99

Hydrogenated DCPD 85–140 <1 2–3 1.10

C5-C9 mixed resins Liquid-105 2–10 <25d 0.86–1.07

Styrene Liquid-60–80 1–3 Nil 0.98–1.08

a-Methyl styrene 70–145 <1 2–8 1.06–1.08

aMeasured by ring-and-ball method
bGardner color scale in 50 % solution in toluene
cBromine number (g Br2/100 g) for degree of unsaturation
dIodine number (g I2/100 g)
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Synonyms

Chemical engineering applications or applica-

tions in separation science; Hyperbranched poly-

mers or dendritic polymers; Phase behavior or

solution behavior or thermodynamics

Definition

The phase behavior of hyperbranched polymers

describes the phase separation of hyperbranched

polymer blends/solutions in at least two phases in

thermodynamic equilibrium. In the context of

this entry, this could be two liquid phases or

a liquid and a vapor phase.

The application of hyperbranched polymers in

chemical engineering processes shown in this

work refers to the use in process engineering

applications as membrane processes or as extrac-

tion agent.

Introduction

A number of studies have been published focus-

ing on dilute and semi-dilute properties of den-

dritic polymer solutions.

Dendritic polymers have a significantly lower

intrinsic viscosity, Mark–Houwink exponent,

hydrodynamic volume, and ratio of radius of

gyration to hydrodynamic radius in comparison

to their linear analogues of the same molar mass.

Also the osmotic second virial coefficient was

object of numerous research studies to character-

ize the effect of branching. As observed for many

branched polymer solutions, branching decreases

the second virial coefficient in “good” solvents

([1, 2] and references therein).

The large body of interdisciplinary research

on dendritic polymers, i.e., dendrimers,

dendrigrafts, and hyperbranched polymers, is

a guarantee for emerging applications. For many

potential applications of hyperbranched poly-

mers in the field of chemical engineering,

the phase behavior of hyperbranched polymer

solutions is essential. Therefore, the following

chapter gives an overview of the experimentally

and theoretically investigated properties of

hyperbranched polymer solutions.

The comprehension of the phase behavior is

an essential prerequisite for contemporary poly-

mer science and engineering. Phase separation

and segregation often occur during the produc-

tion and processing of polymers, either due to

their necessity or owing to undesirable circum-

stances such as the incompatibility between poly-

mers or an insufficient solvent power. This phase

behavior originates in the properties of the poly-

mer molecules in solution [3].

The impact of high-performance polymer

blends on modern material science is significant

and continuously growing. Especially improve-

ments in performance characteristics such as

rigidity, toughness, abrasion resistance, chemical

and flame resistance, heat resistance, and ease of

processing are of great importance ([1, 2, 4] and

references therein). Even though in production

and processing the equilibrium state is usually

not reached, it is nevertheless of great importance

to know what the equilibrium condition of the

regarded system would be like, in order to under-

stand the properties of a plastic, to operate

a production process optimally, or to modify

polymeric materials successfully [1].

In recent years the understanding of essential

fundamentals such as the phase behavior of

hyperbranched polymer solutions has grown

[5–8]. But nevertheless the experimental investi-

gation of the phase behavior of hyperbranched

polymer systems is a crucial requirement for

a successful introduction of new applications to
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highly competitive markets. In this context, ther-

modynamic models, which accurately account

for the impact of polymer branching on the

phase behavior of polymer systems, play a very

important role; they enable the optimization of

new applications of hyperbranched polymers

without requiring an unjustifiable amount of

experimental phase equilibrium data [1, 6–8].

This chapter summarizes the most important

studies on the phase equilibria of hyperbranched

and other dendritic polymer systems. In the first

section, properties of hyperbranched polymer

solutions are described, followed by a second

section focusing on the modeling of the phase

behavior.

Properties of Hyperbranched Polymers
in Solutions

Some groups reported the formation of micelles

by the solvation of hyperbranched polymer in

a solvent mixture. This micelle formation

depends on the kind of hyperbranched polymer.

In most cases the micelles are formed by copol-

ymers ([1–3] and references therein). For this

reason the effect of copolymer concentration on

micelle formation was studied. In addition to

copolymer concentration, also the impact gener-

ation number on the micelle formation were

investigated ([1, 2] and references therein). In

was shown that the generation number influences

the micelle form. Recently Jin et al. [9] reviewed

the application of biodegradable hyperbranched

polymers to form micelles and showed that vari-

ous molecular structures including micelles and

vesicles have been prepared through the primary

self-assembly processes. Hyperbranched poly-

mer vesicles have a great potential to mimic

cellular behaviors as model membranes.

Some groups demonstrated that the solubility

of dendritic polymers can be tailored by introduc-

ing appropriate functionalities into the surface

groups of the polymer. By means of hydrophilic

functional end groups, hydrophobic dendritic

polymers can become water soluble, and also

water-soluble dendritic polymers can turn into

hydrophobic molecules after functionalization

with hydrophobic groups ([1–3] and references

therein). Some dissolved dendritic polymers

exhibited considerable variable hydrodynamic

radii which predominantly depend on solvent

properties such as pH ([1–3] and references

therein).

Regarding dendritic polymers, there are some

reports in literature which discuss the influence of

the macromolecular structure as well as the

nature and number of chain end functionalities

on the polymer solubility in selected solvents. It

was found that dendritic polymers are highly

soluble in solvents which are capable of solvating

the numerous chain ends ([1–3] and references

therein).

Also the influence of branching on phase

behavior was analyzed. Recently, Cheng

et al. [10] reported for the first time the influence

of degree of branching (DB) on the thermore-

sponsive phase transition behaviors of

hyperbranched multiarm copolymers. Two series

of poly(ethyl-hydroxymethyl)-oxetane (PEHO)-

star (polyethylenoxid) (PEO) (series I) and

PEHO-star-poly(2-(dimethylamino)ethylmetha-

crylates (PDMAEMA) (series II) with the hydro-

phobic DB-variable PEHO core and different

kinds of linear arms (PEO arms or PDMAEMA

arms) were synthesized. It was found that these

two series demonstrate thermoresponsive phase

transitions with a lower critical solution temper-

ature (LCST). The studies on the LCST transition

mechanism indicate that series A belongs to the

thermoresponsive polymer system with LCST

transition based on a hydrophilic–hydrophobic

balance, while series B belongs to the thermore-

sponsive polymer system with LCST transition

based on coil-to-globule transition. For series A,

the LCST phase transition is dependent on the DB

of the PEHO core in copolymers, whereas for

series B, the LCST phase transition is indepen-

dent of the DB but it is pH sensitive.

In addition to the influence of degree of

branching on phase behavior, also the formation

of hydrogen bonding of hyperbranched polymers

with polar functional groups was analyzed. Zagar

and Zigon [11] used IR spectroscopy to obtain

information about the extent and the type of

hydrogen bonds. They determined that the
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majority of the hydroxyl groups are hydrogen

bonded and exist in four diverse assemblies

which differ in terms of their strength.

Other researchers also used IR spectrometry to

determine the accessibility of internal and termi-

nal functional groups [1, 3]. The results show that

in molecules of low generation number, the ter-

minal groups are about as accessible (e.g., for

solvent molecules) as those in linear polymers.

However, these functional groups become less

accessible as the generation number increases,

presumably because the molecule folds back on

itself to some degree resulting in a more compact,

globular shape ([1, 3, 4] and references therein).

Infinite-dilution activity coefficients were also

measured by several groups [1, 12]. Interesting

results are reported by the Bertucco group [12],

where the activity coefficients of polar and non-

polar solvents in comb polymers and dendritic

poly(propylene imine) of generation 2–5 were

measured. Solvent activity coefficients at infinite

dilution change with respect to the dendrimer

generation number, reaching a minimum at gen-

eration 4 in the temperature range of 333–413 K

[12]. Due to the exothermic formation of hydro-

gen bonding, alcohols form hydrogen bonds with

the dendrimer more easily at low temperatures,

and hence, the solubility decreases with increas-

ing temperature [12]. Since they used dendrimers

with a basic character, slightly acidic solvents

showed better solvent qualities than others

(THF, toluene, ethyl acetate).

Several groups [1, 6–8] studied the low-

and high-pressure phase behavior of polymer

solutions containing commercially available

hyperbranched polymers. The studies investigate

on the one hand the vapor–liquid phase equilibria

(VLE) and on the other hand the liquid–liquid

phase equilibria (LLE). At moderate pressures,

the investigated VLE of differently branched

hyperbranched polymers allowed for a discussion

on how the degree of polymer branching, the

nature and number of polymer functionalities,

and the solvent polarity determine the slope of

the bubble point curve and the solvent activity.

In Fig. 1a, bubble point lines of different den-

dritic polymer–solvent systems are shown at an

equilibrium temperature of 393.15 K. In the case

of ethanol as solvent, a steep rise of the isother-

mal partial pressure curves can be observed,

whereas the lower solvent volatility of water

results in a flatter curve shape. Although

a variety of different polymers have been inves-

tigated (hyperbranched polyglycerol samples

PG1 and PG3, linear polyglycerol (LPG),

OH-terminated polyamidoamine dendrimer

(PAMAM), hyperbranched polyester Boltorn

H40, hyperbranched polyesteramide Hybrane

H1500), it becomes obvious that the different

VLE are more dominated by the solvent volatility

and polarity than by the structures of the respec-

tive polymer. It is known that the degree of

branching has a pronounced effect on the radius

of gyration. However, when comparing polymers

with a different degree of branching in the same

solvent, only a small influence on the VLE was

found such as observed for the hyperbranched

polyglycerol PG1 (Mn = 1,400 g/mol) and its

perfect linear polyglycerol analogue LPG in eth-

anol. The ethanol absorption by polyglycerol

tends to increase with decreasing molar mass

and increasing degree of polymer branching

(Fig. 1a). This corresponds to a comparatively

lower ethanol activity in the hyperbranched

polyglycerol (Mn = 1,400 g/mol) solution

(see Fig. 1b).

Apart from the latter system, Fig. 1b shows

that there are only slight differences in the solvent

activity for the investigated polymer solutions.

This result underlines that the macromolecular

topology, the chemical backbone structure, and,

for a certain range, the molar mass of the polymer

are of minor importance for the VLE.When com-

paring the results of Fig. 1a, b with the VLE

investigations above, it can be concluded that

the VLE of hyperbranched polymer solutions

primarily depends on the interactions between

the solvent molecules and the polymer function-

alities and not on the degree of branching.

Furthermore, special attention was devoted to

the influence of hyperbranched polymers on the

VLE of azeotropic systems [1]. The extent of

inter- and intramolecular hydrogen bond forma-

tion has a dominant impact on the solvent activity

and therefore determines partition coefficients and

relative volatilities ([1] and references therein).
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Phase Behavior and Chemical Engineering Applica-
tions of Hyperbranched Polymers,
Fig. 1 Vapor–liquid equilibria of different

polymer–solvent systems at T= 393.15 K. (a): Isothermal

partial pressure curves of ethanol or water in different

dendritic polymers. (b): Solvent activity versus polymer

weight fraction. Polymer characteristics:

PG3 = hyperbranched polyglycerol: Mn = 6,000 g/mol,

Mw/Mn = 2.4, # of OH-groups = 80, DB = 0.62

(synthesized and characterized by Frey and Kautz).

PG1 = hyperbranched polyglycerol: Mn = 1,400 g/mol,

Mw/Mn = 1.5, # of OH-groups = 20, DB = 0.52

(synthesized and characterized by Frey and Kautz).

LPG = linear polyglycerol (linear analogue of PG1):

Mn = 1,400 g/mol, Mw/Mn = 1.3, # of

OH-groups = 20, DB = 0 (synthesized and characterized

by Frey and Kautz). Hybrane H1500 = hyperbranched

polyglycerol: Mn = 1,500 g/mol, Mw/Mn = 5, # of

OH-groups = 8, DB = 0.62 (synthesized and character-

ized by DSM). PAMAM(OH) = OH-terminated

polyamidoamine dendrimer: Mw = 3,256 g/mol,

Mw/Mn < 1.04, # of OH-groups = 16 (synthesized and

characterized by Dendritech). Boltorn

H40 = hyperbranched polyester: Mn = 2,833 g/mol,

Mw/Mn = 1.5, # of OH-groups = 64 (synthesized and

characterized by Perstorp). For further details see ISBN

3-18-382003-X
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At large polymer concentrations, hydroxyl-

functional hyperbranched polyesters tend to form

agglomerates, limiting their polymer solubility

and separation efficiency. On the other hand,

highly soluble hyperbranched polymers break the

azeotropic system behavior of a variety of aqueous

azeotropic mixtures in a remarkable manner mak-

ing them potential entrainer candidates for the

extractive distillation.

Seiler et al. [1] and Koslowska et al. [6] inves-

tigated the high-pressure phase behavior of

nonaqueous hyperbranched polymer solutions. In

the system hyperbranched polyester Boltorn

H20–ethanol–CO2, the location of the upper criti-

cal solution temperature (UCST) curve proved to

be dependent on the polymer molar mass and the

solvent polarity and independent of the system

pressure [1]. However, the LCST of the respective

system strongly depends on the pressure. An

increase in CO2 concentration leads to

a considerable shift of the LCST curve to lower

system temperature. For the system hyperbranched

polyester–ethanol–CO2, the merging of the

UCST and the LCST curve into the hourglass

miscibility gap is observed at the CO2 concentra-

tion of 50.5 wt% ([1] and references therein).

Koslowska et al. [6] measured the absorption of

CO2 in a liquid hyperbranched polymer and in

hyperbranched polyglycerol solutions. Depending

on pressure and temperature, they could measure

a demixing of the polymer solution.

In addition to VLE, also LLEwere experimen-

tally investigated in literature. Several research

groups investigated the solubility of

hyperbranched polyethers and polyesters with

different degree of branching in water ([1] and

references therein). In the Enders group, the sol-

ubility of hyperbranched polyester in different

solvent mixtures was analyzed [7].

The aforementioned properties were modeled

using molecular dynamics or Monte Carlo simu-

lations [13]. Molecular simulation can be used to

study the dynamics of phase separation in

hyperbranched polymer solution. It was found

that the degree of polymer branching has

a pronounced effect on the radius of gyration

and the center of mass diffusion of the polymer

([1] and references therein). Moreover Monte

Carlo simulations are used to study the structural

properties of an athermal hyperbranched polymer

solution in diluted and high concentrated regimes

[1]. Monte Carlo simulations were also used to

study conformational structures formed by star

and comb heteropolymers during kinetics of fold-

ing from the coil to the globule, as well as the

corresponding equilibrium states ongoing from

the good to the poor solution [1]. Boye

et al. [13] could give the molecular understanding

of phenomena that the shape of the

hyperbranched polymers changes with the polar-

ity of the solvent, which is also supported by

experimental results.

The experimental results and simulations

described above represent valuable information

to test or develop thermodynamic models capable

of describing the phase behavior of

hyperbranched polymer systems. The most

important modeling results are summarized in

the following section.

Modeling the Phase Behavior of
Hyperbranched Polymer Systems

In literature several models describing the phase

behavior of hyperbranched polymer systems are

suggested [1, 5–7]. In the framework of this

review, the UNIFAC-FV model, the PC-SAFT

(perturbed chain-statistical association fluid the-

ory) EOS, and the lattice cluster theory (LCT)

will be considered.

The UNIFAC-FV is a method to estimate sol-

vent activities of polymer solutions. The

approach is based on a group contribution method

in combination with a free-volume correction.

In the framework of this approach, it is

assumed that the complete theoretical equation

for solvent activity of a polymer solution (ai)

contains combinatorial (acom,i), residual (ares,i),

and free-volume terms (aFV,i):
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ln aið Þ ¼ ln ai, com
� �þ ln ai, res

� �þ ln ai, FV
� �

(1)

The combinatorial part of the activity coeffi-

cient specifies the entropic part of an incompress-

ible mixture. The interaction energy between

different molecules of the mixture is described

by the residual activity coefficient, and the

difference between an incompressible and

a compressible solution is calculated by the free-

volume term. Seiler et al. [1] pointed out that with

the help of the UNIFAC-FV model, the VLE of

selected hyperbranched polymer solutions can be

described in an adequate manner. However, the

occurrence of LLE of hyperbranched polymer

solutions cannot be predicted by the

UNIFAC-FV model. Hyperbranched polymers

are distinguished from linear polymers by their

architecture, but this issue cannot be taken into

account by the UNIFAC-FV. Unlike solvents, the

activity coefficient of polymers depends strongly

on the generation number. In LLE both activity

coefficients are important, whereas in VLE only

one of the solvent plays an important role. There-

fore UNIFAC models successfully the VLE but

not LLE.

For modeling hyperbranched polymers phase

behavior, PC-SAFT can also be applied. To cal-

culate high-pressure phase behavior including

CO2, it is extended with contributions for dipolar

and quadrupolar interactions and a branching

term describing the architecture of

hyperbranched polymers [6]. The Helmholtz

energy of polymer solution can be calculated as

follows:

F ¼ Fid þ Fhs þ Fchain þ Fmultipole þ Fbranch (2)

where Fid, Fhs, Fchain, Fmultipole, and Fbranch are the

ideal, hard-sphere, hard-chain, multipole, and

branching contributions to Helmholtz energy F.

The Helmholtz energy of a hard sphere is calcu-

lated by considering the individual molecules as

hard spheres. These hard spheres can be

connected to a chain and the contribution is cal-

culated by the hard-chain Helmholtz energy.

Dipolar and quadrupolar interactions are consid-

ered by the multipole term of the Helmholtz

energy. The branching term accounts for the

branching units that are given as rigid tetramer

units within a hyperbranched macromolecule,

and hence, only branching points with four

bonds can be described. Here it has to be stated

that the most branching points in a hyperbranched

polymer are branching points of three; hence the

description of polymer architecture by PC-SAFT

is not accurate.

In the group of Freed a lattice theory for

polymer solutions was derived, which is formally

an exact mathematical solution of the

Flory–Huggins lattice; however, most of this lat-

tice theory fails to yield a dependence of solution

properties on polymer architecture.

In 1991, Dudowicz and Freed [14] have devel-

oped a systematic expansion of the partition func-

tion of a lattice polymer using the LCT. This

model takes into account the effect of branching

on the thermodynamic properties of polymer

blends [7].

Jang and Bae have used the LCT to model

LLE of an aqueous hyperbranched polymer solu-

tion for the first time, but they did not use the LCT

in a proper manner [7].

The Helmholtz free energy of the LCT can be

calculated as follows:

FLCT ¼ Fath þ Fint þ Fas (3)

where the classical LCT consists of the athermal

contribution Fath and the interaction contribution

Fint. The associative contribution Fas accounts for

hydrogen-bonding effects.

The athermal part of the Helmholtz energy is

developed by a series expansion of the partition

function in the inverse coordination number

1/z. This part depicts the entropic contribution

of polymer’s architecture. The interaction contri-

butions are obtained from a series expansion of

the partition function in the reduced interaction

energy eij/kBT.
Using the LCT the critical concentration could

successfully predict by just using one adjustable

parameter and the knowledge of the chemical

structure of the hyperbranched polymer. By

using just one adjustable parameter, the low
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concentrated branch of the cloud point curve

could bemodeled in good accordance with exper-

imental data, but there was a deviation between

the calculated high concentrated branch and the

experimental data. By the combination of the

LCT with an association term, a good accordance

between experimental data and calculations

could be achieved. In addition to the calculation

of the phase behavior of a polymer in a single

solvent, the phase behavior of a hyperbranched

polymer in mixed and demixed solvent was also

modeled. In the case of the hyperbranched poly-

mer solution in a mixed solvent, the ternary phase

behavior could be calculated in good agreement

with experimental data by adjusting the interac-

tion parameters of the two solvents on the ternary

phase behavior. Further the LCT in combination

with Wertheim theory could predict the ternary

phase behavior in good accordance with experi-

mental data, based on all binary subsystems. In

Fig. 2 model calculations can be seen using the

LCT with the same interaction energy but differ-

ent architecture. Following the calculations the

critical temperature decreases with increasing

number of branching points, but the critical com-

position remains the same. Moreover it is obvious

that with increasing number of branching points

of three, the cloud point curve gets broader and

a shoulder in the curve appears.

Recently, the incompressible LCT has been

further developed to the compressible LCT-EOS.

In the framework of the LCT-EOS, it is possi-

ble to calculate high-pressure phase equilibria as

shown by Langenbach et al. [8].

Chemical Engineering Applications

Hyperbranched polymers might be used in

a number of chemical engineering applications

[1]. However, due to their relative high solution

viscosity in comparison to other solvents used in

the field of chemical engineering (i.e., entrainers

for extractive distillation, extraction solvents or

absorbents for extraction and absorption, respec-

tively), most of these applications have substan-

tial market entry barriers. This is why the

following section focuses on one of the most

promising application of hyperbranched poly-

mers in this field, i.e., their use as membranes.

Awide variety of polymericmaterials have been

studied to evaluate their potential use as membrane

materials for separation processes. However, most

of the commercially available membrane materials

developed so far are limited to linear polymers.

During the last years, a number of research groups

started focusing on hyperbranched polymer mem-

branes ([1, 15–20] and references therein).
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energy ( De
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Wang et al. [15] reviewed the patent landscape

for hyperbranched polymer membranes. They

discussed patents on proton exchange mem-

branes (PEM), bipolar membranes, gas separa-

tion membranes, and solid–liquid separation

membranes.

PEM are used in fuel cells. These membranes

are used to transport the protons and to separate

the catalyst. For this reason this type of mem-

branes requires both excellent proton conductiv-

ity and a sufficient mechanical strength.

Hyperbranched polymers with the high density

of functional end groups have the potential of

being a good proton exchanger [15, 19]. Wang

et al. [15] reported that most works use

hyperbranched polymers as skeleton for the PE-

M. These PEM based on dendritic polymers show

a higher proton conductivity, but lower fuel per-

meability. Moreover, some PEM based on den-

dritic polymers can control the pore size and

therefore allow limiting of the water content in

the pores [15]. Recently, Rakesh et al. [19]

suggested new molecular simulation models for

the identification and development of suitable

hyperbranched PEM polymers offering a high

proton conductivity. The newly developed mate-

rial optimizes proton channel formation and

water transport properties [19].

Wang et al. [15] discussed also the application

of hyperbranched polymers in bipolar mem-

branes. Bipolar membranes are composition

membranes containing a cation exchange layer,

an anion exchange layer, and an interfacial layer.

By this bipolar membranes, water can be disso-

ciated into hydrogen ions and hydroxyl ions

under reverse potential bias. Former studies dem-

onstrated that water dissociation reactions take

place in the interfacial region of the bipolar mem-

brane between the cation exchange and anion

exchange layers. It is obvious that the composi-

tion of this region is important for the function of

a bipolar membrane [15].

To improve the functionality of bipolar mem-

branes, dendritic polymers were used as catalysts

of the water dissociation process in the interme-

diate layer of the bipolar membrane [15].

Here two reverse effects were found: the

number of functional groups has a positive effect

on water dissociation, but the steric hindrance

has a negative effect. In other studies

dendrimer–metal complexes were used. By the

use of unbound metal ions, the catalytic effect in

the intermediate layer increases, but they leach

out. By the use of dendritic–metal complexes,

this leaching can be minimized [15].

In addition to the aforementioned applications

of hyperbranched polymers, also their use as

high-performance gas separation membranes

seems promising. Membrane-based gas separa-

tions have attracted much attention in the past

decade since they offer many advantages over

traditional separation processes such as low cap-

ital investment cost, low energy consumption,

and simple operation [1, 15]. Hyperbranched

polymers have many properties making them

suitable for the use in gas separation membranes

such as open nanoscaled structures and interior

accessible cavities [15, 17, 20]. Recently

Kanehashi et al. [18] reviewed the gas permeabil-

ity and the synthesis of gas permeation of

hyperbranched based gas permeation mem-

branes. They demonstrated that – compared

with other commercially available gas perme-

ation membranes – the investigated membranes

show a better permselectivity, higher stability,

and compression resistance [18].

Suzuki et al. investigated the physical and gas

transport properties of hyperbranched polyimide

membranes prepared from a triamine, 1,3,5-tris(4-

aminophenoxy)benzene (TAPOB), and

a dianhydride, 4,4L -(hexafluoroisopropylidene)

diphthalic anhydride (6FDA) ([20] and references

therein). These 6FDA–TAPOB hyperbranched

polyimidemembranes exhibited a remarkable ther-

mal stability with a 5%weight-loss temperature of

510 �C. The gas permeability and/or diffusivity of

a polymer depends on the free volume. The frac-

tional free-volume value of 6FDA–TAPOB was

higher than those of the linear analogues, indicat-

ing looser packing of the molecular chains. The

hyperbranched membrane exhibits a considerably

high gas solubility and, as a result, shows high gas

permeability [20]. Therefore, Suzuki et al. suggest

that the low segmental mobility and the unique size
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and distribution of free-volume holes arising from

the characteristic hyperbranched structure of

6FDA–TAPOB provide an effective O2/N2 selec-

tivity. Due to the high permeability and O2/N2

selectivity, Suzuki et al. conclude that the

6FDA–TAPOB hyperbranched polyimide meets

the requirements of a high-performance gas sepa-

ration membrane [20].

Wang et al. [15] also reported the use of den-

dritic polymers in solid–liquid separation mem-

branes. Solid–liquid separation plays an

important role in chemical, pharmaceutical, and

biotechnological processes. Because of the high

number of functional end groups, some compo-

nents can be bound on these groups. These types

of membranes were used, for instance, to separate

metal ions from water [15].

Furthermore, hyperbranched polymers can

be used in nanofiltration membranes [16].

Nanofiltration is a pressure-driven membrane pro-

cess normally applicable for separating dissolved

components having a molecular weight ranging

from 200 to 1,000 Da. Most types of nanofiltration

membranes consist of a selective layer and

a microporous substrate. Chiang et al. [16] used

hyperbranched polymers in nanofiltration mem-

branes to obtain a membrane simultaneously

owning high rejection to salt and high water per-

meation. They found out that the membrane has

some special characteristics. So, the used mem-

branes have a relative high molecular flux at the

same molecular weight cutoff compared to mem-

branes based on linear polymers. Moreover, the

used membrane showed a relatively high salt

rejection, but the salt rejection is relative selective.

This selectivity can be explained by the functional

groups of the used polymer [16].

In addition to the field of nanofiltration, den-

dritic polymers can also be used as ultrafiltration

membranes [17]. For ultrafiltration, membranes

are needed with a tunable pore size, chemical

resistance, and good thermal properties. Because

of the large number of functional end groups,

hyperbranched polymers can be used to increase

fouling resistance of ultrafiltration membranes.

Moreover, due to the branched architecture of

hyperbranched polymers, the inner porosity of

ultrafiltration membranes can be controlled [17].

Zhao et al. [17] have shown that hyperbranched

polymers are enriched on the membrane surfaces

if the branch length is increased. So the surface

character can be controlled. Therefore, with

respect to field of chemical engineering, it can

be concluded that hyperbranched polymers rep-

resent versatile and competitive materials espe-

cially in the area of membrane applications.

Related Entries

▶ Flory–Huggins Equation

▶Hyperbranched Polyglycerols (Synthesis and

Applications)
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Synonyms

Coarsening processes of phase-separated struc-

tures in polymer blends

Definition

The self-assembling processes via spinodal

decomposition (SD) of the A/B blend near the

critical composition are classified, at least, into

the following three regions: early stage, interme-

diate stage, and late stage. In the early stage,

nonlinear effects on the growth of the concentra-

tion fluctuation are not significant so that the

growth can be well approximated by the Cahn’s

linearized theory. In the intermediate stage, the

nonlinear effects on the growth of the concentra-

tion fluctuation become increasingly important

with time, and both the wavelength and the

amplitude of the concentration fluctuation grow

with time. In the late stage (c), the concentrations

in the A- and B-rich domains reach those on the

coexisting curve of the phase diagram, and only

wavelength of the dominant mode of concentra-

tion fluctuation grows self-similarly.

Introduction

When a binary polymer A and B blend (A/B) is

quenched from a single-phase state to a two-phase

state inside its miscibility gap, the concentration

fluctuation in the A/B blend grows with time in

terms of both its spatial scale and amplitude

(concentration contrast) toward a new equilib-

rium. This phase separation mechanism is
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classically classified into two different types. One

is for the A/B blend quenched into a metastable

state between the coexisting curve and the

spinodal curve. It has the instability only against

the concentration fluctuation with its amplitude

being close to a large concentration difference

between the coexisting phases at a given quench

depth. This phase separation mechanism is called

nucleation and growth. The other case is found

when the A/B blend is quenched inside the

spinodal curve. It has the instability even against

the concentration fluctuation with an infinitesi-

mal amplitude. This second mechanism is called

spinodal decomposition. This chapter focuses on

the phase separation processes of binary A/B

polymer blends via spinodal decomposition and

gives a brief overview for the self-assembling via

spinodal decomposition.

Spinodal Decomposition

Overview

The self-assembling processes via spinodal

decomposition (SD) of the A/B blend near the

critical composition are classified, at least, into

the following three regions: (a) early stage,

(b) intermediate stage, and (c) late stage as

shown in Fig. 1 [1].

In the early stage (a), nonlinear effects on the

growth of the concentration fluctuation are not

significant so that the growth can be well approx-

imated by the Cahn’s linearized theory [2].

The magnitude of the scattering vector qm(t) (or

the characteristic lengthLm(t) = 2p/qm(t)) of the
dominant mode of concentration fluctuation is

constant, independent of time t, and agrees with

qm(0) at t = 0. Within the context of mean-field

theory [3, 4], qm(0) at a temperature T is

expressed as

qm 0ð Þ ¼ 3=2ð Þ1=2R�1=2
g e1=2T (1)

for a symmetric polymer blend having the com-

position close to 50/50 and nearly the same size

of the component chains A and B. Here, Rg is

a radius of gyration of the component polymer,

and eT is defined by

eT ¼ w� wSð Þ=wS ¼ TS � Tð Þ=TS (2)

where TS indicates the spinodal temperature, and

w and wS are Flory-Huggins interaction parameter

at T and TS, respectively. The amplitude of the

concentration fluctuations Dfq at the magnitude

of the scattering vector q grows exponentially

with t as

Dfq tð Þ � exp R qð Þt½ 	 (3)

The growth rate R(q) appearing in Eq. 3 is

given by

R qð Þ ¼ Dapp Tð Þq2 1� q2=2q2m 0ð Þ� �
(4)

where Dapp(T) is the interdiffusion coefficient

between the components A and B. Thus, Df(t)

Phase Separation Kinetics in Polymer Blends,
Fig. 1 Time evolution of the concentration pattern in

the (a) early, (b) intermediate, and (c) late stages of

spinodal decomposition
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for the dominant growth mode at q = qm(0) is
given by

Df tð Þ � exp R qm 0ð Þð Þt½ 	 (5)

In the intermediate stage (b), the nonlinear

effects on the growth of the concentration fluctu-

ation become increasingly important with time.

Thus, the growth is affected by the nonlinear,

mode-mode coupling described by the time-

dependent Ginzburg-Landau (TDGL) equation

[5]. This coupling leads to a decrease of qm(t)

and a further increase of Df(t) with t. Specifi-
cally, qm(t) and Lm(t) exhibit the power-law

dependence on t:

2p=Lm tð Þ ¼ qm tð Þ � t�a (6)

In such power-law region, the growth of Df(t)
with t becomes slower than that expected from

Eq. 4.

In the late stage (c), the concentrations in the

A- and B-rich domains, fA1 and fA2, reach those

on the coexisting curve of the phase diagram, and

hence, the concentration fluctuation also reaches

its equilibrium amplitude Dfe. The interface

between two coexisting domains has become nar-

row and well defined in the later part of the

intermediate stage and/or the early part of the

late stage. The time evolution of such domain

structures having Df(t) = Dfe can be character-

ized with three, time-dependent length parame-

ters sketched in Fig. 2 [6]: The interdomain

spacing is characterized by Lm(t) that obeys

Eq. (6) also in the late stage, and the waviness

of interface (boundary) between the neighboring

domains is specified by the mean radius of inter-

face curvature, Rm(t). The interface may be also

diffuse, which can be characterized by the char-

acteristic interfacial thickness t1 defined by

t1 
 Dfe= dfA=dz½ 	fA¼fA0
(7)

where z is the local coordinate normal to the

interface and fA0 is the average concentration

of the component A in the blend as depicted in

Fig. 1c.

Dynamic Self-Similarity

Scattering techniques such as light scattering and

small-angle neutron scattering provide the impor-

tant and interesting information about the phase

separation processes in polymer blends. For the

phase separation occurring isotropically in the

three-dimensional space, the scattering intensity

I(q, t) due to the incident radiation grows

isotropically and thus depends only on the mag-

nitude of the scattering vector q irrespective of

the direction of scattering: q is defined in terms of

the scattering angle y and the wavelength of the

incident radiation l as

q ¼ 4p=lð Þ sin y=2ð Þ (8)

Specifically, I(q, t) in the intermediate and late

stages of spinodal decomposition can be

expressed as

I q, tð Þ � � tð Þ2
D E

L3
m tð ÞS xð Þ with x ¼ q=qm tð Þ

(9)

where Lm(t) (=2p/qm(t)) is the characteristic

length representing the interdomain spacing,

h�(t)2i is the mean-square deviation of the scat-

tering contrast distributed in space, S(x) is the

scaling function that describes how the domains

evolve with time, and x(t) is the normalized mag-

nitude of the scattering vector that determines the

scaling function. h�(t)2i is determined by an order

parameter defined as

Phase Separation Kinetics in Polymer Blends,
Fig. 2 Schematic picture of the phase-separated struc-

tures of binary polymer blends formed through spinodal

decomposition
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DfA r, tð Þ 
 fA r, tð Þ � fA0 (10)

This DfA(r, t) represents the deviation of the

concentration at a spatial position r and time

t from its average fA0 in the blend (and satisfies

a relationship,
Ð
DfA(r, t) dr = 0.) h�(t)2i is

essentially proportional to a spatial average of

DfA
2 (r, t) in the blend and thus describes the

time evolution of the contrast of the phases.

A pattern of the phase growth is specified by

the scaling function S(x). If the statistical feature
of the domains, e.g., the domain shape and con-

nectivity, changes with time, S(x) changes its

x dependence with time. In contrast, if this statis-

tical feature of the domains does not change and

the domains enlarge self-similarly, the

x dependence of S(x) becomes independent of

time. For this self-similar case, the domain struc-

ture is characterized by the single time-dependent

length scale for the interdomain spacing, Lm(t):
The other length scale Rm(t), the mean radius of

interface curvature, grows with t in the same way

as Lm(t). Specifically, the dynamical scaling

hypothesis [7, 8] holds in the case where these

two length scales exhibit the same power-law

type growth:

Lm tð Þ ¼ Rm tð Þ � ta (11)

where a is an exponent characterizing the time

evolution of qm (=2p/Lm); cf. Eq. 6.

The maximum scattering intensity at respec-

tive time, Im(t) 
 I(qm, t), often exhibits

a power-law type increase with time. From

Eq. 9, this increase is related to h�(t)2i, Lm(t), and
S(1) (the maximum S value at x = q/qm = 1) as

Im tð Þ � � tð Þ2
D E

L3
m tð ÞS 1ð Þ � tb (12)

In the late stage of spinodal decomposition where

the dynamic scaling hypothesis is valid, the fac-

tors h�(t)2i and S(1) have approached to their

asymptotic values for full phase separation and

become essentially independent of t. For this

case, the time dependence of Im(t) described by

Eq. 12 becomes Im(t) ~ Lm
3 (t) ~ tb. Comparison

of Eqs. 11 and 12 indicates

b ¼ 3a (13)

in the late stage of spinodal decomposition.

In contrast, in the intermediate stage, h�(t)2i
significantly increases with t, and Eqs. 11 and

12 suggest

b > 3a (14)

This difference between the intermediate and

late stages can be conveniently examined for

a scaled structure factor [7, 8] defined by

F x, tð Þ 
 q3m tð ÞI x, tð Þ (15)

This F(x, t) is experimentally evaluated, with no

ambiguity, from the qm and I data. From Eq. 12,

F(x, t) is expressed in terms of the contrast factor

h�(t)2i and the scaling function S(x) as

F x, tð Þ � � tð Þ2
D E

S xð Þ (16)

In the intermediate stage of spinodal decomposi-

tion, h�(t)2i increases with t, and S(x) changes its
x dependence as well. Hence, F(x, t) changes with

t and exhibits no universal x dependence in the

intermediate stage. In contrast, in the late stage

where the dynamical scaling hypothesis is valid,

h�(t)2i and S(x) become independent of t thereby

allowing F(x, t) to exhibit t-independent, univer-
sal x dependence. These features of F(x, t) have

been confirmed experimentally [6].

Related Entries

▶Morphology in Blends of Rubbery Polymers
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Synonyms

Optical properties; Photochromism; Photome-

chanical effect; Polymer chain conformation

Definition

Polymers having chromophores, which undergo

a reversible transformation between two isomers

in one or both directions by photoirradiation, in

the backbones or the side groups, are named

photochromic polymers.

Introduction

Photochromism is defined as a reversible trans-

formation of a chemical species between two iso-

mers having different absorption spectra induced

in one or both directions by photoirradiation

[1, 2]. Table 1 shows typical photochromic chro-

mophores, which exhibit (a) trans-cis isomeriza-

tion, (b) zwitterion formation, (c) ionic

dissociation, and (d) ring formation and ring

cleavage. These isomerizations not only change

their colors but also induce certain changes in

physical and chemical properties, such as geo-

metrical structure, dipole moment, refractive

index, fluorescence, and oxidation/reduction

potential. When the chromophores are incorpo-

rated into polymer backbones or side groups,

photoirradiation brings about changes in various

properties of polymer solutions and solids, as

shown in Table 2. These polymers having photo-

chromic chromophores are named photochromic

polymers. In this entry, a brief history of the

research and recent progress are described.

Polymer Chain Conformation

The conformation of polymer chains is

a fundamental property of polymers in solution.

The first attempt to control the polymer chain

conformation by photoirradiation was carried

out by Lovrien in 1967 [3]. A short chain photo-

chromic azo dye (chrysophenine) was employed

as a tool for the conformational change. The

aqueous solution viscosity of poly(methacrylic

acid) and the dyes was found to decrease upon

photoirradiation (350 nm < l < 450 nm) and

return to the initial value in the dark. The viscos-

ity change was attributed to the change in the

intermolecular interaction between the polymer

chains and the photochromic dyes. If a polymer

chain is normally coiled, it may be made extended

by binding the dye in the all-trans form.

Upon isomerization by light to the partially cis

form, azo dyes become more water soluble and

tend not to bind tightly as they do in the all-trans

form. If they leave the polymer chains, the poly-

mer chains are allowed to be relaxed into the

natural compact coil conformation.

Azobenzene is a well-known photochromic

molecule, which undergoes isomerization from

the trans to the cis form upon irradiation with

UV light and reverses upon heating or irradiation

with visible light, as shown in Table 1 (a). During

the isomerization, the molecule undergoes a large

structure change. The distance between 4 and 40

carbons decreases from 9.0 to 5.5 Å and the
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dipole moment increases from 0.5 to 3.1 D. The

property change can be used as a driving force to

control the solution viscosity or the conformation

of polymer chains by incorporating the residues

into the polymer backbone. Various polyamides

having the azobenzene residues in the backbone

were synthesized, as shown in Fig. 1 [4].

Intrinsic viscosity, [Z], of polymer (1) in N,

N-dimethylacetamide was found to decrease

from 1.22 to 0.50 dl/g upon UV irradiation and

to return to the initial value in the dark. On alter-

nate irradiation with UV and visible light, the

viscosity reversibly changed as much as 60 %.

Before irradiation the polymer has a rodlike

extended conformation. The isomerization from

the trans to the cis form kinks the polymer chain,

resulting in a compact conformation and

a decrease in the viscosity. The compact

conformation returns to the initial extended con-

formation either thermally or visible light irradi-

ation, causing an increase in the viscosity.

According to the above mechanism, rigidity of

the polymer chains is expected to alter the

amount of photodecrease of the solution viscos-

ity. As expected, the amount of viscosity change

was found to depend on the flexible methylene

chains in the polymer backbone. The viscosity

change of polymer (2) was 63 %, while it

decreased to 41 % in polymer (3), 20 % in poly-

mer (4), and 4 % in polymer (5). The absence of

photodecrease of the viscosity in polymer

(5) solution suggests that the flexible methylene

chain acts as a strain absorber. The conforma-

tional change induced by the isomerization of

azobenzene residues is relaxed in the connecting

flexible methylene chains, resulting in no change

Photochromic Polymers, Table 1 Photochromic chromophores

Types of reactions and examples

(a) Trans-cis isomerization

(b) Zwitterion formation

(c) Ionic dissociation

(d) Ring formation and ring cleavage
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in the shape of polymer chains. A detailed study

of photoinduced conformational changes using

a time-resolved light scattering method revealed

that the unfolding process of the polymer chains

from the compact to the extended conformation

takes place in the millisecond time range in solu-

tion [5, 6].

Another approach to regulate a polymer chain

conformation is to control electrostatic repulsion

among charges. As shown in Table 1 (c), triphe-

nylmethane leucohydroxide dissociates into an

ion pair upon UV irradiation with production of

an intensely colored triphenylmethyl cation. The

cation thermally recombines with the counter ion.

The leucohydroxide residues were introduced

into the pendant groups by copolymerizing the

vinyl derivative with N,N-dimethylacrylamide.

Upon UV irradiation, the methanol solution

became green and the viscosity, Zsp/C, showed
a remarkable increase from 0.55 to 1.6 dl/g. After

the light was shut, the viscosity returned to the

initial value with a half-life of 3.1 min. The close

correlation between the viscosity and the absorp-

tion intensity at 620 nm implies that the electro-

static repulsion is responsible for the expansion

of the polymer chain conformation.

Photomechanical Effect

Although it is, in principle, possible to amplify

the photostimulated conformational changes of

polymer chains in solution to a macroscopic

change in the size of gels or solids, it is hard to

link the molecular-scale events to the macro-

scopic shape change. The use of structural

changes of photoisomerizable chromophores for

the size change of polymer solid was proposed for

the first time by Merian [7]. He studied a nylon

filament fabric, 6 cm wide and 30 cm long, dyed

with 15 mg/g azo dye. After exposure to a xenon

lamp at a distance of 30 cm, the fabric was

found to shrink as much as 0.33 mm (0.1 %).

Photochromic Polymers, Table 2 Physical and chem-

ical properties of photochromic polymers controlled by

photoirradiation

Solution property Solid property

Viscosity Shape

pH Surface wettability

Solubility Sol-gel transition

Metal Ion capture

capability

Miscibility of polymer

blends

Tg

Membrane permeability

Membrane potential

Birefringence

Surface relief grating

N N

N N

NH

NH NH

HOOC

COOH

NH CO

CO CO
n

CO
n

N NNH NH CO CH2 CO
n4

N NNH NH CO CH2 CO
n8

N NNH NH CO CH2 CO
n12

(1)

(2)

(3)

(4)

(5)
Photochromic Polymers,
Fig. 1 Azobenzene

polymers
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Since this finding, many materials exhibiting

photostimulated deformation have been reported.

One example is a polyimide with azobenzene

chromophores in the backbone studied by

Agolini and Gay in 1970 [8]. They reported that

0.5 % contraction of the polymer film takes place

at 200 �C under irradiation with UV irradiation.

No correlation, however, was reported between

the rate of isomerization and the film contraction.

At such high temperature, the cis isomer content

in the photostationary state would be very low.

Thus, the isomerization is not the sole origin of

the contraction of the system. Poly(ethyl acry-

late) films cross-linked with spirobenzopyran

groups or with 4,40-dimethacryloyl-

aminoazobenzene groups have been prepared

and their photocontraction effects were exam-

ined. Although in both cases contraction upon

UV irradiation and expansion in the dark were

observed, the correlation between the isomeriza-

tion of the photochromic chromophores and the

contraction behavior was not evidenced. Local

photo-heating effect could not be excluded as

the main source of the photoinduced contraction.

In order to minimize the photo-heating effect, it

was proposed to use solvent-swollen gels, in

which rapid thermal conduction is supposed to

suppress the photo-heating effect. Even when

a solvent-swollen gel is used, there remains the

question as to the relative contribution of the

photo-heating to the observed photocontraction.

Matéjka et al. [9] carefully examined the contri-

bution of the photo-heating by measuring the tem-

perature of a maleic anhydride-styrene copolymer

gel with covalently bound pendant azobenzene

groups in diethylphthalate. They inserted

a thermocouple into the gel and measured the

correlation between the temperature change and

the film contraction. The response of force gener-

ation by photoirradiation correlates well with the

change in the temperature of the gel. The result

indicates that the decisive role played in the film

contraction process be the local photo-heating due

to light absorption. Many previous studies

reporting to have observed photostimulated con-

traction have to be reexamined to check and eval-

uate the real photochemical effect. The most

convenient way to judge whether the effect is

due to photochemistry or photo-heating is to mea-

sure the correlation between thermal isomerization

rate of the photochromic chromophores and the

recovery rate of the film length or the force after

switching off the light. The recovery rate should

always be slower than or almost equal to the rate of

isomerization even when the recovery is induced

by photoirradiation, if the process is associated

with the photochemical reaction of the photochro-

mic chromophores.

Although many systems showing

photostimulated deformation have been reported,

the deformation was limited to less than a few

percent. If the deformation is larger than 10 %, it

is safe to say that it is due to the photochemical

effect. One photo-deformable material which

shows a large deformation is polyacrylamide gel

containing a small amount of triphenylmethane

leucohydroxide or leucocyanide groups, as

shown in Fig. 2 [5].

A disk-shaped gel (10 mm in diameter and

2 mm in thickness) having 3.7 mol% triphenyl-

methane leucohydroxide residues showed

photostimulated reversible dilation in water.

Upon UV irradiation, the gel swells and the

weight increases by as much as three times its

original weight in 1 h. The dilated gel contracts in

the dark to its original weight in 20 h. The cycles

of dilation and contraction can be repeated sev-

eral times. This gel is the first example showing

C
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N N
H3C

H3C CH3

CH3

NH

CH2

NH

C O

CH2CH

x y z

z

CH2CH CH2CH CH2CH
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X = OH, CN(6) 

Photochromic Polymers, Fig. 2 Structure of the

polyacrylamide gel
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a reversible deformation of more than 100%. The

effect is purely photochemical and reversible.

The photo-dilation of the above gel is ascribed

to an osmotic pressure change produced by

photoionization of the leucohydroxides or

leucocyanides. Therefore, the effect disappears

in a dry system. In 2001 Finkelmann et al. [10]

reported the first real photochemical contraction

of liquid crystalline elastomers in the dry system.

The elastomer is poly[oxy(methylsilylene)]

having pendant mesogens as shown in Fig. 3.

The azobenzene pendant groups isomerize

from the trans to the cis form upon irradiation

with 365 nm light and revert to the initial trans

form with a relaxation time of some 100 s in the

dark. Upon irradiation with 365 nm light, the

elastomer contracts as much as 22 % at 313 K,

while it reverts to the initial length in 250 min

after switching off the light. The shape change of

the elastomer is ascribed to order-disorder phase

transition from the nematic to the isotropic phase.

The nematic elastomer is known to contract upon

heating above the phase transition temperature

from the nematic to the isotropic phase. When

azobenzene chromophores are incorporated into

the elastomer, the phase transition temperature

shifts depending on the ratio of the trans and the

cis form. The phase transition temperature

change induced by photoirradiation causes the

contraction isothermally. This is the mechanism

of the photoinduced shape change of the elasto-

mer. Based on this mechanism, various

photoresponsive liquid crystalline elastomers

have also been prepared and their shape changes

upon irradiation with polarized light were

studied [11].

Surface Wettability

Surface wettability is an important property of

polymer solids and plays an important role in

printing, dyeing, and adhesion. The property

depends on the surface free energy, which is

expressed in terms of a sum of the dispersion

energy and polar energy terms of the surface

tension. When photoisomerizable chromophores,

which change the polarity reversibly by

photoirradiation, are incorporated into a polymer,

the surface wettability is expected to become

photo-controlled.

The surface wettability of a

hydroxyethylmethacrylate–methacryloyl-2-

hydroxyethyl-phenylazobenzene copolymer was

measured by placing a water droplet on the film

surface. The contact angle of the water droplet

(cosy) increases from 0.22 to 0.41 under UV

irradiation, while it decreases to 0.22 upon irra-

diation with visible light. At the same time, the

absorbance due to the trans form decreases upon

O

O O O

OO

O OCH3

CH3

Si

N N

O

C

COO

102
O

R

OCH3
R:

O COO CN

(7) 

62%

1%

7%

10%

20%

Photochromic Polymers,
Fig. 3 Structure of the

photochromic elastomer
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UV irradiation, while it increases upon visible

irradiation. The close correlation between the

contact angle and the absorbance indicates that

the wettability change of the polymer surface is

attributable to the structural change of the

azobenzene chromophores. Similar wettability

change was observed when triphenylmethane

leucohydroxide residues were introduced to poly-

styrene. These wettability changes can be used

for adsorption chromatography.

Sol-Gel Transition and Miscibility of
Polymer Blends

The formation of three-dimensional infinite net-

works in a polymer by a chemical or physical

process leads to a gel. Polymer gels are classified

into two types, irreversible and reversible ones.

The latter are formed by cross-linking due to

physical interaction between certain points on

different polymer chains, and the sol-gel phase

transition is induced by a change in temperature.

At temperature Tgel the polymer solution stops

flowing, while above Tgel the gel melts to flow.

CS2 solution of polystyrene with pendant

azobenzene groups was found to change Tgel

upon photoisomerization of the azobenzene

chromophores.

Miscibility of polymer blends is an attractive

subject from both scientific and industrial view

points. Several attempts have been carried out to

make immiscible pairs of polymers miscible by

incorporating a third component. Immiscible pair

of polystyrene and poly(n-butyl methacrylate)

becomes miscible when 1.8 % hydroxyl groups

are introduced to polystyrene. The result demon-

strates that small change in polymer properties

alter miscibility markedly. This was confirmed

for poly(methyl vinyl ether) blended with poly-

styrene having pendant stilbene groups. Stilbene

isomerizes from the trans to the cis form upon

irradiationwithUV light (300 nm < l < 400 nm)

and reverts to the initial trans form upon irradia-

tion with 254 nm light. When heated from room

temperature, the blend containing cis stilbene

groups turns optically opalescent at 78 �C, while
the blend containing trans stilbene groups

still remains transparent at that temperature.

The latter turns opalescent at 101 �C. The cloud
point temperature of the blend containing 0.25 cis
fraction is 23 �C lower than that of the blend

having all-trans stilbene groups.

Solid properties, such as Tg, membrane

permeability, and membrane potentials, can

also be controlled by photoirradiation when

photoisomerizable chromophores are incorpo-

rated into the polymers [5].

Surface Relief Grating

Photostimulated birefringence and dichroism

upon irradiation with polarized light in polymers

having azobenzene chromophores have been

extensively studied [12, 13]. The polymers can

be used for making volume holographic grating.

In addition to such molecular-scale chromophore

orientation, massive motion of materials on the

surface at room temperature (well below Tg) was

reported in 1995 under irradiation with interfer-

ing polarized light. Irradiation of polymer films

having pendant azobenzene chromophores for

a period longer than required for photoinduced

orientation produces a modification of the film

surface. Grating with depths of up to one micron

was obtained. A variety of single beams creates

different surface deformations. The surface relief

gratings can find various applications, such as

one-step holographic image storage, orientation

layers in a liquid crystal cell, and so on.

Optical Properties

Photochromic chromophores so far described

undergo thermally reversible photochromic reac-

tions. The photogenerated isomers are unstable at

room temperature and thermally return to the

initial isomers. Therefore, photomodulated prop-

erties are unstable and disappeared even stored in

the dark. In 1988 a new family of thermally

irreversible photochromic chromophores, named

diarylethenes, was developed [14]. The chromo-

phores undergo an isomerization from the open-

to the closed-ring form upon irradiation with UV
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light, as shown in Table 1 (d), and the

photogenerated isomers are stable at room tem-

perature. The closed-ring form reverts to the ini-

tial open-ring form upon irradiation with visible

light. When such thermally irreversible photo-

chromic chromophores are incorporated into

polymers, as shown in Fig. 4, the photochromic

polymers reversibly switch the properties in two

discrete states. Typical photoswitchable proper-

ties are shown in Table 3.

The change in the refractive index of materials

is a key property for photonics applications [15].

The reversible modulation of the refractive index

upon photoirradiation can be used for fabricating

optical switches for waveguides, such as

a Mach–Zehnder type switch or a Y-branch
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switch. For such application, the most important

request is the concentration of photochromic

chromophores. Although diarylethene chromo-

phores exhibit a relatively large refractive index

change in infrared region (800 nm < l < 1,700

nm) during the photoisomerization, a simple

doping procedure to polymers is inadequate,

because increasing the concentration induces the

segregation of the dopants. To avoid this limit

synthesis of photochromic polymers having

diarylethenes in the backbones or the side groups

has been explored. The polyether having

diarylethenes (8) makes an amorphous film and

exhibits the photostimulated refractive index

change as large as 0.03 at 1,500 nm.

The modulation is also used for making phase

holographic optical elements. If the modulation

results from a photochromic process, these

devices become rewritable. Volume-phase holo-

graphic gratings have interesting applications in

optics and photonics, such as dispersing elements

in astronomical instrumentation, in Raman spec-

troscopy, and as tunable filters. A polyurethane

having diarylethenes in the backbone (9) has been

used for such applications. The polymer was also

used for absorbance modulation optical lithogra-

phy. When the polyurethane has different kinds

of diarylethene derivatives in the backbone, the

polymer can be applied to multistate optical

memory.

The change in electrical conductivity of a sin-

gle diarylethene molecule upon photoirradiation

has been studied both experimentally and

theoretically. When the diarylethene switches

are part of a conjugated main chain of

a polymer, photoswitchable semiconducting

polymers are obtained [16]. Diarylethene-

oligophenylene-fluorene (10) and diarylethene-

p-phenylene vinylene (11) polymers were pre-

pared, and their reversible conductivity change

was found to be as large as one order of

magnitude.

The research of photochromic polymers was

initially started from the fundamental study of

polymer chain conformation in solution. Since

the finding of photomechanical effect of polymer

films, a lot of effort was paid to develop polymers

which exhibit large photostimulated macroscopic

change in the size. The photomechanical effect of

polymers was finally realized in liquid crystalline

elastomers. Now, the research is extended to

develop various photonic devices. Although the

present studies are limited to conceptual devices,

they may find practical applications in the future.

Related Entries

▶Electrochromic Polymers

▶Optical Absorption of Polymers

▶Optical Information Storage

▶Refractive Index

▶ Stimuli-Responsive Polymers
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Synonyms

Photochromy; Phototropy

Definition

Photochromism is simply defined as a light-

induced reversible transformation of a chemical

species between two forms that have different

absorption spectra. Photochromic materials are

a well-known class of molecules that change

their color upon irradiation with light. The

photogenerated species can be reversed to the

initial species either thermally or by subsequent

irradiation with a specific wavelength of light

[1–3]. Photochromic systems can be classified

into two categories depending on the thermal

stability of the photogenerated species: T-type

(thermally reversible type), when the

photogenerated isomers revert thermally to their

initial forms; P-type (photochemically reversible

type), when they do not revert to the initial

isomers even at elevated temperatures.

Azobenzenes, spiropyrans, spirooxazines,

benzopyrans, naphthopyrans, and hexaarylbii-

midazoles are typical T-type photochromic com-

pounds, while diarylethenes with heterocyclic

rings and fulgides are stable P-type photochromic

compounds. Switching of the physical and chem-

ical properties of materials using photochromic

compounds has been the subject of considerable

research. There is an increasing interest in the use

of organic photochromic compounds to modulate

conductivity, fluorescence, magnetism, and

shape at the bulk level [4]. One of their most

common applications is their use in photochro-

mic lenses that darken in sunlight. The ideal

conditions for photochromic lenses are satisfied

with molecules that can be stimulated by sunlight

to rapidly develop an intense coloration in a wide

range of visible light and can be returned to the

initial state with fast fading kinetics in addition to

fatigue resistivity for many coloring–decoloring

cycles.

Azobenzene

Azobenzene and its derivatives have been well

known as a dye, for example, they are used as

food coloring, printer ink, optical recordingmate-

rial, and so on (Fig. 1). Azobenzene is composed

of two aromatic rings where an azo linkage

(�N═N�) joins the two phenyl rings.

Azobenzene exhibits reversible photoisome-

rization around the N═N double bond between

the thermodynamically more stable trans isomer

and the less stable cis isomer. The characteristic

absorption band of the trans isomer at around

320 nm attributable to the p–p* transition

decreases with the trans–cis isomerization upon

UV light irradiation, and at the same time, the

absorption band in the visible light region arising

from the n–p* transition increases. In contrast,
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the cis–trans isomerization occurs following irra-

diation with visible light, which corresponds to

the n–p* transition of the cis isomer. This isom-

erization reaction also proceeds thermally. Since

the photoinduced trans–cis isomerization of

azobenzene causes a drastic structural change

(the distance between 4 and 40 carbons decreases
from 9 Å in the trans isomer to 5.5 Å in the cis

isomer), the structural transformation has

attracted interest for its potential applications

for novel functional materials, such as molecular

machines, photomechanical materials, light-

driven actuator, and photoswitchable catalysts.

The first example of a molecular machine

consisting of a photoresponsive azobenzene unit

and a crown ether moiety as an ionophore was

synthesized by Shinkai and co-workers, and its

complexation and extraction properties were

evaluated [5]. When the azobenzene-based

molecular machine is irradiated by UV–vis

light, the reversible conformation changes

occur, leading to a change in the affinity toward

alkali metal cations Li+, Na+, K+, Rb+, and Cs+.

Furthermore, Kinbara, Aida, and co-workers

have reported a light-driven molecular scissors

based on the reversible photo-transformation of

azobenzene molecules [6]. The molecular scis-

sors are composed of two phenyl groups as blade

moieties, a ferrocene unit as a pivot part, and two

phenylene groups as handle parts. Upon irradia-

tion with UV–vis light, the molecular motion of

azobenzene in the cis–trans isomerization pro-

cess is translated into an open–close motion of

the blade moieties through the pivot part. This

light-driven motion was monitored by 1H NMR

and circular dichroism spectroscopy.

As mentioned above, while extensive studies

have been carried out on the motion control of

individual molecules in solution, the amplifica-

tion of the molecular motion of azobenzene to

macroscopic motion has also attracted great

interest. Ichimura and co-workers have reported

a light-driven motion of a liquid droplet on a

photoresponsive surface [7]. In this study,

a droplet such as olive oil is put on a silica plate

modified with a calixarene derivative bearing

azobenzene units at one of the rims of the cyclic

skeleton. An asymmetric irradiation with UV–vis

light causes a gradient in surface free energy due

to the photoisomerization of azobenzene groups;

as a result, the droplet can move one dimension-

ally on the silica plate. The direction and velocity

of the droplet motion are tunable by varying the

direction and steepness of the gradient in light

intensity. Moreover, they also demonstrated that

the fluid substance in a surface-modified glass

tube can be moved by the asymmetrical irradia-

tion. This result suggests potential applicability

to microscale chemical process system.

Light-driven polymer actuators have attracted

many researchers’ interest due to their potential

application as artificial muscles for robotic arms

or motors. Ikeda and co-workers demonstrated

that a single film of a cross-linked liquid–crystal

network containing an azobenzene chromophore

serves as a photomechanical actuator [8].

This photoresponsive actuator sheet can be repeat-

edly bent along any chosen direction by using lin-

early polarized UV–vis light. In the film, the

azobenzene units in each liquid-crystalline domain

are unidirectionally aligned. When the film is

exposed to a linearly polarized light, the

azobenzene units parallel to the polarized light are

selectively excited to give the corresponding iso-

mers, and therefore the macroscopic contraction is

generated. Ikeda and co-workers have also success-

fully demonstrated that plastic motor can be driven

by sophisticated motion of photoresponsive liquid-

crystalline elastomer films laminated on polyethyl-

ene sheet over irradiation with UV and visible light.

Photochromism,
Fig. 1 Photochromism of

azobenzene

Photochromism 1573

P



Spiropyrans and Spirooxazines

Spiropyrans are the most amply studied family of

the photochromic compounds (Fig. 2a). Particu-

larly, from the 1980s to the 1990s, spiropyrans

attracted attention due to their potential applica-

bility in data recording and storage, optical

switching displays, and nonlinear optics [9]. The

photochromic reaction of spiropyran was discov-

ered by Fischer and Hirshberg in 1952.

Spiropyrans composed of two different heterocy-

clicmoieties, a benzopyran and an indoline, linked

orthogonally on a spiro carbon. Irradiation of

spiropyrans with UV light brings about the C—O

bond cleavage within several picoseconds and the

subsequent cis–trans thermal isomerization of the

C═C double bond in the microsecond range, lead-

ing to the formation of the merocyanines [10].

Most of the merocyanines are thermally unstable,

leading to the back reaction to the initial spiro

form even in the dark. The thermal bleaching

rates are generally low since the thermal bleaching

processes of the merocyanines are attributable to

the cis–trans thermal isomerization of the C═C

double bond and the subsequent cyclization reac-

tion. It is particularly worth noting that the

merocyanines have zwitterionic characteristics.

The isomerization processes of spiropyrans are,

therefore, described by the reversible interconver-

sion between the less polarized spiro form and

highly polarized merocyanines, resulting in their

unique photoswitching properties.

The photoswitching of nonlinear optical

(NLO) properties of spiropyrans were exten-

sively studied from the 1980s to the 1990s.

Merocyanines have large molecular second-

order nonlinear optical coefficients (b) due to

their zwitterionic characteristics. In general, b is

proportional to the difference in dipole moment

(Dm) between the ground and exited states.

Photochromism,
Fig. 2 Photochromism of

(a) spiropyran,
(b) spirooxazine,
(c) benzopyran, and
(d) naphthopyran
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The reversible interconversion between the spiro

form (small b) and the merocyanine (large b)
enables the photoswitching of the NLO proper-

ties. For example, the photoswitching of the sec-

ond harmonic generation (SHG) intensity was

reported for the spiropyran-doped poly(methyl

methacrylate) (PMMA) and quasi-liquid

crystal [9].

Recently, the photoswitching capabilities of

spiropyrans have attracted much attention in the

research field related to biology and biochemistry.

The photoisomerization processes accompanied

by significant change in affinity for solvents

or ions, enabling the photoregulation of the fluo-

rescence properties of small molecules, the

mechanical and surface properties of the bulk

materials, and the solubility and conformation of

macromolecules. Particularly, photoresponsive

polymer materials have been studied by many

research groups. In an acidic aqueous solution at

a certain temperature, a polymer material

consisting of thermoresponsive polymer, poly(N-

isopropylacrylamide) (NIPAM), as backbones and

spiropyrans as side chains is known to exhibit

dehydration and precipitation in response to the

light irradiation, because protonated and positively

charged merocyanines deprotonate and isomerize

into hydrophobic spiro form.

Spirooxazines are the photochromic com-

pounds closely related to spiropyrans and were

synthesized at 1968 for the first time (Fig. 2b).

Photochromic reaction of spirooxazines occurs

in the same manner as that of spiropyran.

Spirooxazines attracted attention because of the

interest of its application to the ophthalmic lenses

due to their relatively high fatigue resistance.

Generally, the colored species of spirooxazines

are blue color despite considerable research

to control the photochromic properties of

spirooxazines [1, 9].

In the process of studying the photochromic

reaction of spiropyran, Becker et al. found that

the benzopyran (2H-chromene) (Fig. 2c)

undergoes photochromic reaction in 1966. The

photochromic behavior of benzopyran is attribut-

able to the C—O bond cleavage, resulting in the

formation of the open-ring colored isomer, which

revert back to the initial colorless isomer

thermally or photochemically with visible light

[1]. It is known that the colored isomer of

benzopyran is non-zwitterionic despite zwitter-

ionic characteristics of merocyanines, which are

the colored isomers of spiropyrans.

Naphthopyrans shows relatively fast thermal

bleaching and have high fatigue resistance

(Fig. 2d). And thus, naphthopyrans have been

investigated extensively because of the interest

of its application to the ophthalmic lenses. Irra-

diation of naphthopyrans with UV light brings

about the C—O bond cleavage leading to

colored isomers, the transoid-cis (TC), transoid-

trans(TT), and allenyl-naphthol (AL) isomer. The

AL isomer is less thermally stable than the others

and observed only at low temperature. The TC

isomer, which is the main product of the photo-

chromic reaction, rapidly reverts back to the ini-

tial colorless isomer. On the other hand, the

lifetime of the TT isomer is longer than that of

the TC isomer. Generally, it takes a few minutes

to several tens of minutes for the thermal

bleaching of the TC isomer and several tens of

minutes to a few hours for that of the TT

isomer [1].

The photochromic lenses can control the opti-

cal transmittance in response to intensity of inci-

dent light, commonly UV light, by using the

photochromic reactions. The preparation of com-

mercially acceptable plastic photochromic lenses

requires a variety of the photochromic properties

such as color, optical density, thermal bleaching

rare, fatigue resistance, etc. Since the mid-1980s,

3H-naphtho[2,1-b]pyran and 2H-naphtho[1,2-b]

pyran (Fig. 3), which are main classes of

naphthopyrans, have attracted attention as the

Photochromism, Fig. 3 Chemical structures of

3H-naphtho[2,1-b]pyrans and 2H-naphtho[1,2-b]pyrans
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photochromic compounds suitable for practical

ophthalmic lenses, and the substituent effect in

the photochromic properties of these compounds

have been closely examined [1]. Now, plastic

lenses doped with 2H-naphtho[1,2-b]pyrans

have already been in practical use.

Diarylethene

Diarylethene is one of the P-type photochromic

molecules developed by Irie in 1980s. The color-

less open-ring form of diarylethene undergoes

a photocyclization reaction producing the colored

closed-ring form upon exposure to UV light. The

closed-ring form returns to the open-ring form by

visible light irradiation (Fig. 4a). The remarkable

feature of diarylethene is the fatigue resistance.

Especially, diarylethenes having heterocyclic aryl

groups are thermally irreversible and have high

resistance to fatigue. According to the

Woodward–Hoffmann rules, the thermal- and

photocyclization reaction occur in disrotatory

and conrotatory mode, respectively. The cycliza-

tion reaction of diphenylethene and difurylethene

is demonstrated by the quantum chemical calcula-

tion to reveal the thermal stability of heterocyclic

diarylethene. The aryl groups of the closed-ring

form lose their aromaticity, whereas the aryl

groups have the aromaticity in the open-ring

form. Therefore, the aryl groups having large

aromaticity are destabilized in the closed-ring iso-

mer. From this theoretical point, the thermally

irreversible and fatigue-resistant diarylethene

could be synthesized. The quantum yield of con-

version to by-product in the coloration/

decoloration cycle is less than 0.0001, and the

cycle could be repeated more than 10,000 times.

Such P-type photochromicmolecules are expected

to apply to the optical data storages and switches

[3, 11].

The current optical data storages are based on

the magneto-optic and the phase transition effect

by the laser irradiation. However, in those sys-

tems, the light energy is changed into the thermal

energy on the recording medium. The tempera-

ture of the medium is increased to Curie point or

melting point, leading to the phase transition. The

physical property changes resulting from the

heating are used as records. On the other hand,

the optical memories using photochromic com-

pounds are based on a photon-mode recording.

The photon-mode recording has several advan-

tages such as high resolution and fast writing

speed, compared with heat-mode recording. One

of the important properties to apply the photo-

chromic molecules to the optical memories is

nondestructive readout because the light for read-

out also induces the photochromic reaction gen-

erating the initial isomer, resulting in the

elimination of the recording. Therefore, several

researchers focus on the fluorescence and IR

Photochromism, Fig. 4 (a) Photochromism of diarylethene and (b) photoelectrochemical switching of diarylethene
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readout to avoid the destructive readout. The

fluorescence readout is carried out at single-

molecule level. Diarylethene possessing

a fluorescent unit can modulate the fluorescence

intensity by the photoconversion between the

open-ring and closed-ring form. In addition, the

isomerization by fluorescence excitation light can

be restrained by controlling the S1 energy level of

the fluorescent unit. The infrared (IR) measure-

ment is also efficient for the nondestructive read-

out because the energy of IR radiation does not

cause any molecular change. The C═C stretching

mode in the 1,400–1,650 cm�1 region is suitable

to detect the difference of the two photo-isomers.

In this spectral region, the open-ring isomer has

three bands at 1,637, 1,592, and 1,544 cm�1. On

the other hand, the new three bands at 1,612,

1,574, and 1,503 cm�1 are appeared in the

closed-ring isomer, which can be attributable to

the new C═C bonds of photogenerated conju-

gated system. Therefore, the nondestructive read-

ing is achieved by the detection of the remarkable

molecular vibration spectra with switching the

molecular structure upon UV and visible light

irradiation [3].

The photochromic compounds change their

physicochemical properties (e.g., refractive

index, dielectric constants, electrochemical

potentials, and geometrical structures) upon

photoirradiation. These property changes with

photochromism have the potential application to

the photonic devices. Above all, the control of

refractive indices is the most important for opti-

cal waveguide such as optical switches, variable

frequency filters, attenuators, and phase shifters.

For these applications, the thermal irreversibility

is also a significant character. The reversible

photocontrol of the electrochemical properties is

of high interest for the application to the molec-

ular electronic devices. Diarylethenes show large

changes of their p-conjugation systems between

the open-ring and closed-ring isomer. In the

open-ring isomer (“OFF” state), the two thio-

phene groups are electronically separated and

have no efficient interaction with each other. On

the other hand, in the closed-ring isomer (“ON”

state), the p electrons delocalize over the two

thiophene groups. Therefore, the photoswitching

of the conductive properties between “ON” and

“OFF” state can be achieved by connecting

diarylethenes to metal nanoparticles or metal

electrodes (Fig. 4b) [3].

One of the important features of diarylethene

is crystalline photochromism [3]. Although there

are many reports about photochromic molecules,

the compounds which show photochromism in

crystalline state are rare. The crystalline photo-

chromism in which both isomers are thermally

stable can be applied to the photonic devices and

photomechanical materials. The open-ring form

of diarylethene has two types of conformation in

solution. One is the non-photochromic parallel

conformation, and the other is the photochromic

antiparallel conformation. Although only antipar-

allel open-ring form is existed in crystalline state,

there are some crystals which cannot undergo

a color change by UV light irradiation. The reac-

tive character of diarylethene in crystalline state

is explained as resulting from the difference in

the distance between reactive carbon atoms. By

investigating the reactivity–structure relation-

ship, it was revealed that the photochromism of

the diarylethene crystal in which the distance of

the reactive sites is larger than 4.2 Å is

suppressed. The reversible morphological change

of the diarylethene crystal is observed, based on

the structural changes with photoisomerization.

On irradiation with UV light, the crystal shape is

changed from square to lozenge reversibly.

Moreover, the rodlike crystal bends with direc-

tionality when light is irradiated to the crystal

inhomogeneously [12]. This rodlike crystal can

lift the slug which weight is 200 times greater

than that of the crystal. This light-driven actuator

can be applied to the manipulators and photo-

driven valves in the biochemical field.

Hexaarylbiimidazole

Hexaarylbiimidazole (HABI) was discovered in

the early 1960s by Hayashi and Maeda, and it has

since attracted significant interest because of its

unusual physical properties (Fig. 5a) [13]. Vari-

ous stimuli, such as heat, light, and pressure,

readily cleave HABI into a pair of
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2,4,5-triphenylimidazolyl radicals (TPIRs),

which thermally recombine to reproduce their

original imidazole dimer. The solution of HABI

changes from colorless to purple upon UV irradi-

ation. This photochromic behavior is attributed to

the photoinduced homolytic cleavage of the

C—N bond between the imidazole rings. The

photochromism of diarylethene is a closed-

ring-/open-ring-type switching, while that of

HABI is a closed-shell-/open-shell-type

switching, which can be regarded as

a diamagnetic/paramagnetic photoswitching.

The dissociation of HABI into TPIRs occurs

along the repulsive potential energy surface of

the first excited singlet state with a time constant

of 80 fs [3]. The high yield of TPIRs in solid

matrices and their low sensitivity to the presence

of oxygen have stimulated industrial interest in

the use of HABIs as a photoinitiator for a variety

of imaging materials.

There are a number of spectroscopic studies

for the photochemical reaction of HABI and their

derivatives [3]. The thermal transformation of

TPIR into HABI in solution requires several

minutes at room temperature since the

radical–radical reactions generally obey second-

order kinetics. The recombination of the radical

pairs (RPs) formed by photodissociation provides

fundamental information on the solvent cage

effect and the dynamic behavior of the encounter

RPs in bimolecular chemistry. The nonreactive

random encounter RP, which subsequently sepa-

rates, is formed by diffusion, while the reactive

random encounter RP is formed only when the

RP approaches with their reactive sites facing

each other. Thus, the diffusion process and spatial

arrangement of the encounter RPs made it diffi-

cult to study of the reaction kinetics of the

radical–radical reactions in solution. A number

of investigations on the photodissociation pro-

cesses yielding two of the same radicals via pho-

toexcitation have been published for

tetraphenylhydrazine and diphenyl disulfide

derivatives. Ernsting et al. reported that

bis(p-aminophenyl) disulfide undergoes the pho-

todissociation in the time region of 40–100 fs in

various solvents. Following excitation, Ernsting

et al. observed that the geminate recombination

Photochromism,
Fig. 5 Photochromism of

(a) hexaarylbiimidazole,

(b) naphthalene-bridged
imidazole dimer, and (c)
[2.2]paracyclophane-

bridged imidazole dimer
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between the nascent radicals in viscous solutions

occurs in the first 2 ps [14]. Similar results were

confirmed for the other diphenyl disulfide deriv-

ative. Although the time constant of the dissoci-

ation in HABI is comparable to those for the

diphenyl disulfide derivatives, the radical recom-

bination process of TPIRs is very slow as

described above. The recombination process in

the time frame of seconds to hours required large

activation entropy, indicating that the geometri-

cal restriction for the recombination is severe.

This restriction might contribute to the inhibition

of the rapid geminate recombination in the

nascent RP.

Recently, the bridged imidazole dimers

(Fig. 5b, c) that show instant coloration upon

exposure to UV light and rapid fading in the

dark have been developed [3]. They also show

photoinduced homolytic bond cleavage of the

C—N bond between the imidazole rings and suc-

cessive fast C—N bond formation. The diversity

of the molecular design and the ease of synthesis

make this class of photochromic compounds

highly attractive for high-performance ophthalmic

plastic lenses and revolutionary optical switching

devices. In view of the thermal bleaching rate, the

fast photochromism of the bridged imidazole

dimers can be applied to real-time image

processing at video frame rates. Thus, molecular

design based on the photochromism of HABI can

lead to the development of a new family of pho-

tochromic compounds with unprecedented

switching speeds and remarkable stability. These

could eventually evolve into solid-state photonic

materials with unique photoresponsive characters.

Related Entries

▶Optical Information Storage
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Definition

Polymerization is initiated by active species such

as radicals, cations, or anions which are generated

by the photoinduced chemical reactions of the

initiators.

Introduction

Photoinitiated polymerization is one of the poly-

merization techniques of monomers, where the

polymerization is initiated by reactive species

such as radicals, cations, or anions that can be

generated by photo-irradiation. Once initiated,

the chain reaction will develop very much

like in a conventional thermal polymerization,

except for the much larger rates of initiation that

can be reached by high irradiation dose. The

photoinitiated polymerization is very important

with regard to industrial applications. Highly

cross-linked polymers are readily prepared by

the photoinitiated polymerization of multi-

functional monomers at room temperature.

Liquid monomers can be turned to a solid by the

polymerization. This technology is called UV

curing.

The main advantage of the UV curing is the

high polymerization rate and high conversion that

can be achieved under intense irradiation.

Another important feature of the photoinduced

polymerization is that it takes place only at the

irradiated areas, and thus, relief patterns can be

obtained after irradiation using a mask and sub-

sequent development with solvents. Furthermore,

UV curing presents a number of other advantages

such as room temperature operation, solvent-free

formulations, and low energy consumption.

Thus, the UV curing technology is now widely

utilized in industries.

Most of the research efforts for photoinitiated

polymerization are focused on the efficient

photoinitiators, highly reactive monomers,

functional monomers, and potential applications.

A large variety of high-performance compounds

(monofunctional and multifunctional

monomers, photoinitiators, sensitizers) are now

commercially available. Acrylate-based

monomers, which are polymerized by a radical

mechanism, have been thoroughly investigated.

Photoinduced cationic polymerization of

epoxides and vinyl ethers has also been studied

because of their some properties such as

insensitivity toward oxygen and living character

providing a substantial dark polymerization.

Since photoinitiators are essential for

the photoinitiated polymerization, new

photoinitiators which can generate radical, cat-

ion, or anion species have been developed. Those

initiators are developed from the standpoint of

high sensitivity at given wavelengths of irradia-

tion light, environmental safety, and cost for

industrial use.

Basic Principle of Photoinitiated
Polymerization

Photoinitiated polymerization is initiated by

reactive species such as radicals and ions, which

are generated by photo-irradiation [1–4]. Since

most monomers do not form the initiating species

when they are exposed to UV light, a

photoinitiator must be added to the monomers.

The over all process for the photoinitiated

radical polymerization is shown in Fig. 1. Several

types of lamps are used as light sources, e.g.,

medium-pressure Hg, low-pressure Hg, Xe,

Hg–Xe, metal halide, and LED lamps as well

as laser [1]. A wavelength region of the

emitting light from the lamp must be consistent

with the absorption region of the photoinitiator to

obtain the effective generation of the reactive

species from it. Recently the use of LED lamp is

accelerated because it is an energy-saving light

source compared to the conventional lamps.

However, unfortunately, the LED lamp which

can emit shorter wavelengths of light

(l < 365 nm) is not commercially available at

present.

Initiator R
hυ . M

R-M . n M
Polymer

Photoinitiated Polymerization, Fig. 1 A process for

photoinitiated radical polymerization

1580 Photoinitiated Polymerization



Photoinitiators

Photoinitiators can be divided into three types

based on the reactive species (radical, cation,

and anion) which can be generated by photo-

irradiation.

Photoradical Initiators

Photoradical initiators are classified as

one-component (type I system), two-component

(type II system), and multicomponent

photoinitiating systems [5]. The type I system is

mostly based on the Norrish type I photoreaction

of ketone compounds such as benzoin ethers,

dialkoxyacetophenones, hydroxy alkyl phenyl

ketones, benzoyl oxime esters, benzoyl phos-

phine oxides, morpholino ketones, and a-amino

ketones. They are commercially available and

generally sensitive to UV light (250–360 nm),

while some of them are sensitive to longer wave-

length light (~430 nm). Some organometallic

compounds such as titanocene derivatives are

sensitive to ~500 nm. A mechanism of the pho-

toinduced radical generation from a benzoin

ether derivative (2,2-dimethoxy-2-phenyl-

acetophenone (DMPA)) is shown in Fig. 2.

According to the Norrish type I photoreaction,

DMPA generates radical species such as benzoyl,

dimethoxy benzyl, and methyl radicals. The ini-

tiating species for the radical polymerization are

the benzoyl radical, the methyl radical, and, to

a lesser extent, the dimethoxy benzyl radical that

rather behaves as a chain-terminating agent. In

the presence of solvents such as tetrahydrofuran

in solution polymerization or of a substrate

containing labile hydrogen atoms, the benzoyl

radical can abstract a hydrogen atom to create

benzaldehyde and a new initiating radical from

the solvent or the substrate. Although both of the

methyl and benzoyl radicals efficiently react with

the monomer double bonds, in the case of the

polymerization of methyl acrylate, the reactivity

of the methyl radical is about 30 times higher than

that of the benzoyl radical.

The type II system is based on electron trans-

fer or hydrogen abstraction reactions of ketone

compounds. A mixture of benzophenone and

amine is a typical type II system which can gen-

erate radicals by the electron transfer from amine

to ketone as shown in Fig. 3. There are photoin-

duced ketyl and aminoalkyl radicals. The reac-

tivity of the aminoalkyl radical to methyl acrylate

is 2–3 orders of magnitude higher than that of the

ketyl radical. Thus, the ketyl radical is usually

considered as a terminating agent for growing

polymer chains. As a ketone component for the

type II system, benzophenones, thioxanthones,

camphorquinones, benzils, a-diketones, anthra-
quinones, and ketocumarines can be used.

Many types of tertiary amines are employed as

C
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OCH3
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. .+
hυ

Δ or hυ

C

O

H3CO. +CH3

DMPA

Photoinitiated
Polymerization,
Fig. 2 Photoinduced

radial generation in

type I system
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electron-donating components. Benzophenones

and thioxanthones can also work through

a direct hydrogen abstraction reaction in the pres-

ence of H donors such as alcohols and tetrahy-

drofuran. The hydrogen donor can also be

a polymer chain having labile hydrogen atoms.

Many multicomponent photoinitiating sys-

tems have been proposed in order to improve

the efficiency of the radical generation. An exam-

ple of this concept is shown in Fig. 4. A mixture

of A and B is irradiated to generate radicals

1 and 2. Here, concomitantly generated radical

2 acts as a scavenger of the growing polymer

chain. The idea is to eliminate radical 2 by

using appropriate quencher C to generate radical

3 and ions. Radical 3 initiates the polymerization

similarly to radical 1.

There are so many kinds of mono- and

multifunctional monomers which are radically

polymerizable. Acrylate-based monomers are

most widely used because the polymerization

rate by the radical chain mechanism is very fast.

Many types of acrylate-based multifunctional

monomers including hyperbranched, dendritic,

and telechelic types are developed and used in

industrial applications. Methacrylate-based

monomers are also widely used, though the poly-

merization rate is slow compared to acrylate-

based monomers.

A mixture of multifunctional thiol and ene

compounds with a photoradical initiator is radi-

cally polymerizable by a stepwise reaction mech-

anism [6]. Thiol-ene polymerization is based on

a stoichiometric reaction of multifunctional ole-

fins and thiols, e.g., thiol-vinyl ether, thiol-allyl

ether, thiol-acrylate, and thiol-yne. The thiol-ene

polymerization shows some interesting features:

a very fast process, a low or no oxygen inhibition

effect, formation of highly cross-linked networks

with good adhesion, reduced shrinkage and

stress, and improved physical and mechanical

properties.

Photoacid Generators

Compounds that can generate acids on irradiation

of light are called photoacid generators (PAG)

and significantly used as an initiator for photoin-

duced cationic polymerization of certain mono-

mers [1, 7–9]. PAG can be divided into two

groups according to their characteristics, i.e.,

ionic and nonionic types. The ionic PAG basi-

cally involves onium salts such as aryldiazonium,

diaryliodonium, triarylsulfonium, and triarylpho-

sphonium salts that contain anions (X�) such as

BF4
�, SbF6

�, AsF6
�, PF6

�, and CxFySO3
�. The

mechanisms for their photolysis have been inves-

tigated in detail. When these onium salts are

irradiated with ultraviolet (UV) light, they

undergo photolysis to form Brfnsted or Lewis

acids. Diphenyliodonium and triphenylsulfonium

salts are thermally very stable and

commonly used as a photoinitiator for cationic

polymerization. The chemical structures of

diphenyliodonium and triphenylsulfonium salts

can be modified by introducing alkyl groups

onto the phenyl rings to change their spectral

absorption characteristics and to enhance their

solubility in organic solvents. Figure 5 shows

mechanisms for the photoinduced generation of

acids from iodonium- and sulfonium-salt PAG.

On the other hand, many types of nonionic

PAG have been developed and used to generate

carboxylic, sulfonic, and phosphoric acids upon

irradiation. PAGs that can form sulfonic acids

involve 2-nitrobenzyl esters of sulfonic acids,

2-diazo-1-oxo-1,2-dihydronaphthalene deriva-

tives, imino sulfonates, N-hydroxyimide sulfo-

nates, tris(methylsulfonyloxy)benzene, and so

on. Nonionic PAG has a much wider range of

solubility in organic solvents and in polymer

films compared to onium salt PAGs. The non-

ionic PAGs are thermally less stable than the

onium salt PAG.

The photoinduced cationic polymerization of

epoxides, oxetanes, and vinyl ethers can be

accomplished using diphenyliodonium and

triarylsulfonium salts having SbF6
�, AsF6

�,

AB

Radical 1 Radical 2 Radical 3
and ions

C

hυ

Photoinitiated Polymerization, Fig. 4 Concept of

multicomponent photoinitiation system
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and PF6
� as counter anions which have a

non-nucleophilic nature. The photoinitiated poly-

merizations of multifunctional epoxides are espe-

cially significant in the industrial applications.

Photobase Generators

The compounds that can generate basic species

including anion and amines on irradiation are

called photobase generators (PBG) [1, 10]. PBG

involves cobalt complexes, ammonium salts,

O-acyloximes, carbamates, a-aminoketones,

benzyloxycarbonyl derivatives, cinnamic acid

derivatives, and so on. Many of them can gener-

ate alkylamines, but the example of the PBG that

can generate anion or very strong base is quite

limited. Thus, photochemically generated amine

is mostly used as a cross-linker in the

multifunctional epoxide system as shown in

Fig. 6. PBGs are also used as catalysts for the

base-catalyzed reactions to form polymer

networks.

Applications

The photoinitiated polymerizations of

multifunctional acrylate-based and epoxide-

based monomers are very significant in relation

to the industrial applications in wide areas [2, 4,

5, 9, 10]. Figure 7 shows examples of these

monomers. UV curing is extensively used in var-

ious industrial areas, e.g., (i) coating applications

on a variety of substrates such as wood, plastics,

metal, papers, optical fibers, and so on;

(ii) adhesive-related industries such as laminating

and packaging; (iii) graphic art-related industries

such as drying of inks, ink-jet, labels, and protec-

tive and decorative coatings; (iv) dentistry- and

medicine-related industries such as restorative

and preventative denture relining, wound dress-

ing, ophthalmic lenses, artificial eye lens, and so

on [11]; and (v) microelectronic-related indus-

tries such as solder resists and negative photore-

sists [12]. The applications of the photoinitiated

polymerizations in high-tech areas are observed

in the imaging technology industries dealing with

photolithography for LSI production, 3D printing

(three-dimensional photopolymerization or

stereolithography), holographic recording, and

UV imprint lithography [13].

Furthermore, from the scientific point of view,

photoinitiated polymerization is a good tool to

obtain polymers from thermally unstable mono-

mers because the polymerization can be carried

out at or even below room temperature.

Related Entries

▶Anionic Addition Polymerization

(Fundamental)

▶Cationic Addition Polymerization

(Fundamental)

▶ Free-Radical Addition Polymerization

(Fundamental)

▶ Photolithography and Photoresist

▶ Polymerization Reactions (Overview)
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Synonyms

EB lithography; EUV lithography; Litho; Lithog-

raphy; Resist; Resist material; UV lithography

Definition

Photolithography is a process to construct pat-

terns using photoresist on a substrate by the expo-

sure with a laser.

Introduction

Figure 1 depicts the process of photolithography

system. The solution of photoresist is spin coat-

ing on the silicon wafer to form a thin film. The

thin film was exposed by a laser and developed

with a solvent to give two types of resist patterns:

positive tone and negative tone. A positive tone

can be obtained by that the exposed parts are

soluble, and a negative tone can be done by that

the exposed parts are insoluble in a developer.

Moore’s law for the development of photolith-

ographic technology predicts an exponential

increase of microelectronic component densities

as shown in Fig. 2 [1].

To achieve increased densities, new photoli-

thography systems employ electron beams

(EBs) and short-wavelength lasers, such as

g-line (l = 436 nm), i-line (l = 365 nm), KrF

(l = 248 nm), ArF (l = 193 nm), and extreme

ultraviolet (EUV) (l = 13.5 nm). At the same

time, the appropriate photoresist materials have

been developed according to the progress of

photolithography systems. When designing pho-

toresist materials for lithography systems, the

requirements of their properties are as follows:

(1) transparency in the laser, (2) good solubility

and good film-forming ability to form thin film,

(3) good photochemical reactivity, (4) sufficient

mechanical integrity of the pattern, and

(5) high etch resistance. The polymers based on

phenol resins, polystyrenes, and polymetha-

crylates (polyacrylates) were modified with

photoreactive groups and applied as photoresist

in each photolithography systems [2, 3]. It was

also reported that molecular photoresist mate-

rials based on low-molecular-weight phenol

resins and cyclic oligomers were examined to

offer higher-resolution resist patterns [4]. Fur-

thermore, the chemical amplification resist sys-

tem using a photoacid generator has offered

enhanced photosensitivity by the exposure of

a laser [5].

Chemical Amplification
Photolithography System

Typical photoresist using chemical amplification

photolithography system is shown in Fig. 3. This

polymer contains t-butyloxycarbonyl (BOC)

groups in the side chain. When the thin film

prepared by the solution of photoresist material

and photoacid generator (PAG) was irradiated by

a laser, PAG decomposed to produce an acid H+

at first. This H+ attacks to a BOC group to give

a new H+ accompanying with carbon dioxide and

isobutylene. The H+ can be amplified one after

another deprotection reaction. As a result, the
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chemical reaction can occur under low exposure

dose of a laser, i.e., the sensitivity of photoresist

increases.

Molecular Photoresist

Molecular resist materials have been employed in

EB and EUV lithography systems. Most of them

have hydroxyl groups in the side chain, due to

that they are expected to provide good film-

forming ability and good adhesion to the sub-

strate, owing to its hydrophilicity. At first, some

calixarene derivatives showed high-resolution

pattern using point beam EB irradiation [6, 7].

Ober et al. reported the synthesis of p-t-
butylcalix [4] resorcinarene derivatives with pen-

dant diazonaphthoquinone moieties, and a nega-

tive pattern with 60 nm resolution could be

obtained by EB exposure system without chemi-

cal amplification (Fig. 4) [8].

Ueda et al. also reported a negative EB resist

pattern using the mixture of calix

[4] resorcinarene (CRA), 4,40-methylenebis

[2,6-bis(hydroxymethyl)phenol](MBHP) as

a cross-linker and a photoacid generator. A clear

pattern with 1.0 mm resolution could be obtained

by i-line exposure system (Fig. 5) [9].

Hattori et al. reported the synthesis and EB

resist pattern using a truxene derivative with pen-

dant adamantyl ester groups (Fig. 6), and a clear

22 nm resolution pattern was obtained with an EB

exposure system [10].

Oizumi et al. reported the synthesis of fuller-

ene derivatives with pendant t-BOC and t-butyl

ester groups and examined their patterning prop-

erties with an EUV lithography system (Fig. 7)

[11]. A 45 nm-hp pattern as positive-type resist

was obtained at EUV exposure dose of

12.5 mJ/cm2, and resolution of up to 26 nm-hp

could be obtained as positive tone.Photolithography and Photoresist, Fig. 1 Photoli-

thography process
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Photolithography and
Photoresist,
Fig. 3 Chemical

amplification system using

photoacid generator

Photolithography and
Photoresist,
Fig. 4 Negative resist

based on calixarene

Photolithography and Photoresist, Fig. 5 Positive

resist based on calix[4]resorcinarene

Photolithography and Photoresist, Fig. 6 Positive

resist based on truxene
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Kudo et al. reported the synthesis of noria

(waterwheel-like ladder cyclic oligomer) deriva-

tives with pendant photodegradable groups as EB

and EUV resist materials (Fig. 8). Noria deriva-

tives containing t-butoxycarbonyl groups [12]

and t-butyl ester groups [13] showed clear

line-and-space patterns with resolutions of

50 � 70 nm in an EB resist system. The noria

derivative containing adamantyl ester group

(noria-AD) showed a clear line-and-space pattern

with a resolution of 26 nm at an EUV exposure of

14.5 mJ/cm2 [14].

Henderson et al. reported the synthesis

of a photoacid-generator (PAG)-bonding

molecular resist, tris[4-(t-butoxycarbonyloxy)-
3.5-dimethylphenyl]sulfonium hexafluoroan-

timonate, and examined its patterning properties

using EB and EUV exposure (Fig. 9) [15, 16].

The sensitivity and line-edge roughness (LER)

were improved compared to those of non-PAG-

bonding molecular resist, and a 50 nm resolution

was obtained in the EB system.

Next-Generation Photolithography and
Photoresist

In next-generation lithography systems, EB or

EUV exposure systems are expected and

a resolution of better than 15 nm is required. To

obtain such high resolution, the photoresists must

be very sensitive to exposure tool. However,

high sensitivity is associated with increased

roughness [line-edge roughness (LER) or line

width roughness (LWR)], which is

unfavorable for high resolution. That is, there is

a trade-off of three factors: resolution of the

resist pattern, LER value of the resist pattern,

and sensitivity of the photoresist, as shown in

Fig. 10. To overcome this trade-off, the develop-

ment of new photoresist material has been

required.
Photolithography and Photoresist, Fig. 7 Positive

resist based on fullerene

Photolithography and
Photoresist,
Fig. 8 Positive resist

based on noria
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Summary

Various photoresists based on polymers and

low-molecular-weight compounds have been

investigated in attempts to obtain very high-

resolution resist patterns in the next photolithog-

raphy systems. However, there is a trade-off

among characteristic properties such as resolu-

tion, line-edge roughness, and sensitivity of

the photoresist. At such high resolution, the

line-edge roughness of the resist pattern remains

the most significant problem. Synthesis of new

photoresist and improvement of exposure system

must be investigated together to accomplish the

problem.

Related Entries

▶ Photoinitiated Polymerization

▶ Photoresponsive Polymer
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Synonyms

Periodic dielectric material; Photonic band gap

material

Definition

Photonic crystals (PhCs) are inhomogeneous

optical materials having periodically varying

optical parameters (or dielectric constants) used

to engineer and control the propagation and emis-

sion of photons. Light scattering arising from

every inter-material interface of the periodic

medium results in the coherent superposition of

photons of specific energies (or frequencies) and

depending on the phase relations can result in

propagating and nonpropagating modes in vari-

ous directions. This range of forbidden energies

is called photonic band gap (PBG). If a PhC has

PBG for all possible propagation directions and

for all polarizations of light, the PBG is called a

complete PBG and the other case is called

a partial PBG or a pseudo-gap. Depending on

the dimensionality of the spatial modulation of

the optical parameters, 1D, 2D, and 3D PhCs are

possible. The term, “photonic crystal” was orig-

inally coined by Yablonovitch for 3D PhCs [1].

The photonic band diagram is a useful tool

and displays the photonic energy (or frequency)

dispersion relation o(k), as a function of wave

vector, k (see Fig. 1). The photon speed is given

by the group velocity, vg = @o/@kz. The disper-

sion relation for the photons in vacuum is entirely

linear with a slope of c (dashed line) regardless of

the size of the wave vector. The photonic band

diagram of a 1D PhC for light incident along the

layer normal (z-axis) is shown in Fig. 1a. In the

1D PhC, the slope (i.e., vg) for small wave vectors

(low frequencies) is also linear but scaled down

by the effective refractive index (RI) of the PhC,

neff, arising from the different RIs of the two

constituent materials. In contrast, for wave vec-

tors of magnitude near p/a where a is

a periodicity (or a lattice constant) of the PhC,

o(k) is highly nonlinear. Because the electric

field energy associated to a specific photonic

mode is decreased as the electric field energy

concentrates more in the high RI regions [2], the

electric field, E(z) with kz = p/a (Fig. 1c), has

less energy (�Do) compared to that of the homo-

geneous medium of neff. On the other hand, the

same electric field profile can exist by concen-

trating its high electric field in the low RI regions

(Fig. 1d), which results in energy increase by

+Do. As there are no modes with an energy in

the frequency region between o1 and o2, such

photons entering from the exterior of a PhC from

sufficiently low RI medium will be completely

reflected regardless of polarizations. Although

this 1D PBG opening occurs for wave vectors of

multiples of p/a, the lowest PBG at kz = p/a is

called as the fundamental PBG. The dispersion
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curve is discontinuous and the wave vector

kz = p/a is referred as the photonic band edge

(Fig. 1b). However, the propagation of photons in

the xy-plane is still allowed for this 1D PhC. Due

to the PBG opening, the photonic bands are flat

near the photonic band edge, and this leads to an

extremely slow group velocity. Although this

physical origin of a PBG is still valid for 2D and

3D PhCs, achieving one or more frequency

regions with a complete PBG is difficult and

depends on the RI contrast, the symmetry, and

topology of PhCs, as well as the volume fraction

of the different dielectric components.

In almost all applications of PhCs, a higher

contrast of RI is important as it generally leads to

a stronger PBG effect due to the increased

strength of interface scattering, allowing actual

PhC devices to be smaller since fewer unit cells

are required to control the propagation of

photons.

History of 3D Photonic Crystals

Although a simple dielectric mirror

(as commonly used in optical tables) can be con-

sidered as a 1D PhC, its generalized concept,

a 3D PhC, was first proposed by Yablonvitch

[3] in 1987 as a hypothetical 3D periodic struc-

ture capable of inhibiting the spontaneous emis-

sion of a gain medium contained inside the

structure to create a highly efficient laser. Since

an excited atom in the hypothetical material can-

not decay into a lower energy state via spontane-

ous emission if the emitting photon is not allowed

to exist (no propagatingmode) in the material, the

excited state can have a long enough lifetime for

stimulated emission which could lead to a very

low threshold laser. Simultaneously John [4] also

pointed out that one could potentially be able to

locally confine photons within a small range (~l)
by locally disordered substructures within

a globally periodic structure. As photons cannot

exist within the PhC material except around the

structural defects, the propagation path of pho-

tons can be tightly guided using designed defect

networks in the material and thereby creating a

type of integrated photonic circuit. Experimen-

talists were quick to try to make a 3D PhC and

demonstrate the new effects. Due to the almost

spherical Brillouin zone of the face-centered

cubic (fcc) structure, the first 3D PhC was man-

ually fabricated by creating a fcc lattice of air

spheres in epoxy (a unit cell size of 12.7 mm).

Photonic Crystal,
Fig. 1 The schematic

illustration of the origin of

a PBG (red-orange region)
in one dimension.

(a) Photonic energy
dispersion relation in a 1D

PhC. (b) The change of
photonic energy at the band

edge. (c) An electric field

mode profile immediately

below the gap. (d) An
electric field mode profile

immediately above the gap.

Both modes are standing

waves, vg = 0
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A fundamental PBG of the 3D PhC was in the

microwave regime (the green solid circle in

Fig. 2). However, the PBG turned out to be only

a pseudo gap rather than a complete gap (later on

a complete gap of this fcc PhC was predicted

at higher frequencies between the eighth and

ninth photonic bands). Ho et al. were the first to

theoretically predict a complete PBG as

a fundamental PBG in a diamond structure [5],

and various diamond-like 3D PhCs have been

proposed, fabricated, and tested. During the first

decade, fabrication was mainly top-down in the

quest for the structure working in the optical

telecomm regime (~1.5 mm). Interesting experi-

mental demonstrations such as passive photonic

circuits were demonstrated in the microwave

regime with macro-scale PhCs. Since reaching

the optical regime, the progress of 3D PhC

research has been slow and has not yet achieved

the original intention to commercially demon-

strate integrated photonic circuits for on chip

opto-electronics. Despite this slow progress,

mainly due to the difficulties to build a precise

3D sub-micrometer structure using high RI mate-

rials, certain advances such as efficient lasing

using a very high quality factor cavity in a 3D

PhC with a complete PBG have been made

recently [6].

Structures having a pseudo gap in the visible

regime can be readily made by self-assembly.

A synthetic opal structure with fcc symmetry

was made by the colloidal self-assembly of poly-

styrene microspheres and exhibited a pseudo gap

in the visible in 1995 [7], and its inverted struc-

ture or inverse opal structure by a sol-gel process
(of titania), which is advantageous for a wider

Photonic Crystal, Fig. 2 The experimental progress of

3D photonic crystals. The green symbols represent

top-down approaches. Information in parenthesis and

brackets are fabrication method and applications, respec-

tively. The open/red symbols represent bottom-up self

assembly approaches
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PBG, was produced and demonstrated a PBG

along the [111] direction in 1998 [8]. Although

the opal and inverse opal structures have basi-

cally same structure as the first macro-scale 3D

PhC made in 1989, easy-to-make PhCs operating

in the visible have been very attractive for other

applications. A 3D PhC with the double gyroid

morphology was formed by micro-phase separa-

tion of a high molecular weight di-block copoly-

mer (BCP). A BCP comprised of covalently

bonded immiscible polymer blocks undergoes

micro-phase separation into various morphol-

ogies depending on the relative volume fractions

and block molecular weights (see Fig. 3). In con-

trast to the PhCs fabricated by the top-down tech-

niques, these bottom-up, mostly self-assembled

PhCs were demonstrated in the visible regime

from the beginning and are applicable to diverse

applications including lasers, solar cells, sensors,

and light-emitting diodes as shown in the visible

spectrum region in Fig. 2.

Periodic Structures for Photonic Crystals

A variety of periodic dielectric structures have

been introduced for PhCs, and some of them are

illustrated in Fig. 3. Multilayer thin-film mirrors

(1D PhC) with a quarter-wave thickness have

been known for over a century [9] and are still

the most widely used PhCs. For sufficiently high

RI contrast (n2/n1 > 1.5), they can exhibit

a complete PBG for light incident on the film

surface. This very simple 1D PhC (Fig. 3b) can

be created through a number of methods

such as vapor-phase deposition (evaporation,

chemical vapor deposition, sputtering), liquid-

phase deposition (spin coating, dip coating, ionic

layer-by-layer assembly, ink-jet printing), BCP

self-assembly, and roll casting techniques.

A triangular lattice consisting of air holes

(Fig. 3e) is a simple 2D PhC having a 2D PBG

for any in-plane propagation. In principle, a 3D

PhC is also a 2D PhC; however, the 2D PhC can

open a wider PBG than the 3D PhC at the same

contrast of RIs due to optimizing its structure for

in-plane wave vectors. Due to the compatibility

with semiconductor processes, 2DPhCs have been

applied to various photonic devices including pho-

tonic integrated circuitry, lasers, and LEDs,

a decade earlier than 3D PhCs [10]. Another

class of 2D PhCs is PhC fibers where a 2D PhC

works as a periodic cladding layer in the radial

direction for the light propagating along the axial

direction [11].

To date, the fabrication of 3D PhCs exhibiting

a complete PBG at optical frequencies is still

challenging and mostly 3D PhCs having

pseudo-gaps have been demonstrated. The first

3D PhC with a complete PBG (so-called

Photonic Crystal,
Fig. 3 Schematic

illustration of several

important PhC structures.

Structures (a, c, d, f) can
exhibit a complete 3D PBG

in the optical regime for

sufficient RI contrast given

in parenthesis
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“yablonovite”) was manually made at the macro

scale by drilling three holes (aligned at 120�

intervals around the azimuth and 35.26� off the

normal) for each hexagonal mesh point on the top

surface of a solid polymeric (epoxy) material.

The optical version of yablonovite was also fab-

ricated by e-beam lithography and X-ray lithog-

raphy. More recently, a closely resembled

structure (Fig. 3c) has been widely fabricated in

the optical regime via multi-beam interference

lithography. In this technique, a homogeneous

photoresist exposed to a periodic optical standing

wave created by the interference of mutually

coherent laser beams and, for example, with

a negative-tone photoresist, the high intensity

region becomes an insoluble periodic solid/air

structure after development. Interference lithog-

raphy is quite advantageous to fabricate a wide

variety of submicron polymer structures having

various symmetries with a single (or small) num-

ber of exposures over a large area [12]. A number

of advances toward 3D photonic devices have

been made employing the woodpile structure

(Fig. 3f) due to its robust complete PBG requiring

a relatively low n2/n1 > 1.9 and a very simple

geometry.Woodpile PhCs for optical frequencies

have been fabricated by photolithography, inter-

ference lithography, direct laser writing using

two-photon polymerization, and micro-transfer

molding. Except for the photolithographic layer-

by-layer approach consisting of repeated steps of

deposition and photolithographic etching of high

RI materials such as silicon (n = 3.5) and indium

phosphide (n = 3.2), all other approaches for

fabricating 3D polymeric-based PhCs require

conversion or inversion processes to produce

high-RI PhCs with a complete PBG. Because of

low softening temperatures of polymers and dif-

ficulties of 3D deposition of high RI materials

onto polymer scaffolds, the simple fabrication

of high quality woodpile PhCs is still

a processing challenge.

Self-assembled solid microspheres (opal

structure) with the fcc and hexagonal closed-

packed (hcp) lattice and their inverted structures

(Fig. 3a) are the most frequently used 3D PhCs in

the bottom-up approach (colloidal crystalliza-

tion) because of many advantages such as low

cost, wide area, high quality, and easy fabrication

as well as their partial [111] PBG in the visible

regime [13]. Since these PhCs only have a

pseudo-gap for the opal structure and only

a very fragile (i.e., a narrow PBG sensitive to

fabrication imperfection) complete PBG between

high-frequency photonic bands for the inverse

opal structure with n2/n1 > 2.8, most of their

applications such as sensors, lasers, and solar

cells have been demonstrated, employing the

low frequency [111] pseudo-gap. Despite this

1D-like use of these opal-based PhCs, their con-

tinuous 3D topology enables better mass and

charge transport than the 1D PhCs and is an

advantage for chemical and energy devices.

The 3D double gyroid bi-continuous morphol-

ogy of a BCP can be converted to the single

gyroid structure by selective etching of one poly-

mer phase (Fig. 3d), and this structure can exhibit

a complete PBG if a RI contrast between constit-

uent polymer blocks is sufficient (n2/n1 > 2.3

with a volume solid fraction of 0.17). A major

challenge in BCP photonic crystal applications is

the need to synthesize very high molecular

weight polymers (>100 kg/mol) in order to

achieve the typical lattice periodicities

(10 ~ 50 nm) necessary to create a PBG in the

visible regime. Many BCP-based PhCs therefore

employ domain swelling by addition of a solvent

or homopolymer.

Polymer-Based Photonic Crystals and
Applications

Polymer-based PhCs have been actively

researched for more than a decade [14] and the

current mature status of PhC research has lead to

a pivotal role of polymers by virtue of several

exclusive advantages including a wide range of

optical functionalities (luminescence, optical

nonlinearity), low cost, broad tunability, versatile

hosting medium (for dyes, quantum dots, liquid

crystals), flexibility (in mechanical and

processing aspects), and production scalability

despite their relatively low inherent RIs, typically

ranging from 1.4 ~ 1.6, resulting in narrow,

partial PBGs [15, 16].
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The application of PhCs for sensors spans

a broad range of fields including energy, biomed-

ical, and industrial fields [17]. For sensor appli-

cations, a PhC functions in two different roles:

(i) a main sensing entity which changes its own

optical properties in response to analytes, (ii) an

assistant entity which enhances the light interac-

tion with a desired analyte by its extraordinary

optical dispersion (e.g., a flat photonic band). The

latter role is potentially useful for photovoltaic

applications as a slower vg of photons arising

from a flat photonic band can increase the

photon-electron interaction for enhanced exciton

generation. Considering the characteristics of

polymers, the former approach, requiring

a tunable PhC whose RIs and physical thickness

are susceptible to target analytes, is quite attrac-

tive. 1D and 3D PhCs have been used in a thin-

film form with responsive optical properties

along the surface normal while 2D PhCs are

used in a fiber style with the response in the radial

direction.

Various polymer-based PhCs for humidity, pH,

ionic, sugar, strain, blast wave, and temperature

sensing have been demonstrated using 1D and 3D

PhCs (Table 1). In chemical sensing, analyte-

selective swelling/deswelling of polymeric PhCs

is a main mechanism which results in changes of

both lattice constant and RI depending on both

relative selectivity and RI of a carrier solvent.

These parameters can be optimized to achieve

a high sensitivity and a highly responsive signal.

For example, with the changes induced by solvent

swelling in RI (2 % increase or decrease depending

on the RI of solvent) and thickness (5 % increase),

a 1D PhC (for n2/n1 = 1.60/1.45) can exhibit

a broad range of PBG shifts from 1.5 % to 7 % or

PBG signal strength from 7 % enhancement to

38 % degradation depending on the selectivity and

RI of solvent [15]. Since a 3D PhC can be a self-

supporting structure with continuous air pores, a 3D

PhC has benefits for a higher RI contrast (i.e.,

stronger signal) and rapid diffusion of analyte in

the vapor phase enables a fast response time.

For biological/health applications of

a polymeric PhC, binding molecular recognition

groups (MRGs) to a polymer backbone are essen-

tial to allow analyte-driven selective swelling/

deswelling behavior of a PhC. For example,

a hydrogel combined with glucose oxidase or

boronic acid can swell or can shrink dependent

on the glucose concentration and a PhC made

of functional polymers can be used for monitoring

blood sugar. Moreover, heavy metal ions (e.g.,

Hg2+, Pb2+, Cu2+) can also be detected as these

ionic species cause a shrinkage of functionalized

hydrogel opal PhC. Poly-acrylic acid hydrogel

PhC can respond to pH; thus they can be utilized

for food safety tags because pH correlates to CO2

gas level, the prime indicator of bacterial activi-

ties. The intrinsic swelling behavior of hydrogel to

humidity enables PhC-based sensors.

Physical stimuli (e.g., strain, temperature, pres-

sure wave) are largely based on intrinsic physical

Photonic Crystal, Table 1 Examples of polymer-based PhCs for sensing various analytes/stimuli

Analytes/stimuli PhC Functional polymers

Humidity Lamellae Poly(2-hydroxyethyl methacrylate)

Inverse opal Polyacrylamide

pH Opal Hydrolyzed polyacrylamide

Ion Lamellae Poly(styrene)-b-poly(2-vinyl pyridine)

Inverse opal Poly(N-isopropylacrylamide)

Sugar Opal Polyacrylamide

Lamellae Polystyrene-b-poly(2-vinyl pyridine)

Strain Lamellae Poly(styrene)-b-poly(2-vinyl pyridine)

Opal Poly(styrene) sphere, poly(butadiene)

Inverse opal Poly(methyl methacrylate)

Blastwave Yablonovite like Photoresist epoxy

Temperature Lamellae Poly(styrene)-b-poly(isoprene)

Inverse opal Poly(N-isopropylacrylamide)
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properties (modulus, thermal expansion coeffi-

cient) of constituent polymers rather than MRGs.

Strain sensing PhCs are straightforward for easily

deformable polymers, as the geometrical change

(symmetry and lattice constant) affects the PBG

[18]. In contrast, temperature broadly influences

the behavior of polymers including volume, solu-

bility, and polymer chain dynamics arising from

the Flory-Huggins w interaction parameter which

is generally inversely proportional to temperature.

For sensors based on these temperature-sensitive

chi parameters, a PhCmust be kept in contact with

a solvent to enable solvent exchange limiting the

versatility of the sensors. In contrast, a 1D PhC

made of self-assembled liquid crystalline di-block

copolymer demonstrated temperature-sensitive

PBG change in a dry state by use of the order

parameter of the liquid crystal. A PhC exposed to

extreme stress such as blast and shock wave can be

permanently deformed with a resultant PBG

change acting as a blast injury dosimeter indicat-

ing the deposited shock energy.

Dynamically tunable reflective colors

(or structural color) are attractive for display

applications because of the full color capability

of a single PhC pixel without need for

a backlight. Electrochemically tunable 1D PhCs

are possible using electrolytes to change the

degree of swelling of self-assembled BCPs or

opal-based PhCs. However such electrochemi-

cally driven pixels generally show an insufficient

response time for video display, the faster capac-

itive actuation of an elastomeric opal PhC via

application of high electric potential would be

advantageous. To date, the experimentally dem-

onstrated PBG shift (<50 nm) is insufficient to

realize full colors even under a high applied volt-

age (~1 kV). But the inherent advantages of this

approach such as a fast response time (~10 ms),

low power consumption, and a stable device per-

formance without electrochemical degradation are

very attractive [15]. By taking the advantages of

the approaches, electrostatic compression/relaxa-

tion of an opal PhC comprised of charged PS

microspheres in a low viscosity liquid exhibits

a full color performance with a reasonable

response time (~100 ms) under low applied volt-

ages (<5 V). Polymer-based PhC displays can be

vulnerable to environmental perturbation espe-

cially temperature unless introducing a counter-

temperature effect.

Photon engineering (e.g., improving photon

coupling efficiency to a device, widening a solar

acceptance angle of a device, enhancing internal

quantum efficiency via increasing the photon

interaction length) using polymeric PhCs is prom-

ising for lasing and photovoltaic applications.

A self-assembled lamellar BCP was employed as

external mirrors to construct a lasing cavity. Com-

pared to conventional dielectric mirrors, low cost,

solution processable, conformable, deformable,

and tunable opportunities of the BCP PhC would

be noteworthy for non-traditional laser applica-

tions. For example, a lasing device using

the [111] feedback of an opal PhC comprised

of polystyrene (PS) microspheres in a

polydimethylsiloxane (PDMS) matrix was dem-

onstrated on a flexible polymer substrate despite

the small RI contrast between PS and PDMS.

Using the exceptionally slow vg appearing at the

band edge (Fig. 1), band-edge lasing without an

external cavity has also been demonstrated.

Recent numerical simulations showed that fluores-

cence efficiency of phosphors embedded in a 1D

PhC can be boosted up to seven times due to the

slow vg. Thereby, the enhanced photolumi-

nescence efficiency of the phosphors can contrib-

ute not only to lasers but to high-efficiency white

light-emitting-diodes (LEDs). Polymer photovol-

taic (PV) cells have been intensively investigated.

Engineering the interfacial morphology between

the p- and n-type transport polymers to have fea-

tures within a diffusion length of excitons has been

considered as a key idea to improve PV efficiency

of the polymer PV devices. In a PV cell, a PhC can

serve not only for photon engineering but also for

electrical transport engineering (exciton

harvesting). In parallel with other approaches, the

introduction of PhCs into PV devices is expected

to create additional efficiency.

Summary

The field of PhC research has been vibrant for the

last quarter century with a recent trend for
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engineering-oriented research which is opening

opportunities for polymer-based PhCs. New appli-

cation areas in sensing and renewable energy and

new photonic concepts such as periodic gain and

loss materials, in which photon number is not

conserved, are emerging with polymers and their

ability to bind and host functional additives

playing an increasing role. Conventional self-

assembled colloidal and block polymer-based

PhCs lead in many sensor and display applica-

tions. Top-down techniques including interference

lithography, imprinting, and direct laser writing

which all utilize polymers as primary materials to

construct the photonic crystal are being combined

to introduce aperiodic functional features in peri-

odic structures and to improve fabrication charac-

teristics. Fundamental investigations of the

chemical and physical phenomena behind the

dynamic responses of the polymer-based PhCs

will bring important insight into polymer-solvent-

analyte dynamics. Moreover, research efforts on

the engineering aspects of PhCs such as produc-

tion yield, fabrication time, response time, and

packaging are necessary in order to attract more

attention from the industrial sector. These efforts

toward practical engineering of polymer-based

PhC will also create greater opportunities to

sustain basic polymer research.

Related Entries

▶Chemical Sensor

▶Nano-/Microfabrication

▶Nonlinear Optical Properties

▶Refractive Index
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Definition

Photorefractivity is based on the holographic

interference phenomena. Schematic description

of photorefractive effect is shown in Fig. 1.

Photorefractive effect is measured at the interfer-

ence illumination of coherent two beams. At

periodical bright region of interference pattern,

hole and electron pairs are induced through pho-

toexcitation of sensitizer and chromophore. Hole

charge carriers are transported and trapped at

dark region. The resultant charge carrier distribu-

tion induces space-charge field which causes the

nonlinear refractive index modulation through

Pockels effect in non-centrosymmetrically

aligned nonlinear optical dyes. Important PR

effect is that refractive index modulation is

shifted to c from the illumination pattern. Shifted

refractive index modulation leads to the optical

gain effect in addition to the holographic

diffraction.

Although the photorefractive phenomena in

inorganic PR crystals and organic PR polymer

composites share the basic mechanism shown in

Fig. 1, both have different transport mechanisms:

In contrast to band-like transport in ordered

inorganic crystals or semiconductors, in the case

of organic PR polymer composite, hole or elec-

tron charge carriers transport through the ener-

getically and spatially distributed disorder sites.

Historical Background

Photorefractive (PR) effect is based on a temporal

spatial modulation of refractive index, upon illumi-

nation of coherent interfered beams, via the

Pockels effect (linear electrooptic effect) which is

induced by the space-charge field created by the

photo-generated charge carriers. Thus, PR

response requires the photoconductive properties

including photocarrier generation and electrooptic

nonlinearity. In the photorefractive medium, index

grating due to purely diffusive or purely drift-

induced charge motion is spatially shifted by p/2
relative to the intensity pattern, and thus, a unique

phenomenon of two-beam coupling, where the

propagation properties of one beam are reversibly

controlled by another beam in the medium, is

observed in addition to the holographic diffraction.

Two-beam coupling optical gain can be employed

for many applications, optical amplification, beam

cleanup, self-pumped phase conjugators, etc. [1].

Since the first report of PR effect in inorganic

crystal of lithium niobate (LiNbO3) in 1966 [2],

many inorganic nonlinear crystals exhibiting PR

effect had been extensively investigated and theo-

retical approaches had been established [3]. Since

the first demonstration of photorefractive effect in

organic polymer was reported in 1991 [4], tremen-

dous improvements of organic PR properties and

performances have been achieved by peoples in

the field of chemistry, physics, material science,

and optical engineering. Large optical gain

exceeding 200 cm�1 and almost full diffraction

efficiency of 86 % (the rest 14 % is due to optical

loss) had been reported in 1994 [5], although small
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Photorefractive Polymer, Fig. 1 Schematic descrip-

tion of photorefractive effect in PR polymers
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optical gain of 0.33 cm�1 and lower diffraction

efficiency of 10�3 to 1 % were reported in the

initial report in 1991. In almost two decades, sev-

eral review articles including featured articles

[6–15] and book chapters [16–21] highlight this

dynamic optical field.

Chemical Requirements

Photorefractive polymers are consisted of

photocarrier generator, carrier transporter, sensi-

tizer, nonlinear optical dye, and plasticizer. Each

component plays an important role for PR charac-

teristics. Photoconductive polymer works as

a photocarrier generator and carrier transporter.

Sensitizer is usually used to enhance the

photocarrier generation. Free hole carriers induced

by photo excitation of sensitizer or photoconductive

chromophore through ion pair formation of hole and

electron. Generated hole carriers travel through the

photoconductive hopping sites and are trapped in

dark region. Nonlinear optical dye is responsible for

the nonlinear refractive index modulation through

Pockels effect. Plasticizer is added to control the

glass transition temperature of polymer composite.

Each chemical species are summarized in Fig. 2.

(a) Photoconductive polymers. The typical

photoconductive polymers: carbazole (Cz)-

based polymers – poly(N-vinylcarbazole)

(PVCz, PVK), polycarbazoylethylacrylate

(PCzEA), poly(2-(9-carbazoyl)ethyl methac-

rylate) (PCzEMA), poly[methyl-3-(9-

carbazolyl)propylsiloxane] (PSX). Triphenyl-

amine-based polymers – poly(acrylic

tetraphenyldiaminobiphenol) (PATPD), poly

(4-diphenylamino)styrene (PDAS), poly(4-

(diphenylamino)benzyl acrylate) (PDAA),

poly(4-((4-methoxyphenyl)(phenyl)amino)

benzyl acrylate) (PMPAA), poly[bis(4-phe-

nyl)(2,4,6-trimethylphenyl)amine] (PTAA),

poly(N, N’ -bis(4-hexylphenyl)-N’-(4-(9-

phenyl-9H-fluoren-9-yl)phenyl)-4,4’-benzi-

dine)(PF6-TPD).

(b) Molecular glasses. (9-Ethyl-9H-

carbazol-3-ylmethylene)-(4-nitrophenyl)-amine

(ECYENPA), a, a0, a00-tris-(4-(carbazoryl)-
n-hexyloxyphenyl)-1,3,5-triisopropylbenzene
(tris), a, a, a0, a0-tetrakis-(3,5-dimethyl-4-

(6-carbazoryl-n-hexyloxy)phenyl)-p-xylene

(tetrakis).

(c) NLO dyes. The typical nonlinear

optical dyes for photorefractive composites:

several aminostyrene types, 4-azacyclo-

heptylbenzylidenemalononitrile (7-DCST),

4-di(2-methoxyethyl)aminobenzylidene malo-

nonitrile (AODCST), 4-piperidinobenzyl-

idene-malononitrile (PDCST), 2-(4-(azepan-

1-yl)-2-fluoro-benzylidene (FDCST),

2,5-dimethyl-4-(p-nitrophenylazo)anisole

(DMNPAA), s-(�)-1-(4-nitrophenyl)-2-

pyrolidene-methanol (NPP), (diethylamino)-

nitrostyrene (DEANST), (p-diethylamino)

benzaldehyde diphenylhydrazone (DEH),

2-dicyanomethylen-3-cyano-5,5-dimethyl-4-

(40-dihexylaminophenyl)-2,5-dihydrofuran

(DCDHF-6), 2-{4-[4-(2-hydroxyethyl)

piperidin-1-yl]benzylidene} malononitrile

(HE-PDCST).

(d) Sensitizers. The typical sensitizers for

photorefractive composites: 2,4,7-trinitro-

fluorenone (TNF), 2,4,7-trinitro-9-fluoreny-

lidene-malononitrile (TNFDM, TNFM),

2,4,5,7-tetranitro-9H-fluorine-9yilden malo-

nitrile (TeNFM), tetracyanoethylene

(TCNE), 7,7,8,8-tetracyanoquinnodimethane

(TCNQ), [6, 6]-phenyl-C61-butyric acid

methyl ester (PCBM), fullerene C60,

tetracyanobenzene (TCNB), tetracyanoqui-

nodimethane (TCNQ), benzoquinone (BQ),

2,6-dimethyl-p-benzoquinone (MQ),

2,5-dichloro-benzoquinone (Cl2Q), 2,3,5,6-

-tetrachloro-p-benzoquinone (chloranil),

2,3-dichloro-5,6-p-benzoquinone (DDQ).

(e) Plasticizers. The typical plasticizers for

photorefractive composites: N-ethylcarbazole
(ECZ), carbazoylethylpropyonate (CzEPA),

triphenylamine (TPA), (2,4,6-trimethylphenyl)-

diphenylamine (TAA), (4-(diphenylamino)phe-

nyl)methanol (TPAOH), benzyl butyl phthalate

(BBP), tricresyl phosphate (TCP),

diphenylphthalate (DPP), dicyclohexyl phthal-

ate (DCP).
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Molecular Design of Amorphous PR
Materials

Three types of amorphous PR materials are

designed.

(a) Photoconductive polymer-based PR

composites [6]

Photoconductive polymer-based PR compos-

ites are consisted of photoconductive polymer,

nonlinear optical dye, plasticizer, and sensitizer.

Almost PR polymeric composites studied in recent

two decades are categorized in these type PR

composites. Typical photoconductive polymer is

poly(N-vinylcarbazole) which is a pioneer mate-

rial in the field of photoconductive polymer.

PR properties of poly(N-vinyl carbazole) (one of

the pioneer photoconductive polymers)-based PR

composites have extensively been investigated.

Approach of nonlinear optical polymer-based

PR composites was first attempted but was aban-

doned in favor of the high performance of the

photoconductive polymer-based PR composites.

(b) Fully functionalized or monolithic PR

polymers [6]

Fully functionalized or monolithic PR poly-

mers are categorized as PR polymer systems in

which all components of photocarrier generation,

carrier transport, and optical nonlinearity are

embedded in one polymer backbone. In some

cases, small amount of plasticizer and sensitizer

is added. The merit of these systems is their phase

stability in the long term and thus long shelf life-

times. However, their carrier transport properties

are inferior to those for the corresponding photo-

conductive polymer-based PR composites in (a).

(c) Molecular glass-based PR materials

Lowmolecular compounds of photoconductor

(photocarrier generator, carrier transporter),

nonlinear optical dye, sensitizer, and in some

case plasticizer were mixed to form amorphous

molecular glass PR composites. Monolithic com-

pound is also used.

Toward High-Performance
Photorefractivity in PR Polymer
Composites

For almost all applications relying on reversible

and updatable properties of PR materials, faster

response time (higher response rate) and higher

diffraction efficiency will be desired at the illu-

mination as low as possible. Sensitivity is

a measure for this performance. Several defini-

tions of sensitivity have been found in the litera-

ture [20]. For absorbed PR materials, to account

for absorption losses in the materials, usually

external diffraction efficiency (Zext) is taken for

evaluation. External diffraction efficiency is

related to internal diffraction efficiency (Zint) as

Zext ¼ � ad
cosy1

� 	
Zint (1)

where a is absorption coefficient, d is thickness,

and y1 is the internal angle.
Typical definition of sensitivity (S) is

S ¼
ffiffiffiffiffiffiffiffi
Zext

p
It

(2)

where I is light intensity and t is response time.

Composition

Composition of PR material strongly affects the

PR performances. Amorphous PR composites are

fabricated with 30–50 wt% of photoconductive

polymer, 20–40 wt% of NLO dye, 4–20 wt% of

plasticizer, and 0.1 to a few wt % of sensitizer.

Typical PR composition is photoconductive

polymer/NLO dye/plasticizer/sensitizer = 44/

35/20/1 (by wt.). Higher and lower content of

NLO dye than 35 wt % will nominally cause

lower diffraction efficiency and slower

response time.

Molecular Weight of Polymers

The effects of molecular weight (Mw) of PVK on

PR performances are investigated for PVK/liquid

crystal/fullerene in the average Mn range

between 10,000 and 66,000 g mol�1 [22] and

for PVK/7-DCST/ECZ/TNF (44/35/20/1 by wt.)
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in the average Mw range between 23,000 and

412,000 g mol�1 [23] and between 23,000 and

860,000 gmol�1 [24]. Optical gain increases with

increasing average Mn [22]. Diffraction effi-

ciency and response rate monotonically increase

with average Mw in this range [23, 24]. This

attributed to the dimer cation sites along longer

polymer chain work as effective traps for hole

charge carriers [23, 24].

Hole Mobility

Choice of photoconductive polymer is also

important, because drift mobility of hole charge

carriers in photoconductive polymer determines

the response time of formation of space-charge

field, thus holographic diffraction phenomena.

Despite the success achievement of PVK PR

composites, PVK and related polymers with car-

bazole moiety have major drawback for PR per-

formances. Typical PVK has low hole drift

mobility in the order of 10�7–10�6 cm2 V�1 s�1

[25–28], which limits the response time of holo-

graphic diffraction. In contrast, triphenylamine

(TPA)- and triphenylamine dimer (TPD)-based

PR polymer composites show faster response of

holographic diffraction than PVK PR compos-

ites. PDAS, one of the triphenylamine-based

polymers, has the high hole mobility of

10�4–10�3 cm2 V�1 s�1 [29–31]. Time interval

of diffracted hologram image is 1 s for PVK [32]

and 50 ms for PDAS [33]. From these results, it is

clearly shown that PDAS PR composites give

clear diffracted hologram with faster response

rate. Polymer with TPA and TPD moieties in

the backbone gives faster drift mobility than the

polymers with those moieties in the side chains

such as PDAS. TPD-based PR polymer compos-

ite gives hole mobility in the range of

10�5–10�4 cm2 V�1 s�1 [34]. PTAA, in which

TPA moiety in the backbone, shows faster drift

mobility of 10�3–10�2 cm2 V�1 s�1 [35, 36].

Thus, it is expected that PTAA-based PR com-

posites will give faster response with large

diffraction efficiency.

Ionization Potentials of Molecules

The combination of photoconductive polymer,

NLO dye, plasticizer, and sensitizer is also

important. Ionization potentials of these com-

pounds are an important measure for determining

combination. Hole carrier transport is a key for

determining holographic diffraction efficiency

and response rate. Photoconductive polymer

works as transport manifold for hole charge car-

riers. In this meaning, lower ionization potential

of photoconductive polymer is preferred for

faster drift mobility. Indeed, TPA- and

TPD-based polymers are known to exhibit higher

hole mobility with relatively lower ionization

potentials. Ionization potentials for the additives

of NLO dye, plasticizer, and sensitizer should be

higher than that of photoconductive polymers,

because additives with lower ionization potential

will work as traps for hole transport. Ionization

potentials (IP) of photoconductive polymers,

PVK and ECZ, 5.9 eV [37] and 5.57 eV [38];

PDAS, 5.56 eV [33]; TPA, 5.30 eV [39] and

5.55 eV; PTAA, 5.2 eV [40]; TAA, 5.88 eV;

NLO dyes and PDCST, 5.82 eV; FDCST,

5.67 eV [33] and 6.06 eV; 7-DCST, 5.9 eV [41];

AODCST, 5.92 eV; and sensitizer and PCBM,

6.2 eV [42], are reported in the several literatures.

The difference of IP reported for the same mole-

cule may be due to the difference of measurement

condition. These values should be compared with

the Fermi level (EF), 4.8 eV, of indium tin oxide

(ITO) electrode. When the difference between EF

of ITO and IP of molecules is considerably small,

within 0.4 eV, significant dark current flow dis-

turbs the creation of space-charge field. This

problem limits the use of photoconductive with

higher hole mobility and lower ionization poten-

tial. In section “Hole Mobility,” PTAA has the

significant potentials for PR material, but lower

ionization potential of PTAA limits the applying

voltage because of significant large dark current

flow. Tsutsumi’s group in Kyoto Institute of

Technology, Japan, has successfully solved this

significant problem using the self-assembled

monolayer (SAM)-coated ITO by the modifica-

tion of ITO [43]. SAM of aminopropyltri-

methoxysilane (APTMS) successfully changes

the work function of ITO to be 4.3 eV for

SAM-ITO [44]. PTAA-based PR polymer

showed significant fast response time of 11.3 ms

at 20 V mm�1 [43].
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Monolithic PR Polymer

Mixing different molecules has risk for phase sep-

aration in long-time usage. To prevent this issue,

molecular design based on the idea of fully

functionalized or monolithic PR polymers is pro-

posed. Monolithic methacrylate polymer attached

carbazole and dicyano aminostyrene moieties to

the backbone through spacer were prepared using

a polymer analogous reaction [44]. In that system,

however, since polymer analogous reaction is

employed to prepare monolithic polymer,

undesired side reaction to form anhydride group

in the polymer backbone occurred. Nevertheless,

the undesired side reaction, phase-separation free

PR polymer, has been presented [44].

Sensitization

From the standpoint of chemical approach in PR

polymer system, to seek more efficient molecules

sensitizing photoconductor is most important

because the selection of sensitizer controls the

absorption of PR polymer composites at laser

wavelength and dynamic PR performances. It is

well known that sensitizer should absorb at the

wavelength of laser used to effectively form the

exciton at initial stage. Absorption, on the con-

trary, causes attenuating incident beams, which

leads to the power loss of incident beams in PR

polymer composites. Thus, the adequate concen-

tration of sensitizer should be chosen to achieve

the optimum PR performances. Usually the con-

centration range from 0.1 wt% to a few % of

sensitizer is chosen as described in section “Com-

position.” Usually because of hole

photoconductors in PR polymer composites, sen-

sitizer should serves as a trap of immobile elec-

trons created upon photocarrier generation

process.

TNF is one of the most useful sensitizers for

PVK-based PR composite, because TNF and Cz

moiety forms charge transfer (CT) complex

whose spectra extends to the visible absorption

region. Stronger sensitizer of THFDM extends

CT absorption spectra from visible to near-

infrared region. Fullerene and soluble derivative

of PCBM is also commonly used as an effective

sensitizer, because of their versatile and powerful

class of organic sensitizers.

Several studies were devoted to examine the

influence of the other sensitizers on PR perfor-

mances. The effect of different sensitizers of

a series of quinones, TNF, and TCNB on PR

performances was investigated for PVK/7-

DCST/DPP/sensitizer composites [45]. Faster

response time of grating formation directly cor-

related to the larger density of charge carriers

which significantly related to larger photocurrent

resulting from stronger CT complex. Fastest

response was measured for TNF- and

DDQ-based composites. Quinone derivatives of

BQ, MQ, and Cl2Q with weaker electron affinity

reduced PR performances and photocurrent.

Another approach for the effect of sensitizers

on PR performances was investigated for

PSX-based PR composites doped with five dif-

ferent sensitizers of TeNFM, TNF, TNFM,

TCNE, and TCNQ with each electron affinity

[46]. Higher photocurrent and faster holographic

response time were measured going from

TeNFM, over TNF to TNFM with increased

absorption coefficient. However, the holographic

response time was reduced for TCNE- and

TCNQ-doped PR composites despite the fact

that they had higher photocarrier generation.

Hole mobility was reduced by the higher concen-

tration of radical anion formed by illumination;

thus, the grating buildup speed became hole

mobility limited.

The other approach is the comparison of PR

performances at NIR region for PT6-TPD PR

composites sensitized by various PCBM deriva-

tives with different accepting ability (reduction

potential) [47]. Change of absorption coefficient

with different sensitizers is negligible for PR

performances at NIR region, and therefore the

direct evaluation of electron affinity of sensitizers

on PR performances was clearly measured. Holo-

graphic response rate, sensitivity, and charge car-

rier lifetime clearly follow the increase of first

reduction potentials of PCBM derivatives.

Co-sensitization

Co-sensitization effect was demonstrated in

PF6-TPD-based PR polymer sensitized by

5 wt% PCBM and additional sensitizer 1–5 wt%

BQ [15, 48]. Because of higher electron affinity
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of BQ than PCBM, the electron is effectively

transferred to BQ after charge carrier generation

on PCBM. With increase of BQ concentration,

holographic characterization yielded an increase

of refractive index modulation and steady-state

gain coefficient, in conjunction with constant

dynamic characteristics.

Another approach for co-sensitization is the

use of Alq3 as electron trap in a composite based

on PATPD/7-DCST/C60 [49], a liquid crystal

containing composite of TPD/8-pertyloxy-4’-

cyanobiphenyl (8OCB)/TNF [50] and a

monolithic material of (9-Ethyl-9H-carbazol-3-

ylmethylene)-(4-nitrophenyl)-amine (ECYENPA)

[51]. 75 % increase of net optical gain, significant

increase of diffraction efficiency from 15 % to

90% at 532 nm at 42V/mm, and drastic depression

of photocurrent were measured by addition of

1 wt% Alq3 into PTAPD composite [49]. Signifi-

cant increase of optical gain from 232 to 424 cm�1

was measured for monolithic materials upon dop-

ing 2 wt% Alq3 [50].

Molecular Aspects in NLO Molecules

NLO chromophores are incorporated into the PR

materials to refractive index modulation due to

space-charge field through Pockels effect, first-

order electrooptics (EO) effect. Usually NLO

chromophores consisted of the p-conjugated
core end-capped with electro-donating and

electro-accepting groups, respectively. Applying

external electric field breaks centrosymmetry of

initially randomly oriented molecules in the com-

posites to allow the second-order optical

nonlinearity. In low glass transition PR polymer

composites, the orientation enhancement effect

due to polarizability anisotropy by molecular

orientation is added to EO effect [52]. For

overall description, figure of merit (FOM) [53]

is given by

FOM ¼ 9mgb
M

þ 2mg
2Da

kTM
(3)

where mg is the ground-state dipole moment, b is

the first hyperpolarizability,M is the molar mass,

k is Boltzmann’s constant, T is the temperature,

and Da = a|| – a⊥ is the polarizability

anisotropy, i.e., the difference in optical polariz-

ability parallel and perpendicular to the

molecular axis.

Applications

Photorefractive Phase Conjugators

Phase conjugators are optical devices that can

generate a phase conjugate wave of an incident

electromagnetic wave [1]. In photorefractive

media, phase conjugate wave can be produced.

Phase conjugate wave of an incidence electro-

magnetic wave is referred to as a time-reversed

wave, which propagates back to reversed direc-

tion in space. Thus, photorefractive media works

as phase conjugator. Using a phase conjugator,

distorted wave front can be restored. Figure 3

shows the schematic diagram of phase conjugator

using degenerate four-wave mixing technique

[54]. Original image (a) is distorted in a phase

disorder medium. Distorted image (b) (object

image) is then interfered with a reference

beam in photorefractive medium. Using counter

propagated probe beam, phase conjugated wave

of distorted image is read out from

photorefractive medium as a diffracted wave.

Diffracted phase conjugated distorted image is

propagated back through a phase disorder

medium to restore the original wave front

(restored image (c)). This technique can be

applied to the wave restoring of wave distortion

in long-distance optical fiber.

Holographic Optical Coherence Imaging

(HOCI)

Holographic optical coherence imaging (HOCI)

is a technique to capture the depth-resolved

images from turbid and highly scattered medium

using coherence gating [15, 55]. This technique is

an invasive imaging tool for mapping the

depth profile of biological tissues. Biological tis-

sues are commonly absorptive in the visible

region, but the absorption is reduced in the

therapeutic window region, which spans from

600 to 1300 nm [56]. Transparency window of

biological tissue is in the near-infrared (NIR)

region, roughly 700–900 nm, which is used for
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biological mapping. Short-coherence light source

of femtosecond NIR laser is commonly used.

Using coherence-gated holographic imaging,

image-bearing light captured in PR polymer

medium can be read out as hologram images

in real time without requiring any further

computation steps. Therefore, the HOCI tech-

nique based on PR polymer devices is an image

capturing method in a purely optical manner and

in real time, which is in contrast to optical coher-

ence tomography (OCT) technique, confocal

scanning microscopy, and HOCI by digital

holography.

Meerholz’s group in the University of

Cologne, Germany, has successfully demon-

strated volumetric visualization of a 740 mm rat

osteogenic sarcoma tumor spheroid using HOCI

with femtosecond laser at 830 nm [55].

Updatable Holographic Display

Most striking feature of holography is to record

and display full parallax 3-dimensional (3D)

images. Holography reproduces true 3D images

of objects, and people can see hologram of object

in the medium just as it exists in front of

them without wearing tired eye glasses. Recently,

PR polymer composite opened a new door for

updatable holographic 3D display based on

dynamic holography. Polymer-based PR

devices can be easily processed to large-scale

size, and their response rates for recording

and erasing are comparable or sometimes exceed-

ing video rate. Thus, PR polymer-based holo-

graphic displays are highly desired for the

realization of real-time 3D holographic display

system without the need for any special eye

glasses.

Photorefractive Polymer, Fig. 3 Image restoring of

distorted image using photorefractive conjugator

(conjugated mirror). (a) Original image, (b) distorted

image, (c) restored image (Courtesy by Prof. Kawabe

and Dr. Nishide, Chitose Institute of Science and Tech-

nology) (Reproduced from Miraizairyo 12,1, 36–41

(2012), Japan, with permission of NTS Inc, from Book

of “Advanced Photonics Polymer: Materials and Applica-

tions”, 2011, Japan, with permission of CMC Publishing

and from CSJ Current Review 07, 2011, Japan

(Kagakudojin))
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Peyghambarian’s group in the University of

Arizona, USA, has demonstrated updatable 3D

holographic display using the combination of

holographic stereographic method and PR poly-

mer device [57–61]. Long persistence hologram is

desired in viewing the same image and scene for

minutes to hours. Controlling glass transition tem-

perature of PR polymer device is one of way to

achieve the criteria. Monochromatic horizontal

parallax-only holographic stereogramwas recorded

into 4” � 4” display device consisted of PATPD-

CAAN (50 wt%) as a photoconductive polymer,

FDCST (30 wt%) as a NLO dye and ECZ (20 wt%)

as a plasticizer for 2–4 min and stored for 3 h

[57, 58]. Using pulse laser with 6 ns duration time

delivering 200 mJ per pulse at a repetition rate of

50Hz, each elemental hologram, hogel, waswritten

with single pulse, and 100 hogels were recorded

into a 4” � 4” display device consisting of

PATPD-CAAN (49.5 wt%), FDCST (30 wt%),

ECZ (20 wt%), and PCBM (0.5 %) for 2 s

[60]. Multicolor reconstruction of hologram was

also demonstrated [60]. Three-color holograms

with brightness of 2500 cd/m2 were also demon-

strated in a 12” � 12” PR polymer display [61].

Tsutsumi’s group in Kyoto Institute of Tech-

nology, Japan, recorded and simultaneously

reconstructed 3D hologram of coin and

2-dimensional (2D) image using a spatial light

modulator (SLM) display, an image in a PR poly-

mer device consisting of PVK (44 wt%) as a pho-

toconductive polymer, 7-DCST (35 wt%) as

a NLO dye, CzEPA (20 wt%) as a plasticizer,

and TNF (1 wt%) as a sensitizer [62]. Using the

same PR composite, they also demonstrated

dynamic 2D holographic image displayed by an

SLM with refresh time of 1 s [32]. Furthermore,

using PDAS whose drift mobility is 1,000 times

faster than that in PVK, they demonstrated

dynamic 2D holographic image displayed by an

SLM with refresh time of only 50 ms in a PR

polymer device consisting of PDAS (44 wt%),

FDCST (35 wt%), ECZ (20 wt%), and PCBM

(1 wt%) [33]. They also demonstrated 2D holo-

graphic image displayed by an SLM using

a 4” � 4” PR display device consisting of

PDAA (55 wt%), 7-DCST (40 wt%), BBP

(4 wt%), and PCBM (1 wt%) [63].

Optical Computing and Image Amplification

PR materials can be applied to optical informa-

tion processing such as real-time optical

processing, image correlation detecting, optical

interconnection, optical neural network, and

optical computing [1]. Fig. 4 shows image

correlation detecting: (a) Image data is interfered

with reference mask 2 in PR device. (b) Reading

beam with mask 2 can correctly read out image

data, but reading beam with incorrect mask

does not.

Photorefractive optical gain due to asymmet-

ric energy transfer is a unique feature to amplify

the original image. Image amplification can be

achieved using the geometry of two-beam cou-

pling [1]. Laser beam cleanup application is also

achieved by two-wave mixing in photorefractive

medium [1].

Basic Measurements and
Characterizations of PR Polymer
Composites

Holographic diffraction efficiency and optical

gain are main measurements for characterizing

PR properties in PR polymer composites. Degen-

erate and nondegenerate four-wave mixing

(DFWM, NFWM) is commonly used for

measuring holographic diffraction efficiency.

Two-beam coupling (2BC) method is used for

measuring the optical gain due to asymmetric

energy transfer.

Grating buildup time (inverse of rate or speed)

is measured from the time profile of holographic

diffraction efficiency or that of beam intensity

change due to asymmetric energy transfer in

2BC measurement.

Holographic (internal) diffraction efficiency

�int is estimated using Eq. 4

�int% ¼ Id
It þ Id

� 100 (4)

where Id is the intensity of diffracted beam and It
is the intensity of transmitted beam. Optical gain

due to asymmetric energy transfer is estimated

using Eq. 5
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G ¼ 1

d
cos y1

I1 I2 6¼ 0ð Þ
I1 I2 ¼ 0ð Þ � cos y2

I2 I1 6¼ 0ð Þ
I2 I1 ¼ 0ð Þ

� �
(5)

where d is the sample thickness (optical length),

y1 and y2 are the internal angles of two beams,

and I1 and I2 are the transmitted intensities of

writing beams 1 and 2.

Time profile of holographic diffraction effi-

ciency is evaluated using a stretched exponential

function of Kohlrausch-Williams-Watts (KWW)

in Eq. 6,

� ¼ �0 1� exp � t

t

h ib� �
(6)

where t is the time, �0 is the steady-state diffrac-

tion efficiency, t is the grating buildup time, and

b is the parameter related to a deviation from the

single exponential behavior (0 � b < 1).

Photorefractive Polymer, Fig. 4 Image correlation

method using photorefractive effect. (a) Interference pat-
tern of image data with reference beam penetrated through

mask 2 is recorded in PR medium. (b) Reading beam with

a correct mask reproduces original data image (Courtesy

by Prof. Sasaki, Tokyo University of Science)

(Reproduced from Miraizairyo 12,1, 36–41 (2012),

Japan, with permission of NTS Inc, from Book of

“Advanced Photonics Polymer: Materials and Applica-

tions”, 2011, Japan, with permission of CMC Publishing

and from CSJ Current Review 07, 2011, Japan

(Kagakudojin))
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Alternative estimation method is using bi-expo-

nential fitting of Eq. 7:

�¼ �0 p 1�exp � t

t1

� 	� �
þ 1�pð Þ 1� exp � t

t2

� 	� �� �2

(7)

where t1 is the fast component of response time,

t2 is the slow component of response time,

and p is the contribution of fast component

(0 < p <1).

Theoretical Approaches

Coupled wave theory developed by Kogelnik

[64] is commonly used to understand the holo-

graphic thick gratings.

In transmission grating, diffraction efficiency

for p-polarized probe beam �p is related to

the refractive index modulation Dn using an

equation of

�p ¼ sin2 KDnp cos yB � yAð Þ �
(8)

where K ¼ pd
l cos yA cos yBð Þ1=2 , Dnp is the refractive

index modulation for p-polarized probe beam,

d is the film thickness, l is the wavelength of

laser beam, and yA and yB are the diffraction

angles of beam A and beam B in the film. Dif-

fraction efficiency for s-polarized probe beam �s
is related to the refractive index modulation Dns
using an equation of

�s ¼ sin2 KDns cos yG½ 	 (9)

Dns is the refractive index modulation for

s-polarized probe beam, yG is the angle between

the direction of grating vector and applied elec-

tric field [65]. The values of Dnp and Dns can be

individually estimated from Eqs. 8 and 9, respec-

tively, but theoretically should be equivalent.

In reflection gratings, diffraction efficiency for

s-polarized probe beam �s is related to the refrac-

tive index modulation using an equation of

�s ¼ tanh2
pDnd
l cos y0

(10)

where y0 is the internal refraction angle

(y0 = yA) [66].
Optical gainG is related toDnwith Eq. 11 [67],

G ¼ 4p
l

ê1 � ê2�ð ÞDn sinF (11)

where ê1 and ê2 are the polarization unit vectors

of the two writing beams and F is the phase shift

between refractive index modulation and illumi-

nation pattern. F is calculated using Eq. 12 with

G and Dn.
The Kukhtarev model [3] predicts

tanF ¼ ED

E0

1þ ED

Eq

þ E2
0

EDEq

� 	� �
(12)

where ED is the diffusion field (ED = KGkT/e,
where KG is the grating wave vector, k is

Boltzmann’s constant, T is temperature, and e is

the electronic charge), E0 is the projection of the

external electric field onto the grating wave vec-

tor, and Eq is the trap-limited space-charge field.

Eq can be calculated by using Eq. 11 with the

phase shift F, E0, and the diffusion field of ED.

The number density of traps was calculated

from the trap-limited space-charge field Eq with

the equation,

Eq ¼ eNT

e0erKG

(13)

where NT is the number density of the traps, e0 is
the permittivity of vacuum, and er is the relative
dielectric constant of the composite.

The Kukhtarev model also predicts the space-

charge field ESC:

jESCj  Eq

E2
D þ E2

0

E2
0 þ Eq þ ED

� �2
 !1=2

(14)

ESC can be calculated using Eq. 14 with Eq.
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Related Entries

▶Birefringence of Polymer

▶Holographic 3D Display

▶Nonlinear Optical Properties

▶Optical Information Storage

▶Refractive Index
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48. Köber S, Prauzner J, Salvador M, Meerholz K (2009)

In: Photorefractive materials, effects and devices:

control of light and matter, PR09 topical meeting

technical digest 2009. pp P1–46

49. Christenson CW, Thomas J, Blanche P-A,

Voorakaranam R, Norwood RA, Yamamoto M,

Peyghambarian N (2010) Grating dynamics in a

photorefractive polymer with Alq3 electron traps.

Opt Express 18:9358–9365

50. Wei Q, Liu Y, Chen Z, Huang M, Zhang J, Gong Q,

Chen X, Zhou Q, Opt J (2004) Improvement in

photorefractivity of a polymeric composite doped

with the electron-injecting material Alq3. A Pure

Appl Opt 6:890–893

51. Zhang J, Chen Z, Liu Y, Huang M, Wei Q, Gong

Q (2004) Improvement on the photorefractive

performance of a monolithic molecular material by

introducing electron traps. Appl Phys Lett

85:1323–1325

52. Moerner WE, Silence SM, Hache F, Bjorklund GC

(1994) Orientationally enhanced photorefractive

effect in polymers. J Opt Soc Am B 11:320–330

53. Wortmann R, Poga C, Twieg RJ, Geletneky C,

Moylan CR, Lundquist PM, DeVoe RG, Cotts PM,

Horn H, Rice JE, Burland DM (1996) Design

of optimized photorefractive polymers: a novel

class of chromophores. J Chem Phys

105:10637–10647

Photorefractive Polymer 1613

P



54. Tanaka A, Nishide J, Sasabe H (2009) Asymmetric

energy transfer in photorefractive polymer compos-

ites under non-electric field. Mol Cryst Liq Cryst

504:44

55. Salvador M, Prauzner J, Köber S, Meerholz K, Turek
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Synonyms

Light-induced motions; Light-induced orienta-

tions; Light-responsive

Definition

When photoreactive units, in many cases photo-

chromic ones, are introduced into polymers,

photoresponsive polymers are prepared. Polymer

micelles and solid films formed from such poly-

mers can exhibit aggregation changes, molecular

alignments, and deformations upon light

irradiation.

Introduction

Smart polymeric materials are widely studied in

areas of nanotechnology, materials chemistry,

optics, electronics, and biomedical fields.

Stimuli-responsive polymer systems provide

smart switchable and tuning functions for many

purposes. Light trigger is particularly fascinating

because the polymer properties can be changed

remotely without contact with sufficient spatial

accuracy. In this section, several photoresponsive

systems, including micelles, surfaces, thin films

for photoalignment, and mechanical materials,

are briefly overviewed. A comprehensive book

has been published by Zhao and Ikeda [1], and

readers can also refer to recent reviews [2–4] in

this field. In recent research, block copolymers

of controlled molecular mass are becoming more

and more important for creating new

photoresponsive functions. They self-assemble to

form hierarchical nano- and mesoscopic regular
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structures and morphologies, which will then lead

to higher-level functions and expand applications.

Photoresponsive polymers and block copolymers

are mostly synthesized by controlled radical poly-

merizations encompassing atom transfer radical

polymerization (ATRP), reversible addition frag-

mentation chain transfer (RAFT), and nitroxide-

mediated polymerization [3].

Polymer Micelles

In these systems, use of block copolymers is

needed since the polymers require the amphiphilic

nature to form defined aggregations in solutions.

Light-responsive block copolymers can be

grouped into four types based on their photoin-

duced structural changes. The aggregation state of

polymeric micelles can be changed by (i) light-

induced shifting in hydrophilic-hydrophobic bal-

ance, (ii) breaking block junction, (iii) main chain

degradation, and (iv) reversible cross-linking

(Fig. 1) [5, 6]. The most plausible application of

photoresponsive block copolymer micelles are for

controlled drug delivery applications. Since the

biocompatible and biodegradable characteristic

features are required, poly(ethylene oxide) has

been frequently used as the hydrophilic block.

Photoresponsive moieties are introduced in the

hydrophobic blocks. UV light is harmful to

biological systems, and therefore photoresponsive

micelles responding to near-infrared beam have

recently been developed [5, 6].

Surface Functions

Wettability is a fundamental property of a solid

surface and plays significant roles in biological

systems and industries. Light-induced wettability

changes and switching are realized on

photoresponsive surfaces. The surface structures

found in biological systems (both plants and crea-

tures) have motivated many investigators to

explore surfaces using artificial materials

(bio-inspired approaches) [7, 8]. Some photo-

chromic molecules exhibit considerable polarity

changes during the photoisomerization. They are

used for wettability switching surfaces. If the

surface has a rough morphology, the change is

Photoresponsive
Polymer,
Fig. 1 Schematic

illustration of various types

of photoresponsive block

copolymer micelles

(Redrawn from Zhao

et al. [5])
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enlarged. A gradient light irradiation causes an

asymmetrical wetting property on the surface,

leading to macroscopic lateral motions of

a liquid droplet.

Another important aspect regarding the poly-

mer surface is the interaction with liquid crystal

(LC) molecules. How to align nematic LCs on the

substrate surface is a critical issue during the LC

display panel productions. The rubbing technique

on polymer films was always adopted for this

purpose, but the photoalignment method is

starting to be adopted instead of the rubbing

because of its great advantages [9, 10]. The first

demonstration of LC alignment control by sur-

face photochemistry was provided by Ichimura

et al. in 1988. They found that the E/Z (trans/cis)

photoisomerization of an azobenzene monolayer

on a substrate could switch the alignment of

nematic LC molecules between the homeotropic

and planar modes. This active functional surface

is called a “command surface” or “command

layer.” Shortly after this finding, groups in the

USA, Switzerland/Russia, and Ukraine reported

almost at the same time a significant effect that

angular selective excitation by linearly polarized

light (LPL) onto photoreactive polymer surfaces

causes uniaxial alignment of contacting LCs

(Weigert effect, Fig. 2). Besides nematic LCs,

the surface alignment process is now widely

applied to various types of materials, including

LCs of other features, polymeric materials,

organic semiconductors, and inorganic

materials [9].

Polymer Thin Films

Most polymer thin films are obtained by spin

coating. To achieve precise structural controls,

the Langmuir-Blodgett technique and layer-by-

layer method have also been conducted. Surface-

initiated (SI) polymerizations provide another

class of polymer thin films. In these systems, one

end of polymer chains is attached to a substrate

surface. If the lateral polymer density is suffi-

ciently high, surface brushes are formed, which

provide unique molecular orientations and proper-

ties. With respect to photoresponsive polymer

brushes, there are many examples of SI polymer-

izations for photochromic monomers such as

spiropyran and azobenzene derivatives [11].

They exhibit fascinating smart responsive func-

tions. When side chain LC polymers are

employed, the brush LC chains adopt unique ori-

entation in which the smectic lamellae are aligned

vertically to the surface plane. In this orientation,

the in-plane alignment of photoresponsive

azobenzene mesogenic groups becomes

Photoresponsive
Polymer,
Fig. 2 Schematic

drawings of irradiation with

linearly polarized light

(LPL) and oblique

nonpolarized light (upper).
The lower drawing shows

a model of aligned

monodomain formation of

LCs by irradiation with

linearly polarized light
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significantly effective (Fig. 3, upper). Introduction

of a flexible chain between the substrate and the

LC layer (diblock copolymer architecture) leads to

even more efficient photoresponsive reorientation

motions [11].

Microphase separation (MPS) of block copoly-

mers provides arrays of periodic patterns with

length scales of typically 10–50 nm via simple

and low-cost processes. Therefore, this phenome-

non is extensively studied as the future material

technologies beyond the photolithography tech-

nique. Great effort has been devoted to the

photoalignment of MPS patterns of block copoly-

mer films as well. The photoalignment at molecu-

lar levels can be converted to the mesoscopic MPS

domain orientations of block copolymers

Photoresponsive
Polymer,
Fig. 3 Schematic

illustrations of

photoresponsive surface-

grafted photoresponsive

liquid crystalline polymers

(upper) and in-plane photo-
switching of microphase

separation structure of

photoresponsive LC

polymer films (lower)

Photoresponsive
Polymer,
Fig. 4 Schematic

illustrations of light-

induced deformation of

photoresponsive LC

elastomer films (Redrawn

from Ikeda et al. [13])
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possessing azobenzene-containing side chains

[9, 11, 12]. Many methods have been proposed so

far to align MPS structure. Among them, the

photoalignment strategy has a marked feature that

the initial orientation can be overwritten to another

direction by subsequent LPL irradiation. Such pro-

cess can be repeated many times (Fig. 3, lower).

Macroscopic Mechanical Systems

In the last decade, epoch-making approaches in

photoresponsive polymer materials have emerged,

namely, the development of macroscopic photome-

chanicalmaterials [12–16]. The photoisomerization

or photo-cross-linking reaction of photoreactive

units can directly change macroscopic material

motions. The key to these processes is to assemble

molecules and polymers in the ordered and oriented

state. LC and crystalline states with retention of

molecular motions within the assembly fulfill the

conditions. Ikeda et al. initiated this research area,

and many groups are currently making efforts to

produce new photomobile systems. Typical photo-

induced deformation behaviors of azobenzene-

containing elastomer films are displayed in Fig. 4.

Relating to this, investigations of self-healing and

shape memory materials have also become areas of

intensive research [16, 17].

Summary

Studies on photoresponsive polymers are

forming active research areas, extending to vari-

ous directions. Thanks to the great improvement

of polymerization techniques, particularly in the

controlled living radical polymerizations and

controlled metathesis polymerizations, various

monomer designs and polymer architectures

possessing photoreactive groups have become

available. The new polymer architectures lead

to new photofunctions, which will then help

designing new polymers. This synergetic effect

leads to unending development of new ideas and

new classes of applications. Detailed information

on the photoresponsive polymers is available

from books and reviews in the reference list.
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Synonyms

pH-sensitive polymer; Polyelectrolytes

Definition

pH-responsive polymers are smart polymers that

undergo changes in structures and properties such

as conformation, hydrophilicity/hydrophobicity,

solubility, volume, and so on in response to a

change in pH. Polymers with acidic or basic

groups like carboxy, sulfonyl, and amino groups

are typically described as pH-responsive poly-

mers because the ionization of the groups by pH

changes results in changes in structures and

properties of the polymer chains.

Key Principles, Examples, and Synthesis
of pH-responsive Polymers

pH-responsive polymers undergo changes in

structures and properties such as conformation,

hydrophilicity/hydrophobicity, solubility, and

volume in response to external pH. For example,

poly(methacrylic acid) (PMAAc) shows revers-

ible phase transition between soluble and insolu-

ble state in response to pH changes. A change in

pH induces the conformational changes in poly

(L-lysine) between a-helix and random coil.

Polymers with pH-cleavable groups such as

polylactide and polyketal are also described as

pH-responsive polymer. Whereas many types of

pH-responsive polymers have been prepared, the

term “pH-responsive polymers” is widely used to

describe the polymers with ionizable groups

whose ionization depends on pH. This entry

focuses on the pH-responsive polymers with

ionizable groups.

The key elements of pH-responsive polymers

are the acidic or basic groups linked with the

polymer backbone such as carboxy and amino

groups. A change in pH influences the degree of

ionization of acidic or basic groups, followed by

generation of anions or cations. The generated

anions or cations of a pH-responsive polymer

cause a drastic extension of coiled chains by

electrostatic repulsion and govern its conforma-

tion, hydrophilicity, or solubility in an aqueous

solution.

A large number of pH-responsive polymers

have been designed using various electrolyte

groups. Representative pH-responsive polymers

are summarized in Fig. 1. There are two major

classes of pH-responsive polymers. One is poly-

mers with acidic groups and the other is polymers

with basic groups. Typical pH-responsive poly-

mers with acidic groups are poly((meth)acrylic

acid), poly(glutamic acid), and poly(aspartic

acid) with carboxy groups, poly(styrenesulfonic

acid) and poly(2-acryloylamino-2-methyl-

propane-1-sulfonic acid) with sulfonic groups,

and poly[2-(phosphonooxy)ethyl methacrylate]

with phosphate groups. In contrast, the

pH-responsive polymers with basic groups typi-

cally include poly(allylamine), poly(L-lysine),

poly(ethyleneimine), poly(dimethylaminoethyl

methacrylate), and polyamidoamine dendrimer,

which have primary, secondary, or tertiary

amino groups.

Typical pH-responsive polymers with ioniz-

able groups are synthesized by conventional free

radical polymerization, which can be employed
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for polymerization of a wide variety of vinyl

monomers undermild reaction conditions. Typical

applications of pH-responsive polymers are

separation and purification. For example,

pH-responsive linear polymers can realize easy

separation of a protein through the electrostatic

interaction [1]. The pH-responsive polymers inter-

act with oppositely charged proteins, resulting in

the precipitation of pH-responsive polymer-

protein complexes. The precipitated proteins can

be easily recovered and reused after the dissocia-

tion of the pH-responsive polymer-protein com-

plexes by changing pH. Also, the pH-responsive

resin prepared by copolymerization of charged

monomers with cross-linker is widely used as

ion-exchange chromatographic support.

To prepare pH-responsive polymeric

nanomaterials such as micelles and vesicles that

change their structures in response to pH, well-

defined pH-responsive polymers such as block,

graft, and star polymers are strategically

designed. However, the conventional free radical

polymerization has limitations in control of the

molecular weight, polydispersity, end functional-

ity, structure, and composition of resultant poly-

mers. Therefore, ionic living polymerizations

pH-Responsive Polymer, Fig. 1 Typical examples of pH-responsive polymers
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were employed to synthesize well-defined

pH-responsive polymers with precisely designed

structures. However, the ionic polymerizations

were not widely utilized for the synthesis of

well-defined pH-responsive polymers because it

required stringent conditions and was limited to a

relatively small number of monomers. In the

1990s, a novel controlled/living radical polymer-

ization method was developed [2, 3]. By utilizing

the controlled/living radical polymerization,

well-defined block and graft copolymers and

star and end-functional polymers with narrow

molecular weight distributions can be synthe-

sized under mild conditions. The key point of

controlled/living radical polymerization is the

establishment of a dynamic equilibrium between

propagating radicals and dormant species. The

dynamic equilibrium between propagating radi-

cals and dormant species allows slow but simul-

taneous growth of polymer chains with minimum

termination reaction. Recently, two types of con-

trolled/living radical polymerizations were

widely utilized for the synthesis of well-defined

polymers: atom transfer radical polymerization

(ATRP) and reversible addition-fragmentation

chain transfer (RAFT) polymerization.

ATRP is based on the catalyzed, reversible

cleavage of carbon-halogen bond in the dormant

species by a redox process (Scheme 1a). In

ATRP, alkyl halides are used as initiators, and a

variety of transition metals and ligands are suc-

cessfully employed as catalysts. Especially, the

catalysts based on copper and N-containing

ligands are often used. A wide variety of conju-

gated monomers such as (meth)acrylic esters,

styrene, acrylamide, and acrylonitrile can be

polymerized by ATRP. On the other hand, the

drawback of ATRP is the use of a large amount of

catalysts. However, the development of new

ATRP techniques which are called “activators

regenerated by electron transfer” (ARGET) and

“initiators for continuous activator regeneration”

(ICAR) allows decreasing the amount of catalyst.

RAFT polymerization involves conventional

free radical polymerization in the presence of

chain transfer agents (RAFT agents) which have

the thiocarbonylthio groups (S = C–S) such as

dithioesters, dithiocarbamates, trithiocarbonates,

and xanthates. In RAFT polymerization, propa-

gating radicals react with the C = S double bond

of RAFT agents to form the RAFT adduct radi-

cals which act as dormant species (Scheme 1b).

The equilibrium between active propagating spe-

cies and dormant RAFT adduct radicals enables

the production of well-defined polymers with

narrow molecular weight distributions. RAFT

polymerization is applicable to a variety of

monomers such as (meth)acrylates, styrene, and

acrylamides, whereas RAFT reagents are not tol-

erant to primary and secondary amines.

The ATRP and RAFT polymerization opened

the door for the preparation of various types of

polymeric nanomaterials such as micelles, vesi-

cles, and brushes because they enabled the facile

pH-Responsive Polymer, Scheme 1 Reaction mechanism for atom transfer radical polymerization (ATRP) (a) and
reversible addition-fragmentation chain transfer (RAFT) polymerization (b)
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synthesis of well-defined block and graft copoly-

mers under mild conditions. Using the ATRP and

RAFT polymerization, furthermore, many

researchers have developed a variety of stimuli-

responsive nanomaterials that changed the struc-

tures and properties such as size, morphology,

and wettability in response to external stimuli

because a broad range of vinyl monomers can

be strategically polymerized via ATRP and

RAFT polymerization. For example, amphiphilic

block copolymers with both pH-responsive

block and hydrophobic block, which are easily

synthesized by ATRP or RAFT polymerization,

spontaneously form nano-associates such as

micelles and vesicles. The polymeric micelles

and vesicles with pH-responsive moieties

undergo changes in the structures such as size

and morphology in response to pH (Fig. 2).

In addition, pH-responsive polymer brushes with

accurately controlled molecular weight can be

formed by grafting from polymerization from the

ATRP initiator or RAFT agent that is attached onto

a surface of substrate. The surface wettability of the

substrate with pH-responsive polymer brushes

changes by the external pH. These pH-responsive

polymeric nanomaterials have attracted consider-

able attentions as smart materials for separation,

adhesion, drug delivery system, and tissue engi-

neering. The following sections focus on the typi-

cal studies on the applications of the pH-responsive

polymers as nanomaterials such as nanoparticles,

nano-associates, and brushes.

pH-Responsive Nanoparticles

Polymeric nanoparticles are generally defined as

insoluble colloidal systems with sizes ranging

approximately from 10 to 1,000 nm. Emulsion

polymerization is the versatile technique for the

preparation of polymeric nanoparticles. In con-

ventional emulsion polymerization, surfactants

composed of hydrophilic and hydrophobic groups

are commonly used to stabilize and disperse

monomer emulsions in a solvent. The polymeriza-

tion proceeds within the monomer emulsions and

produces nanoparticles with narrow size distribu-

tions. Stimuli-responsive nanoparticles that

undergo changes in size in response to external

stimuli such as pH and temperature are prepared

by emulsion polymerization using monomers such

as (meth)acrylic acid and N-isopropyl acrylamide.

In the early 1990s, nano-sized poly(methyl meth-

acrylate-co-acrylic acid) (P(MMA-co-AAc)) par-
ticles having pH-responsive carboxy groups were

first prepared by emulsion polymerization [4].

The P(MMA-co-AAc) nanoparticles with a

diameter of approximately 100 nm showed a dras-

tic increase in diameter under basic conditions,

whereas they shrank again under acidic

conditions. The pH-responsive changes in the par-

ticle sizes are attributed to swelling/shrinking of

the particles by changes in their internal osmotic

pressure, which depend on the dissociation and

association of their acidic or basic groups.

The carboxy groups of the P(MMA-co-AAc) are

pH-Responsive Polymer, Fig. 2 Typical

pH-responsive nanomaterials. (a) pH-responsive

nanoparticles; (b) pH-responsive nano-associates; (c)

pH-responsive morphological change of nano-associates;

and (d) pH-responsive polymer brushes
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protonated under acidic conditions, whereas the

carboxylate anions are generated by deprotonation

of carboxy groups under basic conditions, which

creates excess osmotic pressure inside the

nanoparticles and results in swelling. The

pH-responsive nanoparticles that swell under

acidic conditions are also designed using

monomers with an amino group such as N,

N-dimethylaminoethyl methacrylate. These

pH-responsive nanoparticles exhibited rapidly

responsive swelling/shrinking changes because of

their large surface area.

These pH-responsive nanoparticles have

attracted considerable attention as smart drug

carrier because pH changes in many specific or

pathological compartments are important signals

for drug targeting [5]. Drugs can be loaded into

such pH-responsive nanoparticles through hydro-

phobic or electrostatic interactions. Nagasaki

et al. developed pH-responsive nanogels that

released drugs in the acidic environment of endo-

some [6]. The pH-responsive nanogels were pre-

pared by surfactant-free emulsion polymerization

of N, N-diethylaminoethyl methacrylate with

poly(ethylene glycol) having a 4-vinylbenzyl

group. The resultant pH-responsive nanogels

with a diameter of approximately 90 nm swelled

under acidic conditions below pH 7.5. Further-

more, doxorubicin (Dox), which is an anticancer

drug, was successfully loaded within the

pH-responsive nanogels. The Dox-loaded

pH-responsive nanogels almost showed no initial

burst release of Dox, whereas Dox was

effectively released from pH-responsive nanogel

at pH 5–6 that corresponds to the endosomal

pH. Dox was released successfully from the

Dox-loaded pH-responsive nanogel in

response to endosomal pH and showed antitumor

activity against the human hepatome cell line

HuH-7, which is a natural drug-resistant tumor

cell line.

Peppas et al. reported the pH-responsive

nanospheres composed of poly(ethylene glycol)

methacrylate (PEGMA) and poly(carboxylic

acid) for oral drug delivery system [7]. Proton-

accepting and proton-donating polymers

typically interact with each other in an aqueous

solution and organic solvents through hydrogen

bonding. Poly(carboxylic acid) such as poly

(methacrylic acid) (PMAAc) and poly(acrylic

acid) (PAAc) with protonated carboxy groups

interacts with PEG to form a stable complex

through hydrogen bonding. However, an increase

in pH induces the ionization of carboxy groups in

poly(carboxylic acid), resulting in the dissocia-

tion of poly(carboxylic acid)/PEG complexes

(Fig. 3) [8]. The pH-induced dissociation of

poly(carboxylic acid)/PEG complexes was uti-

lized to design pH-responsive nanospheres. The

pH-responsive nanospheres shrank in an acidic

pH owing to the hydrogen bonding between the

carboxy groups and PEG chain, whereas they

swelled upon increasing pH because of the ioni-

zation of carboxy groups. Insulin was success-

fully loaded into the pH-responsive nanospheres

by simple diffusion method. Release of insulin

from the pH-responsive nanospheres was

depressed at low pH, but insulin was successfully

released at high pH. At low pH, the formation of

hydrogen bonding between poly(carboxylic acid)

and PEG in the network of nanospheres

inhibited the release of loaded insulin. On the

other hand, insulin easily diffused from the

nanosphere at high pH because the mesh size of

nanospheres became large owing to the dissocia-

tion of poly(carboxylic acid)/PEG complexes.

The insulin-loaded pH-responsive nanospheres

have a potential application as oral insulin deliv-

ery devices. In addition to applications to DDS,

pH-responsive nanoparticles were used as tem-

plates for the synthesis of metal nanoparticles and

as substrates for the immobilization of enzymes.

pH-Responsive Polymer, Fig. 3 Schematic of the

pH-responsive complexation between poly(carboxylic

acid) and poly(ethylene glycol) through hydrogen bonding
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pH-Responsive Nano-associates

As mentioned above, recent developments in

controlled/living radical polymerization enabled

us to synthesize well-defined polymers such as

amphiphilic block and graft polymers consisting

of hydrophilic and hydrophobic segments. The

amphiphilic block and graft copolymers sponta-

neously form nano-associates such as micelle,

vesicle, and lamellar by self-assembling in an

aqueous solution. Because the water solubility

of pH-responsive polymers can be manipulated

by a pH change, pH-responsive nano-associates

have been prepared from block and graft copoly-

mers with pH-responsive moiety [9]. Eisenberg

et al. reported detailed studies on the

pH-responsive nano-associates prepared by poly-

styrene-block-poly(acrylic acid) (PS-b-PAAc)

[10, 11]. PS-b-PAAc was less hydrophilic

owing to the protonated carboxy groups of

PAAc segments under acidic conditions. On the

other hand, when the PAAc segments became

hydrophilic by negative charges produced with

increasing pH, PS-b-PAAc changed to an amphi-

philic polymer. As a result, PS-b-PAAc sponta-

neously formed nano-associates in an aqueous

solution with a basic pH. The morphologies of

the PS-b-PAAc nano-associates depended on the

composition, solvent, and preparation methodol-

ogies. For example, PS-b-PAAc with a long PS

segment spontaneously associated to form spher-

ical crew-cut aggregates with hydrophobic PS

core and hydrophilic PAAc shell. The morphol-

ogy of the PS-b-PAAc nano-associates was also

controlled by pH. The addition of HCl induced

the changes in morphology from spheres to rods

and furthermore to vesicles because the proton-

ation of the carboxy groups of the PAAc segment

resulted in a decrease in the inter-shell repulsions.

In contrast, ionization of the PAAc segment by

the addition of NaOH caused a morphological

change from vesicles to spheres by an increase

in inter-shell repulsions.

A particular class of pH-responsive block

copolymers present reversible self-assembly

properties from unimer to nano-associate such

as micelles and vesicles depending on pH. Arms

et al. developed “schizophrenic” diblock

copolymers which can self-assemble to form

micelle in response to pH and temperature

[12]. They synthesized a diblock copolymer

based on poly(propylene oxide) and diethyla-

minoethyl methacrylate (PPO-b-PDEAEMA)

via ATRP. In a dilute aqueous solution with pH

6.5 at 5 �C, PPO-b-PDEAEMAs were dissolved

as a unimer because of the protonation of their

amino groups. In a solution with pH 8.5 or higher,

however, PPO-b-PDEAEMAs were spontane-

ously associated to form micelles. The micelles

were composed of a hydrophilic PPO shell and a

hydrophobic PDEAEMA core with deprotonated

amino groups. On the other hand,

PPO-b-PDEAEMA formed reverse micelles

composed of PPO core and PDEAEMA shell in

an aqueous solution at pH 6.5 with rising temper-

ature because PPO block withMn of around 2,000

became insoluble in an aqueous solution above

20 �C.
Schizophrenic vesicles were also prepared

by Lecommandoux and coworkers [13]. They

synthesized zwitterionic diblock copolymer,

poly(L-glutamic acid)-block-poly(L-lysine)
(PGA-b-PLL), by sequential anionic ring-

opening polymerization of the corresponding

a-amino acid N-carboxyanhydrides. The

PGA-b-PLL was dissolved as a unimer in neutral

pH (5 < pH < 9). At the acidic pH, PGA-b-PLL

spontaneously formed vesicles with a diameter of

220 nm because the PGA block was neutralized

and its secondary structure changed from random

coil to a compact a-helical structure. Under the
basic condition, the diameter of the PGA-b-PLL

vesicles increased to 350 nm because the confor-

mation of the protonated PLL block became a

bulky random coil. Such pH-responsive nano-

associates are expected to be promising candi-

dates for drug delivery systems and smart

catalysts.

pH-Responsive Polymer Brushes

Polymer brushes are ultrathin polymer layers that

are tethered with one chain end to the surface of

solid substrate. Polymer brushes are generally

prepared by two methods: grafting to and
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grafting from strategies. The grafting to method

involves the introduction of pre-synthesized

polymers through the physicochemical adsorp-

tion or chemical reactions. On the other hand,

the development of controlled/living radical

polymerization enables the facile preparation

of well-defined polymer brushes based on

the grafting from strategy, in which the

polymerization is directly initiated from

initiator-functionalized surfaces [14]. The

surface-initiated controlled/living radical

polymerization (SI-CRP) allows accurate control

of brush thickness, composition, and architecture.

An ATRP initiator and an RAFT agent can be

easily introduced onto the surface of a substrate.

For example, thiol derivatives linked with an

ATRP initiator or an RAFT agent form self-

assembled monolayer (SAM) on the gold surface.

Also, chemisorption of organosilanes with an

ATRP initiator or an RAFT agent enables the

preparation of polymer brushes by ATRP or

RAFT on the silicon oxide substrates including

wafers, glass or quartz slides, and silica particles.

A large number of reports on stimuli-responsive

polymer brushes that undergo changes in surface

properties in response to external stimuli such as

pH and temperature have been published. Poly

(dimethylaminoethyl methacrylate) (PDMAEMA)

is one of the typical polymers used for the formation

of pH-responsive polymer brushes. Based on the

grafting from method, the PDMAEMA brushes

were formed by the controlled polymerization

from the ATRP initiator that was chemically linked

on the gold substrate by the SAM fabrication

method. PDMAEMA brushes were positively

charged by the protonation of the amino groups

under acidic conditions. As a result, the thickness

of the PDMAEMA brushes increased with a

decrease in pH. The neutron reflectivity measure-

ments revealed that the PDMAEMA brushes

adopted a less extended conformation under basic

conditions. Furthermore, the pH responsiveness of

the PDMAEMA brushes depended on the grafting

density. The PDMAEMA brushes with more

densely grafted chains swelled at a lower pH

because their pKa shifted as a function of grafting

density. The pH-responsive protonation/

deprotonation of surface-tethered polymer brushes

also influenced the surface wettability. The

PDMAEMA polymer brushes changed the wetta-

bility from almost complete wetting at pH < 3 to

less hydrophilic at pH > 5. In contrast to the

polybase brushes, the polyacid brushes such as

PAAc became more hydrophilic at basic pHs than

at acidic pHs. The thickness of the polyacid brushes

increased with an increase in pH owing to the

ionization of the polymer chains.

The oppositely charged block copolymer brushes

with both positively and negatively charged

groups were also prepared via SI-CRP. Under

acidic and basic conditions, poly(acrylic acid)-

block-poly(vinylpyridine) (PAAc-b-PVP) brush

was well extended owing to the coulombic

repulsion of the charged PAAc and PVP blocks. In

contrast, the chains of PAA-b-PVP brushes shrank

at a neutral pH because the net charge of

PAA-b-PVP decreased at the neutral pH. These

pH-responsive polymer brushes have many poten-

tial applications as smart nanomaterials for protein

immobilization, cell adhesion, and chromatography

because they can change the surface properties in

response to pH.

Summary

pH-responsive polymers have been extensively

studied from fundamentals to applications. The

pH-responsive polymers have been synthesized by

conventional radical and ionic polymerization. In

addition, recent development of the controlled/liv-

ing radical polymerization enables the facile syn-

thesis of well-defined block and graft copolymers

with acidic or basic groups, which are smart poly-

mers for designing nanostructured particles or poly-

meric brushes as pH-responsive nanomaterials. The

pH-responsive nanomaterials undergo drastic

changes in their structures and properties such as

size, morphology, and wettability in response to

pH. Furthermore, dual stimuli-responsive

nanomaterials such as temperature- and

pH-responsive nanoparticles have been prepared

by combining pH-responsive polymers with other

stimuli-responsive polymers. Thus pH-responsive

polymers are likely to become quite innovative

and important smart materials in the future.
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Synonyms

Conjugated star-shaped systems; Star-burst

molecules

Definition

Star-shaped conjugated oligomers are molecular

systems consisting of a central unit (usually called

the core), with radiating conjugated spokes

(normally called the arms). The core unit often

defines the geometry of a conjugated star-shaped
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system, in some cases providing bulk dimension-

ality through intermolecular interactions in the

solid phase of the material that lead to

two-dimensional bulk order [1]. The arms bring

in to the molecule precise electronic and optical

properties of a well-defined conjugated system.

The core unit might or might not provide the

electronic communication between the arms lead-

ing to greatly varied photo-physical behavior

between analogous materials sharing similar

cores or arms. The combination of well-

defined optical and electronic properties with

a significant contribution from the conjugated sys-

tem of the arms and the multidimensional archi-

tecture provided by the core marks star-shaped

systems as popular objects of study in materials

chemistry.

Introduction

A wide variety of p-functional systems are

designed for applications in organic electronics

and photonics. Among solution processable

materials the most efficient are p-conjugated
polymers. They are normally prepared by simple

polymerization procedure. Polymers have excep-

tional film-forming properties and are amenable

to cheap solution processing techniques. Careful

design of the monomer allows the creation of

a polymeric systemwith p-electronic interactions
within the polymer backbone only (photonic

applications) or providing an increase in dimen-

sionality by involving interchain interactions

(electronic applications). Branching of the conju-

gated backbone allows increasing dimensionality

of interchain interactions. On the other hand,

polymers suffer from their polydisperse charac-

ter, end-group variation, and poor batch-to-batch

reproducibility.

For several reasons, monodisperse

p-functional systems with well-defined structures

are excellent alternatives to conjugated polymers,

particularly since they possess precise electronic

characteristics with 100 % batch-to-batch repro-

ducibility. Among them, low molecular weight

systems and linear conjugated oligomers are the

most easily achievable, but their film-forming

properties are significantly inferior compared to

polymers. Intermolecular interactions in the

solids often exhibit large intrinsic anisotropy

due to the one-dimensional (1D) nature of the

systems, which limits the electronic characteris-

tics of the materials.

Star-shaped oligomers feature the best of both

worlds. Being well-defined systems, they provide

precise, completely reproducible electronic prop-

erties to the materials. With other factors being

equal, the star oligomers are more soluble than

their linear counterparts. Multidimensional archi-

tecture of the conjugated backbone, along with

the propensity of the arms to be involved in p-p
stacking, provides either multidimensional self-

assembly or complete isolation of a conjugated

molecular system in the solid. The advantages in

materials properties brought by star-shaped

molecular systems have to be sufficiently benefi-

cial to compensate for other factors that are less

desirable. For instance, the synthesis of star olig-

omers is much more complicated and usually

includes numerous steps of repetitive coupling

procedures. There are twomain types of synthetic

strategies that can be applied: divergent and

convergent approaches. The divergent approach

features repetitive coupling of monomeric units

and benefits from the simplicity of the building

block used in the synthesis, but the method suf-

fers from difficulties in purification in the latter

steps, especially if the coupling procedure on

each arm is not high yielding. In the convergent

strategy, the precursor arms are prepared sepa-

rately and coupled to the core structure in the final

step. The easy purification from partially coupled

by-products and the possibility to create a library

of arm precursor building blocks for the synthesis

of various star-shaped systems makes the

convergent approach the preferable route.

A special type of convergent strategy involves

the construction of the core structure in the final

step of the synthesis, using a building block with

arms attached to the core precursor. The various

approaches in synthesis and the advantages in the

properties of star oligomers have been reviewed

thoroughly [2, 3].
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Increasing Dimensionality of the
Conjugated Backbone

The dimensionality of star oligomers can be

related to the molecular architecture of the con-

jugated system (molecular dimensionality) or to

the way the molecules interact with each other in

the solid (bulk dimensionality) [1]. One of the

reasons to synthesize the star oligomers is to

investigate the molecular properties of a system

with branched conjugated frameworks and

increased molecular dimensionality. One of the

most suitable objects for this task for photonics

applications are oligo(9,9-dialkylfluorene) star-

shaped systems since the alkyl substituents of

the arms are directed orthogonally to the plane

of the aromatic system and contribute to an amor-

phous morphology with suppressed aggregation

in solutions and in the solid state. Therefore, the

properties of the material depend mainly on the

electronic properties of the molecular conjugated

system. In contrast to simple trigonal 1 [4–6] and

hexagonal 2 [7] benzene central units, the truxene

core structure 3 creates additional steric hindrance

towards aggregation and extends the conjugation

of the arms by one fluorene unit, providing highly

efficient blue fluorescent oligofluorene-truxene

star oligomers 4 (n = 1�4) [8] (Fig. 1).

The star oligomers 4 (n = 1–4) were studied

by Raman spectroscopy and DFT calculations

[9]. Electrogenerated chemiluminescence (ECL)

by ion annihilation of the oligomers demon-

strated blue ECL emissions at the same wave-

lengths as the fluorescence emissions [10]. The

effect of the incorporation of 2,1,3-

benzothiadiazole (BT) acceptor units into trigo-

nal star oligofluorene-truxene systems has been

studied, in which the BT molecule is positioned

at every possible location within the

oligofluorene arms [11]. These systems were

found to be efficient green 5 (n = 4) and green/

yellow 5 (n = 0-3) emitters. The optical proper-

ties of the oligofluorene-BT-truxene systems

revealed pairwise correspondence of 5 (n = 0)

to 5 (n = 3) and 5 (n = 1) to 5 (n = 2) with

oligomer 5 (n= 4) being a unique member of the

series. Star oligomer 2 (n = 1) with a hexagonal

benzene core 2 showed an example of electronic

communication between the arms in the oxidized

state, by means of through-space toroidal hole

delocalization due to sufficient p-p overlap

between the proximal part of the adjacent arms.

2

3

NS
N

H

n
mx

6

7

1

H
n

H
n

1(n=1-4)

C6H13 C6H13

C6H13 C6H13
C6H13 C6H13

C6H13 C6H13

C6H13 C6H13

4(n=1-4) 5(n=0-4)
x=m=0 x=1, m=4-n2(n=1-3)

p-Conjugated Star-Shaped Oligomers in Organic
Electronics and Photonics, Fig. 1 Examples of core

structures and molecular architectures of selected star

oligofluorenes. The three- and sixfold rotational axes are

depicted by small equiangular triangles and hexagons,

respectively, with three and six dashed lines (magenta
symbol), radiating from the core and representing the

division of the molecules on the parts which are symmetry

related (only one arm is shown for simplicity and

conciseness)
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Isotruxene 6 [12, 13] and pyrene 7 [14, 15] are

examples of core units that provide electronic

conjugation between the arms, which leads to

more immediate saturation of optical properties

as a function of an increase in the length of the

arms. A meta-linkage between the arms in the

trigonal benzene system 1 and star oligomers

4 (n = 1�4) restricts electronic communication

across the molecules in the ground state. However,

it was shown by time-dependent density functional

theory (TD-DFT) calculations [5] and fluores-

cence depolarization experiments [16] that the

redistribution of excitation between the arms is

possible in these systems due to a structural relax-

ation of the excited state. The exciton localization

on one branch of the star oligomer is the conse-

quence of Jahn-Teller splitting of an initially

degenerate excited state, and the degeneracy pro-

vided by the threefold symmetry (C3) of the con-

jugated system. This highlights the importance of

the symmetry of star-shaped systems, which is

defined by its core [2]. The symmetry also defines

the leading multipole of a star oligomer with the

charge transfer component. Molecular systems

with a center of symmetry cannot have any

multipole of order 22n+1 (e.g., dipole or octupole),

but normally possess a quadrupole as a leading

multipole, whereas the leading term of multipole

expansion for tetrahedral systems is an octupole

[17]. The terms of multipole expansion are impor-

tant features of star-shaped systems with push-pull

components. They control their nonlinear optical

properties and two-photon absorption [18–20] and

define electrostatic intermolecular interactions

which might affect the bulk dimensionality of the

material (vide infra).

From the Dimensionality of a Molecular
Architecture to the Dimensionality of
Intermolecular Interactions

The structure of the core defines the dimension-

ality of a star-shaped oligomer or the way the

arms radiate from the core, which was shown to

be removed to have an effect on the photo-

physics and electrochemical properties of the

conjugated system. Molecular dimensionality on

the other hand, along with the nature of the arm,

defines the way the molecules interact with each

other in the solid state. As was mentioned before,

the oligofluorene arms usually prevent aggrega-

tion and intermolecular interactions in the con-

densed phase. Nevertheless, an extended core

structure with a proper arrangement of electron-

deficient and electron-rich aromatic units within

the core might promote intermolecular interac-

tions and increase bulk dimensionality. Thus,

1,4-dioxo-2,3,5,6-tetraphenyl-pyrrolo[3,4-c]pyr-

role (DPP) has been used as a core structure for

constructing a star-shaped system with four

oligofluorene arms 8 [21] (Fig. 2), along with
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molecular architectures that provide increased bulk dimensionality
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two linear analogues with conjugated and

nonconjugated connections between two

oligofluorene arms through the core. Efficient

energy transfer has been observed between the

arms and the core in these systems. The

quadrupolar star oligomer 8 was found to form

aggregates not only in the solid but also in hexane

solutions, due to the alternating positions of

phenylene spacers and the 2D molecular architec-

ture of the star oligomer (Fig. 3a). Another example

of a 2D molecular system leading to 1D columnar

intermolecular interactions was demonstrated

recently. The octupolar trigonal D-A star oligomers

9 (n = 1, 2) based on 2,4,6-tris(thiophene-2-yl)-

1,3,5-triazines were shown to self-assemble in a 1D

columnar nanostructure [22]. Not only are the

quadrupolar and octupolar D-A star-shaped sys-

tems able to form 1D column aggregates but the

self-assembly of the oligomers might be attributed

solely to the 2D molecular architecture. A hexago-

nal star-shaped system with a hexaphenylbenzene

core, oligophenylenevinylene (OPV) arms (10),

and possessing chiral side chain alkyl substituents

was found to form chiral columnar assemblies [23].

Cruciform star oligomers with a D2d symmet-

ric 9,9-spirobifluorene core structure were

believed to restrict crystallization, forming an

isomorphous glassy state, and were considered

for application as highly emissive materials

[24, 25]. However, the star oligothiophene 11

with the same symmetry core – 2,2’-spirobi

[thieno[3,4-d][1, 3]dithiagermole] – was found
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b c

p-Conjugated Star-Shaped Oligomers in Organic
Electronics and Photonics, Fig. 3 (a) Aggregation of

star oligomer 8 due to its extended tetraphenyl DPP core;

(b) self-assembly of oligomer 11 in the crystal (alkyl

substituents omitted for clarity); (c) schematic represen-

tation of 2D-stacking interactions for oligomer 11; (d)
selected structures (16 and 17) of star oligomers with

amine cores for photovoltaic and OLED applications
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to self-assemble in the crystal structure to pro-

duce stacking interactions in two mutually

orthogonal directions (Fig. 3b–c) [26]. In this

case, the 3D molecular architecture of the cruci-

form oligothiophene yielded 2D bulk dimension-

ality in the bulk material.

A key goal in organic electronics for efficient

charge transport is the realization of 3D

intermolecular interactions in the condensed

phase. It is especially important for donor mate-

rials in bulk heterojunction solar cells (BHJSC),

where the bulk dimensionality of the donor phase

should be matched with the nature of fullerene

phases, which are popular acceptor materials in

such devices. Intuitively, 3D molecular architec-

turemight contribute to an increase in bulk dimen-

sionality beyond two dimensions. The tetrahedral

star oligomers 12–13 [27–29], the X-shaped

system 14 [30], and the thiophene-based

dendrimer 15 [31] are examples of such materials.

Due to the branched nature of the latter conjugated

system, 15 has much greater solubility compared

to linear oligomers which require solubilizing

alkyl chains.

Applications

The applications of star oligomers in electronics

are defined by the electronic properties of the

molecular conjugated system in combination

with the propensity of the material to provide

increased bulk dimensionality. A high bulk

multidimensional character in star-shaped conju-

gated systems favors the fabrication of organic

field effect transistors (OFET) without the need

for molecular alignment and also increases the

performance of BHJSCs. Thus, the wide bandgap

3D donor materials 12–15 would seem to be

excellent candidates for photovoltaic applica-

tions from a structural perspective, but not for

light harvesting. Dendrimer 15, with an absorp-

tion onset at 600 nm, gave a power conversion

efficiency (PCE) of 1.65 % in a BHJSC with

PC61BM as an acceptor [31]. However, the 2D

intermolecular interactions in the bulk of

Ge-cruciform 11, with an onset of absorption at

502 nm, appears to be more efficient providing a

PCE of 2.26 % in a BHJSC with PC71BM as the

acceptor [26]. The star oligomer 16 features ben-

efits from both its star-shaped architecture and

low bandgap of the donor material, providing an

increase in PCE up to 4.3 % in a BHJSC

containing PC71BM [32].

In contrast to the above, photonic applications

featuring strong emitters require semiconductors

with isolated molecules in the solid and overall

zero bulk dimensionality. Among various pho-

tonic devices, organic lasers have found numer-

ous applications in spectroscopy, data

communication technology, and chemical sens-

ing [33]. Star oligomers are ideal materials for

optically pumped lasing media. Low optical

losses of 2.3 cm�1 exhibited by a neat film of

the star quaterfluorene 4 (n = 4) in amplified

spontaneous emission experiments (ASE) point

to an isotropic morphology in the film [34].

The related star oligomer 1 (n = 4) possessing

a trigonal benzene core has shown a higher

loss coefficient of 3.9 cm�1, which is a strong

indication of the contribution of the truxene core

into an isotropic morphology of 4 (n = 4) in

the solid state. The star terfluorene 4 (n = 3)

demonstrated wavelength tunability in distrib-

uted feedback lasers, with a wide spectral range

of 51 nm [35]. The compatibility of the

oligofluorene-truxene series with a saturated

polymer matrix allowed for oligomer 4 (n =
3�4) to be micro-patterned in a photocurable

blend with the UV-transparent photoresist –

1,4-cyclohexanedimethanol divinyl ether

(CHDV) – by direct laser writing [36], inkjet

printing [37, 38], and dip pen nanolithography

(DPN) [39]. The same polymer matrix and

4 (n = 3) were used to fabricate durable encap-

sulated flexible DFB lasers [40] (Fig. 4) and

a free-standing emissive membrane [41].

For light-emitting diodes (LEDs), it is not only

photoluminescence that is important but the

mobility of the materials. The standard class of

hole-conducting materials are triphenylamine-

centered star oligomers. The star oligomer 17

(n = 3) possessing a planar triphenylamine core

showed a current efficiency of 3.83 cd A�1 with

a maximum luminance of 732 cd m�2 and turn on
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voltage of 3.4 V [42]. The star oligofluorenes

2 (n = 2�4) with a hexagonal benzene core

exhibited good performance in LEDs, owing to

their hole mobilities [7]. They demonstrated

a current efficiency of 5.4 cd A�1 and maximum

luminance of 1,962 cd m�2 for 2 (n = 4),

although the turn on voltage (6.9 V) was much

higher than in the previous case.

Summary

Star-shaped oligomers feature some of the best

attributes of polymeric materials, such as good

solubility and film-forming properties. However,

in contrast to polymers, they have well-defined

structure and possess complete synthetic repro-

ducibility and precise electronic characteristics.

They are different from linear analogues through

a series of features, including higher levels of

molecular dimensionality, intramolecular elec-

tronic communication between arms, peculiarities

of intramolecular charge and energy transfer, and

symmetry-related effects on the electronic struc-

ture. The molecular dimensionality of star oligo-

mers, along with the nature of the arms, affects

their propensity to self-assemble and this defines

the bulk dimensionality of the materials. The

design of multidimensional architectures from

conjugated systems often brings surprising results,

such that the expansion of the molecular geometry

in star oligomers might lead to completely differ-

ent materials, even from structures that share the

same symmetry of the core unit. A combination of

the versatility of molecular design, which provides

well-defined conjugated systems, with reproduc-

ible electronic properties, better solubility, and

film-forming properties compared to linear sys-

tems, has made star oligomers an important family

of organic materials in the quest for new properties

and improved device performance.

Related Entries

▶Conjugated Dendrimers

▶Dendrimer-Like Star Branched Polymers

▶Hyperbranched Conjugated Polymers

▶ Synthesis of Star Polymers

References

1. Skabara PJ, Arlin J-B, Geerts YH (2013) Close

encounters of the 3D kind exploiting high dimension-

ality in molecular semiconductors. Adv Mater

25:1948–1954. doi:10.1002/adma.201200862

2. Kanibolotsky AL, Perepichka IF, Skabara PJ (2010)

Star-shaped pi-conjugated oligomers and their

p-Conjugated Star-Shaped Oligomers in Organic
Electronics and Photonics, Fig. 4 (a) A DFB flexible

laser pumped with a focused pump spot; (b) image of the

beam profile on a screen; (c) a laser demonstrating its

flexibility and fluorescence under UV illumination

(From ref [40])

1632 p-Conjugated Star-Shaped Oligomers in Organic Electronics and Photonics

http://dx.doi.org/10.1007/978-3-642-29648-2_94
http://dx.doi.org/10.1007/978-3-642-29648-2_28
http://dx.doi.org/10.1007/978-3-642-29648-2_31
http://dx.doi.org/10.1007/978-3-642-29648-2_38


applications in organic electronics and photonics.

Chem Soc Rev 39:2695–2728. doi:10.1039/

b918154g

3. Roncali J, Leriche P, Cravino A (2007) From one- to

three-dimensional organic semiconductors: in search

of the organic silicon? Adv Mater 19:2045–2060.

doi:10.1002/adma.200700135

4. Zhou XH, Yan JC, Pei J (2003) Synthesis and rela-

tionships between the structures and properties of

monodisperse star-shaped oligofluorenes. Org Lett

5:3543–3546. doi:10.1021/ol035461e

5. Montgomery NA, Denis J-C, Schumacher S,

Ruseckas A, Skabara PJ, Kanibolotsky A, Paterson

MJ, Galbraith I, Turnbull GA, Samuel IDW

(2011) Optical excitations in star-shaped fluorene

molecules. J Phys Chem A 115:2913–2919.

doi:10.1021/jp1109042

6. Tsiminis G, Montgomery NA, Kanibolotsky AL,

Ruseckas A, Perepichka IF, Skabara PJ, Turnbull

GA, Samuel IDW (2012) Laser characteristics of

a family of benzene-cored star-shaped oligofluorenes.

Semicond Sci Technol 27:094005. doi:10.1088/0268-

1242/27/9/094005

7. Zou Y, Zou J, Ye T, Li H, Yang C, Wu H, Ma D,

Qin J, Cao Y (2013) Unexpected propeller-like

hexakis(fluoren-2-yl)benzene cores for Six-Arm

star-shaped oligofluorenes: highly efficient deep-

blue fluorescent emitters and good hole-transporting

materials. Adv Funct Mater 23:1781–1788.

doi:10.1002/adfm.201202286

8. Kanibolotsky AL, Berridge R, Skabara PJ,

Perepichka IF, Bradley DDC, Koeberg M (2004)

Synthesis and properties of monodisperse

oligofluorene-functionalized truxenes: highly fluores-

cent star-shaped architectures. J Am Chem Soc

126:13695–13702. doi:10.1021/ja039228n

9. Moreno Oliva M, Casado J, Lopez Navarrete JT,

Berridge R, Skabara PJ, Kanibolotsky AL,

Perepichka IF (2007) Electronic and molecular struc-

tures of trigonal truxene-core systems conjugated to

peripheral fluorene branches. Spectroscopic and the-

oretical study. J Phys Chem B 111:4026–4035.

doi:10.1021/jp065271w

10. Omer KM, Kanibolotsky AL, Skabara PJ, Perepichka

IF, Bard AJ (2007) Electrochemistry, spectroscopy,

and electrogenerated chemiluminescence of some

star-shaped truxene-oligofluorene compounds. J Phys

Chem B 111:6612–6619. doi:10.1021/jp070765u

11. Belton CR, Kanibolotsky AL, Kirkpatrick J, Orofino

C, Elmasly SET, Stavrinou PN, Skabara PJ, Bradley

DDC (2013) Location, location, location - strategic

positioning of 2,1,3-benzothiadiazole units within tri-

gonal quaterfluorene-truxene star-shaped structures.

Adv Funct Mater 23:2792–2804. doi:10.1002/

adfm.201202644

12. Yang J-S, Lee Y-R, Yan J-L, Lu M-C (2006) Synthe-

sis and properties of a fluorene-capped isotruxene:

a new unsymmetrical star-shaped pi-system. Org

Lett 8:5813–5816. doi:10.1021/ol062408s

13. Yang J-S, Huang H-H, Ho J-H (2008) Electronic

properties of star-shaped oligofluorenes containing

an isotruxene core: interplay of Para and Ortho con-

jugation effects in phenylene-based pi systems. J Phys

Chem B 112:8871–8878. doi:10.1021/jp800448p

14. Liu F, LaiW-Y, Tang C,WuH-B, Chen Q-Q, Peng B,

Wei W, Huang W, Cao Y (2008) Synthesis and char-

acterization of pyrene-centered starburst

oligofluorenes. Macromol Rapid Commun

29:659–664. doi:10.1002/marc.200700847

15. Xia R, Lai W-Y, Levermore PA, Huang W, Bradley

DDC (2009) Low-threshold distributed-feedback

lasers based on pyrene-cored starburst molecules

with 1,3,6,8-attached oligo(9,9-dialkylfluorene)

arms. Adv Funct Mater 19:2844–2850. doi:10.1002/

adfm.200900503

16. Montgomery NA, Hedley GJ, Ruseckas A, Denis J-C,

Schumacher S, Kanibolotsky AL, Skabara PJ,

Galbraith I, Turnbull GA, Samuel IDW (2012)Dynam-

ics of fluorescence depolarisation in star-shaped

oligofluorene-truxene molecules. Phys Chem Chem

Phys 14:9176–9184. doi:10.1039/c2cp24141b

17. Buckingham AD (1959) Molecular quadrupole

moments. Quart Rev Chem Soc 13:183–214.

doi:10.1039/QR9591300183

18. Lee W-H, Lee H, Kim J-A, Choi J-H, Cho M, Jeon

S-J, Cho BR (2001) Two-photon absorption and

nonlinear optical properties of octupolar molecules.

J Am Chem Soc 123:10658–10667. doi:10.1021/

ja004226d

19. Katan C, Terenziani F, Mongin O, Werts MHV,

Porrès L, Pons T, Mertz J, Tretiak S, Blanchard-

Desce M (2005) Effects of (multi)branching of

dipolar chromophores on photophysical properties

and two-photon absorption. J Phys Chem A

109:3024–3037. doi:10.1021/jp044193e

20. Bhaskar A, Ramakrishna G, Lu Z, Twieg R, Hales JM,

Hagan DJ, Van Stryland E, Goodson T (2006) Investi-

gation of two-photon absorption properties in branched

alkene and alkyne chromophores. J Am Chem Soc

128:11840–11849. doi:10.1021/ja060630m

21. Kanibolotsky AL, Vilela F, Forgie JC, Elmasly SET,

Skabara PJ, Zhang K, Tieke B, McGurk J, Belton CR,

Stavrinou PN, Bradley DDC (2011) Well-defined and

monodisperse linear and star-shaped quaterfluorene-

DPP molecules: the significance of conjugation and

dimensionality. Adv Mater 23:2093–2097.

doi:10.1002/adma.201100308

22. Yasuda T, Shimizu T, Liu F, Ungar G, Kato T (2011)

Electro-functional octupolar pi-conjugated columnar

liquid crystals. J Am Chem Soc 133:13437–13444.

doi:10.1021/ja2035255
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Definition

A Pickering emulsion polymerization is an emul-

sion polymerization process whereby part of the
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colloidal stability of the produced polymer dis-

persion is warranted by small solid particles that

are adhered to the surface of the polymer latex

particles. In essence, the nanoparticles serve as

Pickering stabilizers, replacing and taking the

role of traditional molecular surfactants through-

out, and after, the emulsion polymerization

process.

Note that Pickering emulsion polymerization

is not the polymerization of emulsion droplets

stabilized by particles. The polymerization of

armored emulsion droplets most likely is either

a Pickering suspension polymerization or a Pick-

ering mini-emulsion polymerization. For an

in-depth overview on Pickering polymerization

techniques, the reader is referred to a review by

Bon [1].

Historical Context

Pickering emulsion polymerization makes use of

the phenomenon of Pickering stabilization, that

is, the ability of solid particles to adhere to soft

deformable interfaces. An example of a Pickering

emulsion is oil droplets dispersed in water and

armored with a layer of inorganic particles at

their surface.

The Phenomenon of Pickering Stabilization

The use of Pickering stabilization can be traced

back to patents on (froth) flotation in the eigh-

teenth century, but was named after Spencer

Umfreville Pickering for his seminal work on

emulsions stabilized by solid particles used as

insoluble emulsifiers [2]. The driving force for

particles to adhere to the surface of emulsion

droplets is the reduction in the overall interfacial

free energy. When one compares the situation

where the particles are dispersed in either the oil

or water phase, leaving the liquid-liquid interface

unperturbed with the scenario in which the

particles have positioned themselves at the

interface, hereby creating an effective area

where direct contact between oil and water is

avoided, often a deep well in the overall free

energy profile is achieved which in essence irre-

versibly locks the particles at the interface.

A simple continuous model to describe Pickering

stabilization for the scenario of a spherical parti-

cle adhered to an air-liquid interface was reported

by Pieranski [3]. Particles that have the ability to

adhere to the surface of emulsion droplets or

droplets are also referred to as Pickering

stabilizers.

Pickering Suspension Polymerization

The application of Pickering stabilizers in hetero-

geneous emulsion-based polymerization tech-

niques finds its way back to the 1930s where,

for example, Röhm and Trommsdorff used inor-

ganic particles of talc, barium sulfate, aluminum

oxide, kaolin clay, and others in the suspension

polymerization of a variety of monomers [4]. The

underlying reason why solid particles were

explored as stabilizers in suspension polymeriza-

tion was to suppress the tendency of the polymer-

izing emulsion droplets to stick to one another

and thus to aggregate and fuse. This irreversible

droplet collision and coalescence during the

sticky phase in suspension polymerization needs

to be avoided to warrant successful production of

polymer beads. The role of the Pickering stabi-

lizers at the surface of the polymerizing droplets/

beads is to provide a protective barrier. However,

the use of solid particles as emulsifiers led to the

production of opaque beads. The Pickering stabi-

lizers were therefore seen as contaminants, which

were difficult to remove, which was a substantial

disadvantage of the Pickering suspension poly-

merization process. The opportunity to fabricate

composite polymer particles that were armored

with a layer of solid, potentially functional, small

particles was mostly overlooked. Reports on

assembling particles onto emulsion droplets in

which the resulting so-called supracolloidal

structures themselves were seen as useful, for

example, in the form of semipermeable capsules

which were coined colloidosomes [5, 6], trig-

gered renewed interest in using Pickering stabi-

lizers in heterogeneous emulsion-based

polymerization techniques [7].

Pickering Mini-emulsion Polymerization

The idea of miniaturizing Pickering suspension

polymerization was first brought forward by
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Landfester and coworkers in the mini-emulsion

polymerization of styrene and 4-vinylpyridine in

the presence of silica nanoparticles, which were

added after the sonication step that generated the

mini-emulsion monomer droplets [8]. This raises

the question of whether or not the silica particles

adhere to the emulsion droplets prior, or through-

out, the polymerization reaction. Bon and

coworkers were the first to generate mini-

emulsion droplets in the presence of Laponite

clay nano-disks, which were approximately

25 nm in diameter and 1 nm in height and served

as Pickering stabilizers [9]. They reported the

first detailed mechanistic investigation of the

Pickering mini-emulsion polymerization process

[10]. They discussed the packing and partitioning

of the clay disks onto the surface of the polymer

particles, hereby showing that for a certain win-

dow of ratios of Laponite to monomer the aver-

age particle size of the armored nanocomposite

latex particles could be predicted. They also

discussed the overall polymerization kinetics by

monitoring monomer conversion versus time,

clearly showing increased rates in Pickering

mini-emulsion polymerizations with smaller

droplets as a result of compartmentalization.

One striking observation was a distinct retarda-

tion in the rate of polymerization up to interme-

diate monomer conversion, which became more

pronounced for Pickering mini-emulsion poly-

merizations with smaller droplet size distribu-

tions. Clearly, the presence of clay disks at the

surface of the droplets/latex particles influenced

polymerization kinetics.

Since then, a wide range of nanoparticles have

been explored in Pickering mini-emulsion poly-

merizations mainly to fabricate armored

nanocomposite polymer latexes. The Pickering

stabilizers used include clay disks, iron oxide,

cellulose nano-whiskers, silica nanoparticles,

and graphene oxide sheets.

The Emergence of Pickering Emulsion

Polymerization

Adding nanoparticles to influence the emulsion

polymerization process and to fabricate hybrid

nanocomposite polymer colloids is a concept

that dates back several decades and predates the

development of Pickering mini-emulsion poly-

merization. The synthesis of nanocomposite

latexes whereby inorganic nanoparticles were

encapsulated and incorporated throughout the

polymer matrix of the latex particles (raspberry

morphology) was reported in a 1980 patent by

Solc nee Hajna [11]. No referral to Pickering

stabilization is made in these emulsion polymer-

izations, and the obtained morphologies of the

nanocomposite latex particles are distinctly dif-

ferent, that is, raspberry morphologies instead of

polymer latexes armored with a layer of

nanoparticles. Long and coworkers described

the emulsifier-free emulsion polymerization of

methyl methacrylate in the presence of silica

and alumina nanosols [12]. Whereas the success-

ful encapsulation of the alumina nanosol was

accomplished, the authors stated that the silica

experiments did not lead to the desired raspberry

morphology. However, in retrospect but not

noticed and recognized by the authors, the emul-

sion polymerizations carried out in the presence

of the silica sol could have been one of the first

examples of a Pickering emulsion polymeriza-

tion. Armes et al. and Wang and coworkers

described that the emulsion copolymerization of

styrene and 4-vinylpyridine in the presence of a

waterborne nano-sized silica sol led to latex par-

ticles armored with a layer of silica nanoparticles

[13, 14]. Wu and coworkers prepared poly

(methyl methacrylate) latexes armored with sil-

ica particles by using a cationic auxiliary como-

nomer to promote attraction between the

negatively charged silica particles and the poly-

mer latex particles [15]. Amphiphilic Janus

nanoparticles were used as stabilizers in emulsion

polymerization by Walther and coworkers

[16]. Results showed a clear dependence on the

particle size distribution as a function of the

amounts of Janus nanoparticles used. The above

studies led to a better understanding on what the

influence of nanoparticles on the mechanism of

emulsion polymerization is, and from these and

other earlier works, Pickering emulsion polymer-

ization as heterogeneous polymerization tech-

nique emerged.
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Pickering Emulsion Polymerization:
A Mechanistic View

Bon and coworkers [17] and Armes et al. [18]

reported independently in 2008 on Pickering

emulsion polymerizations using silica sols as a

Pickering stabilizer and established Pickering

emulsion polymerization as a polymerization

technique. Whereas in the work of Armes a spe-

cial organically modified grade of silica sol was

used, the work of Bon showed that this was not

essential, hereby successfully demonstrating the

Pickering emulsion polymerization of methyl and

ethyl methacrylate up to 45 wt% overall solids

under batch conditions (see Fig. 1), in the absence

of auxiliary monomers, molecular surfactants, or

cationic initiators.

Whereas more reports on Pickering emulsion

polymerization start to emerge, a detailed mech-

anistic understanding on how Pickering emulsion

polymerization works and how it differs from the

conventional emulsion polymerization still has to

be developed. A current understanding is as fol-

lows and will be described briefly in two stages,

being (1) particle nucleation and (2) particle

growth.

Particle Nucleation in Pickering Emulsion

Polymerization

A good starting point is to compare particle for-

mation in Pickering emulsion polymerization

with nucleation in soap-free emulsion polymeri-

zation. In the latter particle formation occurs

through homogeneous nucleation often with lim-

ited coagulation or assembly of primary particles.

The mechanistic model for this is known as the

Hansen-Ugelstad-Fitch-Tsai (HUFT) model. Ini-

tiation of polymerization in the water phase by

reaction of a radical species, for example, a sul-

fate radical, with a monomer dissolved in the

water phase followed by successive propagation

steps leads to the formation of a polymer chain

that becomes amphiphilic first and upon further

growth will collapse on itself to form a primary

latex particle. Swelling (with monomer) and fur-

ther chain growth of these primary loci of poly-

merization in most cases lead to colloidal

instability, meaning that a number of primary

particles cluster together, eventually leading to a

constant number of growing latex particles. This

process is known as limited coagulation.

A constant number of particles indicate the end

of the particle formation stage.

Pickering Emulsion Polymerization, Fig. 1 TEM

images (scale bar = 100 nm) of (a) poly(methyl methac-

rylate) latex armored with silica nanoparticles obtained by

Pickering emulsion polymerization. Multilayered

nanocomposite polymer colloids with (b) a “hairy” outer
layer of poly(acrylonitrile) and (c) a soft shell of

poly(n-butyl acrylate). Reprinted with permission from

Ref. [17]. #2008 American Chemical Society
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In a Pickering emulsion polymerization, not

only the monomer droplets could potentially be

covered with nanoparticles serving as stabilizer

but also a considerable number of particles (if not

all) will be present in the water phase. It is logical

to see that the growing waterborne oligomers

upon the start of the polymerization process will

interact with and can thus physisorb onto the

nanoparticles. Adhesion of a radical species

leads to a hybrid primary particle. In essence the

nucleation process is comparable with soap-free

emulsion polymerization, with the addition that

now heterocoagulation events between the

nanoparticles and a growing oligomer or the

nanoparticles with a growing primary of mature

latex particle need to be taken into account. This

is crucial for the success of Pickering emulsion

polymerization. Otherwise, a blend between an

ordinary soap-free latex and the nanoparticles

dispersed in water will be the result. This inter-

action and thus wettability can be tuned by the

use of small amounts of surfactant and auxiliary

monomers or premodification of the surface char-

acteristics of the nanoparticles (see Fig. 2).

Since the presence of nanoparticles has an

effect on the particle formation stage, it is logical

to see that they play a similar role as the molec-

ular surfactants used in traditional emulsion poly-

merizations in that upon use of increased

amounts, more latex particles and thus smaller

average particle sizes of the armored latexes will

be obtained. It is important to stress that too low

amounts can lead to full coagulation and that the

influence of increasing the concentration of Pick-

ering stabilizers to large extents will lead to a

fading out effect on reduction in size of the

targeted armored latex particles. Indeed, this is

observed by Bon and coworkers when the

amounts of Laponite XLS clay are gradually

increased in Pickering emulsion copolymeriza-

tions of styrene and n-butyl acrylate [19].

Particle Growth in Pickering Emulsion

Polymerization

The growth of particles after their formation leads

to an increase in volume of polymer (and mono-

mer) and thus the surface area of the growing

particles. This leads to exposed bare surface

regions on the surface of the armored particle,

which effectively are relatively hydrophobic.

A high fraction of bare interface induces colloidal

instability and triggers coagulation events.

A main event will be heterocoagulation with a

Pickering stabilizer (nanoparticle) in the water

phase. In essence the nanoparticles are captured

by the growing latex particles, leading to a gradual

drop of the concentration of nanoparticles in the

water phase. This has been monitored quantita-

tively and modeled with excellent agreement

between experiments and theory [20]. The final

Pickering Emulsion Polymerization, Fig. 2 Cryo-

TEM images of polymer latex particles: (a) poly

(MMA-co-n-(BA)/Laponite, (b) poly(Sty-co-BA)/
Laponite, (c) poly(Sty-co-2-EHA)/Laponite, and (d)

poly(Sty-co-2-EHA)/Laponite with methacrylic acid.

Scale bars of 100, 100, 200, and 50 nm, respectively.

Reprinted with permission from Ref. [19].#2011 Amer-

ican Chemical Society
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product will be polymer latex particles armored

with a layer of nanoparticles.

Outlook

This short overview hopefully has shown that

Pickering emulsion polymerization is an interest-

ing form of emulsion polymerization that pro-

duces nanocomposite polymer latexes armored

with nanoparticles. There is a need for a thorough

mechanistic understanding of the process, and

further developments in order to achieve this are

required. For example, current technology does

not allow for armored latexes with an overall

solids content of over 50 wt%.

In addition, the use of armored latexes in

design of materials and coatings has yet to lead

to applications with a step change in performance

and innovation. Whereas some interesting fea-

tures have been found in their use in waterborne

coatings and pressure-sensitive adhesives, further

exploration is required to really establish if Pick-

ering emulsion polymerization can lead to prod-

ucts of commercial value.
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Synonyms

Bio-based plastics; Biomass-based polymers;

Biomass-originated plastics; Biomass-originated

polymers; Bio-plastics; Biopolymers; Feedstock

recycling; Mechanical recycling; Physical

recycling; Primary recycling; Secondary

recycling; Tertiary recycling

Definition

Plastic recycling is the process of recovering used

or waste plastics and transforming them into use-

ful products by methods that include depolymer-

ization (chemical recycling) and/or reprocessing

(material recycling). Depolymerization entails

changing the recovered plastics into monomer

or low-molecular-weight materials (oligomers)

by means of heating, hydrolysis, acidolysis,

etc. in order to reproduce the original plastics.

Reprocessing involves melting down the recov-

ered plastics for molding into new products dif-

ferent in form from the melted-down originals.

Bio-based polymers are materials intention-

ally made from substances derived from renew-

able biological resources. The term refers to

modern materials that have undergone more

extensive processing than classical biomaterials.

Typically, such bio-based plastics are produced

by means of a mixed process of biological fer-

mentation and chemical reactions. Bio-based

polymers are often but not always biodegradable.

Introduction

Various bio-based polymers have been devel-

oped as shown in Fig. 1 [1]. Typical bio-based

polymers are poly(lactic acid) (PLA) [2] and poly

[(R)-3-hydroxybutyrate] (PHB) [3]. Even some

typical commodity plastics have also been syn-

thesized from biomass, for example, polyethyl-

ene, polypropylene, poly(methyl methacrylate),

polyamide-4, and polycarbonate.

Generally, the bio-based polymers, because of

reactive groups in their main chains, show excellent

degradabilities: biodegradability, hydrolysability,

photolysability, and thermal degradability

(pyrolysability). Typical bio-based polymers PLA

and PHB are well known not only as biodegradable

materials but also as chemically and mechanically

recyclable materials. They can be recycled tomono-

meric rawmaterials by thermal depolymerization or

hydrolysis.When purified, the monomeric materials

can be used in the manufacture of virgin polymers

with no loss of original properties. Much effort has

been expended in the recycling of PLA and PHB to

reach the present stage where they can be ideally

depolymerized to obtain pure monomeric materials.

If polymers synthesized from renewable

resources could be re-utilized in a cyclic manner

with precise control of their depolymerization, then

an ideal recycling system could be constructed for

polymeric products, in which the resources

expended and production energy could be mini-

mized. Hence, the significance of the development

of bio-based recyclable polymers is clear [4].

Besides chemical recycling, bio-based polymer

materials can also be reprocessed through mechan-

ical recycling. The mechanically recycled materials

are generally regarded as economical substitutes for

less-demanding or cost-sensitive applications; how-

ever, there are also some examples of upgrading

recycling and specific applications of the mechani-

cally reprocessed bio-based polymers.

Here, the depolymerization properties of some

typical bio-based polymers together with the pre-

sent state of material and chemical recycling will

be reviewed.

Material Recycling of Bio-Based
Polymers

Polymers preserve their useful properties for a

finite time. However, the molecular weight
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gradually and inevitably decreases. For bio-based

polymers, this degradation can be brought about

by various environmental stimuli such as micro-

organisms, sunlight, rain, snow, wind, humidity,

or seawater. The type of degradation mechanism

of bio-based polymers depends on the kind of

environmental stimulus received.

One issue that has been raised in relation to the

recycling of bio-based polymers is contamina-

tion. It has been suggested that because

bio-based polymers are of a different origin to

regular plastics, they must be kept separate when

recycled to avoid contaminating the recycling

stream. However, since bio-based polymers

have various specific properties based on their

plant origins, they are capable of being reused

in some applications requiring environmentally

friendly materials. Here, some examples of mate-

rial recycling of PLA are introduced.

Random Degradation Mechanism

Although PLA is synthesized from renewable

resources such as starch, the production up to

the polymeric form requires much energy and

many steps (Fig. 2): i.e., fermentation and purifi-

cation of lactic acid, condensation for oligomer-

ization, thermal degradation into lactide, and

polymerization [5]. If the depolymerization of

PLA to intermediates can be achieved with high

efficiency and selectivity, it will then be possible

to reproduce PLA via the shortest and most

energy-efficient route.

Generally, in the absence of other strong acids

and bases, the polyesters undergo an autocata-

lytic random chain scission during hydrolysis as

a result of acceleration by their carboxyl end

groups [6]. For example, Pitt and Gu have

observed a kinetic relationship described by

Mnt/Mn0 = exp(�kt) on the hydrolysis of PLLA

Plastic Recycle, Fig. 1 Bio-based polymers

Plastic Recycle 1641

P



in a phosphate buffer solution (PBS) (pH 7.4),

where Mnt and Mn0 refer to the number-average

molecular weight values at time t and t = 0,

respectively. The relationship is derived from

the autocatalytic random degradation kinetics.

In order to confirm the precise kinetics param-

eters, rate constant k and activation energy Ea

values of PLLA hydrolysis, Mohd-Adnan

et al. [7] investigated the hydrolysis using high-

pressure steam in a temperature range of

100 ~ 130 �C. Exact molecular weights of hydro-

lysates were evaluated without the influence of

weight loss. The changes in molecular weight

could be successfully matched against simulation

plots generated according to the autocatalytic

hydrolysis mechanism, clearly indicating the crit-

ical point. Resulting k and Ea values were esti-

mated as 8.4 � 10�5 (100 �C) ~ 7.2 � 10�4 s�1

(130 �C) and 87.2 kJ•mol�1, respectively.

Recycling of PLA into Materials for Ocean

Businesses

Marine biological fouling, usually termed marine

biofouling, is the undesirable accumulation of

microorganisms, plants, and animals on

immersed surfaces. Such accumulations can

have dramatic economic and environmental

costs, through increased fuel consumption to

shipping, frequent dry-docking and painting for

hull maintenance, the hindering of seaweed farm-

ing, etc. In preventing marine biofouling,

effective tributyltin (TBT) self-polishing copoly-

mer paints have been the most successful. Fol-

lowing the banning of TBT as an antifoulant,

several organic booster biocides have been used

in conjunction with copper compounds in anti-

fouling paints as alternative treatments.

Nowadays, environmentally friendly alterna-

tive methods of antifouling are being actively

researched. These include treatments using

natural products, fouling-release coatings, anti-

fouling topographies, and electrical antifouling

systems [8].

To prevent the development of marine bio-

fouling, especially macrofouling, by the undesir-

able accumulation of organisms such as

barnacles, mussels, algae, etc., many kinds of

systems for slow-releasing antifoulants have

been developed. These slow-release systems

have been designed using surface-fragmenting/

self-polishing matrices, in which the matrix poly-

mers are hydrolyzed at ester groups of main and

side chains. This allows antifoulants such as agri-

cultural herbicide: diuron, cuprous oxide, and an

antibacterial molecule: chlorhexidine to be grad-

ually released during immersion time

in seawater. Some biodegradable and bio-based

polymers such as poly(3-hydroxyalkanoate)s

(PHAs), poly(e-caprolactone) copolymers, poly

(ester-anhydride), PLA, graft copolymers

containing poly(lactic acid) side chains, and

poly(e-caprolactone-co-lactide) have been

Biomass

saccharification

Glucose

fermentation

purification

L-lactic acid

Bioprocess Chemical process

oligomerization

Oligomer

pyrolysis

L,L-lactide

polymerization

PLLA

Recycling

Plastic Recycle,
Fig. 2 Production process

of PLA from biomass
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applied as environmentally benign surface-

fragmenting/self-polishing matrices to

controllably release the antifoulants. Langlois

et al. indicated that the rate of biocide release

was controlled by the amount of oligo(D,L-lactic

acid) units in the graft copolymers. On the other

hand, Faÿ et al. reported that the lower the molec-

ular weight of poly(e-caprolactone-co-lactide),
the faster the release of biocide from antifouling

paints, resulting in a decrease in the antifouling

activity.

Recently, the ability of biodegradable polyes-

ter poly(L-lactic acid) (PLLA) to function as an

anti-barnacle molecule was investigated [9]. Of

particular interest was PLLA’s slow release of

lactic acid, which due to its acidity

(pKa = 3.86) acts by inhibiting the network

formation/cross-linking reactions of cement pro-

teins at the surface layers of PLLA moldings.

PLLA applied to immersed solid surfaces in sea-

water inhibited colonization by barnacles due to

the slow-release property of lactic acid. The

effect of the molecular weight of PLLA on anti-

macrofouling activity was confirmed with the

lowest-molecular-weight PLLA producing the

lowest attaching ratio of Balanus amphitrite
cypris larvae, which are the final larval stage of

barnacles and are highly specialized to their role

of locating and attaching to suitable surfaces for

adult growth (Fig. 3). The anti-macrofouling

function of low-molecular-weight PLLA was

also confirmed in a natural sea environment.

Recycling of PLA for Agricultural Materials

Agricultural uses have been considered as prom-

ising applications of bio-based polymers. The

soil burial test has been widely used for the deter-

mination of environmental degradation of PLA.

The test simulates actual conditions found in

agricultural uses. From the results, no degrada-

tion was observed in PLLA sheets buried in soil

for 6 weeks, and only a small weight loss was

observed in PLLA even after a 20-month soil

burial test. These are typical results for PLLA

indicating its poor biodegradability, because

PLA-degrading microorganisms are not widely

distributed in the natural environment, and thus,

in this environment PLA is less susceptible to

microbial attack [10].

To investigate the degradation behavior of agri-

cultural mulching film, Copinet et al. prepared

coextruded PLA/starch films, which were

degraded under UV light treatment at 315 nm

and mineralized in three kinds of media: a liquid

medium containing no carbon source, an inert

solid medium consisting of an aluminum-

magnesium-iron silicate, and a compost medium.

The UV irradiation showed a visual degradation of

the starch part in films and had an enhancing effect

on the degradation of the PLA part to give high

biodegradation percentages of 92.4–93.4 % in the

liquidmedium, 80–83% for the inert medium, and

79.1–80.3 % for the compost processing when

compared with the results of biodegradation with-

out the initial UV treatment.

Plastic Recycle,
Fig. 3 Attachment ratios

of cypris larvae on PLLA

oligomers sheets
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It is noteworthy that PLLA was shown to

promote plant growth [11]. Hidebrandt et al.,

showed an increase in growth of marigold and

sunflower when tissue cultures were treated with

lactic acid. Tung et al. also reported significant

increases in the biomass of young sugarcane plant

treated with lactic acid. Moreover, Kinnersley

et al. reported that dry weights of duckweed and

corn were more than doubled when the

plants were grown in media containing the

dimer of L-lactic acid: L-lactoyl-lactic acid.

Increases in chlorophyll accumulation and root

growth may be due to the increased ability of

plants to assimilate nutrients after treatment

with L-lactoyl-lactic acid as a hydrolysis product

of PLLA.

Nagasawa et al. investigated raising seedling

pots as products of the material recycling of used

tractor gear grips made of PLA by injection

molding. The pots were used to raise the

seedlings of pansies, resulting in consummate

growth of pansy seedlings without any inhibitory

activity when compared with conventional mate-

rials (Fig. 4). The pansy seedlings were

transplanted into a field without taking the seed-

lings out of the pots.

Recycling of PLA into Construction Materials

of Elevated Roads and Bridges

Recently, some of the floor slabs for elevated roads

and bridges have been configured by using steel-

concrete composite floor slabs. A steel-concrete

composite floor system consisting of a bottom

steel plate as the framework with channel steel

reinforcements not only excels in terms of safety

and construction capability but also helps shorten

the construction period. Monitoring holes are used

to check that the concrete has properly filled the

steel framework and also for subsequent mainte-

nance over the long term.Monitoring caps (Fig. 5),

Plastic Recycle,
Fig. 4 Raising seedling in

a pot as material recycling

of PLA

Plastic Recycle,
Fig. 5 Monitoring cap as a

material recycling product

of PLA
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which need to be transparent and mechanically

durable during the filling and curing of concrete,

are then required to spontaneously degrade and

disappear within 2–3 years to expose the cured

concrete surface. PLA having a low molecular

weight (LMW-PLA) as a material recycling prod-

uct has suitable properties for use as the monitor-

ing cap.

The degradation behavior of the LMW-PLA

monitoring cap was examined under environ-

mental conditions designed to simulate that of

the composite floor slab. Superheated steam

treatment, UV-C irradiation, heating in the atmo-

sphere, and a repeating cold and hot stimuli test

were applied as acceleration tests of hydrolysis,

photolysis, thermo-oxidation, and physical

stressing, respectively. Although a decrease in

the molecular weight of PLA was observed dur-

ing all the acceleration tests, the degradation

behavior in each test was different. The acceler-

ated hydrolysis and thermo-oxidation proceeded

in accordance with the autocatalytic random

degradation kinetics. The accelerated photolysis

was evaluated as proceeding according to

a mixed process of autocatalytic and

non-autocatalytic random degradation kinetics.

From the comparison of racemization behavior

among photolysis, hydrolysis, and thermal deg-

radation, it was confirmed that the preferential

racemization behavior of each of these three

degradation processes is characteristic and

distinct, being identified as chain-end racemiza-

tion, poor racemization, or internal-unit racemi-

zation, respectively [12]. The cycle test under

cold and hot stimuli at 10 �C and 50 �C for

10 min each induced not only a decrease in

molecular weight in the manner of an autocata-

lytic random degradation but also a catastrophic

decrease in mechanical properties at a critical

point [13].

Obtained results were analyzed kinetically to

estimate the reaction rate constant k values and

thereby to predict the lifetime of a monitoring cap

in an environment at the underside of an elevated

road. The lifetime up to the point of disintegration

can be controlled by selecting the initial molecu-

lar weight and thickness of the PLA

monitoring cap.

Chemical Recycling of Bio-Based
Polymers

Chemical Recycling of PLA

PLA is prepared by the ring-opening polymeriza-

tion of lactides, such as L,L-, D,D-, and

meso-lactides, which are cyclic dimers of lactic

acid. In particular, PLLA prepared from

L,L-lactide is an especially well-known crystal-

line polymer. This ring-opening polymerization

is an equilibrium reaction, in which the concen-

tration of cyclic monomer is temperature depen-

dent [14]. Therefore, the lactides are regenerated

through the thermal depolymerization of PLA.

Thermal Degradation Catalysts

Some safe and effective catalysts for the thermal

depolymerization of PLA have been developed

[15]. In PLLA/alkali earth metal oxide systems,

calcium oxide (CaO) and magnesium oxide

(MgO) lowered the degradation temperature

range of PLLA, as well as completely

suppressing the production of oligomers other

than lactides. CaO markedly lowered the degra-

dation temperature but caused some racemization

of lactide, especially in a temperature range lower

than 250 �C. The racemization was avoided with

MgO in the lower temperature range. This char-

acteristic anti-racemization effect of MgO is due

to the lower basicity of Mg compared to Ca. At

temperatures lower than 270 �C, the pyrolysis of
PLLA/MgO (5 wt%) composite occurred causing

unzipping depolymerization and resulting in

selective L.L-lactide production.

Aluminum compounds have been used not

only as polymerization initiators but also as

flame retardants for PLA. Degée et al. found

that as-polymerized o-alkoxyaluminium-PLA

with Al(isopropoxide)3 had a thermal stability

comparable to purified PLA. On the other hand,

a large amount (~50 wt%) of aluminum hydrox-

ide (Al(OH)3) is required to achieve adequate

flame resistance for the PLA/Al(OH)3 composite.

Effects of Al(OH)3 on the thermal degradation of

PLLA composites have also been investigated.

The thermal stabilization of the composite was

improved at temperatures lower than 250 �C
compared to as-polymerized PLLA. This
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stabilization makes the melt processing of the

composite easier. Nevertheless, at 250–300 �C
the depolymerization of PLLA to lactides

proceeded without any racemization reaction,

selectively converting the polymer into

L,L-lactide with Al(OH)3 acting as a catalyst.

This means that the Al(OH)3 composite behaves

as a multifunctional additive, which works not

only as a flame retardant but also as a stabilizer

during melt processing at temperatures lower

than 250 �C and as a depolymerization catalyst

in a temperature range of 250 ~ 300 �C.
Based on previously reported kinetic parame-

ter values of PLLA thermal degradation, relation-

ships among temperature ranges, activation

energy values, and degradation mechanisms of

the catalytic degradation of PLLA are summa-

rized in Fig. 6 showing an activation energy map

of PLLA thermal degradation.

Selective Depolymerization of PLA in Blends

Formation of a polymer alloy is a common

way to improve the property of PLA. Many

kinds of polymers such as polyethylene, polypro-

pylene (PP), polystyrene (PS), poly(methyl

methacrylate), bisphenol-A-polycarbonate,

poly(e-caprolactone), PHB, poly(butylene succi-
nate) (PBS), poly(butylene succinate/adipate)

(PBSA), and acrylonitrile butadiene styrene

(ABS) have been used for preparing PLA alloys,

some of which have been commercialized.

To achieve selective depolymerization of the

PLA component, some polymer blends of PLA

with linear low-density polyethylene (LLDPE),

PS, PBS, and PBSA were prepared and thermally

degraded with an MgO catalyst [16]. TGA curves

of the blends clearly showed two-step weight-

loss profiles, in which MgO promoted the PLA

degradation selectively, shifting the temperature

range of the PLA component. To clarify the influ-

ence of the coexisting polymer, the thermal deg-

radation data were analyzed kinetically. From the

analytical results, it was found that even in the

presence of MgO, LLDPE, PS, and PBS, there

was no effect on the depolymerization behavior

of PLA and that PLA was effectively

depolymerized into L,L-lactide with a low race-

mization ratio (Fig. 7). However, PBSA, which

includes an adipate group as an easily degradable

unit, influenced the depolymerization of PLA,

resulting in the formation of meso-lactide. This

formation occurs because some intermolecular

reactions, including the SN2 reaction at an asym-

metrical methine carbon of PLA, may be caused

by carboxyl anions of PBSA.

Chemical Recycling of Flame-Resisting Blends

with Extruder

For the chemical recycling of PLA component in

fire–resistant polymer alloys used for electric/

electronic equipment, effects of Al(OH)3 added

as a flame retardant on the thermal

Plastic Recycle,
Fig. 6 Activation energy

map of PLLA thermal

degradation
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depolymerization of PLA component were eval-

uated with a practical twin screw extruder. As a

result of examining the conversion from the

PLA/PP/Al(OH)3 [14:56:30 (wt/wt/wt)] com-

pounds to lactide monomer, L,L-lactide purity of

90 % was achieved under a recovery ratio of

about 90 %. Furthermore, the combination of Al

(OH)3 and MgO accelerated PLLA depolymeri-

zation as a synergetic catalyst to generate

L,L-lactide.

Chemical Recycling of Poly

(3-Hydroxybutyrate) (PHB)

Poly(3-hydroxybutyrate) (PHB) is a well-known

microbial and biodegradable polymer, which is

accumulated and stored by prokaryotic microor-

ganisms at levels up to 90 % of their cellular dry

weight. PHB has been attracting much interest

from researchers not only as an environmentally

compatible thermoplastic but also as a polymeric

material obtainable from renewable resources

and with a high melting temperature of around

180 �C.
A major problem with PHB when used as a

thermoplastic is its thermal instability during

melt processing. Therefore, intense interest has

been shown in the thermal degradation of PHB

and other related poly(hydroxyalkanoate)s

(PHAs). It has been demonstrated that PHB is a

chemically recyclable material with end products

such as crotonic acid, linear oligomers having a

crotonate end group [17], and a cyclic trimer as

shown in Fig. 1. The main product is crotonic

acid as a result of b-elimination.

Effects of Alkali Earth Compounds as

Depolymerization Catalysts

In order to transform PHB into a specific mono-

mer, precise control of the thermal degradation is

crucial. In spite of the wealth of previous studies,

there are few reports thus far which focus on the

selective depolymerization of PHB into the

monomer. In cases of PHB pyrolysis without a

catalyst, the net yield of all butenoic acids (trans/

cis-crotonyl acids (CAs) + 3-butenoic acid (BA))

as main pyrolysis products ranged from 39.5 wt%

using thermal volatilization analysis to 87 total

ion count % (TIC%) using Py-GC/MS analysis.

In 2008, Ariffin et al. reported that 1H NMR

analysis of PHB pyrolyzates at 260 �C
revealed the ratio trans-CA:cis-CA:oligomers =
67.7:3.1:29.2 (monomeric unit%). Kopinke

et al. also reported on the production of a large

amount of oligomers during the PHB pyrolysis,

with the recovered monomer fraction being com-

posed of trans-CA:cis-CA:BA = 100:10:2

(GC-area%).

When pyrolysis catalysts were used in PHB

pyrolysis, Kim et al. reported the enhancement

of PHB depolymerization by CaCl2 or MgCl2.

Plastic Recycle, Fig. 7 Composition ratios of pyrolyzates from PLLA/PP (80:20 wt/wt) and PLLA/PP/MgO

(80:20:5 wt/wt/wt)
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This enhancement was explained as being due to

the Lewis acidity of Ca2+ and Mg2+ facilitating

the formation of a double bond by the elimination

of b-hydrogen. Kawalec et al. also reported on the
enhancement of the thermal degradation of PHB

by Na+, K+, and Bu4N
+ counter cations at chain

ends, proposing an E1cB mechanism.

Completely selective transformation of PHB

into trans-crotonic acid was achieved by Ariffin

et al. [18] during thermal degradation using Mg

compounds: MgO and Mg(OH)2 as catalysts.

Through catalytic action, not only the tempera-

ture and Ea value of degradation lowered by

40–50 �C and 11–14 kJ•mol�1, respectively, in

comparison with 260–300 �C and around

300 kJ•mol�1 of PHB pyrolysis without any cat-

alyst, but also significant changes in the selectiv-

ity of pyrolyzates were observed. Notably,

Mg(OH)2 and MgO showed nearly complete

selectivity (~100 %) to trans-crotonic acid.

From the kinetic simulation analyses –

random degradation and integral analyses – the

pyrolysis of PHB/MgO was shown to start by a

random degradation and gradually shift into an

nth-order weight-loss behavior. PHB/Mg(OH)2
also showed the same kinetics. These results

showed the degradation process to be random

b-elimination and/or E1cB mechanisms as the

initial processes, followed by the unzipping

b-elimination as the main degradation process,

which was accelerated by chain-end crotonate

groups.

Degradation Mechanisms

Under the pyrolysis conditions without any other

reactant from the outside, autocatalytic or auto-

accelerated random degradation may be induced

by a large number of carboxyl compounds, which

self-generate as the reaction progresses. The car-

boxyl compounds randomly attack ester

groups on polymer chains to induce transesteri-

fication, resulting in the reproduction of carboxyl

groups and a remarkable decrease in molecular

weight.

In order to induce the auto-accelerated random

degradation, carboxylic groups have to be self-

proliferated in bulk. b-elimination as the initial

process is just a self-proliferation reaction. The

unzipping b-elimination occurring at the end of

molecules, which, by precise kinetic analysis and

theoretical calculation, was suggested to be the

0th-order reaction, is just a kinetically favored

scission of polymer chains that repeatedly gener-

ate a large number of crotonic acids. These are

the key factors in the auto-accelerated random

degradation.

According to predictions based on the mea-

sured and analyzed results, an expected overall

thermal degradation pathway of PHB is illus-

trated in Fig. 8.

Plastic Recycle,
Fig. 8 Expected overall

thermal degradation

pathway of PHB
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Chemical Recycling of Bio-Based Poly

(Tetramethylglycolide) (PTMG)

PLLA has been attracting much interest from

researchers as the plastic material of choice for

sustainable systems. However, in practical appli-

cations, PLLA does have some drawbacks, such as

slow crystallization, low impact resistance,

hydrolyzability, and racemization. PLLA readily

causes racemization from an L-unit to a D-unit

in a chain under heating. Such racemization pro-

ceeds by the mechanism of ester-semiacetal

tautomerization, causing a decrease in optical

purity and crystallinity. This is a serious problem

in the reproduction of practical materials via ther-

mal depolymerization and re-polymerization.

A fundamental and complete solution to this prob-

lem requires a modification of the chemical struc-

ture of lactic acid.

In order to overcome the problems associated

with PLLA while preserving its superior proper-

ties, a bio-based and racemization-free polymer,

poly(tetramethylglycolide) (PTMG) possessing

superior depolymerizability for the reproduction,

was developed. Previously, PTMG has been syn-

thesized from petroleum by wholly chemical pro-

cesses involving the ring-opening polymerization

of tetramethylglycolide (TMG), which is a cyclic

dimer of a-hydroxyisobutyric acid (HIBA).

HIBA itself has also required preparation over

many steps from petroleum using the cyanhydrin

method for methyl methacrylate production. In

2010, a biosynthesis method of HIBA from

renewable carbons was achieved. PTMG shows

a high Tm at 185–190 �C and a characteristic

thermal degradability into methacrylic acid,

TMG, acetone, etc. However, the derivation of

PTMG from biomass and its controlled depoly-

merization into monomers, which will be

required for many commonly used polymers in

the future, has been proposed by Nishida

et al. [19].

Renewable resources: D/L-lactic acids and

pyruvic acid derived from biomasses are

employed as starting materials for the synthesis

of HIBA, which is an acyclic monomer of

PTMG. The bio-based HIBA is prepared by

methylation of the acids and then converted into

the cyclic dimer: TMG by a cyclic esterification.

The following synthesis of polymer PTMG is

carried out by a ring-opening polymerization of

TMG. The isolated PTMG showed Tm and Tg at
191 and 70 �C, respectively, about 15 �C higher

than those of PLLA. The Tg transition signal

was very weak, and the Tm peak shifted into

higher temperatures of up to 206 �C with a

corresponding increase in the heat treatment tem-

perature. The weak Tg signal and high Tm value of

PTMG suggest superior crystallization and heat

resistance, respectively.

An interesting property of PTMG is the con-

trollable depolymerization behavior into TMG

and methacrylic acid (MA). In the thermal deg-

radation of PTMG, it has been reported that

TMG, MA, acetone, etc. are recovered as volatile

products without any catalyst needed for the reac-

tion control. By using appropriate catalysts,

Sn(Oct)2 or MgO for the selective depolymeriza-

tion, the thermal degradation of PTMG was con-

trolled successfully to generate TMG (80.8 %) or

MA (80.6 %), respectively. Recovered TMG can

be used to reproduce PTMG. Another selectable

product MA was converted into a methacrylic

ester: methyl methacrylate (MMA) after an ester-

ification reaction. From the obtained MMA, a

bio-based poly(methyl methacrylate) with high

molecular weight (Mn 70,000 and Mw 238,000)

was produced by free-radical polymerization in

bulk. These results reveal PTMG as a superior

recyclable material by the virtue of its controlla-

ble conversion into each monomer.

Chemical Recycling of Bio-Based

Poly(b,L-Malic Acid)

Poly(b,L-malic acid) (PMLA) is a carboxylic-

functionalized polyester produced by biological

fermentation by Myxomycetes and certain fila-

mentous fungi. PMLA is a perfectly biodegrad-

able and biocompatible polymer with features

ideally suited to function as a drug carrier to

which tissue-specific tags can be covalently

attached.

Portilla-Arias et al. [20] reported that poly(b,
L-malic acid) was depolymerized above 200 �C
by an unzipping mechanism from chain ends with

the generation of fumaric acid (Fig. 1), which was

secondarily converted into maleic acid and
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anhydride. These aliphatic acids and anhydride

are reused to be incorporated in many chemical

products.

Summary

Many bio-based polymers are being developed

one after another. In particular, recyclable

bio-based polymers are proving to be of great

interest as important materials from both a scien-

tific and an environmental point of view. This is

because they are capable of being used as envi-

ronmentally friendly materials in some specific

applications, such as anti-macrofouling mate-

rials, pots for raising seedlings, and monitoring

caps in steel-concrete composite floor slabs.

Moreover, the bio-based polymers have the fur-

ther specific property of having excellent feed-

stock recyclability. Typically, PLLA and PHB

are quantitatively converted into L,L-lactide and

trans-crotonic acid, respectively, by using spe-

cific and environmentally friendly catalysts.
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Poly(1,1-dichloroethylene)
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Synonyms

Poly(vinylidene chloride); PVDC; Saran®

Definition

Poly(1,1-dichloroethylene) is polymer of

1,1-dichloroethylene and possesses the chemical

shown in Fig. 1. It is generally called poly(vinyl-

idene chloride) (PVDC).

Background

When SciFinder search for publications on “poly

(vinylidene chloride)” is done, ca. 10,000 refer-

ences are found as of December, 2013. Figure 2

demonstrates the numbers of references on

PVDC published by year. The number of refer-

ences by year commences to increase in the mid-

dle of 1950s, increases as the whole with

repeating increase and decrease, and finally

exceeds 400 in 2012. It is noteworthy that

ca. 80 % of references on PVDC are patents,

indicating that PVDC is an important polymer

in industry. PVDC is homopolymer of vinylidene

chloride (VDC). Because processing of PVDC is

difficult due to its lack of thermal stability, copol-

ymers rich in VDC have been widely utilized in

industry. PVDC and VDC-rich copolymers are

generally known as Saran®.

PVDC was accidentally discovered by Wiley

in 1933. In the early stage, PVDC was produced

as a greasy, dark green film. It was utilized

mainly in military uses, e.g., guard of fighter

planes against salty sea spray, protection of bul-

lets against moisture, and shoe insoles. After

World War II, VDC copolymers have been

widely utilized as packaging materials for foods

and drugs in the forms of wrap films, multilayer

films, and coated films because of the high barrier

properties (see below).

This entry describes briefly production, prop-

erties, and applications of PVDC. This entry

Poly(1,1-
dichloroethylene),
Fig. 2 The number of

references published on

PVDC by year

Poly(1,1-dichloroethylene), Fig. 1 Chemical structure

of poly(1,1-dichloroethylene) (PVDC)
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deals mainly with PVDC and partly with VDC

copolymers. Readers who are interested in more

details of VDC polymers can refer to an excellent

comprehensive article by Wessling et al. [1].

Production

PVDC is produced by polymerization of VDC

(Fig. 3). VDC is polymerized by radical or

anionic mechanism. Since anionic polymeriza-

tion of VDC requires conditions free from mois-

ture and oxygen and yields only PVDC of lower

molecular weights, PVDC is usually prepared by

radical polymerization. Because VDC possesses

two chlorine atoms on a carbon atom, unlike

vinyl chloride or other many vinyl monomers,

PVDC does not contain any asymmetric carbons

on the backbone, as can be seen in Fig. 1. Thus,

the tacticity of PVDC cannot be mentioned.

PVDC can be composed of head-to-tail, head-

to-head, and tail-to-tail structures (Fig. 4). How-

ever, PVDC is obtained dominantly in head-to-

tail fashion presumably because of the stability of

propagating radical and the polarity of VDC

based on the induction effect of two chlorine

atoms.

VDC is copolymerized by radical mechanism

with various vinyl monomers, including vinyl

chloride (VC), acrylonitrile (AN), (meth)acry-

lates, styrene, and vinyl acetate, to form copoly-

mers [2]. These VDC copolymers, especially

with VC, AN, and (meth)acrylates, are of com-

mercial importance.

In industry, VDC polymers are usually pro-

duced by emulsion polymerization and suspen-

sion polymerization. In emulsion polymerization,

VDC and other vinyl monomers are solubilized in

water using an anionic surfactant or a mixture of

anionic and nonionic surfactants, and polymeri-

zation is initiated by a water soluble initiator, e.g.,

a redox initiating system. Emulsion polymeriza-

tion of VDC yields polymers as latexes, which

are sometimes used without purification. In sus-

pension polymerization, a mixture of VDC and

other vinyl monomers is dispersed in water using

a stabilizer, e.g., modified cellulose, and the poly-

merization is initiated by a radical initiator solu-

ble in the monomer mixture. Suspension

polymerization of VDC gives polymers as small

beads (150–600 mm in size).

Properties

PVDC is crystalline presumably because of the

high symmetry of the chemical structure. Okuda

[3] and Takahagi et al. [4] studied the crystal

structure of PVDC by X-ray diffraction experi-

ments. They reported almost the same crystal

data of PVDC: the crystals are monoclinic P21
(P21 or P21/m) with lattice parameters a = 6.73

(6.71) Å, b = 12.54 (12.51) Å, c = 4.68 (4.68) Å

(fiber axis), and g = 123�35’ (123 �). The num-

ber of monomer units in the unit cell is 4, and the

density calculated for crystal is 1.957 (1.954)

g cm�3. (Here the data in parentheses were

reported by Takahagi et al. [4].) The high crys-

tallinity may be responsible for the properties of

PVDC, e.g., the poor processability.

PVDC possesses high resistance to chemicals,

i.e., PVDC is rather stable against acids, bases,

Poly(1,1-dichloroethylene), Fig. 4 Head-to-tail, head-to-head, and tail-to-tail structures of diad in PVDC

Poly(1,1-dichloroethylene), Fig. 3 Polymerization

of VDC
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and many types of chemicals. PVDC is soluble in

relatively polar organic solvents, including

hexamethylphosphoramide (HMPA), 1-methyl-

2-pyrrolidone (NMP), tetramethylene sulfoxide

(TMSO), benzonitrile, butyl acetate,

1,2-dichlorobenzene, N,N-dimethylacetamide,

and N,N-dimethylformamide [5, 6]. On the other

hand, PVDC is not soluble in water, alcohols,

carbon disulfide, chloroform, ethyl bromide, and

hydrocarbons [6]. The relationship between the

molecular weight and the intrinsic viscosity of

PVDC was determined for PVDC samples of

a molecular weight range of (0.8 � 12) � 104

at 25 �C using HMPA, NMP, and TMSO as

a solvent [7]. The K and a values in the Mark-

Hawink-Sakurada equation ([�] = KMv
a, where

[�] and Mv denote the intrinsic viscosity and

viscosity-average molecular weight, respec-

tively) are listed in Table 1.

The mechanical properties of PVDC have

been rather underexamined because it is difficult

to prepare appropriate samples presumably

because of the poor processability. On the basis

of the high crystallinity, however, PVDC of

extrusion grade shows relatively high density

(1.7 g cm�3), tensile strength (34.5 MPa), and

tensile modulus (516.8 MPa) [8].

The glass transition temperature of PVDC of

extrusion grade is �4 �C [8], and the melting

point of crystal of PVDC is ca. 190–200 �C
[9]. Since PVDC possesses a high content of

chlorine, PVDC shows a higher flame resistance.

However, when PVDC is heated above

ca. 120 �C, PVDC undergoes degradable dehy-

drochlorination [1]. In addition, dehydrochlori-

nation proceeds faster in polar solvents.

The most important feature of PVDC is its

high barrier properties. In PVDC, the permeabil-

ities of various gases, water, and odorous

materials are very low. These observations may

indicate that PVDC possesses only pores of small

free volumes presumably because of the high

crystallinity and density. The permeabilities of

representative permeants in PVDC are summa-

rized in Table 2 [10].

Applications

Using the high barrier ability for gases, moisture,

and odorous materials, VDC copolymers were

widely applied to packaging materials, e.g.,

food wrapping materials, multilayer films, and

coated films. VDC copolymers are also used as

fibers, e.g., brushes, artificial grasses, filters for

water treatment, fish nets, and doll hairs. VDC

copolymers in latex form are also used as lacquer

paints.
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Synonyms

Poly(2-propenoic acid)

Definition

Poly(acrylic acid) (PAA) is a polymer of acrylic

acid, which has a carboxylic group on each

monomer unit. This polymer becomes

a polyelectrolyte in water via dissociation of the

acid groups.

Chemical Structure and Synthesis

Poly(acrylic acid) (PAA) has a carboxyl group on

every two carbon atoms of the main chain. It has

high negative charge density when all carboxyl

groups dissociate. This polymer and poly(sodium

acrylate) (NaPAA) are thus one of the most abun-

dantly used water-soluble anionic polyelectro-

lytes, e.g., dispersing agent, superabsorbent

polymer, ion-exchange resin, etc. Furthermore,

due to low toxicity, they are used as a food addi-

tive. They are synthesized industrially by radical

polymerization of acrylic acid or sodium acrylic

acid as shown in Fig. 1. Therefore, the molar

mass distribution of the resultant polymer is

broad.

PAA having narrower molar mass distribution

can be synthesized by hydrolysis of a narrow-

dispersed poly(tert-butyl acrylate) sample as

shown in Fig. 2. The poly(tert-butyl acrylate)

sample is synthesized by anionic [1] or controlled

radical polymerization [2, 3]. This method makes

it possible to synthesize many kinds of PAA

containing block copolymers composed of poly-

styrene, poly(2-vinylpyridine), poly(methyl

methacrylate), and poly(n-butyl methacrylate)

[4] as well as regularly branched polymers, that

is, star and comb polymers [5].

Recently, PAA samples in which dispersity

index, that is, the ratio of weight-average to

number-average molar mass, is ~1.1 can be pur-

chased as research grade reagents. The

abovementioned PAA and NaPAA samples are

all atactic, but isotactic PAA is synthesized from

isotactic poly(tert-butyl acrylate) [6].

Physical Properties

Both PAA and NaPAA are noncolored glass-like

solid at room temperature, and the glass transition

temperature of the former is 106 �C, and the latter
cannot be determined directly because it is too

high but can be estimated to be 230 �C from the

extrapolation of copolymer data [6]. PAA is sol-

uble in water, alkali water, alcohols, formamide,

and dimethylformamide. 1,4-Dioxane and 0.2 M

aqueous HCl were reported as theta solvents of
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PAA in which polymer chains behave as ideal

chains. It should be noted that the theta solvents

are classified as in between good and

non-solvents. For NaPAA, 1.5 M aqueous NaBr

at 15 �C and 1.12 M aqueous NaSCN at 30 �C are

reported to be theta solvents [6].

Behavior in Aqueous Solution

Most of carboxyl groups of PAA do not dissoci-

ate to –COO� + H+ in water at neutral pH and in

1,4-dioxane because it is a typical weak acid as is

the case with acetic acid (CH3COOH). Since C–C

bonds on the main chain are quite rotatable at

room temperature, the chain structure in

1,4-dioxane is rather close to the random coil.

Indeed, the characteristic ratio C1 (an indicator

of polymer dimensions) is 6.7 in 1,4-dioxane at

30 �C. It should be noted that C1 is defined

as <r2>/2n l2, where <r2> and l denote the

unperturbed mean-square end-to-end distance of

the polymer and the length of the C–C bond of the

main chain, respectively. The degree of dissocia-

tion increases with neutralization by sodium

hydroxide. Indeed, almost all the –COONa

groups for NaPAA dissociate in water. NaPAA

in aqueous solution behaves as a typical

polyelectrolyte, that is, one polymer chain has

n negatively charged groups on each 0.25 nm of

the polymer chain. Since long-range electrostatic

repulsive force between two anionic groups sub-

stantially expands the polymer chains, solution

viscosity is much higher than the random coil

solution with the same concentration and poly-

mer chain length. This indicates that NaPAA

and/or partially neutralized PAA having high

molar mass is useful as a thickening agent. In

actuality, it is used in poultices to keep some

medicine on the human skin.

Cross-Linked NaPAA
(a Superabsorbent Gel)

If an appropriate cross-linking agent is added in

the polymerization process of NaPAA or PAA, or

an appropriate dose of g-ray is irradiated to an

aqueous PAA solution, the resultant polymer is

no more dissolved in water, and thus, the hydro-

gel is obtained because the molar mass of each

molecule thus prepared is extremely high; ide-

ally, one gel particle consists of a few molecules.

Even in this case, significant repulsion force

arises between NaPAA part chains with adding

water. This hydrogel may absorb water at most a

Poly(acrylic acid) (PAA), Fig. 1 Chemical structures of poly(acrylic acid) (PAA) and poly(sodium acrylate) (NaPAA)

Poly(acrylic acid) (PAA),
Fig. 2 Polymerization of

tert-butyl acrylate and

hydrolysis
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thousand times of its weight (Fig. 3) depending

on the degree of cross-linkage. This

superabsorbent gel is used as disposable diapers,

cold gels, water retention agents, and so on.

Cross-linking of PAA is also used to prepare

nanogels. For example, PAA nanogel can be

obtained from g-ray irradiation for PAA in

water [7] or for poly(isoprene-b-acrylic acid)

polymer micelles in water [8, 9]. In these pro-

cesses using g-ray irradiation, some PAA frag-

ment chains abscise since hydroxyl radicals

yielded by g-ray irradiation both cross-link and

disconnect the PAA chains.

Aqueous Solution with Monovalent
Salt System

If the concentration of counterion (ionic strength)

increases, the repulsion force and the chain

dimension decrease with increasing the ionic

strength as schematically shown in Fig. 4.

Nagasawa et al. [10] reported ionic strength

dependence of intrinsic viscosity of NaPAA in

aqueous sodium chloride, where the intrinsic vis-

cosity is an indicator of polymer dimensions. The

resultant intrinsic viscosity steeply decreases

with increasing ionic strength (or salt concentra-

tion). Indeed, the value for NaPAA with

Mw = 2 � 106 in 0.005 M NaCl is about

60 times larger than that in 4.17 M NaCl. In

other words, solution viscosity of aqueous solu-

tion of NaPAA extremely decreases with adding

salt having monovalent cation, such as Li+, Na+,

K+, and Cs+. Viscosity index, the slope of double

logarithmic plot of intrinsic viscosity

vs. molecular weight, is 0.89 in 0.0025 M aque-

ous NaBr, and it decreases with increasing the

concentration of NaBr and reaches 0.5 in 1.5 M

solution [10]. The value of C1 was reported to

be 11.1, which is a slightly larger value than that

for PAA in 1,4-dioxane (6.7). This indicates that

the repulsion force including electrostatic inter-

actions between monomer units apparently dis-

appears in 1.5 M aqueous NaBr (theta solvent); it

should be noted that NaPAA solution with higher

ionic strength becomes phase separated; visually

the solution becomes turbid. In other words, the

capacity of water in the abovementioned

superabsorbent gel depends significantly on the

ionic strength. Numerous theoretical works were

done to explain this phenomenon, and the ten-

dency was explained by using some approxima-

tion [11]. However, it is still difficult to explain

the solution data quantitatively. One reason is

that since NaPAA has very high electron density

Poly(acrylic acid) (PAA), Fig. 3 Superabsorbent gel

consisting of NaPAA with water

Poly(acrylic acid) (PAA), Fig. 4 Schematic representa-

tion of NaPAA in pure water and saline solution
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(4 nm�1 for NaPAA), counter ions should be

located nearby the chain. This phenomenon is

called the Manning condensation. For more

details on this problem, see Refs. [11] and [12].

Aqueous Solution with Multivalent
Salt System

Attractive interaction between anions and cations

strongly depends on the valence of the salt. Thus,

some multivalent cations strongly interact with

anionic groups of NaPAA and stable complex

may be yielded, that is, a chelation. This part

usually strongly decreases the repulsion force

between two NaPAA chains, and indeed with

adding aqueous calcium chloride (CaCl2) solu-

tion in aqueous NaPAA or PAA, hydrogel or

precipitation is found even though the CaCl2
solution is quite dilute, for example, molar con-

centration is 0.1 M. This chelating behavior is

used as to remove multivalent cations such as

Ca2+ and Mg2+ from aqueous systems. In actual-

ity, NaPAA is used as detergent builder and

remover of calcium carbonate scale. If the cation

is a polymer, that is, polycation, such as

polyvinylamine, permanent strong complex is

obtained (polyion complex). Size of the complex

strongly depends on the composition. Generally,

precipitate of polyion complex can be obtained if

the molar ratio of anionic and cationic groups is

equivalent. Using this phenomenon layer-by-

layer self-assembly of polyelectrolytes is well

investigated. This self-assembly is applied on

flat surfaces, colloidal particles, and cylindrical

systems to obtain high-performance membrane

on the surface [13]. NaPAA and PAA are also

adsorbed by the microparticles as shown in Fig. 5.

If a sufficient number of the polymer chains are

adsorbed, the particles are dispersed because of

the strong repulsion force between NaPAA

chains. Thus, PAA and NaPAA are used as

dispersion agent.

Related Entries

▶ pH-Responsive Polymer
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Definition

Poly(arylene ethynylene)s are a class of conju-

gated polymers consisting of aromatic units

connected by triple bonds.

Background

Conjugated semiconducting polymers are at the

forefront in polymer science, since these

materials combine the processability and

mechanical properties of polymers with the read-

ily tailored optoelectronic properties of organic

molecules. The potential use of these “organic

semiconductors” in light-emitting diodes

(LEDs) [4, 5], field-effect transistors (FETs) [7],

and photovoltaic cells [6, 17] have especially

motivated the development of synthetic and

processing protocols for conjugated macromo-

lecular materials with unique field-responsive

properties [11, 13, 15].

The distinctive electronic and physicochemi-

cal characteristics of conjugated polymers are

governed by the nature of the polymer backbone

and also by the intermolecular interactions.

In the case for all classes of conjugated polymers,

the field-responsive electronic as well as

photophysical properties are a direct conse-

quence of delocalized chemical bonding [14].

The overlap of p orbitals on successive carbon

atoms enables the delocalization of p-electrons
along the polymer backbones. The multiple

atomic orbitals in the conjugated polymers trans-

late into a large number of molecular orbitals,

which form a band of energies. In a metal, this

energy band is a continuum, due to a high density

of electronic states with low binding energy elec-

trons. These electrons can freely redistribute and

under an applied electric field move easily from

atom to atom. H€uckel’s theory predicts that in

conjugated polymers, the p-electrons are

delocalized over the entire chain. Hence, the

electronic properties can also be well described

by a continuous energy band. However, as

a result of the Peierls instability, the density of

p-electrons in conjugated organic molecules is

not the same between all atoms; there is

a distinct alternation between single- and

multiple-bond character [14, 15]. Consequently,

the electronic properties of conjugated polymers

in their neutral oxidation state are usually better

described by a filled conduction band (p-band,
bonding) formed by the highest occupied molec-

ular orbitals (HOMOs) and an empty valence

band (p*-band, antibonding) formed by the low-

est unoccupied molecular orbitals (LUMOs).

Because the energy difference between the

highest occupied and the lowest unoccupied
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band, referred to as band gap (Eg), is usually not

near zero and because there are no partially filled

bands, conjugated polymers are typically semicon-

ductors in their undoped state. Eg depends on the

molecular structure of the polymer’s repeat unit

and can be controlled via modification of the latter.

Among a plethora of materials platforms, poly

(arylene ethynylene) (PAE) derivatives have

attracted the attention of numerous research

groups [1, 18]. PAEs consist of arene moieties

separated by alkyne groups in the polymer back-

bone. The connection of these moieties results in

an alternating sequence of single and multiple

bonds and gives rise to p-conjugation along the

macromolecules. PAEs are closely related to poly

(arylene)s (PAs), poly(arylene vinylene)s

(PAVs), and poly(diacetylene)s, which all repre-

sent important classes of conjugated polymers

(Fig. 1) [18]. Although these materials utilize

similar structural motifs, they display quite dis-

tinct electronic and photophysical properties. The

chemical structure of PAEs can readily be tai-

lored by altering the arene moiety, the connectiv-

ity (e.g., meta vs. para substitution), the

introduction of heteroatoms or metals, the nature

of solubilizing side chains, and the non-covalent

interactions with metals. The possibility to

integrate conjugated moieties other than arylenes

and ethynylenes (e.g., vinylene groups,

nonconjugated aliphatic spacers, etc.) represents

another synthetic tool, which leads to PAE copol-

ymers. These structural changes allow one to

tailor the property matrix of these polymers

over a wide range. Numerous PAEs and PAE

copolymers have been reported in the last few

decades, and this family of materials has

established itself as an important class of conju-

gated polymers with interesting electronic and

photophysical properties.

Synthetic Protocols

The most utilized protocol for synthesis of

poly(arylene ethynylene)s employs the

Heck–Cassar–Sonogashira–Hagihara palladium-

catalyzed cross-coupling reaction – widely

utilized for C(sp2) � C(sp) bond formation –

between an aromatic diyne and an aromatic

dihalide (Fig. 2) [1, 18]. This synthetic protocol

is versatile and is compatible with a variety of

functional moieties. The reactions yield good

results when performed in an organic base such

as diisopropylamine, triethylamine, or piperidine

as cosolvent and (PPh3)2PdCl2 or (PPh3)4Pd

as the catalyst. The use of CuI as cocatalyst

accelerates the reaction, and lower reaction tem-

peratures are made possible. Although the precise

reaction mechanism is still unknown, the widely

accepted mechanism involves two independent

catalytic cycles, as shown in Fig. 2 [3]. The

oxidized Pd catalyst is inactive, and formation

of a Pd0L2 complex occurs in the reaction

mixture. The reduction is facilitated either by the

utilized ligands and solvents or by the copper

acetylides (A).

In the first cycle, copper acetylides (A) are

formed by abstraction of the acetylenic proton.

Since the utilized amines are not basic enough for

abstraction of the proton, the formation of

a p-alkyne–Cu intermediate with a more acidic

acetylenic proton is also possible. In the second

cycle, rapid oxidative addition of the aryl halide

to the Pd0L2 occurs. This is followed by the rate-

determining transmetallation step to form the

diorgano-Pd species (B). This species undergoes

reductive elimination with the formation of

C(sp2)�C(sp)-coupled product and regeneration

of the active Pd catalyst. The reactivity of the aryl

halides for the reaction is aryl iodide > aryl

triflates � aryl bromides � aryl chlorides.

Iodoarenes are thus preferred candidates for the

cross-coupling reactions. Since the active Pd cat-

alyst is an electron-rich species, electron-

withdrawing substituents on the aryl halide

improve the reaction rate and yield. By

performing the reaction in an emulsion,

nanoparticles of PAEs can also be synthesized.

PAEs containing organometallic complexes in

Ar Ar
Ar

n nn

PAE PAVPA

n

PDA

Poly(Arylene Ethynylene)s, Fig. 1 General schematic

structures of poly(arylene ethynylene)s (PAEs), poly

(arylene)s, poly(arylene vinylene)s (PAVs), and poly

(diacetylene)s (PDAs)
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the backbone are synthesized using this protocol.

The use of a trifunctional monomer in conjunc-

tion with the bifunctional monomers affords

cross-linked and hyperbranched PAEs. Water-

soluble PAE-conjugated polyelectrolytes

(CPEs) can also be synthesized using this proto-

col. Typical ionic groups in the side are carbox-

ylates (CO2
�), sulfonates (SO3

�), phosphonates
(PO3

2�), and quaternary ammonium (NR3
+).

Although this reaction protocol is suitable for

a variety of functional moieties, exposure of the

reaction mixture to oxidative agents or air leads

to formation of butadiyne defects and side prod-

ucts through Glaser coupling of the terminal

alkynes.

High-molecular-weight PAEs with well-

defined end groups can also be synthesized

using acyclic diyne metathesis polymerization

(ADIMET, Fig. 3) [1,18,19]. A Mortreux-type

catalyst system (Mo(CO)6 and 4-chlorophenol

or 2-fluorophenol) is typically utilized for

the synthesis at elevated temperatures

(130–150 �C). In a typical ADIMET protocol,

the polymerization of dipropynylarene under the

reaction conditions occurs due to in situ forma-

tion of Schrock-type molybdenum carbyne inter-

mediate as the active catalyst affording the PAE

and a side product 2-butyne. Although this strat-

egy affords high-molecular-weight and well-

defined PAEs, it is highly sensitive to the nature

of the utilized arene and works well for hydro-

carbon moieties. However, sluggish reaction

rates are observed for heteroatom-containing

monomers systems. PAE macrocycles are also

synthesized using this synthetic protocol.

Controlled catalyst transfer polycondensation

can also be utilized for the synthesis of well-defined

PPEs with relatively low dispersities [10]. Mecha-

nistically, this type of polycondensation is similar to

the Pd-catalyzed cross-coupling discussed above.

However, in this case, the oxidative addition of

the catalyst occurs intra-chain. This consequently

gives rise to the “living” chain-growth-type charac-

teristics of the obtained polymers.

Poly(Arylene
Ethynylene)s,
Fig. 2 Synthetic scheme

for Heck–Cassar–

Sonogashira–Hagihara

Pd-catalyzed synthesis of

PAEs (top) and the reaction
mechanism (bottom)

Poly(Arylene
Ethynylene)s,
Fig. 3 ADIMET synthesis

of PAEs
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Structure and Properties of PAEs

The oligomeric PPEs are rigid rods in solution,

and their molecular weights determined by gel

permeation chromatography (GPC) are

overestimated by a factor of around 2. However,

for higher molecular weight PPEs, the polymer

chains in solution are not rigid rods. High-

molecular-weight PPEs rather have conforma-

tions between a random coil and a rigid rod.

A typical PPE displays a persistence length of

around 15 nm [1, 18]. This means that short

oligomeric segments in the PPE chain act as

rigid rods, and the polymer chain is random coil

comprised of these rigid segments. Upon com-

plete reduction of the triple bonds in PPE, the

number average molecular weight determined

using GPC is reduced by a factor of around 1.4,

which indicates a conformation change to that of

a flexible coil.

PAEs are typically wide-band gap semicon-

ductors and display absorption maxima in the

350–550 nm range in solution [1, 18]. Typically,

it has been observed that electron-donating sub-

stituents induce a bathochromic (red) shift in the

absorption spectra. On the other hand, electron-

withdrawing substituents do not have

a significant effect on the absorption spectra.

The utilization of electron-poor monomers in

conjunction with electron-rich comonomers

affords donor–acceptor-type PAEs which display

marked shift in the absorption maximum

(>490 nm) [1, 18]. Due to a disruption in the

conjugation, meta-linked PAEs display

a hypsochromic (blue) shift in the absorption

maximum as compared to their para-linked ana-

logues. The optical properties of the meta-linked

PAEs are dependent on the utilized solvent as the

polymer conformation can significantly change

from a random coil to a helix. In solution, the

PAE repeat units can readily rotate around the

alkyne moiety because of the low barrier of

around 1 kcal/mol. In the solid state,

a bathochromic shift in the absorption maximum

is observed for the PAEs due to the

coplanarization of the arene moieties. As an

exception, for PAEs with bulky substituents, the

red shift in the solid-state absorption maximum is

relatively modest due to sterically induced

coplanarized backbones in the solution.

The PAEs are known for their high fluores-

cence quantum yields, which make them a good

candidate for a variety of applications. These

polymers display quantum yields as high as 0.86

in solution and 0.36 in solid state [1, 18]. Typi-

cally, the PPEs with alkoxy or alkyl side chains

display a yellowish-green fluorescence. How-

ever, for PAEs containing donor and acceptor

moieties, the emission maximum can be signifi-

cantly red shifted. The meta-linked PAEs

display a blue-shifted photoluminescence owing

to the loss in conjugation. Anionic and

cationic CPEs with the same backbone display

similar photophysical properties. The absorption

and emission characteristics of the CPEs

however are dependent on the nature of the sol-

vent. Typically, the CPEs are soluble in polar

organic solvents, however, start aggregating in

water causing a bathochromic shift in the

absorption maximum and quenching of

fluorescence [8].

Although the optical properties of PAEs have

been extensively investigated, the electronic prop-

erties of PAEs have received limited attention.

PPEs display high ambipolar charge transport.

PPEs with ethylhexyloxy and octyloxy side chains

display hole and electron mobilities of the order of

10�3 cm2V�1 s�1. The charge transport in conju-

gated polymers occurs via intra-chain and

inter-chain charge transport. The inter-chain

charge transport is significantly lower that intra-

chain charge transport for a typical disordered

system. PPE–Pt0 networks cross-linked by the

coordination of the zerovalent Pt with two alkyne

moieties display ambipolar charge carrier mobil-

ities an order of magnitude higher (10�2

cm2V�1 s�1) than the linear polymers at low fields

[9]. Electrical conductivity is one of the distinct

properties of conjugated polymers. Chemical and

electrochemical doping of the PPEs has resulted in

electrical conductivities around 70 Scm�1 upon

doping with SO3 vapors [18].

The exciting photophysical properties of

PAEs have enabled their applications as

active materials in optoelectronic devices and

sensors.
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Organic Light-Emitting Diodes

The high fluorescence quantum yields in solution

and solid state as well as their good photostability

makes PAEs excellent candidates for application

in LEDs. These devices consist of a thin film of

the organic semiconductor sandwiched between

a transparent anode (typically indium-doped tin

oxide layer) and a metallic cathode having dis-

similar work function. The built-in field

(difference in the electrode work functions)

gives rise to the diode device characteristics.

Upon application of an external field, holes and

electrons are injected into the organic semicon-

ductor. These can combine to give a singlet

excited state, similar to the one created during

photoluminescence. Emission of a photon can

occur upon symmetry permitted relaxation to the

ground state. This phenomenon of nonthermal

emission of a photon is termed as electrolumines-

cence (EL). PPEs containing alkoxy side chains

display yellowish-green electroluminescence

(lmax = 532 nm, Fig. 4) with a high onset voltage

(10 V) and brightness up to 80 cd/m2 [18].

The low-lying HOMO of the PPEs hinders effi-

cient hole injection into the active layer. The uti-

lization of a hole transport layer as well as an

electron transport layer improves the device per-

formance with a significantly lower 4.5 V onset

voltage and considerably higher brightness of

257 cd/m2. The PPE–PPV copolymers also dis-

play similar EL characteristics as the PAE devices.

The emission maximum from the LED can be

tuned by altering the functional groups in the poly-

mer backbone. A number of heteroaromatic

comonomers have been incorporated in the PPE

backbone, and each displays a distinct LED device

performance which is closely related to the

photoluminescence properties of the polymer.

Electron-rich and electron-poor comonomers

which form a donor–acceptor-type PPE typically

display a bathochromic shift in the EL due to

aggregation and excimer formation. Meta-linked

PPEs display blue EL due to the reduced conjuga-

tion. Although the device performance is inferior

to the LEDs fabricated with PPVs or

polyfluorenes, PPE devices display superior sta-

bility. PPEs blended in a nonconjugated host poly-

mer can be oriented in a specific direction by

orientation of the matrix polymer. These oriented

PPEs then display plane-polarized photolumi-

nescence and can be utilized in twisted nematic

liquid crystalline displays. Polarizing energy

transfer from an unoriented dye to the oriented

PPE doped in a host polymer can also be achieved

for improving the emission characteristics of the

system.

Chemosensing and Biosensing

The excellent photophysical properties coupled

with ready tailorability of the polymer backbone

and processability renders PAEs as ideal candi-

dates for applications in a variety of sensors [16].

The exciton (electron hole-bound pair) generated

upon absorption of a photon can relax back to the

ground state through various radiative and

non-radiative relaxation pathways. In the presence

of a moiety with higher electron affinity, this elec-

tron can be transferred to it. This photoinduced

electron transfer leads to a quenching of the

photoluminescence and is employed in fluores-

cence “turn-off” sensors. On the other hand, the

increase in photoluminescence upon interaction

with a moiety is employed in fluorescence “turn-

on” sensors. For a solution of luminescent organic

dyes, multiple interactions with the analyte are

necessary for effective fluorescence quenching of

the solution. In conjugated polymer as the elec-

trons are delocalized over the entire polymer

chain, a single interaction with the analyte is capa-

ble of quenching the fluorescence of the whole
Poly(Arylene Ethynylene)s, Fig. 4 Photograph of

a working ITO/ethylhexyloxy-octyloxy PPE/Al LED
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chain (Fig. 5) [12]. This significant amplification

in fluorescence quenching was first exemplified

using cyclophane containing PPEs as the sensing

element and paraquat as the analyte. This concept

was then applied for sensitive detection of explo-

sive nitroaromatic compounds such as

2,4-dinitrotoluene (DNT) and 2,4,6-trinitrotoluene

(TNT). PAEs containing three-dimensional bulky

pentiptycene moieties display highly sensitive

reversible detection of DNT and TNT. The bulky

pentiptycene moieties reduce the p-stacking of

PPEs in solid state and enhance the sensitivity.

A number of PAE derivatives have been devel-

oped and utilized for chemosensing of various

analytes [18]. The sensors based on conjugated

polymers for detection of explosive vapors have

matured into commercially available sensor mod-

ules that are deployed in field.

By incorporation of a variety of ligands in the

side chains as well as the main chain of PAEs,

sensing of metal ions is made possible. The coor-

dination of themetal ionswith the ligand introduces

a trap state which leads to quenching of the fluo-

rescence. The ability of metals for quenching the

photoluminescence is employed in “turn-on” sen-

sors for detection of a variety of biological analytes.

This is achieved through indicator displacement

assays (IDAs), where anionic PAEs electrostati-

cally deposited on a metal nanoparticle display

fluorescence quenching [2]. Upon introduction of

a biological analyte to the assay, the PAEs are

displaced by the biological moiety. The solubilized

PAEs display a fluorescence signal for the subse-

quent detection (Fig. 6). This strategy is utilized for

detection of proteins; distinguish between healthy,

metastatic, cancerous, and murine mammalian

cells; as well as differentiate between different

species and strains of bacteria. CPEs are also uti-

lized for turn-on detection of peptide sequences as

well as turn-off enzyme assays [8].

Organic Photovoltaic Devices

Efficient photovoltaic performance requires mate-

rials with broadband absorption spanning the vis-

ible and near infrared region of the solar spectrum,

high charge carrier mobilities, and optimal frontier

molecular orbital energy levels along with other

important morphological requirements. PAEs dis-

play high charge carrier mobilities, and the poly-

mer backbone can be readily tailored. However,

PAEs typically display wide-band gaps which

have resulted only in modest efficiencies in bulk

heterojunction solar cells. Recently, CPEs are

Poly(Arylene Ethynylene)s, Fig. 5 Band diagram

depicting photoinduced electron transfer to the quencher

molecule resulting in fluorescence quenching

Poly(Arylene Ethynylene)s, Fig. 6 Schematic depic-

tion of fluorophore-displacement cell-detection array.

Displacement of quenched fluorophore polymer (dark

strips, fluorescence off; light strips, fluorescence on) by

a cell with concomitant restoration of fluorescence
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being utilized as sensitizers in dye-sensitized solar

cells with iodide/triiodide as the redox couple

[8]. For un-optimized devices, a 0.6 V open-circuit

voltage, 2.7 mA/cm2 short-circuit current density,

and 0.9 % power conversion efficiency are

obtained.

Summary

Over the past few decades, PAEs have matured

into an important class of conjugated polymers.

The ready tailorability of the polymer structure

for obtaining diverse field-responsive character-

istics makes this class of materials highly attrac-

tive. PAEs are at the forefront in research of

display, chemosensor, and biosensor technolo-

gies. PAE-based conjugated polyelectrolytes are

also interesting class of materials. With recent

application in photovoltaic cells, the utilization

of PAEs in optoelectronic devices other than

LEDs has just begun. Further applications in

organic electronics are still waiting to be realized.

Using the facile synthetic protocols and

a modular approach, many exciting possibilities

for the synthesis of functional and application-

specific unique structures of PAEs await.
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Synonyms

Light-emitting polymer; MDMO-PPV; MEH-

PPV; Polymer light-emitting diode; PPV

Definition

Poly(arylene-vinylene)s are a class of lumines-

cent polymers that has an aromatic ring (either
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a simple benzene ring or heterocycles) and

a vinylene unit attached as the repeat unit. They

are the first class of polymers that demonstrated

electroluminescence.

Introduction

Poly(arylene-vinylene)s (PAVs) are an interest-

ing class of semiconducting polymer materials

due to their luminescent properties. The first

polymer light-emitting device constructed in

1990 was, in fact, derived from a PAV – poly

(phenylene vinylene) (PPV) [1]. Since then, dif-

ferent polymers based on the arylene vinylene

archetype have been developed for different pur-

poses. Meticulous choice of a synthetic route is

critical in achieving high-performance PAVs for

specific applications.

Synthetic Routes for PAVs

The synthetic routes for PAVs can be classified

into two widely used classes: precursor route and

direct route. One of the general differences

between the two routes is the solubility of the

PAV that will be obtained, that is, both soluble

and insoluble polymers can be obtained via the

precursor route, while only soluble polymers can

be obtained via the direct route. Soluble PAVs are

commonly used in the fabrication of organic elec-

tronic devices due to its ease of processability.

However, in multilayer devices, the use of

organic solvents for processing can cause disso-

lution of an already-deposited layer or polymer

swelling if soluble PAVs are used. Insoluble

PAVs are much preferred for such applications.

Poly(phenylene vinylene) has been chosen as

a prototypical PAV in all the synthetic routes

that will be presented. While most of the methods

that will be presented hereon can be generally

used to access other PAVs, others are too harsh

or substrate dependent, and, therefore, judicious

choice of method is recommended.

Precursor Route

A common feature of all precursor routes is the

formation of p-quinodimethane 2, the active

propagating monomer. This intermediate is

unstable but can be formed in situ from a base-

catalyzed elimination of a leaving group. The

nature of the leaving group depends on the type

of precursor route. After the leaving group has

been removed, another functional group called

the polarizer is left on the monomer. This

species will undergo polymerization to form

the nonconjugated precursor polymer 4, with the

polarizer still attached until the formation of the

conjugated PAV polymer 5. While the formation

of the p-quinodimethane intermediate was well

known by spectroscopy, the polymerization

mechanism was not well understood. The main

dilemma was whether the polymerization

proceeded via radical polymerization or anionic

polymerization took a long time to be resolved

(Fig. 1). It was soon realized that reaction condi-

tions played a crucial role in determining the

Poly(arylene-vinylene)s, Fig. 1 Simple mechanism for precursor route (Lg leaving group, Pz polarizer, B� base)
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polymerization pathway. The observation of

a bimodal distribution of polymer molecular

weights suggests that, under specific conditions,

both radical and anionic polymerizations can

simultaneously take place with the latter being

responsible for the low molecular weight mate-

rial. Appropriate control of reaction conditions

can, however, let one mechanism dominate over

the other.

The Gilch route (Fig. 2) proceeds by

1,6-dehydrohalogenation of a a,a0-dihalogenated
p-xylene 6 with 1.0 equivalence of a strong base,

such as KOtBu, to form the chlorinated

p-quinodimethane 7. Spontaneous dimerization

of 7 leads to formation of biradicals, which initiates

radical chain growth polymerization and gives the

chloro precursor polymer 8. Finally, excess base or

high-temperature heating can form the conjugated

polymer 5. Alternatively, the addition of excess

base to 6 can form the conjugated polymer without

isolation of the precursor polymer, which is more

attractive for industrial scale-up.

There are, however, several drawbacks using

the Gilch method. Strong physical gelation com-

monly occurs, which can lead to insoluble poly-

mer gels. Polymer chains can be disentangled by

heating the gel at high temperatures (100 �C) for
several hours. In addition, polymer backbone

defects are prevalent using this method. During

the polymerization propagation step of the pre-

cursor polymer, nonregioregular coupling of the

monomer, i.e., tail-to-tail and head-to-head cou-

plings (Fig. 3), forms defect sites, which can

affect the optoelectronic properties of the poly-

mer. Soluble derivatives of precursor 8, by

adding either solubilizing groups (typically long

chain alkoxy or alkyl groups) on the vinylic bond

or aromatic ring, are required as unsubstituted

chlorine precursor polymers are generally insol-

uble in common organic solvents.

Since the original patent publication of the

Wessling route in 1968, a number of different

variations on leaving group based on the sulfo-

nium substituent have emerged. The Wessling

route uses a bisulfonium salt 7 as the

pre-monomer material (Fig. 4). It can be easily

accessed by substitution of tetrahydrothiophene

from a a,a0-dichloro-p-xylene derivative. The

polymerization mechanism for this route has

been established as a radical polymerization.

There are several drawbacks in using this

route. Due to the highly electrophilic character

of the sulfonium group, a number of different

undesirable reactions can happen, which includes

premature elimination during polymerization that

can lead to sp3 defects on the polymer backbone.

Electron-deficient conjugated precursors are gen-

erally not amenable for theWessling route, which

sets out restrictions to the nature of polymers that

can be synthesized. The final conjugated polymer

can be obtained after thermal treatment of the

precursor polymer. Elimination products besides

the conjugated polymer, such as hydrochloric

acid, are undesirable to optoelectronic devices

and, therefore, should be removed prior to device

fabrication.

The sulfinyl route [2] was first developed by

Vanderzande and co-workers to allow access to

other PAV polymers (Fig. 5). Compared to the

Gilch and Wessling routes, the pre-monomer in

the sulfinyl route 9 is asymmetric and is inher-

ently soluble in nonpolar solvents due to the

presence of alkyl chains. The asymmetric nature

of the sulfinyl pre-monomer allows sole forma-

tion of head-to-tail couplings during the propaga-

tion step of polymerization, and, hence,

a polymer with high conjugated backbone fidelity

can be obtained. The polymerization mechanism

for the sulfinyl route is highly dependent on the

reaction conditions and electronic nature of the

Poly(arylene-vinylene)s, Fig. 2 A general scheme for the Gilch route
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monomer. Typically, when electron-deficient or

polar solvents are used, anionic polymerization

becomes favored due to stabilization of the

anionic intermediate in the initiation step.

A minor drawback of the sulfinyl route is the

increased number of routes for the pre-monomer.

The same group who developed the sulfinyl route

reported a new pre-monomer that is more

straightforward to synthesize than the sulfinyl

route, the dithiocarbamate route 10 (Fig. 6)

[3]. The earlier-mentioned drawbacks of the

Gilch and Wessling routes are avoided using

this method. However, it still lacks the polymer

quality commonly observed when using the

sulfinyl route. Another variation of the Wessling

route – xanthate route 11 – was developed by

Galvin and co-workers in 1995 (Fig. 6) [4]. Com-

pared to the dithiocarbamate route, the

Poly(arylene-vinylene)s, Fig. 3 Possible regiorandom couplings during Gilch synthesis

Poly(arylene-vinylene)s,
Fig. 4 The Wessling

route – towards synthesis of

bisulfonium salt
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polydispersity of the polymer obtained via the

xanthate route is usually broad with cis defects

along the polymer chain, which reduces the over-

all effective conjugation length.While cis defects

are usually undesirable for application where

high electron mobility is of importance (e.g.,

transistors), it may be useful to other applications

such as in LEDs where electron-hole migration

should be short, which could lead to more effi-

cient electron-hole radiative quenching and yield

higher luminescence.

Direct Route

Compared to precursor routes, direct routes allow

access to sp3 and tolane defect-free polymers and

alternating copolymers. Moreover, direct routes

have milder conditions than precursor routes, and

polymers derived from direct routes are often

soluble in common organic solvents. However,

molecular weights of polymers obtained by direct

route are usually lower compared to precursor

routes. Nevertheless, new polymers with various

optoelectronic properties can be accessed using

the direct route.

In principle, condensation methods involving

alkenes with high preference towards the trans

isomer should allow access to PAVs. One of the

earliest condensation direct routes for poly

(arylene-vinylene)s is the Wittig reaction. Sym-

metric dialdehydes are reacted with symmetric

bis-benzylic phosphonium salts to form the

required PAV. The initial PAV obtained via the

Wittig route has low molecular weight with

a number average molecular weight of 1,200

(~9 repeat units) and is insoluble. A known deriv-

ative of the Wittig reaction, Horner-Wadsworth-

Emmons, utilizes a soluble dialkyl phosphonate

as the phosphorus precursor, which allows the

growing polymer to be soluble compared to the

bisphosphonium precursor. Higher yields and

molecular weights can then be obtained from

the Horner modification. The Wittig and deriva-

tive routes are not sensitive to substituent effects,

and, therefore, different derivatives with various

optoelectronic properties and solubilities can be

accessed with these routes. One of the drawbacks

of using these routes is that only limited control

can be achieved with regard to the cis/trans

Poly(arylene-vinylene)s, Fig. 5 Sulfinyl derivative of the Wessling route

Poly(arylene-vinylene)s, Fig. 6 Dithiocarbamate and xanthate derivatives of the Wessling route
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content of the PAVs. The cis bonds can be isom-

erized into trans using iodine, but thorough

dedoping of the polymer afterwards may be cum-

bersome. Another well-known condensation

route involving alkene synthesis is the

Knoevenagel condensation method (Fig. 7).

However, as in the classical reaction, this route

is limited to PAVs containing strong electron-

withdrawing substituents, such as cyano groups

on the vinylene unit.

The McMurry coupling of aldehydes and

ketones under reducing conditions is a well-

known methodology in alkene synthesis.

Although PAVs have been successfully prepared

by this route (Fig. 8), cis defects are unavoidable.

The advantage of this methodology is that

PAVs with substituents on the vinylene unit can

be accessed. An obvious limitation of the

McMurry methodology is that homopolymers or

random copolymers of PAVs can only be

achieved.

Palladium-catalyzed cross-coupling reactions

have become an important toolbox for material

synthesis. The Nobel Prize in Chemistry in 2010

awarded to Heck, Suzuki, and Negishi is

a testament to its importance in the field of syn-

thetic chemistry. A number of various polymers

have been synthesized via Pd coupling reactions

(Fig. 9). The Heck reaction was the first reported

Pd-catalyzed polymerization method for PAVs.

However, only a limited degree of polymeriza-

tion was achieved due to poor solubility. Alkoxy

substituents on the phenyl rings solubilize the

growing polymer, which formed a PAV with

a modest molecular weight.

While the trans isomer is mostly favored in the

Heck reaction, cis and other isomers are unavoid-

able during the course of the reaction. Other

Pd-catalyzed coupling reactions, such as Suzuki

and Stille, can be utilized wherein the double

bond isomerism can be perfectly controlled

since the alkene precursor can be configured

Poly(arylene-vinylene)s, Fig. 7 The Wittig, Horner-Wadsworth-Emmons, and Knoevenagel condensation routes

Poly(arylene-vinylene)s,
Fig. 8 The McMurry route

towards vinylene-

substituted PAVs
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into the trans or cis isomer prior to polymeriza-

tion. Cascade Suzuki-Heck reaction permits the

use of easily acquired materials and decreases the

amount of synthetic elaboration towards

obtaining the precursors as compared to divinyl

arenes. Polymerization methods involving Pd

catalysts typically have two strategies – AA-/

BB-type or AB-type monomer approaches. In

the AB-type monomer approach, there is an

inherent stoichiometric balance; therefore, poly-

mers derived from this strategy have low poly-

dispersity and high molecular weight. The caveat

of the AB-type monomer approach is that the

monomers are usually difficult to synthesize and

purify. The AA-/BB-type monomer approach is

commonly used due to its synthetic accessibility,

but careful control of stoichiometric balance is

required to obtain high molecular weight poly-

mers with reasonable polydispersity.

Other important transition metal-catalyzed

polymerization reactions are alkene metathesis

reactions. Similar to palladium cross-coupling

reactions, a Nobel Prize in Chemistry was

awarded to Grubbs, Schrock, and Chauvin in

2005. Ring-opening metathesis polymerization

(ROMP) and acyclic diene metathesis

(ADMET) have both been used towards the syn-

thesis of PAVs (Fig. 10).

The preparation of PPV via ADMET polymer-

ization was first demonstrated by Kumar and

Eichinger [5]. ADMET polymerization allows

the synthesis of PAV with reasonable molecular

weights as long as there is a right combination

between catalyst and reaction conditions. The

choice of which is not a trivial matter as different

ADMET catalysts have different trans-cis pref-

erence ratios. Another useful alkene metathesis

polymerization for PAV synthesis is ROMP.

Poly(arylene-vinylene)s, Fig. 9 The Heck, Suzuki, and Stille polymerization reactions

Poly(arylene-vinylene)s,
Fig. 10 Alkene metathesis

reactions used in PAV

synthesis
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Grubbs and co-workers [6] first reported the suc-

cessful synthesis of PAV with high molecular

weight and narrow polydispersity using ROMP.

Since then, a number of different monomer pre-

cursors have been synthesized to adjust the

molecular weight and polydispersity of the

resulting PAV. However, one of the major draw-

backs of this method is that the synthesis of the

monomer units is tedious and requires multistep

approaches; thus, it is not often used compared to

other methods.

Properties of Poly(arylene-vinylene)s

PAVs have interesting optoelectronic properties

that are useful for organic electronics. Fine-

tuning the properties of PAVs is crucial towards

developing high-performance organic electronic

devices. There are several common strategies to

modify the properties of PAVs. Side chains on

the phenylene moiety can influence a multitude

of effects including solubility, bulk morphology,

and optical properties of PAVs. The prototypical

poly(p-phenylene vinylene) (PPV; 5) has

a yellow-green fluorescence with two emission

peaks at 520 and 551 nm. Appending electron-

donating alkoxy groups bathochromically shifts

the luminescence wavelength of PPVs (Fig. 11).

The monomethoxy derivative of PPV 32 has

a single maximum peak emission wavelength at

550 nm, while the dimethoxy derivative of PPV

33 emits at 603 and 650 nm. Increasing the chain

length of the alkoxy group also lowers the

glass transition temperature of the polymer and

solubility of the polymer. Branched alkoxy

chains increase the solubility of PPVs further,

such as in poly[2-methoxy-5-(2-ethylhexyl)-1,4-

phenylene vinylene] or MEH-PPV 34. The posi-

tion of the alkoxy substituents also affects the

optical properties of substituted PPVs as in 35

and 36. The 2,5-disubstituted PPV 35 is

a red-orange emitter (lem = 626 nm) [7], while

the 2,3-disubstituted PPV 36 is a green emitter

(lem = 513 nm). Steric repulsions between the

2-ethylhexyl and vinylic protons in 36 force the

polymer backbone to twist out of planarity, which

reduces the effective conjugation length and

blueshifts the emission. The length of the alkoxy

chain 37a–d can also affect the luminescence

efficiency. While photoluminescence intensity

of long n-alkoxy chains increases linearly, the

electrogenerated luminescence (EL) efficiency,

however, goes through a maximum and then

decreases again with longer side chains, which

is due to the change in solubility and thus film

homogeneity.

Similarly, aryloxy substitution can also be

used to fine-tune the physical and optical proper-

ties of PPVs (Fig. 11). Aryloxy-substituted PPVs

38 and 39 redshift the emission of PPVs but not as

much compared to alkoxy-substituted PPVs.

Interestingly, the redshift of emission in the

solid state is more pronounced in 38 than in 39.

The position of substituents for further substitu-

tion on the aryloxy side chain also affects the

emission properties of aryloxy-substituted

PPVs. The ortho 40, meta 41, and para 42 posi-

tional isomers of aryloxy-substituted PPVs have

emission peaks at 549, 560, and 585 nm, respec-

tively. This chromic behavior has been attributed

to severe steric hindrance between the alkoxy

chain attached to the aryloxy substituent and

vinyl protons, which reduces coplanarity of the

polymer backbone. The steric effect is pro-

nounced in the ortho 36 derivative.

Thioalkyl substituents can act as a donor or

acceptor depending on the oxidation state of sul-

fur (Fig. 12). The emission of the thiol analog of

MEH-PPV 43 is blueshifted (lem = 556 nm),

which suggests that thioalkyl substituents are

weaker electron donors compared to alkoxy sub-

stituents. Changing the oxidation state of the sul-

fur like in the hexylsulfinyl-substituted PPV 44b

bathochromically shifts the emission to yellow

(lem = 550 nm), which is mainly due to the

intramolecular donor-acceptor interaction

between the sulfinyl and alkoxy substituents,

compared to the thiohexyl-substituted PPV 44a

(lem = 550 nm).

Other substituents such alkyl 45 and silyl 46

substituents do not shift the emission wavelength

of PPV. They do, however, have remarkable

solid-state photoluminescence (ZPL,46 = 62 %;

ZPL,47 = 60 %) compared to unsubstituted

PPV. Considering their processability as
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compared to insoluble, intractable, and infusible

unsubstituted PPV, they are more attractive mate-

rials for green-emitting light-emitting diodes.

Alkylamino-substituted PPV 47 shows

pH-dependent behavior, which can tune the

emission wavelength of dilute polymer solutions

(Fig. 12).

Extending the p-conjugation of the phenylene

ringby expanding the aromatic system is also a viable

way to fine-tune the properties of PAVs (Fig. 13).

Poly(arylene-vinylene)s, Fig. 11 PAVs with various substitution patterns
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Polyphenylenes are known blue emitters. Thus,

increasing the phenylene content in PAVs, like in

poly(4,40-biphenylene vinylene) 48 (lem = 467,

497), shifts the emission to blue-green [8].

Fastening the biphenyl rings like in poly

(fluorenylene vinylene) 49 shifts the emission

a little (lem,max = 507 nm) [9]. Polyaromatic

hydrocarbons like naphthalene (50a, 50b, 50c)

and anthracene 51 can be used instead of phenyl.

Similar to PPVs, poly(naphthylene vinylene)s

have substitution-dependent chromic behavior.

Poly(2,6-naphthylene vinylene) 50a has an emis-

sion maximum at 518 nm and has a green color;

poly(1,4-naphthylene vinylene) 50b has an

emission at 605 nm and has a yellow-orange

color; and poly(1,5-naphthylene vinylene) 50c

has an emission at 480 nm. Interestingly, for the

anthracene derivative, poly(9,10-anthracene

vinylene) cannot be synthesized via the Wessling

route due to extra stabilization of the

p-quinodimethane in the 9,10-position. However,

the p-quinodimethane at the 1,4-position is less

stable, and poly(1,4-anthracene vinylene) 51can

be synthesized. The polymer 51 has a thin film

emission at 590 nm.

Poly(heteroarylene vinylene)s (Fig. 14) can

help bathochromically shift the emission and

fine-tune the energy levels of PAVs. More

Poly(arylene-vinylene)s,
Fig. 12 2,5-substituted

PAVs with varying side

chains

Poly(arylene-vinylene)s,
Fig. 13 PAVs with

polyaromatic hydrocarbons
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electronegative atoms such as nitrogen and sulfur

can be incorporated into the PAV backbone and

adjust the electron affinity of the polymer. Poly

(2,5-pyridinylene vinylene)-type polymers are

the well-studied class of poly(heteroarylene

vinylene)s. Due to the lower symmetric

nature of pyridine than phenylene, regioisomers

and/or random copolymers can exist from the

Stille coupling of dibromopyridine and trans-
1,2-bis(tributylstannyl)ethene – head-to-tail 52a,

head-to-head 52b, or random 52c. The

electrogenerated luminescence wavelength of

each polymer varies – 584, 605, and 575 nm.

The bathochromic shift of electrogenerated lumi-

nescence suggests that regioregular isomers have

longer effective conjugated lengths compared to

the random polymeric material.

Another class of poly(heteroarylene vinylene)s

are poly(thienyl vinylene)s (Fig. 14). Typically,

these polymers have very low electrolumines-

cence. Poly(thienyl vinylene) 54 has a very low

luminescence (even lower than its analog

poly(thiophene) 53), which is probably due to

its small singlet–triplet gap, but has broad absorp-

tion which is useful for organic solar cells. Other

known strategies involved in tuning PAVs

include use of copolymer with different aromatic

moieties and attaching conjugated chromophores

as side chains. Considering the number of permu-

tations possible, the number of polymers then

becomes too large that it is impossible to discuss

all of them. Thus, a highlight of the best-

performing polymers in their respective applica-

tions will be discussed from here on.

Applications of Poly(arylene-vinylene)s

One of the most prominent applications of PAVs

is in polymer light-emitting diodes (PLED)

(Fig. 15). Optimizing the electronic properties

of the PAVs for PLED cannot be

overemphasized. As mentioned previously, one

well-known strategy is to use copolymers to fine-

tune the electronic properties of PAVs. Using

Gilch polymerization, controlling the concentra-

tion ratio of different monomers can, in principle,

produce statistical copolymers. Record efficien-

cies have been achieved using copolymers 55a

and 55b, which showed very high luminescence

efficiencies (10.5 cd/A and 11.5 cd/A,

respectively) [10].

Light-emitting diodes derived from PPVs suf-

fer from charge injection imbalance from both

the cathode and anode. The electron-accepting

ability of PPVs is less efficient than their hole-

accepting ability; thus, much of the synthetic

efforts has been to adjust the electron affinity of

PPV polymers. Electron and hole charge injec-

tion must be balanced to achieve high-efficiency

Poly(arylene-vinylene)s,
Fig. 14 PAVs with

heterocyclic cores
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polymer light-emitting diodes. Oxadiazole

pendant-bearing PPV56 has the highest PLED

efficiency reported with a luminescence effi-

ciency of 21.1 cd/A and a turn-on voltage of

5 V. The high efficiency observed has been

ascribed to a double-channel charge transport –

holes along the PPV unit while electrons along

the oxadiazole pendant. Thus, injected electrons

easily recombine with holes [11].

Other applications for PAVs as light-emitting

materials are solid-state lasers. Solid-state lasing

from semiconducting polymers is an interesting

application for PPVs. First reported in 1992 using

MEH-PPV solution as lasing medium [12],

a number of different PPV derivatives have

been tested for lasing applications. Polymer 45

is promising for solid-state organic lasers due to

its low energy threshold (0.2 � 0.1 mJ/pulse)
[13]. Current research impetus is towards lower-

ing of the energy threshold for lasing, extending

the wavelength coverage, improving the conver-

sion efficiency, enhancing device lifetime, and

improving beam quality and wavelength

tunability [14].

Bioimaging using multiphoton fluorescence

imaging incorporates polymer aggregates or

“polymer dots” using MEH-PPV 34, CN-PPV

57, and PF-PV 58 polymers (Fig. 16). Polymer

dots typically have sizes smaller than 20–30 nm,

and they typically do not suffer from

photoblinking and toxicity commonly observed

in quantum dots. Controlling the surface

functionalization in polymer dots is still

a challenge [15].

Organic photovoltaic (OPV) is one of the most

active research areas for organic electronics. Sev-

eral PAV molecules have been used for such

application (Fig. 17). MEH-PPV 34 was the first

PPV-based solar cell reported using bulk

heterojunction geometry using C60 as electron

acceptor [16]. Regioregular MDMO-PPV 59

blended with phenyl-C61-butyric acid

methyl ester (PCBM) is the highest reported

PPV-based organic solar cell with an

efficiency of 3.1 %, while regiorandom MDMO-

PPV 60 has only achieved 1.7 % [17]. The crys-

tallinity of the regioregular MDMO-PPV

provides a pathway for efficient hole transport

Poly(arylene-vinylene)s, Fig. 15 Structures of polymer high-performance materials for polymer light-emitting

diodes
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towards the cathode and better mixing between

PCBM and MDMO-PPV. Balanced charge trans-

port is also crucial towards OPV devices with

high efficiencies. Conjugated side chains have

also been attached on PPVs to allow efficient

charge separation and transport through the poly-

mer:PCBM blends. Oxadiazole pendants on PPV

backbone 61 have been synthesized and gave an

efficiency of 1.6 % [18]. Attaching cyano

substituents on the PPV backbone can increase

the electron affinity of the PPVs. As a result of the

electron-withdrawing effect of cyano groups, the

resulting PPV 62a can be a suitable

electron acceptor in lieu of PCBM. One of the

earliest demonstrated polymer:polymer solar

cells was developed using 62a as electron accep-

tor and 62b as electron donor in a bilayer

device [19].

Related Entries

▶ Polymers for Solar Cells

▶ Polymer Lasers and Optical Amplifiers
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Synonyms

Cyclic olefin copolymer; Cyclic olefin polymer;

Cycloolefin copolymer; Cycloolefin polymer;

Polycyclic olefin; Polycycloolefin

Definition

Poly(cyclic olefin), i.e., cyclic olefin polymer, is a

polymer prepared from a strained cyclic olefin,

such as cyclobutene, cyclopentene, cycloheptene,

cyclooctene, cyclooctadiene, cyclooctatetraene,

dicyclopentadiene, or norbornene, by ring-

opening metathesis polymerization or vinyl addi-

tion polymerization. In order to obtain a functional

olefin polymer, the copolymerizations of the

cyclic olefin with ethylene, propylene, a higher

1-alkene, and polar monomer have also been stud-

ied. The cyclic olefin polymers and their
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copolymers are very important industrial materials

with a glass-like optical clarity, low water absorp-

tion, and good mechanical properties.

Introduction

Poly(cyclic olefin)s, such as polycycloalkene,

polynorbornene (polyNB), and polydicyclo-

pentadiene (polyDCPD), were mainly obtained

by the ring-opening metathesis polymerization

(ROMP) [1–5] or vinyl addition polymerization

[6, 7] of a strained cyclic olefin using metal-

based catalysts, as shown in Fig. 1. For example,

the polymerization of norbornene (NB) using

tungsten, molybdenum, ruthenium, tantalum, or

vanadium catalytic system produces cis- and/or

trans-polyNB through the ROMP in a living fash-

ion, whereas the polymerization of NB using

zirconium, palladium, nickel, or chromium cata-

lytic system produces polyNB through the vinyl

addition polymerization without ring opening. The

titanium and cobalt catalyst systems are interesting

cases where both reactions possibly depend on the

cocatalyst ratio or the type of cocatalyst [8–11]. In

this entry, the results of the cyclic olefin polymer-

ization through the ROMP and vinyl addition

polymerization are summarized.

Poly(cyclic olefin)s by Ring-Opening
Metathesis Polymerization

The ROMP of strained cyclic olefins has been

extensively studied and some have led to com-

mercial development, as shown in Fig. 2. One of

the propagation steps in the ROMP of a cyclic

olefin is shown in Fig. 3. The bond redistribution

Poly(cyclic olefin)s, Fig. 1 Ring-opening metathesis polymerization or vinyl addition polymerization of norbornene

Poly(cyclic olefin)s,
Fig. 2 Ring-opening

metathesis polymerization

of cyclopentene,

cyclooctene, and

norbornene

1678 Poly(cyclic olefin)s



during the polymerization is due to an intermedi-

ate metal carbene species that reacts with a dou-

ble bond to form a transient metallacyclobutane

leading to a polymer with a cis- or trans-double
bond. The ROMP processes generally employ

tungsten, molybdenum, ruthenium, tantalum,

vanadium, or titanium catalysts, as shown in

Fig. 4. The polymerization rate appears to be a

function of the reactivity of the metal carbene

rather than of the ring strain in the cyclic olefin.

Even a relatively unstrained monomer, such as

cyclohexene, will undergo the ROMP under

appropriate conditions [12].

The control of the stereochemistry in the

obtained polymer is possible through the choice

of the reaction conditions, such as the catalyst,

cocatalyst, activator, solvent, and temperature.

For example, a highly cis-polyNB was prepared

using the ReCl5/EtAlCl2/ethyl acrylate catalyst

system, whereas the IrCl3∙xH2O/EtAlCl2 catalyst

system led to trans-polyNB [6]. The increasing

stereoregularity in the poly(cyclic olefin) can

vary thermal properties, such as the glass transi-

tion temperature (Tg) and melting temperature

(Tm). For example, a polyNB lacking stereoregu-

larity is a noncrystalline material with Tg of

35 �C, whereas a high trans-polyNB appears to

be crystalline with Tm of 202 �C [13].

The unsaturated nature of polyNB caused the

low thermal stability as a consequence of oxida-

tive degradation, which makes polyNB difficult

to be used for molding process. This problem can

be overcome by saturating the polyNB through

either catalytic hydrogenation or non-catalytic

diimide method leading to a hydrogenated

polyNB consisted of alternating ethyl and

cyclopentyl repeating units. The physical proper-

ties of the hydrogenated polyNB are quite differ-

ent from those of polyNB. For example, polyNB

is an amorphous material with Tg of 35
�C, while

hydrogenated polyNB is a crystalline with an

equilibrium Tm of 156 �C [14]. The hydrogenated

polyNBs prepared from NB derivatives having

substituents at 2- and/or 3-positions (R1 and R2,

Poly(cyclic olefin)s,
Fig. 3 Propagation steps

in ring-opening metathesis

polymerization of a cyclic

olefin (M metal)

Poly(cyclic olefin)s,
Fig. 4 Representative

catalysts for ring-opening

metathesis polymerization
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see Fig. 2) possess amorphous and transparent

characters [15].

As another commercial product, polydicyclo-

pentadiene (polyDCPD) was also prepared by the

ROMP of dicyclopentadiene (DCPD) as the

strained tricyclic monomer [16–19]. The poly-

merization involved two steps: an initial ROMP

of the more strained bicyclic system and a ROMP

and/or vinyl addition of the remaining double

bond with subsequent crosslinking, as shown in

Fig. 5 [17]. The high reactivity of DCPD is adapt-

able to a reaction injection molding (RIM) sys-

tem for preparing polyDCPD, which has a

combination of important properties, such as a

high impact resistance, high chemical corrosion

resistance, high heat deflection temperature, etc.

The ROMP of 1,3,5,7-cyclooctatetraene

(COT) yields the conductive polymer,

polyacetylene (Fig. 6) [20–23]. No solvent is

required for this polymerization and a silver

film including cis and trans conjugated double

bonds was obtained. The random copolymeriza-

tion of COT with other cyclic olefins, such as

cyclooctadiene (COD), produced linear copoly-

mers with various conjugation lengths [22]. The

polyacetylene diblock copolymers synthesized

by the ROMP of COT and norbornene derivatives

formed unique nanocaterpillar supramolecules

[23]. Even though pristine polyacetylene is

unstable in air, the polyacetylene segments in

the nanocaterpillar supramolecule are very stable

because of the protection of the shell segments in

the supramolecule.

Poly(cyclic olefin)s Through Vinyl
Addition Polymerization

As described in the Introduction, poly(cyclic

olefin)s can also be obtained by the vinyl addition

polymerization of a strained cyclic olefin

without ring opening. In general, catalysts

containing titanium, zirconium, nickel, palla-

dium, cobalt, chromium, and vanadium have

been used for the vinyl addition polymerization

[6, 7]. The neutral metal complexes require a

cocatalyst, such as methylaluminoxane (MAO)

or tris(pentafluorophenyl)borane (see Fig. 7), for

their activation, while the cationic palladium

complexes are active without a cocatalyst.

Poly(cyclic olefin)s,
Fig. 5 Ring-opening

metathesis polymerization

of dicyclopentadiene

Poly(cyclic olefin)s, Fig. 6 Ring-opening metathesis

polymerization of 1,3,5,7-cyclooctatetraene
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Poly(cyclic olefin)s via the vinyl addition

polymerization have been widely used as high

performance materials in the industry because

of their special optical andmechanical properties.

For example, the polyNB obtained via the vinyl

addition polymerization possesses specific prop-

erties, such as a high transparency, high thermal

stability, high glass transition temperature, low

birefringence, low water absorption, and excel-

lent dielectric properties, because its chemical

structure contains a saturated carbon skeleton.

Thus, the polyNB via the vinyl addition polymer-

ization has been the focus of much attention from

the viewpoint of a high performance polymer.

The vinyl addition polymerization of NB was

first studied using a conventional Ziegler-Natta

TiCl4/R3Al catalyst system in the early 1960s

[10], but the system showed a very low activity.

Metallocene catalysts consisting of a metallocene

of group IV (mostly zirconium) and MAO

allowed the polymerization of cyclobutene,

cyclopentene, and NB. The metallocene,

Et(Ind)2ZrCl2 and Me2Si(Ind)2ZrCl2 (Fig. 7), in

combination with MAO showed a significantly

high polymerization activity toward cyclic

olefins [24]; these catalyst systems were

100 times more active than the Cp2ZrCl2/MAO

catalyst system. However, the obtained polyNBs

showed a low solubility in common organic sol-

vents and decomposed before they melted.

Recently, the catalyst systems, such as the

group IV single-site catalyst system and late tran-

sition metal catalyst system, were reported to be

highly active for the vinyl addition polymeriza-

tion that produced the soluble polyNB

[25–28]. The half sandwich titanocene

(t-BuNSiMe2Flu)TiMe2-Ph3CB(C6F5)4/Oct3Al

catalyst system showed good activities to pro-

duce a high molecular weight polyNB with a

narrow polydispersity (Fig. 8) [25, 28]. The com-

mercially available half-zirconocene CpZrCl3
activated by the isobutyl-modified MAO effec-

tively catalyzed the vinyl addition polymeriza-

tion to produce the soluble polyNB [27].

Nickel(II) complexes bearing fluorinated

b-diketiminate ligands also exhibited a high cat-

alytic activity for the vinyl addition polymeriza-

tion of NB [28].

In order to modify the poor solubility and

processability of the cyclic olefin homopolymer

Poly(cyclic olefin)s, Fig. 7 Zirconocene catalyst and cocatalysts for vinyl addition polymerization of norbornene

Poly(cyclic olefin)s, Fig. 8 Catalysts for the vinyl addition polymerization that produced the soluble polynorbornene
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and obtain a functionalized poly(cyclic olefin),

the vinyl addition copolymerization of cyclic ole-

fin with ethylene, propylene, higher 1-alkene,

polar monomer, and NB derivative has also

been studied [29–33]. Cyclic olefin copolymers

are some of the most important thermoplastic

materials with specific properties, such as trans-

parency, low water absorption, heat resistance,

chemical stability, and easy moldability. There

versatile properties enable their industrial use in

packing, electronic data storage, optical applica-

tions, etc. The properties of the cyclic olefin

copolymers are controlled by the monomer struc-

ture, monomer composition, sequence distribu-

tion, and the stereoregularity of the cyclic olefin

units in the copolymer. In particular, the copoly-

merization of NB with ethylene has been the

focus of much attention from the viewpoint of

industrial applications, because ethylene-NB

copolymers are soluble, transparent, and amor-

phous materials (Fig. 9). Depending on the NB

content in the ethylene-NB copolymer, the Tg
value can be varied in the range of ca. 0–220 �C. It
is interesting to note that the Tg value of 226

�C
for a copolymer with 79 % norbornene content is

slightly higher than the reported Tg value of

220 �C for pure polyNB [34].

Summary

In this entry, the ring-opening metathesis poly-

merization and vinyl addition polymerization of

the strained cyclic olefins to produce poly(cyclic

olefin)s were introduced. The poly(cyclic olefin)s

are very important industrial materials with a

high transparency and high thermal stability.

Research of the homo- and copolymerizations

of cyclic olefins is still in progress for the devel-

opment of a functional olefin polymer.
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Synonyms

Diene polymerization; Polymerization of

1,3-conjugated dienes

Definition

Poly(diene)s are products obtainable by the poly-

merization of diene monomers carrying two olefin

units. In the case of poly(diene)s from conjugated
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1,3-diene monomers, in which two olefin units are

conjugated to each other, the resulting polymers

are often applied to important industrial products

such as synthetic elastomers. Poly(1,3-diene)s

contain double bonds in the main chain and/or in

the pendant group as a result of 1,4- and/or

1,2-polymerizations, respectively. Not only the

selectivity of 1,4- and 1,2-polymerizations but

also that between cis and trans for the

1,4-polymerizations and the stereoselectivity in

the 1,2-polymerization also affect largely the

properties of the polymers. Wide varieties of poly-

merization techniques including the radical, ionic,

and coordination polymerizations have been

investigated in detail to obtain excellent materials

from diene monomers.

Introduction

Dienes are important monomers for a variety of

polymerization techniques including the radical,

ionic, and coordination polymerizations [1]. The

polymerizations of both nonconjugated and con-

jugated dienes have been widely studied. In cases

of the nonconjugated dienes in which two olefin

units are connected with spacers, both the struc-

ture of the monomers and the polymerization

conditions are important factors to obtain linear

polymers through the selective intramolecular

annulation process, otherwise the cross-linking

reaction takes place to provide network materials

[2]. Allene and its derivatives are also unique

nonconjugated dienes whose polymerization can

provide linear polymers consisting of 1,2- and/or

2,3-polymerized units under the appropriate

polymerization conditions [3]. They are suitable

to carry out living polymerizations that are toler-

ant to the functional groups in both the substitu-

ents and the polymerization media.

The polymerizations of conjugated dienes

such as 1,3-butadiene (CH2 = CH–CH = CH2),

isoprene (CH2 = C(CH3)–CH = CH2), and

chloroprene (CH2 = CCl–CH = CH2) have

widely been studied, and both homopolymers

and copolymers derived from the diene mono-

mers are important industrial products for many

applications. For example, poly(1,3-butadiene)

and its derivatives are widely used as synthetic

rubber possessing excellent elastic properties,

wear- and abrasion-resistant properties, and ther-

mal stability suitable for tires, damper materials,

hoses, sealants, adhesives, etc. The possible

microstructures produced from the 1,3-dienes

are trans-1,4-, cis-1,4-, and 1,2-polymerized

units. In the case of the 1,2-polymerization, the

stereoselectivity in the polymerization also gives

isotactic, syndiotactic, and atactic 1,2-units

(as typical examples of microstructures from

1,3-butadiene, see Fig. 1).

The composition of these microstructural iso-

mers is dependent upon the structure of the diene

monomers and the polymerization conditions,

and the microstructure affects largely the proper-

ties of the resulting poly(diene)s. In the case of

poly(1,3-butadiene), for example, the polymers

consisting of cis-1,4-rich structures are elasto-

meric materials, while trans-1,4-rich and some

of the stereospecific 1,2-polymers are crystalline

products. In addition, the reactivity of the double

bonds in the poly(diene)s is dependent upon the

structure of the olefinic units (i.e., the

Poly(Diene)s: Polybutadiene and Polyisoprene, Fig. 1 Microstructures of poly(1,3-butadiene)
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microstructure of the polymers). Accordingly,

the control of the microstructure of the poly

(diene)s is important for their chemical

functionalization through polymer reactions

using addition reactions such as

hydrometallations [4].

Radical Polymerization of 1,3-Dienes

Under the radical polymerization conditions,

polymers consisting of both 1,2- and

1,4-polymerized units are produced from

1,3-butadiene through the delocalized allyl radi-

cal intermediates. The Q-e parameters are 1.70

and �0.50 for 1,3-butadiene and 1.99 and �0.55

for isoprene, respectively. The large Q values

indicate that 1,3-dienes can be classified to the

conjugated monomers. Due to the steric factor of

the growing radical species and the thermody-

namic stability of the produced olefinic struc-

tures, the 1,4-polymerized units are predominant

over the 1,2-units, and the trans-1,4-units are

more favorable than the cis-1,4-units especially

under milder polymerization conditions (Fig. 2).

In the polymerizations of isoprene and chloro-

prene, the higher 1,4-polymerization selectivity

is observed compared to that of 1,3-butadiene.

The radical emulsion polymerization of

1,3-dienes can also be performed, and industri-

ally important products such as poly(chloro-

prene) and copolymers of 1,3-butadiene and

vinyl monomers such as styrene are often

prepared by this technique.

Some well-defined poly(diene)s and their

copolymers have been prepared under the con-

trolled radical polymerization conditions. For

example, on the basis of the nitroxide-mediated

polymerization (NMP) technique, the homopoly-

merization of isoprene and both the random and

block copolymerizations of isoprene with some

vinyl monomers such as acrylates and styrene

successfully provide (co)polymers with con-

trolled molecular weights and narrowly dispersed

molecular weight distributions (Fig. 3) [5]. Also,

the random copolymerization of acrylonitrile

(AN) and 1,3-butadiene (BD) takes place to

give copolymers having relatively narrowly dis-

persed molecular weight distributions by means

of the reversible addition fragmentation chain

transfer (RAFT) polymerization technique.

Ionic Polymerization of 1,3-Dienes

In the anionic polymerization of 1,3-butadiene,

the growing anions have chances to be

delocalized to the 2 and 4 carbons, and the anions

Poly(Diene)s: Polybutadiene and Polyisoprene, Fig. 2 Production of 1,2- and 1,4-polymerized units in the radical

polymerization of 1,3-butadiene

Poly(Diene)s:
Polybutadiene and
Polyisoprene,
Fig. 3 Nitroxide-mediated

polymerization (NMP) of

isoprene
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can form tight and loose ion pairs, depending on

the nature of counter cations and the polymeriza-

tion solvents (Fig. 4) [6]. These features have

been proposed to affect the microstructure of

the polymers.

The soft cations and the polar polymerization

media tend to form free anionic growing species

or loose ion pairs (i.e., solvent-separated ions)

that bring about the preferential production of

the 1,2-polymerized units. In the case of isoprene,

the polymerization of the vinyl unit

(CH2 = CH–), the 3,4-polymerization, takes

place under the analogous conditions due to

both the steric and electronic factors of the two

kinds of double bonds.

In the case of the polymerization with hard

cations such as lithium and/or the polymerization

in less polar solvents, the content of the

1,4-polymerization in the produced polymer

increased which can be explained by the prefer-

ential formation of the covalent species

(~CH2–CH = CH–CH2–Li). The formation of

cis-1,4 is favorable than trans-1,4, which was

proposed to be due to the higher reactivity of

the corresponding anionic growing species and

the relatively slow isomerization from initially

produced cis- to trans-anions.

The anionic polymerization has the longest his-

tory in the living (co)polymerization of 1,3-dienes

(and also all the monomers). Block copolymers

from 1,3-butadiene and some vinyl monomers can

be produced by the sequential copolymerization of

the two monomers. For example, the block copol-

ymer of 1,3-butadiene and styrene are well-known

commercially important thermoplastic elastomers

obtainable by this technique.

The anionic polymerization of some

substituted dienes has also been studied. For

example, 1,3-cyclohexadiene can be (co)poly-

merized anionically that provides well-defined

(co)polymers whose oxidation provides poly(p-

phenylene) and its block copolymers [7].

To the contrary, the cationic polymerization

is generally not suitable for the production of

polymers from 1,3-butadiene or isoprene due to

the presence of cyclization and intermolecular

cross-linking processes [8]. However, it has

been reported that some substituted 1,3-dienes

such as 1-alkoxy-1,3-butadienes and 1-phenyl-

1,3-butadiene provide polymers with 1,4-

polymerized structures through the cationic

growing species stabilized by these substituents.

Coordination Polymerization of
1,3-Dienes

As is the case for the polymerization of olefins,

the coordination technique is the promising

method to control the microstructure of the poly-

mers of 1,3-dienes. Many studies have been car-

ried out to obtain poly(1,3-diene)s possessing

well-defined microstructure as well as stereoreg-

ularity [9, 10]. The Ziegler–Natta, metallocene,

and nonmetallocene catalysts have been

employed as catalysts for the polymerization of

conjugated dienes such as 1,3-butadiene and iso-

prene. For example, elastomeric polymers with

high cis-1,4-contents have successfully been pre-
pared from 1,3-butadiene and isoprene by the use

of catalysts containing early transition metals

such as Ti and Zr, late transition metals such as

Ni, and lanthanide metals such as Sm and Gd.

The selective synthesis of crystalline

trans-1,4-polymers from 1,3-butadiene and

those from isoprene has also been achieved

based on a wide variety of metal catalysts. Like-

wise, the 1,2-polymers of 1,3-butadiene and the

3,4-polymers from isoprene have been prepared

using some transition metal-based catalysts.

Some of these systems accompany the

stereocontrol of the vinyl polymerization units

to give both syndiotactic and isotactic polymers.

It was reported that the 1,2-polymers with high

syndiotactic contents are crystalline materials

with rather high melting temperature (~200 �C).
Some of the catalysts mentioned above also

serve as excellent living polymerization catalysts

for conjugated dienes. Especially, the progress of

the lanthanide-based catalysts gives us the chance

Poly(Diene)s: Polybutadiene and Polyisoprene,
Fig. 4 Growing anions in the anionic polymerization of

1,3-butadiene
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to obtain well-defined block and random copoly-

mers from conjugated dienes and vinyl mono-

mers such as styrene.

Related Entries

▶Anionic Addition Polymerization

(Fundamental)

▶Block Copolymer Synthesis

▶Block Copolymers

▶Cationic Addition Polymerization

(Fundamental)

▶Coordination Polymerization (Olefin and

Diene)

▶Emulsion (Homo)polymerization

▶Emulsion Copolymerization (also Leading to

Core-Shell Structures)

▶ Free Radical Addition Copolymerization

▶ Free-Radical Addition Polymerization

(Fundamental)

▶Living Anionic Addition Polymerization

▶ Polymerization Reactions (Overview)

▶ Stereospecific Polymerization

▶ Synthetic Rubbers

▶Vinyl Polymers

▶Ziegler-Natta Polymerization
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Synonyms

Engineering thermoplastic; High-performance

thermoplastic; Polyaryletherketone;

Polyarylethersulfone

Definition

Poly(ether ketone)s and poly(ether sulfone)s may

be synthesized by a range of methods, broadly

divided into nucleophilic and electrophilic

routes.

Introduction

Poly(ether ketone)s (PEKs) and poly(ether sul-

fone)s (PESs) are related classes of high-

performance polymers, often used in engineering

applications. They exhibit a range of attractive

properties such as thermal resistance, chemical

resistance, and mechanical strength and are there-

fore suitable for advanced applications in

extreme environments such as medical devices,

aerospace engineering, and industrial

manufacturing [1]. The development of these
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materials has occurred over the past 50 years as

more advanced applications have become appar-

ent and more common materials such as polycar-

bonate became unsuitable. Poly(ether ether

ketone) (PEEK) is the most well-known material

in this family and is commercially available at

high volumes. A variety of other materials in

these families are also commercially available

from a range of suppliers.

General Structure and Nomenclature

PEKs and PESs are formed of aromatic subunits

linked by ether and ketone groups or ether and

sulfone groups, respectively. Most commonly,

the aromatic portions are phenylene groups,

but other substituted or unsubstituted aromatic

moieties may be incorporated. The aromatic

units in one chain may be all the same or differ-

ent, e.g., phenylene or phenylene and

biphenylene. The typical nomenclature for PESs

and PEKs is to refer to a phenylene-ether unit as

“E,” a phenylene-ketone unit as “K,” and a

phenylene-sulfone unit as “S.” In this way, the

polymer is represented by the constituents of

the repeat unit. For example, poly(ether ether
ketone) or “PEEK” has a repeat unit of

–[Ph – ether – Ph – ether – Ph – ketone] –,

where Ph represents phenylene.

General Properties of Poly(ether
sulfone)s and Poly(ether ketone)s

PESs are aromatic polymers with high glass tran-

sition temperatures (Tg). Electronegativity of the

sulfone promotes delocalization across the sul-

fone group [2]. The associated resonance struc-

tures increase S-C chain rigidity, increasing Tg.

Ether linkages are required to competitively

decrease the chain rigidity and maintain process-

ability. This is in contrast to poly(phenylene sul-

fone) which does not exhibit a Tg before its

decomposition temperature [3]. The steric

arrangement of the tetrahedral sulfone group

restricts the packing ability of the polymer

chain, reducing the degree of crystallinity and

therefore decreasing the melting temperature

(Tm). Due to this effect, PES is often amorphous,

although semicrystalline PES is induced by some

solvents, e.g., dichloromethane, and with copoly-

merization with other crystallizing monomers.

Unlike PEKs which may be semicrystalline, this

amorphous character excludes PES from applica-

tions requiring solvent resistance. PES can be

produced by both nucleophilic and electrophilic

routes.

PEKs are similar in structure to PESs but

instead have ether and ketone functionality

between the aromatic subunits. Like PESs, the

attraction of the PEK family is the combination

of high glass transition temperatures (Tg) with

comparatively low melting temperatures (Tm).

This allows the polymers to be easily processed

while maintaining high use temperatures. Alter-

ing the order and ratio of ether to ketone groups in

the repeat unit affects the thermal properties of

the polymers, namely, the Tg and Tm. As Fig. 1

shows, increasing the ratio of ketone groups com-

pared to ether groups acts to increase both the Tg

and Tm values [1, 4]. The incorporation of

ketones increases the rigidity of the polymer

chain due to the possible resonance

structures along the chain. However, unlike

PESs, the geometry of the ketone allows the

formation of crystalline domains. The greater

percentage crystallinity (of a maximum of

30–35 % for PEKs [4]) increases the Tm and

imparts solvent resistance, widening the market

for potential applications. As with PESs, PEKs

can also be produced by both nucleophilic and

electrophilic routes.

Synthetic Routes to Poly(ether ketone)s
and Poly(ether sulfone)s

There is a wide variety of accepted methods for

the synthesis of PESs and PEKs. Generally, they

may be split into nucleophilic and electrophilic

routes, each having their own advantages.

Nucleophilic Synthetic Routes

The nucleophilic synthetic route to PESs and

PEKs is ether forming. For the formation of

1688 Poly(ether ketone) and Poly(ether sulfone) Synthesis



PESs, this requires the use of dihydroxy- and

di-halogenated sulfone-containing monomers

[5], exemplified in Fig. 2. The dihydroxy mono-

mer is converted to the bis-phenate in the pres-

ence of alkali metal salts such as potassium

hydroxide prior to polymerization. Due to the

electronegativity of the sulfone, the chloride is

easily displaced. Based on this system, a range of

other monomers may be used to produce poly-

mers with altered properties [2]. For example, the

incorporation of a diphenyl moiety increases the

Tg substantially. A self-polymerization route is

achieved using the difunctional monomer

4-hydroxy-40-chlorophenyl sulfone.

Polymer Structure Tg/°C Tm/°C

PEEK 143 334

PEK 154 367

PEEKK 158 363

PEKEKK 161 377

PEKK 165 386

PES 224 −S

O

O

O

n

O

O

n

O

O

O

n

O

O O
n

O O

O O O

n

O O

O O

n

Poly(ether ketone) and Poly(ether sulfone) Synthe-
sis, Fig. 1 Crystalline glass transition temperatures (Tg)

and melting temperatures (Tm) for common poly(ether

ketone)s and poly(ether sulfone) with all 1,4- conforma-

tion (Data from Refs. [1, 4], Figure adapted from Ref. [4])

S OHHO

O

O

S

O

O

S

O

O

Cl

O
2n

n + 1 + n  Cl

KOH

Poly(ether ketone) and Poly(ether sulfone) Synthesis, Fig. 2 The nucleophilic synthesis of poly(ether sulfone)
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The PES nucleophilic synthetic technology is

partially transferable to PEKs. However, under

the same reaction conditions, high molecular

weight PEKs are unachievable. Reactions using

the 4,40-dichlorobenzophenone monomer are

unsuccessful [2], therefore requiring the use of

fluorine-containing monomers which have

greater reactivity on the adjacent carbon due

to the electronegativity of the fluorine.

4,40-Difluorobenzophenone is the alternative

monomer [6], exemplified in Fig. 3.

Electrophilic Synthetic Routes

The electrophilic route to PESs and PEKs is via

the aromatic sulfone-forming or ketone-forming

Friedel-Crafts sulfonylation and acylation reac-

tions [7]. This is an electrophilic aromatic substi-

tution reaction between a sulfonyl chloride or a

carboxylic acid chloride and an arene, resulting in

the formation of an aromatic sulfone or an aro-

matic ketone, catalyzed by a Lewis acid, com-

monly AlCl3 or FeCl3 for PESs.

The AlCl3 catalyst complexes with the chlo-

rine atom on the sulfonyl chloride or the acid

chloride, resulting in the formation of a stable

sulfonylium or acylium ion. This ion then attacks

the benzene ring in the second monomer to pro-

duce an aromatic sulfone or an aromatic ketone,

eliminating a molecule of HCl. The benzene ring

of the second monomer must be activated to

electrophilic attack. Although the AlCl3 is

regenerated, a proportion of it is consumed by

complexation with the newly formed sulfone or

ketone which acts as a Lewis base. The AlCl3 also

complexes to any carbonyl oxygen atoms present

in the reactant or product molecules. Therefore, a

molar equivalent to the carbonyl groups must be

added in addition to the catalytic quantity to

achieve a successful reaction. Multiple

substitutions do not occur since monosubstitution

deactivates the aromatic ring to further substitu-

tions due to the electron-withdrawing capabilities

of the acyl group.

The standard Friedel-Crafts sulfonylation or

acylation reaction may be adapted to a Friedel-

Crafts condensation polymerization [8, 9]. In this

case, difunctional monomers are required,

namely, aromatic diacylchlorides and monomers

capable of electrophilic aromatic substitution.

The electrophilic synthesis of PESs offers a

route using cheaper monomers and lower reac-

tion temperatures than the nucleophilic route.

The polymerization requires the use of

phenoxyaroyl and phenoxyarenesulfonyl halide

monomers, together with a Friedel-Crafts cata-

lyst such as FeCl3, exemplified in Fig. 4.

Initial attempts to produce PEKs by an elec-

trophilic Friedel-Crafts acylation reaction

employed diphenyl ether as the aromatic mono-

mer [10], Fig. 5. Diphenyl ether is highly acti-

vated to substitution at the para-position and

moderately activated at the ortho-position, with

little selectivity. During polymerization,

ortho-substitution increases the likelihood of

cyclization and gelation reactions which even in

small quantities substantially decrease the melt

stability of the polymer.

A room temperature modified Friedel-Crafts

method avoids this issue [11]. Suitable monomers

include the combination of a diacid dihalide with

a polynuclear aromatic compound with two

active carbon atoms, catalyzed by AlCl3, Fig. 6.

The use of a dimethyl sulfone controlling agent

produces a tractable gel.

Replacing the diphenyl ether with a

ketone-containing monomer such as

1,40-diphenoxybenzophenone “EKE” or 1,40-
bis(4-phenoxybenzoyl)benzene “EKKE” [11]

OHHO FF

O

O

O
Na2CO3

O

2n

n + 1 + n

Poly(ether ketone) and
Poly(ether sulfone)
Synthesis, Fig. 3 The

nucleophilic synthesis of

poly(ether ketone)
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decreases the overall reactivity of the monomer

and increases the selectivity of substitution. The

ketones deactivate both the ortho- and

para-positions of the terminal aromatic rings to

electrophilic attack, but do not entirely inhibit the

reaction. The ortho-deactivation virtually elimi-

nates substitution, but para-activation is

maintained.

A modification of this process allows the pro-

duction of PESs and PEKs as a fine dispersion

with high reactor loading [12].

Since the PEK produced is semicrystalline

unlike PES, it can be problematic to maintain

the oligomers in solution long enough to produce

a high molecular weight polymer. A wide variety

of methods are known to combat this issue,

including the use of high temperature reactions

and the use of a mixed boron trifluoride/hydrogen

fluoride system [2, 3].

Modifications to Poly(ether sulfone) and Poly

(ether ketone) Structures

Other than the bulkmaterials, PESs and PEKs have

been modified to address a range of applications.

This includes in-chain and pendant modification.

A wide range of functional groups may be built

O

O

FeCl3

OSCl

O

O

S

O

O

S

O

O

Cl+ n

2n

n + 1

Poly(ether ketone) and
Poly(ether sulfone)
Synthesis, Fig. 4 The

electrophilic synthesis of

poly(ether sulfone)

O

O

O O

n+1 + n

n

O

ClCl

O

AlCl3Poly(ether ketone) and
Poly(ether sulfone)
Synthesis, Fig. 5 The

electrophilic synthesis of

poly(ether ketone ketone)

O O

O O

O

O O

AlCl3

O

ClCl

O
n + 1

2n

+ n

Poly(ether ketone) and Poly(ether sulfone) Synthesis, Fig. 6 The modified Friedel-Crafts synthesis of poly(ether

ketone ketone)
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into the main chain by the incorporation of a range

of monomers. Other than ether, ketone, and sulfone

groups, possible functionality includes imide,

amide, naphthalene, ester azo, phenylquinoxaline,

benzimidazole, benzoxazole, benzothiazole, and

aliphatic groups [13, 14]. These monomers alter

the Tg and Tm due to chain rigidity and crystallin-

ity. A range ofmethods exists for the sulfonation of

PEEK and other materials for use in fuel cell

membranes [15].

Related Entries

▶ PES (Poly(ether sulfone)), Polysulfone

▶ Polyaryletherketone

▶ Polyetherimide
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Synonyms

PLLA; Poly(L-Lactic acid).

Definition

Poly(L-lactide) is a polymer synthesized by

the ring-opening polymerization of L-lactide or

polycondensation of L-lactic acid.

Historical Background

Historical outlines of poly(lactide), i.e.,

poly(lactic acid) (PLA), can be summarized as

follows [1]. Synthetic routes to the linear dimer of

lactic acid, i.e., lactoyllactic acid, and lactic acid

oligomers from trimers to heptamers by the con-

densation (or esterification) of lactic acid by

the removal of water at elevated temperatures

such as 130 �C were reported in 1845 and 1914,

respectively. Ring-opening polymerization

of lactide, i.e., the cyclic dimer of lactic acid,

was suggested in 1932 and developed in 1954,

for the synthesis of high-molecular-weight

(HMW) poly(lactic acid) (PLA). PLA can be

hydrolyzed in the human body, and the

formed lactic acid and oligomers are metabolized

safely with very low harmful effects to the human

body; consequently, PLA and its copolymers

have been investigated widely for their

biomedical applications since the breakthrough

work by Kulkarni et al. in the late 1960s. In

addition, PLA and its copolymers have been stud-

ied for pharmaceutical applications such as

matrices for drug delivery systems (DDSs) since

the late 1970s.
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Through the 1980s and 1990s, basic informa-

tion concerning the synthesis, physical proper-

ties, crystallization behavior, and biomedical

and pharmaceutical applications of PLA and its

copolymers was obtained. A large amount of

research has been targeted toward the synthesis

and molecular characterization of PLA and its

copolymers, and the crystallization, spinning,

and physical properties of PLA-based materials

have been investigated intensively. In addition,

studies have focused on a wide variety of bio-

medical and pharmaceutical applications and the

in vitro and in vivo degradation of PLAs and their

copolymers. Moreover, the stereocomplex for-

mation of poly(L-lactide), i.e., poly(L-lactic

acid) (PLLA), with poly(D-lactide), i.e.,

poly(D-lactic acid) (PDLA), was reported in

1987. Stereocomplexed materials have high

mechanical performances, good resistance to

hydrolytic/thermal degradation, and gas barrier

properties. Since the latter half of the 1990s,

PLA and its copolymers have attracted significant

attention in terms of commodity and industrial

applications and have been recognized as sub-

stitutes for commercial petro-based polymers

because of their cost-effective production from

renewable plant resources. Figure 1 shows the

synthesis, recycling, and degradation of PLLA [2].

Synthesis

Monomer

L-Lactic acid (Fig. 2) is the monomer of PLLA

and is synthesized through bacterial fermentation

with carbohydrates such as glucose [1]. L-Lactic

acid [melting temperature (Tm) = 16.8 �C] is a 2-
(or a-)hydroxycarboxylic acid, well known as a

compound having an asymmetric carbon atom.

Of the sources of carbohydrates, starch from corn

is most frequently utilized for glucose production

because of the high yield of glucose from corn

L-lactide, L-lactic acid

Biological and
chemical processes

Recycling
(Hydrolytic/thermal
degradation)

Polymerization

Renewable resources

Provisions

Bio-ethanol

Starch Poly(L-lactic acid)

L-lactic acid,
oligomers

CO2+ H2O

Incineration Environmental 
degradation

Biodegradation

Photosynthesis

Bio-polyethylene

Poly(L-Lactide), Fig. 1 Synthesis, recycling, and degradation of PLLA (Reproduced from Tsuji [2]. Copyright (2008),

with permission from Yoneda Shuppan)
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compared with those from potato, sugar beet, and

so on. However, the use of corn as the raw mate-

rial for PLLA reduces the amount of corn avail-

able for food provision. Moreover, the potential

production of corn is limited, and its yield is

affected by the weather conditions. Lactic acids

include optically active compounds with L- and

D-forms [(S)- and (R)-forms, respectively]. In a

normal atmosphere, L-lactic acid deliquesces rap-

idly to L-lactic acid aqueous solution, and there-

fore, L-lactic acid is normally supplied as an

aqueous solution. The yield, dominant enantio-

meric form, and optical purity of lactic acid are

determined by the type of lactobacillus used and

the fermentation conditions [1]. From industrial

and material points of view, a high yield and

optical purity and a low concentration of impuri-

ties are crucial in the production of lactic acid.

Lactides (Fig. 2) are the cyclic dimers of lactic

acids and have three different forms: (1) L-lactide

[melting temperature (Tm) = 95–99 �C], which
comprises two L-lactic acids, (2) D-lactide

(Tm = 95–99 �C), which comprises two D-lactic

acids, and (3) meso-lactide (MLA), which com-

prises one L-lactic acid and one D-lactic acid.

Racemic lactide or DL-lactide (Tm = 124 �C) is
a 1:1 physical mixture or a 1:1 racemic com-

pound (stereocomplex) of L- and D-lactides. The

industrial and laboratory method used for lactide

synthesis is the thermal depolymerization of

low-molecular-weight PLAs obtained by the

polycondensation of lactic acids. The obtained

crude lactides should be purified for the synthesis

of HMW PLA and PLA with a strictly controlled

molecular weight.

PLLA

As shown in Fig. 2, relatively low-molecular-

weight PLLA can be synthesized by condensa-

tion polymerization of L-lactic acid at an elevated

temperature under reduced pressure, whereas the

ring-opening polymerization of L-lactide is used

for the synthesis of HMW PLLA and PLLA with

a strictly controlled molecular weight [1–4]. By

the use of a comonomer (including enantiomeric

comonomer D-lactic acid or D-lactide) and

coinitiator (alcohols) and chain-extending

reagents, PLAs with various architectures includ-

ing stereocopolymers can by synthesized

[1–4]. Also, the combination of PLA with both

hydroxyl-terminated and branched chain

extenders such as isocyanates having three or

more –N = C = O groups, or star-shaped

hydroxyl-terminated PLA with linear or

branched chain extenders, will yield cross-linked

PLAs [1–4].

Crystallization

The higher-order structures related to crystalliza-

tion, such as crystallinity and degree of orienta-

tion, greatly affect the physical properties and

degradation behavior of PLLA and its

copolymer-based materials. Crystallization of

PLLA proceeds in the form of spherulites

a b

dc

L-lactic acid poly(L-lactic acid) (PLLA) D-lactic acid poly(D-lactic acid) (PDLA)

L-lactide PLLA D-lactide PDLA

Poly(L-Lactide), Fig. 2 Synthesis of PLLA and PDLA
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(spherical assemblies of crystalline and amor-

phous regions) in bulk from the melt and of single

crystals in a dilute solution [1–4]. In the case of

spherulites, the induction period, spherulitic

number per unit volume, and radial growth rate

determine the total crystallization rate.

Homocrystallization

Crystallization (homocrystallization) of HMW

PLLA and its copolymers occurs in bulk in the

temperature range between the glass transition

temperature (Tg = 60 �C) and Tm (170–180 �C).
Various types of crystals of a- [1–4], a00- [5],

b- [1–4], g- [1–4], d-(or a0-) [1–4], and

e- [6] forms (or modifications) are reported to

be formed. a- and d-(or a0-) forms are the most

general ones for PLLA crystallized in bulk and in

solution. The former and latter forms are pro-

duced at relatively high and low crystallization

temperature (Tc) ranges, above and below

110�120 �C, respectively. The formation of the

a00-form occurs under highly pressurized carbon

dioxide. The b-form is created by thermal draw-

ing, whereas the g-form is produced by epitaxial

crystallization on hexamethylbenzene. Also, the

formation of the e-form occurs in the presence

of solvents such as N,N-dimethylformamide and

tetrahydrofuran. PLLA can crystallize into eutec-

tic crystals with pentaerythrityl tetrabromide,

hexamethylbenzene, and urea [4].

The crystallization of PLLA and its copoly-

mers in bulk proceeds via regime I, II, and III

kinetics depending on Tc. The regime transitions

from III to II and from II to I take place in the Tc
range 110–120 �C and around 160 �C, respec-
tively [1]. The radial growth of spherulites (G)
reaches a maximum at around 130 �C for HMW

PLLA, whereas the overall crystallization rate,

which is determined by the induction period,

number of spherulite nuclei per unit mass, and

G, is maximized at around 110 �C [1]. The

crystallizability of PLLA copolymers decreases

with the fraction of comonomer units.

Stereocomplex Crystallization

Stereocomplex (homo-stereocomplex) formation

of PLLA with PDLA, which is the enantiomeric

polymer of PLLA, was reported in 1987 [7, 8].

In stereocomplex crystalline regions, PLLA and

PDLA are packed side by side, that is, one PLLA

chain is surrounded by three PDLA chains and

vice versa. Stereocomplex crystallization can

occur not only in PLLA/PDLA polymer blends

but also in stereoblock PLA, as far as crystalliz-

able PLLA and PDLA segments coexist

[7, 8]. Because of the improved high mechanical

performance, resistance to hydrolytic/thermal

degradation, and gas barrier properties

compared with the constituent polymer, numer-

ous studies have been performed in this area

[7, 8]. The most typical change in physical

properties is the increase in Tm of about

50 �C. The Tm value of the PLLA/PDLA

stereocomplex is 220–230 �C. Furthermore,

hetero-stereocomplex formation was reported

for PLLA with poly(D-2-hydroxybutayrate), i.e.,

poly(D-2-hydroxybutanoic acid) [P(D-2HB)],

which has the opposite configuration to that of

PLLA and a different side chain (ethyl group)

from that of PLLA (methyl group) [1]. Owing to

the phase-separated structure, interaction

between PLLA and P(D-2HB) occurs only at

their interface, and therefore, the effects of blend-

ing on the properties are not as strong as those for

PLLA and PDLA. Also, PLLA or PDLA can be

incorporated into poly(L-2-hydroxybutayrate),

i.e., the poly(L-2-hydroxybutanoic acid)/

P(D-2HB) stereocomplex, to form a ternary

stereocomplex [9, 10].

Physical Properties

The physical properties (including the mechani-

cal properties) of PLLA and its copolymers

depend on their molecular structures, higher-

ordered structures, fillers, and material

morphology.

Mechanical Properties

PLLA normally has the following mechanical

properties: tensile strength = 50–70MPa, tensile

modulus = 3–4 GPa, elongation at

break = 2–10 %, flexural strength = 100 MPa,

flexural modulus = 4–5 GPa, notched Izod

impact resistance = 2.0–7.0 kJ m�2, unnotched
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Izod impact strength = 13–35 kJ m�2, and Rock-

well hardness = 82–88 H [3]. The calculated

crystallite moduli or ultimate Young’s moduli

along the chain axis in the crystal lattice of

PLLA were reported to be 14.7 (a-form), 12.9

(d-form or disordered a-form), and 6.7 GPa

(mesophase), which are in good agreement with

the values obtained by the X-ray diffraction

method (13.76 � 0.17, 12.58 � 0.15, and

7.47 � 0.20 GPa, respectively) [11].

Thermal Properties

As stated above, HMW PLLA with a molecular

weight over 105 and optical purity near 100% has

a Tg of around 60 �C and a Tm of 170–190 �C,
depending on the preparation procedure and con-

ditions, and the equilibrium Tm (Tm
0) values are

reported to be in the range 205�215 �C
[1–4]. Several values (93, 135, 142, and

203 J g�1) have been reported for the melting

enthalpy of a crystal with infinite thickness

(DHm
0, melting enthalpy (DHm) at crystallin-

ity = 100 %) [4]. PLLA with a molecular weight

over 105 and optical purity near 100 % is ther-

mally degraded to form mostly L-lactide at

around 250 �C [1].

Permeability

The permeabilities of PLA-based materials have

been investigated in terms of their drug-release

profiles, whereas recently, the permeabilities of

various gases through PLA-based materials have

been studied because the permeability of PLLA

toward carbon dioxide, oxygen, and water vapor

is important for packing applications [1]. The

CO2, O2, and water vapor permeability coeffi-

cients are reported to be in the range

1.99�4.18 � 10�17 (25�45 �C and 0 % RH),

3.5�11 � 10�18 (5–40 �C and 0 % RH), and

1.48�2.20 � 10�14 kg m/(m2 s Pa) (10–37.8 �C
and 40�90 % RH), respectively [3].

Surface Properties

The surface hydrophilicity of the materials is

important if they are utilized for biomedical and

pharmaceutical applications. Surface treatment

effectively alters the surface hydrophilicity with-

out affecting the bulk material properties.

General methods for changing the surface hydro-

philicity of polymers include plasma treatment,

surface grafting, coating, and alkaline treatment

[1]. Polymer surfaces with contact angles of

around 70� exhibit the highest cell adhesion

[1]. Therefore, adjustment of the hydrophilicity

of PLA-based materials by surface treatment

leads to higher cell affinities for the material

and better adhesion.

Optical Properties

PLA does not transmit UV-C light, and it is

transparent to almost all UV-B and UV-A light;

therefore, the application of transparent PLA

films may require additives to block UV light

transmission [12]. PLLA is optically active and

has specific optical rotation values from �155 to

�160� dm�1 g�1 cm3 [1–4]. The specific optical

rotation values can be used to check the optical

purities of PLA polymers.

Miscellaneous Properties

The density of PLLA is in the range

1.25–1.29 g cm�3 [4]. Oriented PLLA materials

have a piezoelectric property, which increases

with increasing draw ratio or chain orientation

[1–4]. Oriented PLLA materials can be utilized

to accelerate the regeneration of fractured bones

in biomedical applications [1–4]. On the other

hand, the conductivity of PLLA has been

reported to be improved remarkably upon the

incorporation of nanostructured carbon (such as

multiwalled and single-walled carbon nanotubes)

owing to the facile formation of a network struc-

ture because of its high aspect ratio [1].

High-Performance PLLA

Effective methods to improve the mechanical

properties and thermal/hydrolytic degradation

resistance of PLA-based materials can be sum-

marized as follows: elevation of the crystallinity

by using nucleating or crystallization-

accelerating agents, formation of (nano)compos-

ites or fiber-reinforced plastics (FRPs), and

stereocomplexation. In a book chapter [1], these

methods of PLA-based materials are discussed in

detail. The additives or fillers can be classified

into subgroups according to their origin
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(biobased or non-biobased) and biodegradability

(biodegradable or nonbiodegradable).

Degradation

Hydrolytic Degradation

PLLA and its copolymers are aliphatic polyes-

ters, and their ester groups are susceptible to

hydrolytic degradation in the presence of water

according to the following reaction:

�COO �þH2O ! �COOHþ HO�:

The hydrolytic degradation mechanism,

behavior, and rate of PLLA and its copolymer

are affected greatly by material- and media-

related factors and the methods utilized to moni-

tor the degradation. Of the material-related fac-

tors, molecular weight and crystallinity are

crucial in determining the hydrolytic degradation

rate of PLLA and its copolymers [1–4, 13, 14]. As

in other hydrolyzable biodegradable polymers,

the chains in the crystalline regions are more

resistant to hydrolytic degradation than those in

the amorphous region. Therefore, the hydrolytic

degradation proceeds first in the amorphous

regions and then in the crystalline regions. The

hydrolytic degradation of water-insoluble HMW

PLLA and its copolymer-based materials pro-

ceeds via bulk and surface erosion mechanisms

when degraded in neutral aqueous media and

catalytic aqueous media (alkaline aqueous

media or media with enzymes such as

proteinase K), respectively. The hydrolytic deg-

radation mechanism of oligomeric water-soluble

PLA on the molecular level depends on the pH of

the medium (Fig. 3) [15]. In acidic media, hydro-

lytic degradation proceeds via chain-end scission

of a lactyl monomer unit to form lactic acid,

whereas in alkaline media, hydrolytic degrada-

tion occurs via backbiting to form a lactide

(dimer of lactic acid), which is further hydrolyzed

to give lactoyllactic acid and then lactic acid.

Hydrolytic degradation is the most important fea-

ture of PLLA and its copolymers and is fre-

quently applied in biomedical, pharmaceutical,

and environmental applications.

Under physiological conditions (pH = 7.4,

temperature = 37 �C), the hydrolytic degrada-

tion occurs via a bulk erosion mechanism.

Under such conditions, the molecular weight

decreases first, and then weight loss occurs. In

other words, the induction period for the decrease

in molecular weight is much shorter than that for

weight loss. In the case of bulk erosion, the

molecular weight decrease is sensitive to hydro-

lytic degradation, and its rate can be used as an

indicator of the hydrolytic degradation rate. The

hydrolytic degradation rate (k) values can be esti-
mated from the change in number-average

molecular weight (Mn) by using the following

equation:

ln Mn tð Þ ¼ lnMn t0ð Þ � kt; (1)

where Mn(t) and Mn(t0) are the Mn values at

hydrolytic degradation times t and t0, respec-

tively; the k values obtained are in the range

2–7 � 10�3 day�1 [1–4, 13, 14]. There are

numerous articles regarding the hydrolytic deg-

radation of PLA-based materials. Detailed and

summarized information on the hydrolytic deg-

radation of PLLA and its copolymers can be

found in the review articles [1–4, 13, 14].

Biodegradation

Biodegradation can be defined as the enzyme-

catalyzed hydrolytic degradation of HMW

PLLA and its copolymers to form water-soluble

low-molecular-weight lactic acid oligomers and

monomer (1st stage) and the subsequent

bio-assimilation of such degradation products to

carbon dioxide and water (2nd stage). Here, the

enzymes are derived from environmental

microbes. Since the density of the microbes that

release the enzymes to catalyze the hydrolytic

degradation of PLLA and its copolymers is very

low, the biodegradation rates of PLLA and

its copolymers in environments such as sea

water and soil are low compared with those

of other biodegradable polyesters such as poly

(e-caprolactone) (PCL) and poly[(R)-3-

hydroxybutyrate] [P(R-3HB)] [1–3, 13]. In most

cases, the hydrolytic degradation of PLLA and its

copolymers in the environment proceeds via
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abiotic (or nonenzymatic) hydrolytic degradation

followed by the bio-assimilation of water-soluble

degradation products [1–3, 13]. The carbon in

PLLA and its copolymers is originally derived

from carbon dioxide in the atmosphere and there-

fore will not alter the total amount of carbon

dioxide upon bio-assimilation. The very low bio-

degradation rates of PLLA and its copolymers

mean that carbon dioxide is retained in the poly-

mers for a long time.

Thermal Degradation

Upon heating PLLA over 250 �C, weight loss
occurs by thermal degradation, and as a result,

the volatile components are released [1–3, 13].

Therefore, a high processing temperature (250 �C
or higher) should be avoided for the preparation

of products made from PLLA and its copolymers.

Volatile components formed by thermal degrada-

tion include lactides, cyclic oligomers ranging

from trimers to hexamers, CO, CO2,

O
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acetaldehyde, and methylketene [1–3, 13]. The

thermal degradation of PLLA below 250–300 �C
gives lactides, which can be utilized for the syn-

thesis of HMW PLLA. With increasing degrada-

tion temperature and time, the probability of

racemization increases, resulting in a low optical

purity of the lactide even if the starting PLLA has

a high optical purity [1–3, 13, 16]. Figure 4 shows

the probable nonradical reactions that occur dur-

ing PLA thermal degradation [17]. Lactides and

cyclic oligomers are formed via intramolecular

transesterification reactions (a) and (b), resulting

in a small decrease in molecular weight. The

process (a) is called “backbiting,” which forms

lactides and can be suppressed by the acetylation

reaction of terminal hydroxyl groups [1–3, 13].

Basically, intermolecular transesterification reac-

tion (c) will not change the overall molecular

weight distribution of PLLA. However, chain

cleavage via hydrolytic degradation reaction

(d) and cis-elimination reaction (e), which is sim-

ilar to the Norrish type II photodegradation

a

b

c

d

e

+

+

+

+

+

+

Poly(L-Lactide), Fig. 4 Nonradical thermal degradation of PLA (Reproduced from Wachsen et al. [17]. Copyright

(1997), with permission from Elsevier)
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reaction, both reduce the molecular weight sig-

nificantly, and the latter reaction alters the termi-

nal group structure.

Photodegradation

When released in the environment, PLLA is sub-

ject to biodegradation, hydrolytic degradation,

and photodegradation by ultraviolet (UV) light.

UV light-induced chain cleavage at the ester

groups of PLA is reported to occur via the Norrish

type II mechanism [1–3, 13] shown in Fig. 5 [18].

It has been reported that increased crystallinity

decreases the photodegradation rate of PLLA

[18]. The photodegradation of PLLA occurs

simultaneously in the amorphous and crystalline

regions, in marked contrast with hydrolytic deg-

radation, although the chains in the crystalline

regions are more resistant to photodegradation

than those in the amorphous region [13]. UV

treatment accelerates the hydrolytic degradation

of PLLA [19]. Therefore, the synergistic effects

of photodegradation and hydrolytic degradation

are thought to accelerate the degradation of

PLLA and its copolymers in the environment.

Recycling

Recycling of PLLA to its monomer L-lactic acid

or L-lactide can be attained by hydrolytic or ther-

mal degradation, respectively. Hydrolytic degra-

dation during the use of PLA-based materials

causes a significant decrease in molecular weight,

and the thermal stability of PLA-based materials

during melt processing is relatively low com-

pared with that of petro-derived polymers. Con-

sequently, the recycling of PLA to lactic acid or

lactide monomers is preferable compared with

the material recycling, as in the case of PET. The

recycling of PLA to lactic acid or lactide mono-

mers prolongs the period that the carbon in PLA

(originally from carbon dioxide in the atmo-

sphere) is held in the materials. The highest

yield values of lactic acid and lactide recovery

are about 90 % if the conditions for recovery are

selected carefully [1–4, 13, 14, 16]. A reaction

temperature that is too high will cause a low yield

and racemization-induced low optical purity of

the monomer [1–4, 13, 14, 16], the latter of which

will, in turn, lower the mechanical performance

of resynthesized PLA.

Applications

PLLA can be utilized as an effective alternative

to petro-based polymers in a variety of applica-

tions such as for packing materials, automotive

materials including floor mats and spare tire

covers, and the chassis of electrical appliances

of computers, mobile phones, and remote con-

trols [3]. Environmental applications of PLLA

and its copolymers include materials for

composting [20] and for absorbing harmful and

persistent contaminants, denitrification-assisting

materials, and bioremediation-assisting materials

[3]. As mentioned above, biodegradable polyes-

ters including PLLA and its copolymers can be

Poly(L-Lactide), Fig. 5 Photodegradation of PLA

(Reproduced from Tsuji et al. [18]. Copyright (2006),

with permission from Elsevier)

1700 Poly(L-Lactide)



applied as biomedical and pharmaceutical mate-

rials [1–4, 13, 14, 20]. The functions and pur-

poses of bioabsorbable polymers including

PLLA and its copolymers are summarized in

Table 1 [20]. Bioabsorbable biomedical materials

should be nontoxic, effective, sterilizable,

and biocompatible. In addition, bioabsorbable

biomedical materials should have the

appropriate degradation rate required for each

application.

Summary

In this chapter, an overview of the basic aspects

of PLLA and its copolymers has been presented.

The crucial issues for the utilization of PLLA-

based materials as alternatives to petro-based

polymeric materials are the reduction of the pro-

duction cost and environmental impact and the

enhancement of the mechanical performance and

resistance to hydrolytic/thermal degradation.

Another important goal is to produce PLLA

from nonedible raw materials rather than from

edible materials such as corn, as utilized today.

(Nano)composites and FRP formation are effec-

tive for the production of high-performance

PLLA-based materials. However, the balance

between high performance and environmental

impact (and production cost) has to be consid-

ered. Too high an environmental impact of

greatly modified PLLA-based materials should

be avoided, and in such a case, the high intrinsic

performances of polymeric materials such as aro-

matic polyamide- or polyimide-based materials

must be used instead. PLA should be used

more frequently when the functionality of

hydrolizability is required, as in the cases of

biomedical, pharmaceutical, and environmental

applications.
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Synonyms

Acrylic glass; Methacrylic resin; PMMA;

Polymethacrylate

Definition

Poly(methyl methacrylate) (PMMA) is a polymer

of methyl methacrylate (MMA) and an ester of

poly(methacrylic acid) chemically. PMMA is

usually synthesized by the radical polymerization

of MMA, and the anionic and coordination poly-

merizations are also available. PMMA is one of

the methacrylic resins, generally called as acrylic

resin. PMMA is a transparent thermoplastic

showing impact-resistant, weather-resistant, and

chemical-resistant properties and is known as a

substitute for inorganic glass. Since PMMA is

rigid and light in weight and has color versatility,

it is used in various applications across optical

materials, automobiles, electronics, displays, and

other industries.

Manufacturing Method

Poly(methyl methacrylate) (PMMA) is usually

obtained by the addition polymerization of

methyl methacrylate (MMA) (Fig. 1). In the mid-

dle of the 1930s, ICI Acrylics (now Lucite Inter-

national) invented the first commercial process,

so-called acetone cyanohydrin (ACH) route, for

producing MMA monomer. In the ACH process,

acetone and hydrogen cyanide are first reacted to

produce acetone cyanohydrin. Then, the resulting

cyanohydrin is converted into methacrylamide
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sulfate with sulfuric acid, and the product is

finally treated with a methanol/water mixture

under heating to form MMA and ammonium

(bi)sulfate. Up to now, many companies tried to

develop new synthetic processes for MMA

to reduce the byproducts and the total cost and

to findmilder reaction conditions without toxic or

corrosive chemicals. In those processes including

oxidation of alkenes, ethylene, propylene, or iso-

butylene is a key starting material for the produc-

tion of MMA.

In industry, most of PMMA is produced by the

radical polymerization of MMA including emul-

sion polymerization, solution polymerization,

and bulk polymerization. Methacrylic plastics

are generally available in three forms: flat sheets,

elongated shapes (rods and tubes), and powder

depending on the polymerization method.

Mitsubishi Rayon, Lucite International, Arkema,

Chi Mei, Evonik, Kuraray, LG MMA, and

Sumitomo Chemical are present major suppliers

of PMMA.

Polymerization

As mentioned above, PMMA is mainly produced

by the radical polymerization of MMA in indus-

try, while anionic and coordination polymeriza-

tion of MMA can be also performed to give

PMMA. The thermal property of PMMA strongly

depends on the stereoregularity (or tacticity) sim-

ilar to other vinyl polymers, such as polypropyl-

ene and polystyrene. It is known that the

stereoregularity of polymers is largely affected

by the polymerization mechanism. The stereo-

regularity of PMMA has been well established

and can be measured by 1H and 13C NMR spec-

troscopies to determine the triad (rr, mr, and mm

values) and even pentad contents [1]. The com-

mercially available PMMA, produced by radical

polymerization, serves as an amorphous polymer

possessing slightly syndiotactic-rich configura-

tion (rr = 60 � 70 %). On the other hand,

PMMAs possessing highly controlled stereoreg-

ularities, such as mm-rich (isotactic), rr-rich
(syndiotactic), and mr-rich (heterotactic)

PMMAs, show crystalline properties [2]

(Table 1). It is noted that the glass transition

temperature (Tg) of PMMA tends to increase

with the rr triad content.

In addition to a variety of thermal properties,

the stereoregularity of PMMA also plays an

important role in the formation of stereocomplex,

which is a crystalline-like structure consisting of

isotactic and syndiotactic PMMA segments [2].

Since the discovery of the PMMA

stereocomplex, several novel materials, such as

silica hybrids [3], fullerene assemblies [4], and

hollow capsules by layer-by-layer assembly [5],

have been invented by skillfully exploiting this

complex formation. Since the highly isotactic and

syndiotactic stereoregularities of PMMA seg-

ments are necessary to form the stereocomplex,

continuous and numerous attempts in the poly-

merization system ofMMA have been carried out

to achieve the high order regulation of tacticity.

Radical Polymerization of MMA

As mentioned above, radical polymerization is

the most popular synthetic method of PMMA.

PMMA powder is commonly produced by sus-

pension polymerization, in which the reaction

takes place between tiny droplets of MMA

suspended in water and radical initiator. This

results in grains of powder suitable for the mold-

ing or the extrusion. PMMA flat sheets are

manufactured by bulk polymerization of liquid

CH2=C
CH3

C

O

OCH3

CH2 C

C

CH3

OCH3

Addition Polymerization

O

n

MMA PMMA

Poly(methyl
methacrylate) (PMMA),
Fig. 1 Synthesis of

PMMA by addition

polymerization of MMA
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MMAmonomer between two plates of glass. The

bulk polymerization can be carried out in a water

bath or a hot oven. PMMA block (or thick plate)

can be assembled by the adhesion of PMMA

plates with the viscous syrup containing MMA,

PMMA, and radical initiator and then followed

by heating and/or irradiation for a complete con-

sumption of MMA.

Although the stereo controls of polymers in

the radical polymerization are usually difficult,

the stereoregulated PMMA has been synthesized

by the template polymerization using other

stereoregulated polymers. As a most valuable

example, the stereocomplex thin film consisting

of a 1:1 mixture of PMMA and poly(methacrylic

acid) (PMAA) is used for the precursor of the

template [6] (Fig. 2). From the stereocomplex,

the alternative extraction of PMMA or PMAA is

possible by the suitable solvent to form the thin

porous film consisted of one component as an

effective template. For example, when the tem-

plate polymerization of MMA is carried out on a

porous thin film of syndiotactic PMAA

(rr > 92 %), the stereoregulated PMMA with

highly isotactic configurations (mm > 92 %) can

be obtained. On the other hand, syndiotactic

Poly(methyl methacrylate) (PMMA), Table 1 Relationship between stereoregularity and thermal property

of PMMA

Chemical structure Tg Tm

Isotactic PMMA 	50 159

Syndiotactic PMMA 	130 150

Heterotactic PMMA 	90 166

Commercially available PMMA 	70 Amorphous

Poly(methyl methacrylate) (PMMA), Fig. 2 Template polymerization on the thin porous film with regular nanospace
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PMAA (rr > 94 %) is produced by the template

polymerization of methacrylic acid (MA) using a

porous thin film of isotactic PMMA (mm> 96 %)

as a template.

Anionic Polymerization of MMA

MMA is a typical a,b-unsaturated carbonyl com-

pound showing high anionic polymerizability,

since the electron density of C=C bond is

remarkably reduced by the electron-withdrawing

COOMe group. On the other hand, MMA is dif-

ficult to polymerize with the cationic initiators.

The anionic polymerization ofMMA can be read-

ily initiated with various anionic initiators, such

as organolithiums, Grignard reagents, and even

alkoxides. The organolithiums showing high

nucleophilicities are usually necessary for the

high initiation efficiencies to regulate the molec-

ular weights of the produced PMMA. In the

anionic polymerization of MMA, the nature of

the solvent and the reaction temperature deeply

affect the yield and the tacticity of the resulting

PMMA. In general, organolithium-mediated

polymerization of MMA in a nonpolar solvent,

such as toluene, affords mm-rich PMMA, while

rr-rich PMMA forms in a polar solvent, such as

THF [7]. On the other hand, a PMMA with 52 %

mr content is obtained, when the polymerization

is performed with organopotassium initiators,

such as diphenylmethylpotassium (Ph2CHK), in

THF [8]. Thus, remarkable effects of solvent and

counter cation on the stereoregularity are

observed in the anionic polymerization of

MMA. From the viewpoints of molecular weight

control, a number of effective initiator systems

have been intensely developed, as shown in

Fig. 3. These initiator systems effectively induce

the living anionic polymerization of MMA to

give the PMMA predicted molecular weight and

narrow molecular weight distributions (Mw/

Mn < 1.1). The systems include the bulky and

p-conjugated carbanions in the presence of com-

mon salts or Lewis acidic additives [9–11], lith-

ium enolate [12], silyl ketene acetal in

conjunction with nucleophilic activator [13],

and metal-free anion [14].

In addition to the controls on molecular

weights, a series of well-defined PMMAs with

highly isotactic, syndiotactic, and heterotactic

configurations have been synthesized by

selecting the suitable initiator systems and sol-

vents [7] (Fig. 4). Organolithium (RLi) or Gri-

gnard reagent (RMgX) in the presence of Lewis

acidic additives, such as R3Al [15], R3-n(R’O)nAl

[16], and MgX2 [17], effectively induces the ste-

reospecific living anionic polymerization of

MMA in toluene along with the precise control

of molecular weights and molecular weight

distributions.

Coordination Polymerization of MMA

In the coordination polymerization of MMA, a

number of transition metal catalysts have been

developed and employed to control the polymer-

ization [18, 19] (Fig. 5). In particular, various

single-site polymerization catalysts called

“metallocenes” are effective to narrow the molec-

ular weight distribution of PMMA. The

Poly(methyl
methacrylate) (PMMA),
Fig. 3 Initiators for living

anionic polymerization

of MMA

Poly(methyl methacrylate) (PMMA) 1705
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relationship between the catalyst symmetry and

the stereospecificity of the polymerization has

been investigated to synthesize a series of highly

stereoregulated PMMAs. By the catalysts shown

in Fig. 5, stereoregulated PMMAs have been pro-

duced by the initiation with transition metal cata-

lysts possessing appropriate ligands above 0 �C.

Esterification of PMAA

PMMA can be prepared not only by the polymer-

ization of MMA but also by the esterification

of PMAA. In fact, various esterification methods

for carboxylic acids are available for the

synthesis of PMMA. Among them, diazomethane

is a conventional reagent effective for the

CCH2
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C

O

OMe

t-BuMgBr/toluene

t-BuLi/Bu3Al/toluene

t-BuLi/ /tolueneO
Al
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Me

at - 78°C

at - 78°C

at-78°C

Isotactic PMMA

mm = 99%
Mw /Mn = 1.12

Syndiotactic PMMA

Heterotactic PMMA

MMA

Isotactic PMMA
mm < 99.5%
Mw /Mn  < 1.12
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CH3

CH3 OLi

OCH(CH3)2/Me3SiOLi/toluene

at - 78°C

rr = 92%
Mw/Mn = 1.17

mr = 68%
Mw /Mn = 1.18

Poly(methyl
methacrylate) (PMMA),
Fig. 4 Stereospecific

living anionic

polymerization of MMA

Poly(methyl methacrylate) (PMMA), Fig. 5 Catalysts for stereospecific coordination polymerization of MMA
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complete methylation of PMAA. It is known that

the stereoregularities of the polymethacrylates

strongly depend on the monomer structures, par-

ticularly on the ester substituents, as well as the

polymerization method. The methylation, or con-

version of PMAA to PMMA, is often performed

in order to determine the stereoregularities of

PMAA and other polymethacrylates, since the

characterization of stereoregularity for PMMA

is well established. For example, a poly

(trimethylsilyl methacrylate) is first obtained by

the anionic polymerization of trimethylsilyl

methacrylate [20]. Then, the resulting polymer

is converted into PMMA via the hydrolysis of

the trimethylsilyl ester and the subsequent meth-

ylation of the PMAA. The NMR measurement of

the PMMA obtained by the two-step polymer

reactions is finally performed to determine the

stereoregularity of the initial poly(trimethylsilyl

methacrylate).

Property

Most importantly, PMMA transmits up to 92.6 %

of visible light and shows a very low birefrin-

gence (Dn = �0.0043, refractive index; n =
1.49). Therefore, PMMA is widely used as a

representative transparent thermoplastic material

for various optical media. PMMA dissolves in

many organic solvents, such as benzene, chloro-

form, acetone, and tetrahydrofuran, but is insol-

uble in hexane, methanol, and water. However,

PMMA is rather hygroscopic and can absorb

about 2 wt% of water despite of its insolubility

in water. This hygroscopic property often causes

the serious dimensional change of PMMA mate-

rials. PMMA is a strong and lightweight material

having a density of 1.17–1.20 g/cm3, which is less

than half of inorganic glass (2.5 g/cm3). The glass

transition temperature (Tg) of PMMA is observed

in the range from 50 �C to 130 �C depending on

their stereoregularity as shown in Table 1. Heat

molding of PMMA is possible and usually

performed over 190 �C. On the other hand, ther-

mal zipper-like depolymerization of PMMA is

often observed to result in a decline of mechani-

cal property due to the decrease of molecular

weight under the thermal treatment process.

Therefore, the copolymerization of MMA with

small amount of acrylate monomers has been

used to prevent such main chain degradation

and to keep properties of PMMA.

Although the methyl ester function of PMMA

can be hydrolyzed under acidic or basic condi-

tions to form the repeating unit of PMAA,

PMMA is rather stable and highly weather resis-

tant. In fact, since the environmental stability of

PMMA is superior to other plastics such as poly-

styrene and polyethylene, it is often used as the

materials for outdoor uses. Moreover, the prop-

erty of PMMA can be easily modified by

copolymerizing MMA with other vinyl mono-

mers including acrylates, and various modified

polymeric materials based on PMMA have been

invented.

Uses

As described above, the homopolymer of MMA

and its copolymers are prepared and used as

PMMA-based materials. In this section, such

modified PMMA materials are also introduced

as PMMA. It is known that PMMA shows high

transparency, durability, and shock resistance,

and the coloring is rather easy due to the adequate

polarity. Since PMMA has above excellent per-

formances, it is used in various fields and appli-

cations, such as window material for a

construction (Fig. 6), lenses of glasses, cover of

a light, road sign and displays, stationery, and

Poly(methyl methacrylate) (PMMA), Fig. 6 Colored

PMMA plate (Mitsubishi Rayon Co., Ltd.)
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handicraft, as a typical substitute of inorganic

glass.

Historically, “acrylic glass” made of PMMA

was first used for military purposes, such as

canopies for airplanes, windshield, and subma-

rine periscopes, duringWorldWar II. Recently, it

is widely applied for lenses and visors of vehicles

due to its transparency, lightness, and durability

(Figs. 7 and 8). Compared with inorganic glass,

PMMA panel, organic glass, is very tough, pres-

sure resistant, and shatter resistant. It can be

formed in a wide variety thickness by the devel-

opment of the molding technology of PMMA

plate. In fact, manufacture of the extremely

large-sized water tank, which has 600 mm of

thickness of PMMA plate, in the aquarium is

possible using the special assembling method

(Figs. 9 and 10).

Optical fiber is usually made from inorganic

silica and used for the long-distance communica-

tion, such as a submarine cable. On the other

hand, organic optical fibers are mainly made

from PMMA and widely used for short-distance

communication because of the flexibility, the

ease of installation, and the reasonable costs

(Fig. 11), although they have disadvantages,

such as the poor heat tolerance and the attenua-

tion higher than inorganic glass fiber.

Poly(methyl methacrylate) (PMMA), Fig. 7 Automo-

bile taillight lenses (Sumitomo Chemical Co., Ltd.)

Poly(methyl methacrylate) (PMMA), Fig. 8 Automo-

bile visors (Sumitomo Chemical Co., Ltd.)

Poly(methyl
methacrylate) (PMMA),
Fig. 9 Large PMMA panel

with 8.2 m height, 22.5 m

width, and 600 mm

thickness at Okinawa

Churaumi Aquarium in

Japan (Sumitomo Chemical

Co., Ltd. and Nippura Co.,

Ltd.)
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Specially designed PMMA panel can be used

as a light guide plate, when a dot matrix or a line

matrix is properly patterned on its bottom face

(Fig. 12). In the light guide plate, the light source is

usually installed on its edge tomake the device slim.

The light guide plate can evenly distribute the light

from the source over the upper face of the panel, and

it acts as a backlight to maximize the uniformity of

light for liquid crystalline display and LED.

PMMAs are also extensively used in medical

and dental applications because of the good com-

patibility with human tissue. The emulsion of

PMMA in water is used as aqueous acrylic paints

and adhesives.

Poly(methyl
methacrylate) (PMMA),
Fig. 10 Manufacturing of

large PMMA panel at

Okinawa Churaumi

Aquarium in Japan

(Sumitomo Chemical Co.,

Ltd. and Nippura Co., Ltd.)

Poly(methyl methacrylate) (PMMA), Fig. 11 PMMA optical fibers (Mitsubishi Rayon Co., Ltd.)

Poly(methyl methacrylate) (PMMA), Fig. 12 Light

guide plate with dotted pattern on the back surface for

reflection purposes (Sumitomo Chemical Co., Ltd.)
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Related Entries

▶Anionic Addition Polymerization

(Fundamental)

▶Coordination Polymerization (Styrene and

Polar Vinyl Monomers)

▶Emulsion (Homo)polymerization

▶ Free-Radical Addition Polymerization

(Fundamental)

▶Living Anionic Addition Polymerization

▶ Stereospecific Polymerization
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Synonyms

Composite materials; Condensation polymeriza-

tion; Engineering plastics; Enzymatic catalyst;

Enzyme model complex; High performance plas-

tics; Oxidative polymerization

Definition

Synthesis of poly(phenylene oxide) and poly

(phenylene sulfide) and their polymer properties.

Background

Poly(phenylene oxide) (PPO), which is some-

times called poly(phenylene ether) (PPE), and

poly(phenylene sulfide) (PPS) are practically

important and widely used as high performance

engineering plastics. The synthetic reactions of

both belong to a typical type of condensation

polymerization via step-growth pathways.

The polymerization reaction of the former is

unique, known as an oxidative coupling

polymerization. Proceedings of these synthesis

reactions are briefly described. Important prop-

erty data and applications of these polymers are

also given.

Synthesis Reaction of Poly(phenylene
oxide) (PPO) or poly(phenylene ether)
(PPE) and Polymer Properties

With the pioneering work by Hay et al. (General

Electric Co. or GE), PPO was first synthesized

via oxidative polymerization in 1959 [1, 2].

They reported a new catalyst of copper/amine

using oxygen gas as an oxidant for the oxidative

coupling of 2,6-disubstituted phenols (Fig. 1).

When R = methyl, the reaction in nitrobenzene/

pyridine at room temperature absorbed a stoichio-

metric amount of oxygen for 26 min, and C-O

coupling occurred to produce PPO with high

molecular weight, Mn = 28,000 in 84 % yield.

The IUPAC name of PPO is poly(oxy-2,6-

dimethyl-1,4-phenylene). When R is bulky like a

t-butyl group, the C-C coupling product of a dimer

(3,30,5,50-tetra-t-butyldiphenoquinone, DPQ) was
the sole product.

The mechanism of the oxidative coupling to

selectively form C-O coupling to polymer PPO

has been studied by many chemists, and three

possible pathways have been proposed, for the

case of the polymerization of 2,6-dimethylphenol

(DMeP) shown in Fig. 2 [3, 4], (i) coupling of free

phenoxy radicals resulting from one-electron oxi-

dation of DMeP, (ii) coupling of phenoxy radi-

cals coordinated to catalyst complex, and (iii)

coupling of phenoxonium cation formed by

two-electron oxidation of DMeP. Although it

R

R

R

R
DPQ

R

R

R
PPO (or PPE)

O

O O

n

R

n OH +

+

n Cu cat.

amine
2

n
2

O2

+ n H2O

n H2O

Poly(phenylene oxide)
and Poly(phenylene
sulfide) Syntheses,
Fig. 1 Reaction pathways

of a 2,6-disubstituted

phenol via oxidative

coupling
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was reported that reaction mechanism (iii) would

be most probable [5], the mechanism for the C-O

coupling has not been fully clarified yet.

In contrast to the copper-catalyzed oxidative

PPO synthesis, the oxidative reaction of DMeP

using an oxidant like benzoyl peroxide or alka-

line ferricyanide did not yield PPO, but yielded a

dimer DPQ as the main product. Therefore, the

reaction shown in Fig. 1 seems specific for

affording PPO [6].

So far, a variety of PPO derivatives with dif-

ferent substituents have been prepared; DMePPO

from DMeP is the most important and most

widely used practically. DMePPO is a hard,

tough, ductile, and white material showing values

of Tg (glass transition temp.) of 205 �C, Tm
(crystal melting temp.) of 267 �C, density

1.06 g/cm3 at 23 �C, tensile strength 80 MPa at

23 �C, and elongation at break of 20–40 % at

23 �C. DMePPO is soluble in many organic sol-

vents such as toluene, benzene, and halogenated

hydrocarbons. DMePPO is not used as a single

component polymer due to its melt viscosity

being too high for injection molding; however,

it is freely miscible with many kinds of polymers.

It is normally blended with polystyrene and the

blend has been commercially produced as an

engineering thermoplastics by GE company

from 1960 with the trade name of “Noryl” [7].

The amount of DMePPO production is over

105 t/year [3, 4].

Physical properties of the blend can be con-

trolled by the blend ratio of both polymers.

DMePPO can also be blended with nylons or

other polymers when employing compatibilizers.

The blends are widely used as structural compo-

nent materials for housing construction, electron-

ics parts, household appliances, automobile parts,

etc. The blends are often replacements for with

metal parts to reduce the weight in various

applications.

Preparation of PPO from unsubstituted

phenol needs drastic conditions, e.g., typically

using the Ullmann ether synthesis as shown

in Fig. 3. A CuCl/pyridine complex in

1,4-dimethoxybenzene induced the polymeriza-

tion at a high temperature of 200 �C [6].

A recent review paper covered comprehensive

studies on polymer synthesis using enzymes and

enzyme model compounds as catalyst [8].

(i) coupling of free phenoxy radicals

(ii) coupling of phenoxy radicals coordinated to catalyst

(iii) coupling of phenoxonium cation with phenol

Me

O

Me

Me

O

C-O couplingMe

Me

O

Me

Me

O Cu
Cu

Me

Me

OH

Me

Me

O

Cu

Cu

−H+

Me

Me

O

Me

Me

O
n

Me

DMePPO

Me

OH

chain
extension

Me

+

Poly(phenylene oxide) and Poly(phenylene sulfide) Syntheses, Fig. 2 Conceivable mechanisms of oxidative

coupling polymerization of 2,6-dimethylphenol (DMeP)
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One such study revealed new polymerization reac-

tions to afford PPO polymers. Horse radish perox-

idase (HRP) or laccase enzyme was employed for

the polymerization of syringic acid, a natural prod-

uct, yielding poly(2,6-dimethoxy-1,4-phenylene

oxide) while liberating carbon dioxide (Fig. 4)

[9]. This type of polymerization is not possible

by a metal complex catalyst. Note that laccase

has a Cu-containing active site and HRP is a

heme-containing Fe-active site [3, 4].

In the oxidative coupling polymerization of

ortho-unsubstituted phenols, it was extremely

difficult to control the coupling regioselectivity

by conventional catalysts or even enzyme

catalysts. These reactions generate free phenoxy

radicals, in which ortho-positions readily take

part in the further reactions. Tyrosinase is a

Cu-containing enzyme for oxidation reactions

like laccase. A tyrosinase model complex

(Fig. 5a) catalyzed oxidative coupling polymeri-

zations while suppressing the reaction at ortho-

positions and produced unsubstituted PPO from

unsubstituted 4-phenoxyphenol (Fig. 6a) [10]

and 2,5-DMePPO from 2,5-dimethylphenol

(Fig. 6b) [11]. In these reactions, an intermediate

phenoxy radical is considered not free, but

complexed with Cu, and thus, “controlled radi-

cal” species is involved in the coupling reaction,

where the ortho-position is blocked from

attacking by another radical species.

As a typical example of the polymerization of

2,5-dimethylphenol, the reaction was carried out

at 40 �C in toluene under oxygen gas (1 atm) for

24 h with 5 mol % of Cu-containing tyrosinase

model complex to give a white polymer of

2,5-DMePPO in 78 % isolated yield [11]. The

polymer had values of Mn = 3,900 and

Mw = 19,300. It is the first example showing

heat-reversible crystallinity (Tm1 and

Tm2 = 308 and 303 �C, respectively), in contrast

to noncrystalline polymer of DMePPO.

An HRP model complex, Fe(salen) complex

(Fig. 5b), catalyzed the oxidative polymerization

of 2,6-difluorophenol to poly(2,6-difluoro-1,4-

phenylene oxide) (2,6-DFPPO) (Fig. 6c) [12].

Br ONa O + n NaBr
n

CuCl
pyridine

x n

Poly(phenylene oxide) and Poly(phenylene sulfide) Syntheses, Fig. 3 Ullmann reaction for PPO synthesis

OHHO2C

MeO

MeO

HRP/H2O2
or laccase/O2

HO2C O

MeO

MeO

x n

n

H + (n-1)CO2  +  (n-1)H2O

Poly(phenylene oxide) and Poly(phenylene sulfide) Syntheses, Fig. 4 Syringic acid produced a PPO via

oxidative coupling polymerization
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Poly(phenylene oxide) and Poly(phenylene sulfide)
Syntheses, Fig. 5 (a) Tyrosinase model complexes, and

(b) HRP model complex: Fe(salen) complex [3, 4]
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Further, Fe(salen) complex catalyzed oxidative

polymerization of 2,6-disubstituted phenols in

1,4-dioxane to produce 2,6-disubstituted

PPO [13].

Synthesis Reaction of Poly(phenylene
sulfide) (PPS) and Polymer Properties

Poly(phenylene sulfide) or PPS is a PPO ana-

logue, in which the oxygen is replaced with

sulfur.

PPS is also one of the well-known high per-

formance engineering plastics.

In the early stage of research, one of the good

reactions leading to PPS was reported: a mixture

of p-dichlorobenzene, sodium carbonate, and sul-

fur was heated at 300–340 �C and the formation

of PPS was noticed [14, 15]. Reactions (a) and

(b) in Fig. 7 were considered about what hap-

pened in the mixture during the reaction, since

the formation of thiosulfate and sulfate was

actually observed.

Then, a self-condensation reaction of alkali

metal salts of p-halothiophenol was developed.

The reaction was carried out below the melting

point of the salts and appeared to involve a solid-

state reaction (Fig. 8) [16]. The order of polymer-

ization reactivity of the sodium salts was

I > Br > Cl ~ F, and the order of the reaction of

the alkali metal salts of p-bromothiophenol was

Li>Na>K. Linear PPS is stable up to 400 �C in

air and nitrogen.

An improved process was explored by Phillips

Petroleum Co. in 1967. The reaction of

p-dichlorobenzene with sodium sulfide was car-

ried in a polar organic solvent like

N-methylmorpholine, and the product PPS was

O

a

b

c

OH

tyrosinase model
complex

O

PPO

OH

Me

Me

O

Me

Me
n

2,5-DMePPO

O2
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Poly(phenylene oxide) and Poly(phenylene sulfide)
Syntheses, Fig. 6 Radical-controlled oxidative poly-

merizations by a tyrosinase model complex catalyst:

(a) from 6-phenoxyphenol to PPO and (b) from

2,5-dimethylphenol to 2,5-DMePPO, and (c) Fe(salen)-
catalyzed oxidative polymerization of 2,6-difluorophenol

2 p-C6H4Cl2 + 3 Na2CO3 + 4 S = -(C6H4SC6H4S)- + Na2S2O3 + 4 NaCl + 3 CO2

3 p-C6H4Cl2 + 4 Na2CO3 + 4 S = -(C6H4SC6H4SC6H4S)- + Na2SO4 + 6 NaCl + 4 CO2

PPS 

PPS

a

b

Poly(phenylene oxide) and Poly(phenylene sulfide) Syntheses, Fig. 7 Postulated mechanism of PPS formation

from a mixture of p-dichlorobenzene, sodium carbonate, and sulfur
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first commercialized by the same company as the

trade name of “Ryton” PPS in 1973 (Fig. 9)

[17]. The IUPAC name of PPS is poly(thio-1,4-

phenylene).

The reaction (Fig. 9) is of an A-A + B-B

classical type step-growth polycondensation.

A mechanistic study of the polycondensation

showed to be a consequence of unequal rate con-

stant depending on the propagating chain length,

the behaviors of which are deviated from those of

the classical type reaction. During the reaction,

cyclic oligomer formation was observed as a side

reaction [18]. The impact strength properties of

PPS blended with various polymers and/or inor-

ganic fillers were studied in relation to the crys-

tallinity of the PPS blends [19]. The impact

strength of 17 sample blends increased with

decrease in the crystallinity, regardless of the

method of preparing the blends.

PPS is a semicrystalline, high performance

engineering thermoplastic [17]. The molecular

weight of PPS determined by gel permeation

chromatography or light scattering method was

estimated as ~18,000. Differential thermal anal-

ysis showed that PPS is amorphous, having a

broad melting point (Tm) at 285
�C and a glass

transition (Tg) at 85
�C. Its density is 1.35 g/cm3,

tensile strength 65.5 MPa, and elongation 1.6 %.

When it is heated at around 315 ~ 360 �C, its
cross-linkings and its molecular weight increase,

leading to infusible resins. PPS shows properties

of excellent thermal stability, good mechanical

behavior, antichemical stability, inflammable

nature, etc.

PPS is insoluble in almost all organic solvents

below 200 �C and is miscible with some organic

polymers. It shows, however, a good compatibil-

ity with inorganic substances and thus, reinforced

PPS and/or PPS resins can be obtained as a vari-

ety of composite materials with many inorganic

fillers like glass fiber, carbon fiber, and others.

The properties of PPS resins can be controlled by

changing the nature and amount of the filler. They

are widely used in areas of electronic product

parts, automobile parts, precision machinery

parts, chemical industry parts, etc. PPS is also

used as coating materials. In 1985, the Phillips

Petroleum Co. had a plant capacity of 5.4 �
103 t/year for the PPS production.

Related Entries

▶ PES (Poly(ether sulfone)), Polysulfone

▶ PET (Poly(ethylene terephthalate)) and PTT

(Poly(trimethylene terephthalate))

▶ PET and Other Polyester Synthesis

▶ Poly(ether ketone) and poly(ether sulfone)

Synthesis

▶ Polyimide Synthesis

X

M = Li, Na, K
X = F, Cl, Br, I

SM S

PPS

+  nMX
n

x n

Poly(phenylene oxide) and Poly(phenylene sulfide) Syntheses, Fig. 8 Self-condensation reaction to poly

(phenylene sulfide) (PPS)

Cl Cl  x n   +  Na2S  x n

PPS
n

S +  2n  NaCl

Poly(phenylene oxide) and Poly(phenylene sulfide) Syntheses, Fig. 9 Synthesis of poly(phenylene sulfide)

(PPS)
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Synonyms

Fluorinated polymer; Fluoropolymer;

Perfluorinated polymer; PTFE

Definition

Poly(tetrafluoroethylene) is a synthetic polymer

bearing repeating �CF2�CF2� units, which is

produced by polymerization of tetrafluor-

oethylene, CF2 = CF2. Fluorine-containing poly-

mers can be defined as polymers which contain

one or more fluorine atoms in their chemical

structures in a broad sense. They are divided

into two groups: perfluorinated (fully fluorinated)

polymers, which are composed of C�C and

C�F bonds and in some cases heteroatoms

including oxygen atom [no C�H or C�X (X =
halogens other than fluorine atom) bond in their

repeating units]; and partially fluorinated poly-

mers containing C�H and/or C�X bonds in their

repeating units.

1716 Poly(tetrafluoroethylene) and Other Fluorine-Containing Polymers



Background

Fluorine-containing polymers have unique char-

acteristics, such as chemical and thermal stabil-

ity, low surface energy, and a low dielectric

constant. These are imparted by the specific prop-

erties of a fluorine atom, i.e., high electronega-

tivity, small size, and high bond strength to

carbon atom. In a broad sense, every polymer

can be transformed into a fluorine-containing

polymer by introducing a fluorinated group in

the chemical structure. The incorporation of fluo-

rine into polymers can be achieved by post-

polymerization or polymerization of the

corresponding fluorinated monomers. In fact, a

number of perfluorinated (fully fluorinated) and

partially fluorinated polymers have been devel-

oped for a broad range of applications, including

plastics, elastomers, electronics, agriculture,

pharmaceuticals, and medicine. This entry briefly

describes typical examples from fluoroolefin-

based polymers and other fluorine-containing

polymers to illustrate the impact of fluorination

on their properties.

Poly(tetrafluoroethylene)

Poly(tetrafluoroethylene) (PTFE) is a

perfluorinated linear C�C main chain polymer

with the formula –(CF2–CF2)n– and an analog of

polyethylene (PE) in which all the hydrogen

atoms are replaced by fluorine atoms. However,

the PTFE and PE have markedly different prop-

erties and are prepared in totally different

processes [1–5].

PTFE is essentially produced by free radical

polymerization of gaseous tetrafluoroethylene

(TFE; CF2 = CF2) in an aqueous medium in the

presence of an initiator and other additives, with

or without a surfactant. There are two distinct

methods for the commercial TFE polymerization,

i.e., suspension polymerization and emulsion or

dispersion polymerization. In the former case,

TFE is polymerized with a small amount of or

no dispersing agent with vigorous agitation to

obtain precipitated resins (granular resins),

which are mainly used for molding and ram

extrusion. The latter polymerization with a fluo-

rinated surfactant allows submicron particles to

be dispersed in water. The dispersion products

are used for coating and converted to fine powder

for paste extrusion.

In the crystalline state, PTFE has a helical

conformation due to the larger volume of fluorine

atom than that of hydrogen along the C�C back-

bone, while PE has a planar zigzag molecular

conformation. The rigid helical chains of PTFE

can crystallize easier and result in a high crystal-

linity of over 90 %. The melting point is about

330 �C, which is much higher than that of

PE. Also, PTFE undergoes several crystalline-

to-crystalline transitions in the range of

sub-ambient temperature to the melting point.

At approximately 20 �C, the triclinic pattern

changes to a hexagonal unit cell with a slight

untwisting in the helical conformation, resulting

in a large expansion in the specific volume of the

whole polymer (1.0–1.8 %). There is an addi-

tional smaller transition at 30 �C. Because of the
compact crystalline structure and the dense pack-

ing of fluorine atoms, PTFE is the heaviest poly-

mer materials with a density of 2.1 g/cm3.

One of the most distinguished properties of

PTFE is its outstanding chemical and thermal

stability. It is chemically inert except to a very

few chemicals such as molten alkali metals and

turbulent liquid or gaseous fluorine. PTFE can be

continuously used below 260 �C and shows no

obvious degradation below around 440 �C. The
remarkable stability is due to the fact that PTFE is

formed solely from strong C�C and superstrong

C�F bonds, and the fluorine atoms form a pro-

tective sheath around the C�C backbone. This

chemical structure gives other special properties

including low surface energy, a dielectric con-

stant, a low friction coefficient, nonadhesiveness,

and insolubility in any common solvents.

Representative Examples of
Fluoroolefin-Based Polymers Other
Than PTFE

PTFE has some limitations in its physical prop-

erties for its application, such as lower tensile
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strength and creep resistance compared to other

engineering polymers. Thus, various

fluoropolymers have been developed to over-

come the drawbacks of PTFE materials [1, 3–5],

although PTFE is still the dominant commercial

fluoropolymer due to its excellent properties.

Representative examples of fluoroolefin-based

polymers are listed in Fig. 1.

FEP (fluorinated ethylene propylene) and PFA
(perfluoroalkoxy) resins are random copolymers

of TFE with hexafluoropropylene and

perfluoroalkyl (Rf) vinyl ethers (e.g.,

perfluoropropyl vinyl ether), respectively. The

introduction of the comonomers reduces the crys-

tallinity of PTFE. Thus, these perfluorinated

copolymers combine most of the desirable prop-

erties of PTFE with melt processability.

Partially fluorinated polymers have different

properties and processing characteristics from

perfluorinated polymers. Poly(chlorotrifluor-

oethylene) (PCTFE) is a semicrystalline polymer

made by the polymerization of chlorotrifluor-

oethylene. In comparison with PTFE, it has

improved mechanical properties, better optical

clarity, and lower gas permeability but inferior

thermal stability, chemical resistance, and elec-

trical properties. It also has a somewhat higher

critical surface tension and coefficient of friction.

Poly(vinyl fluoride) (PVF) is the least fluorinated

of the commercial fluoroplastics, but the presence

Poly(tetrafluoroethylene) and Other Fluorine-Containing Polymers, Fig. 1 Representative examples of

fluoroolefin-based polymers
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of fluorine still has a significant effect on its

properties. Poly(vinylidene fluoride) (PVDF),

which is produced by polymerization of vinyli-

dene fluoride (CH2 = CF2), has several different

properties from other fluoropolymers. The alter-

nating CH2 and CF2 units produce a net dipole

moment nearly perpendicular to the polymer

main chain, imparting solubility toward some

polar solvents, high dielectric constant, high

dielectric loss factor, and under certain condi-

tions, piezoelectric behavior. Some block copol-

ymers of vinylidene fluoride and other

fluoroolefins have been prepared by iodine trans-

fer polymerization [6, 7] and other methods

[8–10]. The products consisting of soft and hard

segments are used for commercially important

fluorinated thermoplastic elastomers [8–10].

Poly(ethylene-co-TFE) (ETFE) is a nearly alter-

nating copolymer of ethylene and TFE because

the monomers have a strong tendency to alternate

during polymerization. Although ETFE is iso-

meric with PVDF, its properties, especially elec-

trical properties, are quite different.

The aforementioned semicrystalline

fluoropolymers are industrially important, but

have certain drawbacks such as low optical clar-

ity and poor solubility. TFE/PDD (copolymer of

TFE with perfluoro-2,2-dimethyl-1,3-dioxole;

Teflon® AF) and PPBVE (product of cyclopoly-

merization of perfluoro-3-butenyl-vinyl ether;

Cytop®) are examples of commercial amorphous

fluoropolymers, which combine high optical clar-

ity and solubility with outstanding chemical,

thermal, and electrical properties [1, 11, 12].

FEVE (fluoroethylene vinyl ether) comprises

alternating sequences of fluoroolefin (mainly

TFE or chlorotrifluoroethylene) and several spe-

cific vinyl ethers. The combination of several

kinds of nonfluorinated vinyl ether monomers

provides the polymer with various properties nec-

essary for coatings and paints, such as solubility,

cross-linking reactivity and good adhesion, com-

patibility toward pigments, and flexibility of the

final finish [13]. In addition, the alternating

sequence provides the high weather resistance

of the resultant paint finish.

TFE/PFSA (copolymer of TFE with a perfluor-

osulfonic acid; Nafion®), a perfluorinated polymer

that contains sulfonic acid groups onto a TFE

backbone, is also an important fluoropolymer

material. It is the first of a class of synthetic poly-

mers with ionic properties which are called

ionomers. The combination of the outstanding sta-

bility of TFE backbone with the sulfonic groups

allows broad application including proton

exchange membrane for fuel cells [14, 15].

Other Fluorine-Containing Polymers

There are many other types of fluorine-containing

polymers, since any C�H bonds in

nonfluorinated polymers can theoretically be

replaced with C�F bonds. An effective fluorina-

tion imparts more excellent characteristics with-

out reducing the inherent characteristics of

original good nature of nonfluorinated polymers.

To illustrate the impact of fluorination on the

properties, several examples are described

below (Fig. 2).

Perfluoropolyethers are composed of repeat-

ing units of small perfluorinated aliphatic oxides

such as perfluoroethylene oxide or perfluoro-

propylene oxide. They exhibit several important

features such as uniform viscosity over a wide

range of temperatures, low surface tension, oxi-

dative resistance, high chemical and thermal sta-

bility, and low vapor pressure [16, 17]. Thus, they

are the lubricants of choice for most magnetic

media applications, and they have important

uses in spacecraft and other demanding applica-

tions such as high-vacuum pump oil.

Polymers with perfluoroalkyl (Rf) groups in

the side chain exhibit excellent surface properties

[1, 18, 19]. Typical examples of these polymers

are poly[(meth)acrylate]s with long Rf groups.

These polymers have a critical surface tension

that is much lower than that of PTFE and can be

utilized as water and oil repellents. This is attrib-

uted to the presence of many CF3 groups as well

as the formation of liquid crystalline ordered

structures composed of fluoroalkyl chains on the

surfaces. In addition, poly[fluoroalkyl (meth)

acrylate]s have many other properties that differ

from those of hydrogenated polymer counterparts

(e.g., good transparency, low refractive index,
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low moisture absorption), with readily synthe-

sized and crafts-friendly properties. Also, it

should be noted that controlled/living polymeri-

zation methods developed in the past few decades

have allowed the synthesis of well-defined fluo-

rinated polymers with various architectures

including block, graft, end-functionalized,

branched, and star-shaped polymers [7, 18, 19].

Fluorinated groups have also been introduced

into a variety of condensation polymers. For

example, fluorinated polyimides are of particular

interest for applications in electronics. In general,

fluorination provides unique properties to

polyimides, such as improvement of the transpar-

ency, reduced dielectric constants and refractive

indices, lower moisture absorption, and improved

process performance [20].
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Synonyms

P3AT; P3HT; PT

Definition

Poly(thiophene)s are a class of conjugated poly-

mer that are comprised of repeating units of thio-

phene or fused aromatic thiophene along the

backbone. Often the thiophene rings contain

alkyl side chains as solubilizing units to enable

good processability of the polymer. They have

promising performance in a range of

applications.

Introduction

Within the realms of conjugated polymer

research, thiophene-containing materials have

been one of the most widely investigated mate-

rials. Thiophene-containing polymers have been

investigated in almost every reported application

of conjugated polymers, ranging from organic

solar cells and organic field effects transistors to

sensors, electrochromics, thermoelectric devices,

and more [1]. The prevalence of thiophene as

a comonomer in conjugated polymers is likely

due to a combination of factors. It is readily

available, and the chemistry of thiophene is well

developed and understood, enabling the

functionalization of the core skeleton with a

range of substituents as well as the ready incor-

poration into polymer backbones. This in turn

allows the optical, electronic, and morphological

properties of the resulting polymers to be readily

tuned by the introduction of different substitu-

ents, as well as the incorporation of different

comonomers. In addition the relatively high

polarizability of the sulfur atoms in the thiophene

backbone has also been suggested to play

a beneficial role in charge transport.

Much of the research into poly(thiophene)s

has been focused upon tuning the optoelectronic

properties of the conjugated backbone for partic-

ular device applications. Since many device

properties are particularly sensitive to the solid-

state microstructure of the polymer, particular

effort has also been dedicated to controlling the

organization of these polymers in the solid state.

Thus, for example, the choice of comonomer

units can affect the backbone planarity and there-

fore the ability of the polymers to aggregate and

order in the solid state, while the choice of solu-

bilizing alkyl chain can help promote self-

organization in the solid state and allow close

packing of the conjugated backbones. In addition

to the chemical design of the polymer backbone,

the molecular weight and polydispersity also

have a critical role to play in device performance.

Another critical factor is the choice of synthetic

route to the chosen polymer, since chemical

defects introduced by synthesis can have

a deleterious influence on device performance.

Contaminants resulting from the synthesis, such

as catalyst residue, can also have a negative

impact on device performance, and purification

procedures are therefore important [2].

Classes of Polythiophene

Polythiophene

The simplest polythiophene polymer is that

resulting from the homopolymerization of
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unsubstituted thiophene. In the early 1980s, the

first synthetic routes to non-alkylated

polythiopheneswere reported (Fig. 1) by a variety

of routes [3]. In all cases, low molecular weight

polymer was isolated which was very poorly sol-

uble in common organic solvents. Despite the

poor processability of the material, the high tem-

perature stability and promising electrical con-

ductivity of the polymer stimulated much

interest in this class of polymer.

Much of this interest has been focused upon

improving the processability of polythiophene to

facilitate its use in practical applications. Two

basic approaches have been developed to over-

come the poor solubility. The first is to utilize

a soluble precursor polymer, which following

processing can then be converted in situ, usually

by thermal or photochemical means, into the

intractable polymer. In the case of polythiophene,

thermally cleavable ester groups have been

reported as a promising approach (Fig. 2) [4].

The inclusion of the long alkyl chain ester groups

on the polymer backbones renders it soluble

in a range of common solvents, enabling the

printing of thin film. Subsequent heating of the

polymer to 200 �C results in a Chugaev-type

elimination of an alkene to afford a carboxylic

acid substituted polythiophene which is insoluble

in most organic solvents. Further heating to

300 �C results in decarboxylation to afford the

native polythiophene. One drawback with this

route is the relatively high temperatures required,

which are not compatible with many of the plastic

substrates which are desirable for device applica-

tions. Thus lower temperature cleavable side

chains, such as dimethyloctylsilyl, have been

developed which can cleave at room temperature

in the presence of acid [5]. However poor film

quality can still be a problem with such

approaches, due to the formation of small mole-

cule side products during the cleavage process.

A common alternative approach has been to

attach solubilizing side chains to the polymer

backbone, such that they become soluble in

organic solvents and can be formulated and

processed. As the polymer growth take place in

solution, the improved solubility allows for

higher molecular weights and thus higher degrees

of polymerization to be synthesized. This is

a fundamentally different approach to the chem-

ical conversion route, since the inclusion of func-

tional groups onto the backbone of the

I I

I
I

-

Poly(thiophene)s, Fig. 1 Various synthetic methods for the synthesis of polythiophene

Poly(thiophene)s, Fig. 2 Thermal conversion of a soluble ester-functionalized polythiophene into an insoluble

carboxylic acid-functionalized polythiophene and further decarboxylation to polythiophene
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polythiophene has a significant effect on its opto-

electronic and morphological properties. Such

groups have both a direct electronic influence,

through inductive or mesomeric effects, and

more subtle steric effects which influence how

the polymer backbone can planarize and order in

the solid state.

Poly(3-alkyl)thiophenes

One particularly important and well-investigated

class of thiophene polymer is poly(3-alkyl)

thiophene (P3AT), in which an alkyl group is

introduced into the three-position of the thio-

phene ring as a solubilizing substituent. The

hexyl-substituted polymer poly(3-hexyl)

thiophene (P3HT) is one of the most widely

investigated of all conjugated polymers. Hexyl

offers a good balance between being sufficiently

long to confer good solubility to the polymer

without diluting the conjugated backbone with

too much insulating alkyl chain.

The introduction of an alkyl chain however

causes an increased synthetic complication since

the resulting monomer has reduced CS symmetry

compared to thiophene itself. Coupling of

3-alkylthiophene monomer units can therefore

result in several possible regiochemistries in the

polymer backbone. These are known as head-to-

head (HH), head-to-tail (HT), or tail-to-tail

(TT) couplings (Fig. 3). The percentage of head-

to-tail couplings in the polymer backbone is

referred to as the regioregularity (RR) of the poly-

mer and can be readily assigned by NMR

integration of the aromatic andmethylene protons.

Polymers with a random orientation of the alkyl

side chains are known as regiorandom (RRa) [3].

The regioregularity of P3ATs has a significant

influence on the properties of the polymer back-

bone, and as such it should always be reported in

any study. When R is alkyl, head-to-head link-

ages result in a significant steric interaction

between the adjacent thiophene monomers and

cause a twisting of the monomers away from fully

coplanar. This results in a reduced conjugation

length and can also reduce the ability of the

polymer to order in the solid state. This can be

clearly observed in the optical spectra of P3ATs

of varying regularity. For polymers with RR

around 70 %, the maximum absorption of thin

films appears around 480 nm, corresponding to

a p � p* transition, whereas fully regioregular

P3ATs have a red shifted absorption of approxi-

mately 560 nm in the solid state, with marked

vibronic shoulders to higher wavelengths [6]. The

polymer regioregularity is also a key factor that

can influence the degree of polymer crystallinity.

Hence P3ATs tend to crystallize in a lamellar-

like structure, in which adjacent polymer back-

bones stack together face to face (p stacked) to

form sheet like structures with extended

interchain p stacking. These sheets are vertically

separated by the alkyl chains that extend from the

backbone. Many studies have demonstrated that

conductivity, absorption length, and photovoltaic

and transistor device performance are affected by

the regioregularity [7]. For example, the charge

carrier mobility of P3HT in field-effect transistor

(FET) devices has been shown to vary over three

orders of magnitude as the regioregularity is

reduced from 98 % to 70 %. In this case, it was

demonstrated that the RR affected the orientation

of spun cast films on the transistor substrate, with

low RR polymer orientating with their conju-

gated backbones more face-on to the substrate

and high RR film orientating with the conjugated

backbones perpendicular to the substrate, thereby

facilitating charge transport in the transistor

channel [8]. However the processing conditions

were noted to influence this orientational prefer-

ence, with drop cast low RR films exhibiting

perpendicular orientation and significantly high

- -

- -

Poly(thiophene)s, Fig. 3 Regiochemistries and possi-

ble isomers for coupled thiophenes (head-to-tail (HT),
head-to-head (HH), tail-to-tail (TT))
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mobility than spun cast. This highlights the

importance of processing as well as molecular

structure on device performance.

The nature of the side chain has a significant

influence on the polymer properties. The inclu-

sion of longer alkyl chains like octyl or decyl

leads to a reduced melting point of the polymer

and therefore improved solubility. The device

performance of these longer chain analogues in

photovoltaic devices tends to be reduced,

although transistor performance is similar for

devices with well-optimized film fabrication.

The inclusion of branched alkyl chains like

2-ethylhexyl significantly lowers the melting

point and suppresses the crystallization kinetics,

leading to the initially erroneous observation that

amorphous polymers were produced. Subsequent

investigations revealed that regioregular poly

(3-(2’-ethylhexyl))thiophene did form semicrys-

talline thin films, with a structure remarkably

similar to P3HT but with slightly increased

backbone spacings [9].

Alkoxy- and alkylthio-substituted

polythiophenes have also been reported. As

expected the electron-donating effect of the alk-

oxy group leads to a reduction in ionization

potential for the polymer, relative to P3ATs,

resulting in the formation of polymers which are

stable in the oxidized state. Importantly the incor-

poration of alkoxy groups has been shown to

planarize the head-to-head linkage in comparison

to the alkyl analogue. This is due to the smaller

van derWaals radius (1.5 Å) of oxygen compared

to the methylene group (2.0 Å) and the favorable

electrostatic attraction between oxygen and

neighboring thienyl sulfur atoms. Hence the

incorporation of head-to-head linked bithiophene

monomers can be a useful design tool, facilitating

solubility of the polymer in solution while

enabling favorable planarization in the solid

state. An example of this can be seen in Fig. 4,

in which bithiophene with various substituents

has been copolymerized with naphthalene

diimide [10]. Here the unsubstituted bithiophene

copolymer P1a has an optical band gap of

1.48 eV in thin film. The inclusion of a head-to-

head alkyl bithiophene linker in P1b results in an

increase in the band gap to 1.56 eV due to the

increase in torsional disorder reducing the effec-

tive conjugation length. In contrast the head-to-

head alkoxy bithiophene polymer P1c has the

lowest band gap of all three polymers at

1.08 eV, due to the combination of a planar back-

bone and the increased electron donation of the

alkoxy chains.

An interesting subclass of poly(alkyl)thio-

phene are copolymers in which some of the

alkyl side chains have been removed, such as

poly(3,300-dialkylterthiophene) (PTT) or poly

(3,300-dialkyl-quaterthiophene) (PQT) [11].

Here the reduction in alkyl chain density removes

any possibility for HH couplings allowing for

planarization of the polymer backbone. The

change in side-chain density also facilitates syn-

thesis, since centrosymmetric monomers can now

be utilized. However the reduction in side-chain

density also results in a reduction in polymer

solubility, so longer side chains are usually used

to maintain solubility. In both cases the reduction

in the number of electron-donating alkyl chains

compared to P3ATs manifests itself as a slight

increase in the oxidation potential of the polymer

backbone. In the case of PQT, this was shown to

be beneficial to the ambient stability of field-

−
−

Poly(thiophene)s,
Fig. 4 Structure of some

thiophene copolymers
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effect transistor devices. The reduction in alkyl

side-chain density also results in changes to the

thermal behavior of the polymers and the solid-

state packing. Thus PQT with dodecyl side

chains exhibit a relatively low-temperature tran-

sistor to a liquid crystal phase around

120 �C. Annealing films within this mesophase

was found to result in an improvement in thin film

order and therefore transistor performance. PQT

was found to pack in lamellar-like films, in which

the alkyl side chains from adjacent polymer back-

bone interdigitate [11].

Polythiophene with Fused Aromatic Rings

The synthesis of polythiophene with fused aro-

matic units in the backbone has been a popular

research theme. The incorporation of fused

aromatic influences a multitude of properties

including optical properties, solubility, oxidation

potential, and morphology. A huge range of fused

aromatics have been investigated as comonomers,

which are too numerous to summarize in this entry

[1]. Instead we highlight a few classes of well-

investigated polymers. As shown in Fig. 5, there

have been many polymers incorporating fused

thienoacenes in the backbone. Polymer P2, also

known as poly[2,5-bis(3-alkylthiophen-2-yl)

thieno(3,2-b)thiophene] (PBTTT), has been

widely investigated as a polymer for FETs. It is

structurally similar to PQT, but the inclusion of

the rigid thieno[3,2-b]thiophene comonomer

reduces the torsional freedom compared to the

2,2’-bithiophene unit in PQT, resulting in a more

rigid backbone. PBTTT also exhibits liquid crys-

talline behavior, and annealing in the mesophase

results in the formation of well-ordered crystalline

domains in which the side chains are interdigitated

[12]. Although the lamellar is surprisingly well

ordered for a polymeric material, it has been

shown that there is still appreciable paracrystalline

disorder in the p stacking direction [13]. Neverthe-
less promising field-effect mobilities around

1 cm2/Vs have been reported. Interestingly

PBTTT is also shown to form bimolecular

co-crystals upon blending with fullerene deriva-

tives for solar cell applications. The fullerenes

intercalate into the interdigitated side chains

resulting in an increase in lamellar spacing [12].

Polymer P3 is a structural isomer of PBTTT

in which the solubilizing alkyl chains are incor-

porated on the rigid thienothiophene, rather than

the bithiophene which has some rotational free-

dom. This was found to result in an increase in the

polymer band gap, as well as increases in the

polymer melting point and p-p packing distances.
These changes are thought to stem from increased

disorder in the polymer backbone, possibly as

a result of the greater conformational disorder

of the unsubstituted bithiophene versus the

dialkylated bithiophene. Similar differences are

Poly(thiophene)s, Fig. 5 Structures of some fused thiophene copolymers
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observed for P4 versus P5, in which the alkyl

chains are again moved from the bithiophene to

the rigid fused aromatic. Comparing polymers

P5, P6, and P7 resulted in a noticeable

odd-even effect on their properties depending

on the number of fused aromatic rings. Thus

polymer P6 was found to have a smaller band

gap and form more ordered thin films, compared

to P5 and P7, which manifested as improved FET

mobility. A common design feature for many of

the most well-ordered polymers which demon-

strate the highest FET mobility is the utilization

of a monomer repeat unit that has an axis of C2

rotational symmetry perpendicular to the back-

bone (such as P2, P3, and P6) [14].

There is also a large class of polythiophenes

incorporating thiophene fused to other aromatic

rings such as benzene, naphthalene, pyridine and

anthracene, and many others [15]. In many of

these examples, various isomers of the

thiophene-containing aromatic are possible. For

example, in Fig. 6, the structures of dialkylated

bithiophene copolymers of various isomers of

benzodithiophene (BDT) are shown (P8).

Because of the different bonding geometry of

the various BDTs synthesized, each polymer

was shown to induce a different backbone curva-

ture into the resulting polymer, ranging from

linear for P8a to slightly nonlinear for P8b to

increasingly curved for polymers P8c through

P8e [16]. The backbone curvature could be quan-

tified based on force-field modeling of the back-

bone geometry. Interestingly many polymeric

properties were shown to be dependent on the

amount of backbone curvature, including solubil-

ity with the most linear polymer exhibiting the

lowest solubility. Perhaps unsurprisingly the

polymers with the highest curvature (P8d and e)

also resulted in the least ordered polymer thin

films and the lowest FET mobilities. Optimal

performance was found for P8c which offered

the best balance between curvature and solubil-

ity. Polymers P8b and P8d also had the widest

optical band gaps, due to the meta-substituted

isomeric patterns, which prevented full delocali-

zation along the polymer backbone. Subsequent

studies have found that backbone curvature is an

important design parameter to be optimized,

since it influences the ability of the conjugated

backbones to overlap closely in the solid state.

BDT polymers based upon alkylated analogues

of P8a in which is central phenyl ring is alkylated

are also an important class of photovoltaic

donor polymer. Polymerization with a range of

electronic-deficient monomers has afforded some

of the highest-efficiency solar cell donor

materials [15].

The final important class of polythiophene

materials is that featuring bridged bithiophenes

(Fig. 7), in which the bithiophene unit is held

rigid and coplanar by a bridging atom ensuring

good delocalization. A variety of different bridg-

ing atoms have been investigated such as C, Si,

Ge, or N. Unlike the bridging S in the examples

seen in Fig. 5, each of these bridging atoms is able

to incorporate two or one alkyl chains to act as

solubilizing substituents [1, 17]. In these cases the

point of attachment of the solubilizing chains at the

bridging position does not typically cause steric

interference with adjacent monomer groups, facil-

itating backbone delocalization and planarization.

The nature of the heteroatom also has significant

impact on the electronic properties and morpho-

logical properties of the backbone. Thus, for

Poly(thiophene)s,
Fig. 6 Isomers of

benzodithiophene

incorporated into

polythiophenes

1726 Poly(thiophene)s



example, in comparing low band gap polymerwith

benzothiadiazole (structures P9a–c), it was found

that the C-bridged polymer was amorphous,

whereas the Si- and Ge-bridged polymers

exhibited semicrystalline ordering. This was ratio-

nalized on the basis of the longer C–Si/Ge bond

compared to the C–C bond, which reduced steric

strain between the solubilizing 2-ethylhexyl

groups and the adjacent backbonemonomers facil-

itating p-stacking. The change in polymer crystal-

linity manifested itself as improved photovoltaic

properties in blendswith fullerene derivatives. The

change in heteroatom also influences the band gap

of the polymer, partly as a result of the changed

geometry of the monomer due to the changing

bond lengths and partly due to electronic interac-

tions between the LUMO of the carbon framework

and the s* orbitals of the Si/Ge heteroatoms.

The important role of the side chains and

molecular weight can also be seen in comparing

the properties of P9a with branched 2-ethylhexyl

groups toP9dwith linear hexadecyl groups. Initial

reports of both polymers found that there was little

evidence of molecular order by XRD in either

case, although the P9d exhibited FET mobility

one order of magnitude higher than P9a. However

care must be taken in comparing measurements in

different transistor geometries due to the pro-

nounced role this has in device performance.

More interesting was the fact by improving the

molecular weight of P9d, clear evidence was

found of molecular ordering by XRD, and this

correlated with further improvements in FET

mobility, up to 3.3 cm2/Vs for films orientated by

dip coating and up to 5.5 cm2/Vs for single fiber

devices [1]. The above study clearly highlights the

importance of optimizing side chains, molecular

weight, and processing conditions on device

performance.

Synthetic Methods

The synthesis of polythiophenes has been

reported by a wide variety of methods. In partic-

ular the synthesis of P3AT has probably been

investigated more than any other conjugated

polymer, with a variety of routes reported. Part

of this reason is the interest in P3HT itself as

a versatile organic semiconductor, and partly

this is due to the fact that P3HT is a well-soluble

polymer that is easy to characterize by NMR and

mass spectroscopy. This gives information on the

regioregularity of the side chains, which can be

utilized as an excellent probe for the versatility

and robustness of any polymerization chemis-

tries, since head-to-head or tail-to-tail defects

are readily identified. In this respect, P3HT is

unlike many other conjugated polymers, particu-

larly low band gap materials, in which the NMR

spectra are typically broad and featureless and is

it therefore difficult to probe possible

miscouplings in the backbone.

Kumada and Negishi Coupling

The nickel-catalyzed Kumada cross-coupling of

2-bromo-5-thienyl magnesium bromide, pre-

pared by insertion of magnesium metal into

2,5-dibromothiophene, was first reported for the

preparation of unsubstituted polythiophene in the

early 1980s. A similar approach was initially

utilized to P3ATs by the reaction of 2,5-diiodo-

3-alkylthiophene with magnesium metal,

followed by polymerization of the resulting Gri-

gnard with Ni(dppp)Cl2. However the Mg inser-

tion reaction results in a mixture of unreacted

starting material, mono- and di-Grignard

reagents, and thus relatively poor molecule

weights were observed, with high polydispersity

and low regioregularity [3]. An improvement was

S

X

S

X = CR2, SiR2, GeR2, C=O, N-R, P-R P9a X = C(C2C6)2
P9b X = Si(C2C6)2
P9c X = Ge(C2C6)2
P9d X = C(C16)2

S

X

S

N
SN

n
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Fig. 7 Structure of bridged

bithiophene monomers and

polymers
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developed by McCullough, who developed

a regiospecific route to the formation of

2-bromo-3-alkyl-5-thienyl magnesium bromide

(1) in situ, commonly referred to as the

McCullough method (Fig. 8). Addition of

a bidentate nickel catalyst afforded regioregular

P3AT in good molecular weight and yield.

Although a breakthrough at the time, the

necessity to carefully control the cryogenic

temperature to prevent unwanted rearrangements

of the thienyllithium intermediate was

a disadvantage, and the route has largely been

superseded.

Around the same time, an alternative route to

RR P3ATs was reported by Rieke, in which

2-bromo-3-alkyl-5-thienyl zinc bromide was

used as the monomer [3]. This was formed by

direct insertion of highly active Rieke zinc (Zn*)

into 2,5-dibromo-3-alkylthiophene. This was

found to occur regioselectively at the five-

position, if low (�78 �C) temperatures were

used for the initial addition. Upon warming to

room temperature and addition of a catalyst,

P3AT was produced. Rieke also reported that

the nature of the catalyst had a strong influence

on the regioregularity of the polymer produced,

with bidentate Ni(dppe)Cl2 catalyst affording

high RR, while Ni(PPh3)4 with more labile

ligands resulted in lower RR. The analogous Pd

catalysts both afforded lower RR still. The main

advantage of the Rieke route is the use of

organozinc reagents, which, unlike Grignard

reagents, are tolerant to a wide range of func-

tional groups. More recent research has shown it

is possible to generate the required organozinc

regents by alternative routes, such as lithiation

and transmetallation with ZnCl2 or direct inser-

tion of zinc dust into 5-iodo-2-bromo-3-

alkylthiophene [18].

An improved synthesis not requiring cryo-

genic temperature was subsequently reported by

McCullough and co-workers, known as the Gri-

gnard metathesis or GRIM method (Fig. 3)

[7]. Treatment of a solution of 2,5-dibromo-3-

alkylthiophene with one equivalent of any alkyl

or vinyl Grignard reagent resulted in a metathesis

reaction to afford an alkyl bromide and a mixture

of 2-bromo-3-alkyl-5-thienyl magnesium bro-

mide (1) and 5-bromo-3-alkyl-2-thienyl magne-

sium bromide (2) in an approximate 4:1 ratio,

independent of the reaction temperature and

nature of the Grignard reagent used. Surprisingly

addition of Ni(dppp)Cl2 to the mixture resulted in

the formation of P3AT of high RR and molecular

weight, with yields around 80 %. The high regu-

larity from a mixed starting monomer was shown

to result from the slow rate of coupling to form

HH defects, in comparison to TT or HT. Thus any

TT defect that is formed will subsequently show

a preference for HT coupling.

−

−

Cl2

McCullough Method.

Rieke Method.

Grignard Metathesis (GRIM)

Cl2

Cl2

ca.

MgBr2.

ca.

Poly(thiophene)s,
Fig. 8 Three methods of

preparation of regioregular

poly(3-alkyl)thiophene by

Kumada or Negishi cross-

coupling
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It was later discovered that the GRIM poly-

merization exhibited characteristics typically

associated with a chain growth mechanism with

some “living” character [19]. Thus molecular

weight was found to increase linearly with con-

version and the molecular mass found to depend

on the ratio between Grignard monomer and cat-

alyst. This was an exciting result since the

Kumada cross-coupling reaction is formally

a condensation reaction and these are typically

associated with a step-growth mechanisms. The

mechanism shown in Fig. 9 and proposed simul-

taneously by the groups of Yokozawa and

McCullough is generally accepted, although

some of the details are still unclear. The first

step of the reaction is reduction of the

Ni(II) precatalyst by dimerization of two equiva-

lents of thienyl Grignard monomer 1 to afford

a TT dimer. It is then suggested that the resulting

Ni(0) formed stays associated with the resulting

dimer, possibly by the formation of a p-complex.

This associated complex then undergoes rapid

oxidative insertion of the Ni(0) into one of the

C–Br bonds. Alternatively it is suggested that the

catalyst undergoes an intramolecular transfer

from the Ni(II) complex into one of the C–Br

bonds (a process known as catalyst transfer).

The net result of either mechanism is similar, in

that the resulting Ni(II) complex with the tail-to-

tail dimer now initiates the catalytic cycle. Prop-

agation then occurs via transmetallation with

2-bromo-3-hexyl-5-thienyl magnesium chloride,

followed by reductive elimination to form the

“associated pair” or intramolecular transfer of

the catalyst to the C-Br chain end. In the case of

the “associate pair” mechanism, it is believed that

the Ni(0) forms a complex with the growing

polymer chain directly after reductive elimina-

tion, and then this diffuses to the chain end

and inserts oxidatively into the carbon halogen

Cl2

polymerisation

reductive
elimination

oxidative
addition

oxidative addition

associated pair

associated pair

reductive elimination
or via intramolecular transfer

transmetallation

transmetallation

Intramolecular transfer

MgCl

Poly(thiophene)s, Fig. 9 Proposed mechanism of nickel-initiated chain growth P3HT
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bond [18]. The resting state of the polymerization

has been observed by NMR techniques to be

either of the two Ni(II) complexes before or

after transmetallation depending on the exact

bidentate ligand used, but the proposed

Ni(0) associate pair has never been directly

observed experimentally [20]. In either explana-

tion the important factor is that the Ni catalyst

stays associated with the growing polymer chain.

This polymerization has been termed Kumada

catalyst-transfer polycondensation (KCTP) by

Yokozawa [19].

A key highlight of this proposed mechanism is

that the polymer chain grows directly from a

Ni(II) initiator (in the case of the GRIM polymer,

this is formed in situ by the dimerization of

monomer 1) and stays associated with one grow-

ing polymer chains. This rapidly led to the reali-

zation that an external initiator could be added to

the monomer mixture to grow P3AT under well-

controlled conditions. Thus, for example, the

addition of PhNi(PPh3)2Br, itself prepared from

the reaction of phenyl bromide with Ni(PPh3)4,

was shown by Kiriy to initiate the polymerization

of a solution of 2-bromo-3-hexyl-5-thienyl mag-

nesium chloride (1) (Fig. 10). The resulting poly-

mer had almost complete inclusion of the phenyl

end group if the polymerization was performed at

0 �C, although at these temperatures rather low

molecular weights are produced due to the low

solubility of the growing polymer [21].

Subsequent work into a range of initiators

demonstrated that P3HT could be grown off

a number of suitably functionalized surfaces [22].

For example, by the treatment of cross-linked

poly(4-bromostyrene) with Ni(PPh3)4 followed

by monomer 1, it was possible to grow P3HT

directly on the surface of the polystyrene film.

Similar work allowed the functionalization of

silica nanoparticles. Further work has also inves-

tigated the role of the initiator structure on the

polymerization process. Improved polymeriza-

tion control has been reported using initiators

which contain an ortho-substituent group, due to

a stabilization of the Ni complex. Bidentate phos-

phine ligands like dppp or dppe also promote

improved regioregularity and a reduction in

chain transfer reactions. More complex

trifunctional initiators have also been used to

prepare star-shaped polythiophenes with three

arms in narrow polydispersity [20].

The GRIM polymerization has been used to

polymerize a variety of thiophene-based poly-

mers, with the only limitation being that the

thienyl Grignard reagent must be compatible

with the side-chain functionality. Thus polymers

with alkoxy or alkylsulfanyl side chains have

been synthesized, as well as those with more

complex side chains such as alkyne groups for

subsequent functionalization by click methodol-

ogy. The GRIM polymerization has also been

particularly successful to prepare all conjugated

block copolymers. Since the reaction still has

a reactive chain end when all monomer has been

consumed, block copolymers can be prepared

simply by the addition of a second thienyl Gri-

gnard monomer. For example, block copolymers

containing straight chain hexyl groups and

branched 2-ethylhexyl groups have been pre-

pared which demonstrate interesting phase

HCl

ClMg

Poly(thiophene)s, Fig. 10 Preparation of an external initiator and subsequent polymerization of P3HT
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segregation in thin films [20]. The polymer chain

can also be endcapped at the end of the polymer-

ization by the addition of additional Grignard

reagent. The use of vinyl Grignard allows the

formation of monofunctionalized polymers due

to trapping of the Ni catalyst on the newly formed

vinyl terminal group [7]. Such polymers have

been subsequently transformed, via standard

transformation involving hydroboration, oxida-

tion, and esterification into macroinitiators suit-

able for living radical-type polymerizations [23].

Although the GRIM route and the closely

associated Negishi coupling have shown great

promise in the synthesis of most analogues of

P3ATs, they are not extensively used in the syn-

thesis of alternating copolymers involving

thiophene-based monomers (e.g., structures P2

to P9). This is due to the difficulty in forming

suitably functionalized mono-Grignard for poly-

merization. The alternative route of forming a

di-organozinc or magnesium reagent and cou-

pling this with a dihalide is also problematic,

because of the difficulty in forming the required

organometallics in the high purity required for

polymerization. For these reasons, alternating

polythiophenes have mainly been synthesized

by other routes.

Suzuki, Stille, and Direct Arylation

Polymerizations

The Suzuki cross-coupling of an aryl halide with

an organoboron reagent has been extensively

used for the preparation of many conjugated

polymers. It is particularly useful for the synthe-

sis of polyfluorene- or polyphenyl-based mate-

rials but has been less utilized in the preparation

of thiophene-rich polymers [24]. One of the

issues is that the use of electron-rich thienyl

boronic acids or esters can lead to deboronation

during the polymerization, limiting molecular

weight. Thus the organoboron containing mono-

mer should preferentially be non-thiophene

if possible, i.e., in the synthesis of polymer

P9a by Suzuki polycondensation, the bisboronic

ester is preferentially placed on the 2,1,3-

benzothiadiazole monomer rather than the

bridged bithiophene. A second issue with the

polymerization is the requirement for a base to

activate the boronic ester/acid for cross-coupling.

Since many of the commonly used bases are

aqueous, this can lead to two-phase reaction

media and the requirement for phase-transfer cat-

alysts to facilitate mixing. Solubility of the grow-

ing polymer can be an issue in such two-phase

mixtures.

An early reported issue with Suzuki polymer-

ization was the endcapping of the growing poly-

mer chain by the transfer of aryl groups from the

phosphine ligands used in the polymerization.

This can be suppressed by the use of more bulky

ligands like tri(o-tolyl)phosphine or by the use of

ligand-free catalysts [24]. The polymerization of

P3HT itself has been investigated in some detail

as shown in Fig. 11. In this case bulky, electron-

I

I
Toluene

Herrmann catalyst

I

Poly(thiophene)s, Fig. 11 Suzuki, Stille, and direct arylation routes to P3HT
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rich ligands afforded the best results, and high RR

polymers with reasonable molecular weights

were formed. Interestingly, the boronic ester in

this case was formed directly from 2-bromo-3-

hexylthiophene by an iridium catalyzed

borylation reaction. This route does not involve

the use of strong bases or nucleophilic organo-

metallics and may be useful for the synthesis of

materials where sensitive functionality is

included in the polymer backbone [18]. More

recent results also suggest the use of very

electron-rich ligands can increase the polymeri-

zation speed considerably, reducing the time for

the thiophene boronates to undergo undesired

cleavage reactions [25].

The Stille cross-coupling of an

organostannane with an aryl halide has been

widely used in the preparation of thiophene-

containing polymers. Unlike thienyl boronates,

thienyl stannanes show good stability under the

conditions of polymerization. No added base is

required for activation in the case of a Stille poly-

merization (unlike Suzuki coupling), so it is ideal

for the introduction of sensitive functionality.

The major drawback with the Stille polymeriza-

tion is both the high toxicity of organotin reagents

and the difficulty in obtaining monomer with

sufficient purity to form high molecular weight

polymers. For low molecular weight monomers,

this can be partly solved by using

trimethylstannyl-based monomers rather than

tributylstannyl, since the former tend to be crys-

talline rather than oils in the case of the latter,

facilitating purification. The trimethyltin chloride

or bromide by-products are also water soluble,

which facilitates removal after polymerization.

However the significantly higher toxicity of the

trimethyltin derivatives should be noted. In the

case of more complex monomers, purification

can be difficult due to the fact that many

organotin groups destannylate during attempted

chromatographic purification upon silica or alu-

mina. This can be solved by using reverse phase

silica or cross-linked polystyrene as the station-

ary phase. Often however monomers are used

crude, which can reduce molecular weight.

In the case of P3AT itself, the polymerization

of 2-iodo-3-hexyl-5-tributylstannylthiophene

with Pd(PPh3)4 affords highly regioregular poly-

mer with molecular weights greater than 20 kDa.

Interestingly the polymer could be isolated after

the reaction with the tributylstannyl group still

intact, which allowed for further functiona-

lization. In terms of catalysts for the reaction, it

is worthwhile highlighting that Pd(0) catalysts

such as Pd2(dba)3 in combination with

a phosphine ligand are preferred over Pd(II)

pre-catalysts like Pd(PPh3)2Cl2. This is due to

the fact that reduction of the Pd(II) catalyst in

situ often occurs by dimerization of the

organostannane, which potentially interferes

with the stoichiometry of the reaction. A great

many examples of alternating or random

thiophene-containing polymers have been syn-

thesized by the Stille polycondensation. These

have recently been reviewed in depth, but the

popularity of the Stille polycondensation stems

from its tolerance to a range of functional group

and the reliability of the reaction [26].

A comparatively recent development in the

plethora of cross-coupling reactions has been

the palladium-catalyzed coupling between the

C–H bond of various aromatic rings and aryl

halides (or pseudo halides) in the presence of

base, a process now commonly termed direct

arylation. The main advantage to this approach

is it obviates the need for an organometallic

group to direct the coupling and therefore offers

significant simplification in terms of cost and

number of synthetic steps. The potential of such

approaches has been recognized in the synthesis

of polythiophenes, and a number of reports have

investigated the use of direct arylation polymer-

ization or DARP. As always P3HT has been

a popular synthetic target.

The first reports of direct arylation polymeri-

zation of 2-bromo-3-hexylthiophene by Pd

(OAc)2 in the presence of base to give P3HT

were in the late 1990s, although relatively low

molecular weights were observed at that time.

There was subsequently little improvement for

over a decade until Ozawa reported that much

high yield, molecular weights and RR could be

obtained by the use of a more electron-rich ligand

(Fig. 11) in the presence of Herrmann’s catalyst

and Cs2CO3. The reaction was performed in
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pressurized THF to ensure good solubility of the

growing polymer chain. One issue with direct

arylation is the possibility of multiple sites of

cross-coupling, since there is no organometallic

group to direct the coupling. In P3HT there is the

possibility of coupling to both the a (5-)position

and the b (4-)position on the thiophene. Although

the a position shows a higher reactivity than the

b, as the polymer chain grows, the number of

b position available for miscouplings grows

versus the a, which is only available at the

chain end. Thus chain branching might be

expected and is indeed observed under certain

conditions. The degree of branching is sensitive

to the exact reaction conditions (catalyst, base,

solvent). Although undesirable in many cases,

this side reaction has been exploited to prepare

hyperbranched polymers with variable degrees of

branching [27].

The simplest way to avoid the issue of

branching is to use 3,4-disubstituted thiophene

monomers, in which coupling at the b position

is not possible. Thus several examples of

3,4-disubstituted thiophene-based copolymers

have now been reported in good yield and molec-

ular weight. The method is particularly amenable

to alternating copolymer with a variety of aryl

dihalides as comonomers [27].

Conclusions

Thiophene or fused thiophene aromatics are very

common structural building blocks in conjugated

polymers for a range of applications. Many of the

best performingmaterials for the numerous appli-

cations of conjugated polymers incorporate thio-

phene, from poly(3,4-ethylenedioxythiophene)

(PEDOT) for use as hole injection layers in

OLED devices to complex low band gap copoly-

mers for photovoltaic applications. In fact, it is

difficult to find an application of organic elec-

tronics in which thiophene-based polymers do

not excel. The promising performance of such

polymers is due to a combination of factors, but

the synthetic developments in the control and

understanding of polymerization techniques

over the last few years have been particularly

significant. This is turn has led to better charac-

terized materials with fewer defects and therefore

an increased understanding of the critical factors

which ultimately control the polymeric proper-

ties. Further improvements in the control of poly-

merization for an expanding series of monomers

are expected to increase the number of applica-

tions for conjugated materials still further.
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Synonyms

Poly(ethenol); Poval; PVOH; Vinyl alcohol

homopolymer

Definition

Poly(vinyl alcohol) is a synthetic polymer bear-

ing repeating �CH2�CH(OH)� units, which is

generally prepared from post-polymerization

reaction of a homopolymer obtained from

a protected monomer, such as vinyl acetate.

Introduction

Although poly(vinyl alcohol) (PVA) is one of the

synthetic polymers composed of vinyl monomer

units similarly to polystyrene or polypropylene,

PVA cannot usually be prepared directly from

vinyl alcohol as the monomer because vinyl alco-

hol itself is unstable and readily tautomerized

into acetaldehyde. Therefore, it is usually pre-

pared by the polymerization of a protected mono-

mer, such as vinyl ester, followed by

deprotection.

From the first breakthrough patent of the vinyl

acetate (VAc) preparation and polymerization

into PVA by W.O. Herrmann et al. in 1924, the

production of PVA has progressed to a process of

common polymeric materials [1, 2]. Nowadays,

PVA in industrial applications is generally

obtained from the saponification or hydrolysis

of homopolymer of VAc (Fig. 1). Although

PVA is one of the oldest synthetic polymers, it

still has been attracting much attention in the
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chemical, material, and medical fields because of

a unique combination of its properties including

solubility in water, film orientation characteris-

tics for the polarizer of a liquid crystal display,

adhesive ability to a number of substrates, low

toxicity, biodegradability, and biocompatibility

[3–9]. These properties depend on degree of the

hydrolysis as well as the primary structures of the

original precursor of poly(vinyl acetate) (PVAc),

such as head-to-tail regioselectivity, molecular

weight, and tacticity. Therefore, from the view-

point of synthetic chemistry, the control of the

VAc polymerization is still a challenging topic to

improve the properties of PVA and further con-

tributes to the development of the PVA-based

materials as well as the new polymerization sys-

tems for other protecting monomers.

Not only PVA homopolymers but also

a number of PVA-related materials are industri-

ally produced and commercially available in

many grades [3]. Copolymerization is a useful

method for developing another polymeric mate-

rial with different properties. Typically, the copo-

lymerization of VAc with ethylene followed by

hydrolysis results in ethylene-vinyl alcohol

copolymer, which has excellent gas barrier prop-

erties with low permeability (Fig. 2). Since PVA

has many functional hydroxyl groups in the side

chain, chemical modification of PVA is also effi-

cient to obtain a polymer with other properties.

For example, the reaction with aldehyde com-

pounds, such as formaldehyde and butanal,

leads to intramolecular cyclization of adjacent

two hydroxyl groups to form acetal ring, which

are called poly(vinyl formal) and poly(vinyl

butyral) resins, respectively (Fig. 3).

Polymerization of Vinyl Acetate for PVA
Production

VAc can be homopolymerized only via a neutral

radical intermediate, as shown in Fig. 1 [10]. In

industry, the VAc polymerization for PVA pro-

duction is usually conducted with solution poly-

merization technique using methanol as the

solvent. The homogeneous solution of PVAc in

methanol is diverted to the subsequent saponifi-

cation/hydrolysis process, in which the polymer

turns into PVA and becomes insoluble and

Poly(vinyl alcohol) (PVA), Fig. 1 Preparation of poly(vinyl alcohol) by radical polymerization of vinyl acetate

Poly(vinyl alcohol)
(PVA), Fig. 2 Preparation

of poly(vinyl alcohol-

co-ethylene)

Poly(vinyl alcohol)
(PVA), Fig. 3 Poly(vinyl

alcohol) as a precursor for

poly(vinyl acetal)
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solidified in methanol. During radical polymeri-

zation of VAc, the highly reactive growing spe-

cies renders the primary structure of the resultant

PVAc difficult to be controlled: the VAc radical

polymerization has great tendency to undergo

a chain transfer to methyl group of the acetyl

substituents both on the polymer and monomer

as well as a termination by hydrogen atom

abstraction rather than radical-radical recombina-

tion [11]. Therefore, the degree of polymerization

during VAc free radical polymerization generally

obeys the traditional Lewis-Mayo equation.

Another structural defect inherent to PVAc is

the head-to-head linkage caused by the

misdirected insertion of the monomer, in which

the two carbons of the vinyl group are not distin-

guished well enough in terms of the electric

polarization due to the nonconjugated nature of

the VAc monomer. In addition, the stereochem-

istry during radical polymerization has also been

very hard to control due to the lack of efficient

methods that can induce the directed insertion or

addition of the monomer to the free radical

growing end.

State of the Art in Vinyl Acetate
Polymerization

Controlled or living polymerization is one of the

most promising methods for the production of

polymers with controlled molecular weights and

their distributions. There have been a tremendous

number of reports on the living or controlled

radical polymerization systems in the past two

decades [12]. There also appear effective systems

for the polymerization of VAc to afford the poly-

mers with precisely controlled molecular weights

and narrow molecular weight distributions.

They include the macromolecular designs via

the interchange of xanthate (MADIX)/reversible

addition-fragmentation chain transfer (RAFT),

iron-catalyzed, degenerative iodine transfer,

cobalt-mediated, and organotellurium- and

organostibine-mediated processes. Most of them

are based on the degenerative chain transfer pro-

cess, which accomplishes the molecular weight

control via a reversible interconversion between

the growing radical and the covalent dormant

species in the presence of radical reservoir.

These techniques allow novel macromolecular

architectures, such as block copolymers and

star-shaped polymers composed of a PVA

segment.

To control tacticity, i.e., stereochemistry, dur-

ing radical polymerization, is another challeng-

ing topic [13]. As for the tacticity control during

radical polymerizations, acidic compounds as

additives, such as protic solvents like

fluoroalcohols and Lewis acids (like lanthanide

triflates), have proved effective for monomers

with pendent polar groups. The syndiospecific

radical polymerization of VAc proceeds in

a bulky fluoroalcohol like (CF3)3COH, which

most probably interacts with the carbonyl group

of the monomer and/or the growing chain end via

hydrogen bonding to induce steric repulsion

around the growing terminal. The following

saponification of the syndiotactic PVAc yields

the syndiotactic PVA with higher melting tem-

perature than that of the atactic PVA prepared

from bulk or methanol solution polymerization

of VAc. The use of fluoroalcohol solvent is also

effective for increasing regioselectivity to signif-

icantly suppress the head-to-head propagation.

Thus, the control of the chemospecificity, stereo-

specificity, and regiospecificity during the radical

polymerization of VAc would lead to an innova-

tive PVA [14].

Preparation of PVA from Other
Monomers

There are more ways to prepare PVA than using

VAc in the literature. A wide variety of vinyl

esters (CH2=CH�OCOR) can be polymerized

via free radical polymerization to produce the

PVA precursor similarly to VAc [11]. Vinyl

ethers (CH2=CH�OR) can be homopolymerized

via cationic polymerization using a Lewis acid

catalyst. The homopolymer of vinyl ether with

a bulky substituent, such as tert-butyl vinyl ether,
can be easily hydrolyzed under acidic condition,

subsequently to form PVA (Fig. 4) [15, 16]. Spe-

cifically, cationic polymerization of vinyl ether
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often gives relatively isotactic polymers, which

consequently lead to isotactic PVA.

Aldehydes are known to undergo cross-aldol

reaction with a silyl enol ether (silyl vinyl ether,

CH2=CH�OSiR3) to form a compound with

silylated alcohol and newly formed aldehyde.

Repeating the cross-aldol reaction of acetalde-

hyde at the growing chain end, which is

a tautomer of unstable vinyl alcohol, one can

obtain a silylated vinyl alcohol polymer with

a terminal aldehyde group (Fig. 5) [17]. This

polymerization is called aldol group transfer

polymerization (aldol-GTP). Under judicious

conditions, the aldol-GTP of silyl enol ether pro-

ceeds in a living fashion, in which the molecular

weight of resultant polymer increases with mono-

mer conversion and agrees with the calculated

values assuming that one aldehyde molecule gen-

erates one polymer chain. Although several

attempts have been done for the direct isomeri-

zation polymerization of acetaldehyde, only olig-

omers of PVA have so far been obtained directly

from acetaldehyde as the monomer.

Properties of PVA

The most characteristic property of PVA

(typically originated from PVAc) is its solubility

towardwater, which depends both on the degree of

polymerization and hydrolysis of PVAc [3]. Espe-

cially, the degree of hydrolysis significantly

affects the water solubility, in which the original

hydrophobic PVAc generally turns hydrophilic as

the hydrolysis reaction proceeds due to the

increasing affinity toward water with the hydroxyl

groups. PVAc generally becomes water soluble

over the range of 80 % hydrolysis degree, in

which the water solubility slightly decreases as

the polymerization degree increases. The solubil-

ity in water also depends on the temperature. PVA

with low degree of hydrolysis (80–85 %) shows

lower critical solution temperature (LCST)-type

phase diagram, in which the solubility becomes

lower at a higher temperature [18].

Meanwhile, too many adjacent hydroxyl

groups in the consecutive side chain conclusively

in turn result in water-insoluble polymers,

because of the inter- and intramolecular hydrogen

bondings to cause high crystallinity like cellu-

lose, a kind of natural polymer with many

hydroxyl groups. More specifically, over 90 %

hydrolysis degree, its water solubility gradually

decreases after drying, and when the hydrolysis

degree becomes over 98 %, the polymer does not

show water solubility at ambient temperature

anymore. In addition, thermal annealing or

stretching for crystallization dramatically

decreases the water solubility of PVA with high

hydrolysis degree [3]. Consequently, a molded

specimen or thread of pure PVAwith quantitative

hydrolysis degree and high crystallinity is hard to

dissolve or sometimes insoluble in water after

drying similarly to cellulose. Therefore, one has

Poly(vinyl alcohol) (PVA), Fig. 4 Preparation of poly(vinyl alcohol) by cationic polymerization of vinyl ether

Poly(vinyl alcohol)
(PVA), Fig. 5 Preparation

of poly(vinyl alcohol) by

aldol group transfer

polymerization of silyl

enol ether
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to tune the degree of hydrolysis depending on the

water-soluble applications. In other words, only

PVAwith an adequate number of acetyl groups in

the side chain (partially hydrolyzed PVAc) is

accessible to many water-soluble applications.

Thus, many kinds of PVA with different

degrees of hydrolysis and polymerization are

now commercially available depending on

their application. Typically, the commercially

available water-soluble PVA has around 88 %

hydrolysis degree and that of “fully hydrolyzed”

grade PVA is around 98–99 %, whereas the

degree of polymerization is in the range of

200–3,000.

Application of PVA and Related
Polymers

Owing to its several characteristic properties, such

as solubility in water, orientation characteristics,

adhesive ability to a number of substrates, low

toxicity, biodegradability, and biocompatibility,

over one million metric tons of PVA is now pro-

duced in industry and consumed for wide variety

of applications every year [3]. For example, the

water-soluble PVA is used in paper manufacture,

especially specialty papers, as a binder or primer;

in textile warp sizing; in adhesives as an aqueous

adhesive solution; and in other polymer produc-

tion like poly(vinyl chloride) as a surfactant for

emulsion or suspension polymerization.

PVA fiber is one of the most traditional appli-

cations of PVA, of which the first example is poly

(vinyl formal) from PVA and formaldehyde

developed in Japan by Sakurada et al. in 1939

and then Kurashiki Rayon Co., Ltd. (now

Kuraray Co., Ltd.), started commercial produc-

tion in 1950, which is often called as vinylon

[19]. PVA fiber is not suited for clothing applica-

tion. However, superiorly strong mechanical

properties can be gained by orientation of poly-

mer chains during drawing or stretching owing to

high crystallinity by pendent hydroxyl groups,

which leads to high resistance to water and

chemicals including alkali and natural condi-

tions. Therefore, PVA fiber is now composed of

PVA homopolymer and the name of vinylon

often indicates the PVA fiber. The excellent

mechanical properties have widened the PVA

fiber application, of which the example is that

the PVA fiber is now also used as reinforcement

in cement sheets as an alternative for asbestos in

construction industry.

PVA film is widely used for packaging includ-

ing a food packaging as barrier films and a water-

soluble and biodegradable film for packaging of

detergents, water-soluble chemicals, agrochemi-

cals, fishing, and dyes [3]. For food packaging

film, the copolymer of vinyl alcohol and ethylene

is also used rather than PVA homopolymer in

terms of water resistance, although its original

gas permeability at dry condition is higher than

that of PVA. As for the water-insoluble applica-

tion, the water resistance of a dried PVA film

increases with increasing molecular weights and

degree of hydrolysis of the raw material poly-

mers, which can be further improved by heat

treating or annealing of the dried film at

a higher temperature over 100 �C. Polyols, such
as glycerol, ethylene glycol, di- and triethylene

glycol, and oligomer of ethylene glycol, can be

used as plasticizers for PVA up to 30 wt%. PVA

film as a water-soluble film is also used for laun-

dry bags, water transfer printing, and embroidery

applications. Nowadays, polarizer in liquid crys-

tal display (LCD) is another major application of

PVA films, which is the most essential compo-

nent in the LCD panel, and LCD holds 95 %

consumption share of global polarizer production

[20]. The polarizer film is prepared by stretching

the PVA film, which is followed by doping of

iodine molecule and tucking with triacetyl cellu-

lose (TAC) films. The market of PVA film for

polarizer is oligopolized by Japanese two manu-

facturers, Kuraray Co., Ltd., and Nippon Syn-

thetic Chemical Industry Co., Ltd., most of

which are consumed by the polarizer manufac-

turers in Asia. The worldwide demand of PVA

film for polarizer is now estimated to be over

200 million square meters.

PVA is also used as the raw material in the

manufacture of poly(vinyl butyral) resin, which

is mainly used in automotive and architectural

fields as a protective interlayer bonded between

two panels of laminated glass.
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Synonyms

Poly(1-chloroethylene); Polychloroethylene;

PVC

Definition

Poly(vinyl chloride) (PVC) (CAS number

9002-86-2) is a synthetic resin made from vinyl

chloride and is a member of a large family of

polymers broadly referred to as “vinyls.” The

chemical formula for vinyl chloride is

H2C=CHCl, and the formula for PVC is

(H2C–CHCl)n, where n is the degree of polymer-

ization. This polymer is one of the most widely

used commercial thermoplastic materials. PVC is

one of the earliest produced polymers and now

one of the three most abundantly produced syn-

thetic polymers [1, 2].

History

Vinyl chloride is a colorless, highly flammable

gas with a faint sweet odor that was first reported

by Justus von Liebig and his research student,

Henri Victor Regnault, in 1835; Regnault also

reported the polymerization of this compound in

1838 [3]. Regnault observed that vinyl chloride
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polymerized to form a white powder upon expo-

sure to sunlight. Some later works revealed that

the polymerized object was PVC, but, according

to some other papers, the polymerized object was

poly(vinylidene chloride). Thus, it is commonly

believed that PVCwas first prepared by a German

chemist named Eugen Baumann in 1872, and

Baumann is often credited as the inventor of

PVC. The industrial development of PVC resins

began approximately 50 years later. Full-scale

commercial production began in Germany in

1931, while PVC was produced commercially in

the USA in 1933. During World War II, PVC

became thematerial of choice to protect electrical

wires for military [4].

Process of Manufacture

Unlike other thermoplastics that are entirely

derived from oil, PVC is manufactured from

two starting materials: ethylene and sodium chlo-

ride. Ethylene is derived from a cracking process

involving a feedstock based on oil. Chlorine is

produced via the electrolysis of sodium chloride

in salt water and is then combined with the eth-

ylene obtained from oil. The resulting chemical is

ethylene dichloride, which can be converted to

vinyl chloride at high temperatures. Alterna-

tively, vinyl chloride is obtained by reacting eth-

ylene with oxygen and hydrogen chloride over a

copper catalyst. Consequently, vinyl chloride and

PVC consist of 57 % chlorine and 43 % hydro-

carbon. Vinyl chloride boils at �13.4 �C and is

normally stored and shipped as a liquid under

pressure. Generally, PVC is produced via the

free radical polymerization of vinyl chloride

(Fig. 1) with initiators, such as organic peroxides,

in thick-walled, high-pressure-rated steel vessels.

Currently, PVC is produced using various pro-

cesses to generate increasingly specialized PVC

varieties that are tailored for specific end markets

and new processing technologies. Commercially,

PVC is mainly produced by solution, bulk, sus-

pension, and emulsion polymerizations. Tacticity

of PVC changes according to the reaction condi-

tions. Most of the products are usually atactic [5].

Properties

Pure PVC is a white, brittle solid. The glass-

transition temperature of PVC homopolymers is

near 80 �C. The reported amount of crystallinity

is in the range of between 5 % and 10 %. The

presence of chlorine gives excellent fire resis-

tance to PVC. Moreover, PVC exhibits excellent

electrical insulation characteristics. These prop-

erties make PVC an ideal material for wire coat-

ing and architectural materials. Pure PVC is rigid,

difficult to burn, and highly resistant to strong

acids and bases, most other chemicals, and

many organic solvents. The Flory-Huggins

parameter (polymer-solvent interaction parame-

ter) of PVC ranges from 19.2 to 22.1 (MPa)1/2

[2]. In addition, PVC is not biodegradable. Due to

its durability, PVC can be used in a variety of

applications. Usually, thermoplastics are sup-

plied as pellets. However, PVC resin is often

supplied as a powder, and long periods of storage

are possible because PVC resists oxidation and

degradation. Because PVC is one of the least

expensive plastics, easy to mold, and lightweight,

it is predominant in the construction industry.

Applications

The major factors that favor the use of PVC for

various applications are its range of flexibility,

low toxicity, chemical stability, cost-

effectiveness, ease of fabrication, biocompatibil-

ity, etc. More than 30 million tons of PVC were

used worldwide in recent years. PVC is used in

numerous applications that require a longevity

ranging from short to extended periods of time.

Approximately 60 % of the PVC that is used in

various applications is expected to have a lifetime

exceeding 40 years. The applications for PVC fall

n
ncl

cl

Poly(vinyl chloride) (PVC), Fig. 1 Polymerization of

vinyl chloride
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into two broad categories depending on its

formulation.

Pure PVC is a glassy polymer at room temper-

ature and is used for molding and profile extru-

sions with few additives. The typical products

produced from glassy PVC include window

frames, water pipes, credit cards, bottles, house

siding, and containers. However, pure PVC is

unstable when exposed to visible and UV light.

To address these disadvantages and make PVC

suitable for different applications, antioxidants

and stabilizers are added.

To use PVC in flexible or elastomeric appli-

cations, plasticizers such as phthalates must be

mixed with the PVC to lower the glass-transition

temperature. This type of PVC typically contains

30–40 wt% plasticizers. To a large extent, the

type and amount of plasticizer determines the

properties of the plasticized composition. In this

soft and flexible form, PVC is used in electrical

cable insulation and many other applications

where PVC replaces rubber. In the healthcare

industry, flexible PVC, produced by the addition

of phthalates, is used to make blood bags, feeding

tubes, and many other items [6]. Many other

applications include hoses, imitation leathers,

cables, packaging films, vinyl flooring, and car

interiors.

Environmental Impact, Sustainability,
and Recycling

PVC degradation during processing and use has

been one of the most essential elements of PVC

science and technology. Moreover, although

PVC use has grown tremendously over the last

70 years, health and environmental problems

have been associated with its use, including the

effects of the vinyl chloride, phthalate plasti-

cizers, and other contaminants, such as dioxins

and heavy metals. For example, vinyl chloride

has been identified as a carcinogen. Recycling

PVC materials is more difficult than other widely

used plastics due to the thermal stability of PVC

and the diverse additives used for various prod-

ucts. However, recently, the recycling efficiency

of PVC has been improved. Recycled PVC is

break to small chips, impurities removed, and

the product refined to make pure white PVC. The

Society of Plastics Industry recycling codes of

PVC is 3 shown in Fig. 2.
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Definition

Polyacetylenes are polymers of non-, mono- and

disubstituted acetylene monomers.
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provides substituted acetylene polymers (Fig. 1)

[1–6]. The group 6 transition metal chlorides

such as MoCl6 and WCl5 catalyze the

polymerization of mono- and disubstituted acet-

ylenes. Mo and W catalysts polymerize acety-

lenes via the metathesis mechanism, wherein

the active species are metal carbenes. The stereo-

regularity (cis/trans) of the double bonds in the

main chain is not controlled. On the other

hand, Rh and Pd complexes polymerize

monosubstituted acetylenes via the coordinatio-

n–insertion mechanism to give cis-stereoregular

polymers. Development of these transition

metal catalysts has enabled us to synthesize

a variety of substituted acetylene polymers. The

formed polymers possess carbon–carbon alter-

nating double bonds along the main chain with

various side groups. Consequently, they exhibit

unique and interesting properties based on the

particular conjugated structure. This chapter

deals with the polymerization of substituted

acetylenes and characterization of the formed

polymers.

Polymerization of Monosubstituted
Acetylenes

Aromatic monosubstituted acetylenes including

phenylacetylene and its derivatives efficiently

undergo polymerization with transition metal cat-

alysts to give high molecular weight polymers

showing air stability, solubility, and processability.

These features are advantageous compared with

non-substituted polyacetylene.Mo,W, and Rh cat-

alysts in combination with suitable cocatalysts

are effective for the polymerization of aromatic

monosubstituted acetylenes. Aliphatic

monosubstituted acetylenes also undergo polymer-

ization with transition metal catalysts. When

Rh-based cis-stereoregular polymers are

substituted with optically active groups, they

possibly form helical structures with predomi-

nantly one-handed screw sense. The secondary

structures (helix or random, helical sense, degree

of twisting, aggregation, etc.) are controllable by

external stimuli such as heat, solvent, pH, and

photo-irradiation.

Polymerization of Disubstituted
Acetylenes

Aromatic disubstituted acetylenes undergo poly-

merization withmetathesis catalysts including Nb,

Mo, Ta, andW, while they do not polymerize with

non-metathesis Rh catalysts. Poly(diphenyla-

cetylene) is a typical example of aromatic disub-

stituted acetylene polymers. It is thermally very

stable, but the drawback is insolubility in any

solvents, resulting in difficult fabrication. Intro-

duction of alkyl groups on the phenyl rings

enhances the solubility. As a result, the polymers

become processable and applicable to oxygen-

enriching membranes and photoelectrically func-

tional materials. Aliphatic disubstituted acetylene

monomers such as 2-alkynes undergo polymeriza-

tion with Mo catalysts to give polymers with

molecular weights over one million. Nb, Ta, and

W catalysts are less active for these monomers.

Functions of Substituted Acetylene
Polymers

Photoelectric Function

Poly(phenylacetylene) and its ring-substituted

derivatives exhibit photoelectric functions. For

example, a membrane fabricated from a poly

(phenylacetylene)/CdS hybrid shows excellent

photoconductivity [7]. Poly(phenylacetylene)s

bearing TEMPO radicals serve as positive elec-

trode materials for organic radical batteries

[8]. Aromatic disubstituted acetylene polymers

commonly show more excellent photoelectric

properties than aromatic monosubstituted

R2

R2R1
R1

Transition
Metal Catalyst C Cn n

Substituted
Acetylene
Monomer

Substituted
Acetylene
Polymer

Polyacetylenes, Fig. 1 Polymerization of substituted

acetylene
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acetylene polymers because of the more largely

spread p-conjugation. Poly(diphenylacetylene)s
show strong blue–green emission. An LED com-

posed of ITO/PEDOT/diphenylacetylene copol-

ymer/Ca/Al showed very high device

performance [9].

Gas Permeability

Disubstituted acetylene polymers show

extremely high gas permeability. Poly

(1-trimethylsilyl-1-propyne) (PTMSP) is the

most gas-permeable polymer ever reported

(Fig. 2) [10]. The oxygen permeability coefficient

( PO2
) of PTMSP ranges from 4,000 to 9,000

barriers, ca. ten times larger than that of poly

(dimethylsiloxane), a commercially available

oxygen-permeable material. Substituted acety-

lene polymers with large PO2
values contain

spherical substituents such as t-Bu and Me3Si

groups. In contrast, a majority of less permeable

substituted acetylene polymers possess long

n-alkyl groups. Poly(diphenylacetylene) is sol-

vent insoluble as mentioned above, while its

derivatives with bulky ring substituents are solu-

ble in common organic solvents such as toluene,

and therefore they can be fabricated into

membranes by solution casting. A poly

(diphenylacetylene) membrane can be prepared

by the desilylation of a poly[1-phenyl-2-p-

(trimethylsilyl)phenylacetylene] membrane cata-

lyzed by trifluoroacetic acid [11]. The prepared

polymer membrane shows excellent thermal sta-

bility, solvent resistance, and gas permeability.

Chiroptical Property

Rh-based polymers of N-propargylamides bearing

optically active side chains adopt helical confor-

mations with predominantly one-handed screw

sense stabilized by the steric repulsion between

the side chains and intramolecular C=O•••H–N

hydrogen bonding (Fig. 3) [12]. The addition of

polar solvent such as methanol leads to collapse

of the helical structure, because the formation of

intramolecular hydrogen bonding is disturbed by

Polyacetylenes,
Fig. 3 Possible helical

conformations of

poly(N-propargylamide).

Top: tightly twisted helix

forming i + 3 ! i
C=O•••H–N
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bonding. Bottom: loosely
twisted helix forming

i + 2 ! i C=O•••H–N

intramolecular hydrogen

bonding
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methanol. Polymer gels consisting of helically

twisted poly(N-propargylamide)s recognize chi-

rality more prominently than the analogous

non-helical polymer gels.

Propargyl alcohol is the most simple acetylene

monomer that has a hydroxy group; it undergoes

polymerization with Ni, Rh, and Pd catalysts.

1-Methylpropargyl alcohol is a chiral derivative

of propargyl alcohol and has various applications

in the field of organic chemistry. The polymeriza-

tion of 1-methylpropargyl alcohol and its ester

derivatives using Rh catalysts give the

corresponding polymers that form helices [13].

It is likely that the remarkable ability of such

a small chiral moiety to induce helicity is due to

the location of the chiral group adjacent to themain

chain. In other words, the presence of a stereogenic

center in close proximity to the main chain is effec-

tive to induce a helix stabilized by steric repulsion

between the side chains. The helicity can be tunable

by temperature, solvent, pH, and photo-irradiation.

Since the color of helically twisted polymers of

substituted acetylenes is changed according to the

degree of twisting, i.e., conjugation length, they are

expected to be useful as sensing materials [14].

Summary

In this chapter, the catalysts for the polymeriza-

tion of substituted acetylene monomers and the

basic properties of the formed polymers have

been reviewed. The conjugation in substituted

acetylene polymers plays an important role in

their photoelectric properties. It is noteworthy

that the properties of the polymers largely vary

depending on the side chains. Further study on

catalysts and molecular design of substituted

acetylene polymers may lead to progress in pre-

cisely controlled polymerization using transition

metal catalysts and development of functional

materials showing useful photoelectric,

gas-permeable, and sensing properties.
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Synonyms

PAN; Poly(1-acrylonitrile); Polyacrylonitrile

Definition

Polyacrylonitrile (PAN) is a derivative of poly-

ethylene that has a nitrile (CN) group in the unit

structure, named as poly(1-acrylonitrile)

according to IUPAC nomenclature.

Basics

Polyacrylonitrile (PAN) is a semicrystalline

organic polymer with the formula (C3H3N)n and

has a nitrile (CN) functional group attached on

polyethylene backbone as the unit structure, as

shown in Fig. 1. The nitrile group acts as a hydro-

gen bonding acceptor due to a lone pair on nitro-

gen atom and has a large dipole moment between

electron-deficient carbon atom and electron-rich

nitrogen atom, which enables us to use them for

relatively strong attractive interactions. Indeed,

the strong intermolecular interaction induces the

high strength and high resistance for various

organic solvents.

PAN is predominantly white powder up to

250 �C and shows thermoplastic, but it does not

melt under normal conditions; instead it becomes

darker due to degradation before melting above

this temperature. Having a relatively high glass

transition temperature, around 100 �C [1, 2],

PAN has low thermal plasticity and cannot be

used as a plastic material due to the high melting

point (317 �C [1]) of crystallized PAN. Its limited

solubility in common organic solvents coupled

with superior mechanical properties of its fibers is

due to intermolecular forces between the polymer

chains. PAN is not stable under drying process

and becomes brittle during the drying process.

For chemical stability against chemical reagents,

the nitrile group has relatively low reactivity, and

thermal oxidation induces degradation of PAN to

carbon fibers.

Synthesis

PAN is synthesized from acrylonitrile (AN), i.e.,

2-propenenitrile in IUPAC nomenclature. The

vinyl group of AN is stabilized by resonance

with the nitrile group, and it behaves as an

electron-deficient monomer due to strong

electron-withdrawing ability of the nitrile group.

As the evaluation of reactivity of AN for poly-

merization, the Alfrey-Price Q and e values of

ANwere determined as 0.48 and 1.23 [1], respec-

tively, and thus synthesis of PAN via cationic

polymerization is difficult.

Commercially, PAN is synthesized via free

radical polymerization without control over

molecular structure. Simple copolymerizations

with various vinyl compounds and covalently

linked composite materials with other polymers

and nanomaterials have been prepared in the sim-

ilar radical polymerization. For an example, the

mixture of starch and ceric ion (redox initiator)

can initiate polymerization of AN, i.e., starch

grafting, and following hydrolysis of cyano

group produces a superabsorbent hydrogel with

water absorption larger than 400 times its

weight [3].

For challenge toward precise polymerization

of AN for controlled polymer structure, tacticity

of PAN can be controlled by applying restriction

of movement of AN in urea canal complex initi-

ated by g-ray irradiation [4]. Controlled radical

polymerization of acrylonitrile with narrow

Polyacrylonitrile (PAN),
Fig. 1 Molecular structure

of PAN
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distribution can be accomplished by using

atom-transfer radical polymerization (ATRP)

catalyzed by copper complex [5]. Dithioesters

[6], alkoxyamines [7], and nitroxides [8] are

also usable for controlled radical polymerization

of AN.

PAN can also be prepared by anionic polymer-

ization, which shows better control than free rad-

ical polymerization. AN is determined as C group

monomer in Tsuruta’s classification, indicating

sodium alkoxide, alkyl zinc, and alkyl aluminum

can initiate its polymerization. However, the liv-

ing character of anionic polymerization is lost

because of side reactions such as attack on

a-protons activated by the cyano groups or direct
attack of the propagating anion on the cyano

groups, causing lower molecular weight

compared to radical polymerization [9]. The

side reactions cause branched structures or

deactivation of active sites. Coordination poly-

merization is also applicable to the synthesis of

PAN by employing alkyl iron, alkyl copper, or

rare earth complex. Current researches have

disclosed that, in some coordination polymeriza-

tion system of AN, the polymerization

proceeds according to anionic polymerization

mechanism [10].

Utility of PAN

With respect to utilization of PAN as materials,

PAN has the following unique and well-known

characteristics: low density, thermal stability,

high strength, and modulus of elasticity, resis-

tance and chemical stability against most

chemicals and solvents, sunlight, heat, and

microorganisms, slow burning and charring,

reactivity toward nitrile reagents for modification

of PAN, compatibility with certain aprotic polar

solvents such as DMF and DMSO, ability to

orient, and low permeability toward various gas-

eous materials. These properties have established

PAN as essential polymer materials in chemical

industry, and PAN plays a key role in high-tech

industry these days. For an example, because of

transparent, higher barrier ability for gas and low

swellability for chemicals, PAN is used for

wrapping materials for foods such as tea, coffee,

rice, fish, and eggs, and chemicals, drugs, elec-

tronics, and cosmetics. Due to the chemical sta-

bility and hydrophilicity of PAN, PAN is used as

nonwoven meshes for ultrafiltration, inner sup-

port of hollow fibers for reverse osmosis mem-

branes, and membrane support, especially in

biotechnology and environmental engineering

applications. Other applications of PAN are due

to high-strength fibers for outdoor awnings like

tents, sails for yachts, knitted clothing like socks

and sweaters, and fillers for high-strength mate-

rials for military and commercial aircrafts.

PAN for Polymer Electrolyte

PAN is used as host polymer electrolytes defined

as a membrane that possesses transport ability of

electron, hole, or ions for electrochemical sys-

tems such as fuel cells, lithium batteries,

supercapacitors, and electrochromic devices

[11, 12]. The advantages of the polymer electro-

lytes include no internal shorting, leakage of

electrolytes, and noncombustible reaction prod-

ucts at the electrode surface existing in the elec-

trolyte solution. Among the polymer hosts, PAN

can provide homogenous and hybrid electrolyte

membranes consisting of electrolyte salts such as

LiClO4 and LiN(CF3SO2)2 and the plasticizer

such as ethylene carbonate (EC) and propylene

carbonate (PC) [13]. The conductivity of

PAN-based polymer electrolytes reaches to the

order of 10�3 S cm�1 at ambient temperature

[14]. Encapsulating Li salt solutions of

LiN(CF3SO2)2, LiAsF6, LiCF3SO3, and LiPF6
in a plasticizer mixture of EC and PC with PAN

also provides PAN-based polymer electrolyte

with the similar Li conductivity. Cyclic

voltammetry studies revealed that the electro-

lytes have an inherent oxidation stability window

exceeding 5 V versus Li+/Li [15]. The relatively

high conductivity is a favorable characteristic of

PAN-based polymer electrolytes, although PAN

is inactive in the ionic transport mechanism. PAN

acts as a matrix for structural stability due to its

good compatibility to both the plasticizers and

these Li salts.
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PAN as a Precursor for Carbon Fiber

One of the most important utilities of PAN as raw

materials is a precursor for production of carbon

fiber [16–18]. Today, more than 90 % of com-

mercial carbon fibers are prepared from PAN.

PAN produces carbon fibers with high perfor-

mance such as remarkable high tensile properties,

low densities (less than 2.0 gcm�3), high thermal

stability, chemical resistibility, electrical and

thermal conductivities, and creep resistance. It

has high tensile strength (2.5–3.8 GPa) and high

tensile modulus (227–405 GPa) with small strain

(0.8–1.76 %) and attracts considerable interest in

diverse fields of material sciences. Methods for

preparation of PAN-based carbon fiber include

four steps of preparation of fibers and thermal

conversion processes under controlled conditions

as shown in Fig. 2: (1) fiber formation by

electrospinning or other methods in some polar

solvents; (2) stabilization by heating in the tem-

perature range of 180 ~ 300 �C under oxidative

atmosphere for hours to improve thermal stabil-

ity, to prevent fiber melting, and to increase car-

bon yield; (3) carbonization in an inert

atmosphere in the temperature range of

350 ~ 1,700 �C to remove most of the

non-carbon atoms; and (4) optional graphitiza-

tion at the temperature higher than 2,000 �C for

a formation of graphitic structure and improve-

ment of the ordering and orientation of the crys-

tallites in the direction of the fiber axis.

PAN-based carbon fibers generally have been

used as both high-tech and common daily

manufacturing materials in civil and military air-

crafts, automobiles, missiles, solid propellant

rocket motors, turbine rotors, and high-grade

sporting goods such as pressure vessels for div-

ing, fishing rods, tennis rackets, badminton

rackets, carbon shafts for golf clubs, and high-

tech bicycles.

Electrospinning of PAN for Nanofiber
Production

Fiber-forming processes for PAN play a key role

for production of functional materials based on

PAN [19]. In early times, because of difficulties

in solubilization, no progress was made in

converting into a usable fiber until 1925. The

discovery of the aprotic polar solvents suitable

for spinning of PAN such as N,

N-dimethylformamide (DMF), dimethyl sulfox-

ide (DMSO), N,N-dimethylacetamide (DMAc),

and dimethylsulfone developed for manufactur-

ing of PAN fibers, which soon expanded applica-

bility for electrospinning technique invented in

1934 to produce nanofibers of polymer materials

by applying high voltage to a polymer solution

until a small jet of polymer solution ejects. The

electrospinning parameters such as applied elec-

tric field, solution conductivity, jet length, solu-

tion viscosity, surrounding gas and its flow rate,

and the geometry of the collector assembly con-

trol the fiber diameter and its morphology

[20]. Compared to other methods for production

of PAN nanofibers, such as vapor growth, arc

discharge, laser ablation, and chemical vapor

deposition, the electrospinning can easily gener-

ate nanofibers with diameters from 10 nm to

several mm under the application of an electro-

static force. Appreciable electrostatic forces

occur between the dipoles of adjacent nitrile

groups and this intramolecular interaction

restricts the bond rotation, leading to a stiffer

chain.

Composite Materials of PAN and
PAN-Based Carbon Fibers

Significant progress has been accomplished prep-

aration of composite nanofibers of PAN and

PAN-based carbon fiber for exploring new func-

tional materials [16, 17, 19, 20, 22]. Mostly, the

first step involves electrospinning of PAN in the

presence of the target components or precursors

to be included in the composite nanofibers in

solution or in bulk solid. Then, the composite

fibers of PAN are converted to carbon nanofiber

composites by standard thermal conversion

processes. For example, the composites of

metal nanoparticles in the carbon nanofibers are

prepared in the presence of noble metal salts

or metal complexes such as iron(III)
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acetylacetonate [21] and Ag(NO)3 [23] for

surface-enhanced Raman scattering (SERS)

active material as additives during

electrospinning. Metal oxides such as TiO2,

MnO2, and ZnO [24] are used for the composites

with semiconductors for potential applications as

sensors, catalyst supports in fuel cells, and energy

storage devices. Metal salts such as LiCl, NaNO3,

Polyacrylonitrile (PAN),
Fig. 2 Schematic drawing

of the formation of

carbonized structure

from PAN
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NaCl, and CaCl2 are used as electrolytes or tem-

plates for their large interfacial area with porous

structure after removal of them by thermal treat-

ment [25]. Incorporation of carbon nanotubes

(CNTs) such as single-walled carbon nanotubes

(SWNT) and multi-walled carbon nanotubes

(MWCNT) is described as an ultrahigh-strength

material, superior to both ordinary carbon fibers

and other high-strength materials [26–28]. The

molecular orientation and microstructure of

PAN composites are strongly affected by incor-

poration of CNTs as fillers. The other important

aspects of the nanocarbon composites are

improvement of thermal conductivity, electrical

property, and thermal and dimensional stabilities,

due to the highly anisotropic orientation and for-

mation of complexes of CNTs. These composites

are promising due to these enhanced property

compared to the nascent PAN. They provide a

new class of functional materials in a wide range

of applications such as filtration, structural mate-

rials, garments, insulators, medical, and energy

storage devices. The accelerating technologies

will soon overcome the drawback of small pro-

duction in laboratory scale to large industrial

scale production, which will decrease the cost of

the production of these materials.

Related Entries

▶Application of CL/P Nanocomposites

▶Nanofibers and Electrospinning
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Synonyms
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monomer

Definition

A polyamide is a polymer whose backbone con-

tains the amide linkage {�CONH- or �CONR-

(R, substitute group)} and that generally exhibits

high thermomechanical performances such as high

softening temperature, high thermal degradation

temperature, high mechanical modulus, high

strength, and low creep, which allow widespread

uses as engineering thermoplastics, films, and

fibers. Nylon-6,6TM, comprised of a hexamethylene

group and amide linkages, is one of the most com-

mercialized polyamides. Numerals 6,6 are the

carbon numbers of the diamine and dicarboxylate

used as alkylenemonomers, respectively. Aromatic

polyamides are also available; for example,

KevlarTM poly(p-phenyleneterephthalamide) is

applied as a fiber with ultrahigh strength for bullet-

proof jackets. A polypeptide is a kind of polyamide

derived from an amino acid monomer. Cyclic

amide such as pyrrolidone ring may also comprise

the polyamide backbone.

Introduction

NylonTM is a basic term that represents an impor-

tant class of polyamides. NylonTM is an important

semicrystalline thermoplastic known as aliphatic

polyamides [1]. The ability to form strong hydro-

gen bonds between NH and CO groups is a major

driving force for the crystallization of NylonTM

[1, 2]. NylonTM generally exhibits relatively high

mechanical properties, such as Young’s modulus,

toughness, strength, low creep, and good thermal

resistances, which allow widespread use

[2, 3]. The basic types of Nylon-X,Y refer to the

number of carbon atoms in the monomers; the

most commercialized NylonTM is Nylon-6,6 and

Nylon-6 [1, 2].

The pioneering work of Carothers and his col-

leagues at DuPont led to the discovery of Nylon-

6,6 in 1930 [1, 2]. In 1935, DuPont patented

NylonTM fibers with outstanding properties [4],

which are a kind of synthetic protein [4]. In

1939, NylonTM was first displayed during the

world exhibition in New York, NY, which pro-

vided the initial two letters of NylonTM [4]. During

World War II, NylonTM was used for military

materials in airspace tire, lightweight parachutes,

and waterproof tents since the synthetic polyam-

ides easily replaced silk, which was very difficult

to mass-produce [4]. At the end of the nineteenth

century, it was more commercialized, and after the

war the demand of NylonTM abruptly increased

[1, 2]. After Carother’s patent, a new polyamide

from caprolactam was simultaneously being

developed [3, 4] by Schlack in Germany; this

was later commercialized in 1938 as PerlomTM.

The thermoplasticity of polyamides, including

their good rheological behavior in the molten
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state and the excellent deformability of processed

fibers, has ensured their continuous development

in Europe, the USA, and Japan [2, 5].

There are two pillars for the synthesis of poly-

amides by step polymerizations: (1) thermal

polycondensation and (2) lactam polymerization

were latter joined third: low-temperature interfa-

cial and solution polymerizations to produce ali-

phatic polyamides as established byMorgen et al.

in 1957 [6]. DuPont researchers later overcame

the problems inherent to melt polycondensations

[6] by using interfacial or solution polymeriza-

tion for the preparation of NomexTM and

KevlarTM [1, 2]. Yamazaki et al. [7] later

developed a direct polymerization method in

solution by utilizing a condensing agent,

which is a highly promising technique for poly-

amide synthesis [8]. Many polycondensation

synthetic routes have continued to be developed

that have improved the quality of polyamides

[5, 8].

Polymers with nitrogen heteroatoms in the

main chains have different properties than hydro-

carbon polymers and those with oxygen hetero-

atoms [9]. Among them, polyamides are special

because their amide linkage induces a strong

hydrogen bonding [9]. However, incorporation

of the nitrogen atom increases the cost relative

to polyesters [2]. Nylon-6,6 and Nylon 6 have

overcome the cost-performance problems and

have excellent applications [3]. In addition to

these conventional Nylons, new polyamides

with a variety of molecular designs have been

developed, including the conceptually new

bio-derived polyamides: Nylon-11, Nylon-12,

Nylon-6,6, Nylon-6,10, etc. [6]. The demand for

more environmentally friendly plastics has

prompted the development of sustainable poly-

mers, thereby possibly contributing to a

low-carbon footprint and to the solution of the

plastic waste problem by adding recyclability

functions. Much work on postindustrial environ-

mental degradability, reuse, and recycling [2, 3]

has made it possible to recycle Nylon-6.

Recently, itaconic acid has been introduced as a

bio-derived monomer for the preparation of poly-

amides with environmental degradability and

recyclability [10].

This entry describes the synthesis and proper-

ties of conventional polyamides and newly devel-

oped polyamides derived from itaconic acid via a

salt monomer method [10].

Polymerization Methods

Polymerization methods are classified below by

the reaction conditions:

1. Bulk polycondensation

Direct polymerization of diamine with dicar-

boxylic acid

Salt monomer method

Solid-state polymerization

2. Solution polymerization

Homogeneous system

Interfacial system

and by the monomer structures:

3. Polycondensation of dicarboxylic acid or

diamine derivatives

Polycondensation of N-silylated diamine and

diacid chloride

Polycondensation of diisocyanates and dicar-

boxylic acids

Bulk Polycondensation

Bulk polymerization is a melt polymerization of a

mixture of diamine and diacid monomers or a 1:1

salt of these monomers.

Direct polycondensation of diamine and dicar-

boxylic acid: Commercial aliphatic polyamides

are generally produced by a simple direct poly-

condensation of a diacid and a diamine. Direct

polycondensation of an equimolar amount of the

two monomers can produce a high molecular

weight polymer. A good example (Fig. 1) is

Nylon-6,6 produced by the polycondensation of

adipic acid and hexamethylenediamine [2, 11].

Condensed water should be removed using a

vacuum, and impurities and catalyst are removed

by purification. The resulting polyamide has high

thermomechanical properties [3]. Acid catalysts

such as sulfuric acid or sulfonic acid are some-

times required to promote the polycondensation,

such as in the synthesis of high molecular weight

aromatic polyamides [1, 3]. However, the
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polymerization of these simple mixtures is not

always efficient due to oxidation, vaporization,

or side reactions, which change the 1:1 stoichio-

metric ratio of diamine and diacid required to

produce a high molecular weight polyamide.

The direct polymerization can also be performed

in solution.

Melt polymerization of salt monomers: The

use of nylon salts overcomes the stoichiometry

problems of the direct methods for preparing

polyamides. The salt state of the monomers pre-

cludes their vaporization at the high temperature

of the polycondensation in order to maintain their

1:1 stoichiometry [2, 10]. The salt is formed as a

white powder immediately after mixing equimo-

lar amounts of the diacid and diamine in an alco-

holic solution [2, 3, 9]. After filtration of the

white powder, salt monomer is obtained in very

high yields of >90 wt%. If the salt monomer is

dried, it can be used directly for polymerization in

a sealed reaction tube at a temperature slightly

higher than the salt’s melting point. In the melt

state of the salt, water is produced as steam

[2, 10]. This water should be removed under

vacuum to reach high degrees of polymerization

(Fig. 2) [1, 12]. Salt-state polymerization is gen-

erally a kind of melt polymerization, but solid-

state polymerization is also possible when the
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melting points of the produced polymers are

higher than the reaction temperature. Salts of

hexamethylenediamine and sebacic acid or

adipic acid can be melt-polymerized to form

Nylon-6,10 and Nylon-6,6, respectively [5, 12].

Itaconic acid-based polyamide must be syn-

thesized from organic salts of itaconic acid with

diamine (Fig. 3) because the direct polymerization

involves the side reaction of a Michael-like addi-

tion of the amine to the double bond and nearest

carbonyl to form imine in addition to the regular

amidation, resulting in three-way branching. The

side reaction changes the 1:1 monomer stoichiom-

etry and thereby prohibits the formation of high

molecular weight polyamides, even when the

amount of the side reaction ratio is very small.

Itaconic acid-based copolymers produced by the

organic salt of itaconic acidwith aliphatic diamines

have a cyclic amide ring, pyrrolidone, in the poly-

amide backbone [10, 13]. The pyrrolidone ring

forms by the reaction of the abovementioned

imine with the aliphatic carboxylic acid as shown

in Fig. 3. The pyrrolidone ring is opened by

UV-light irradiation and by composting in a landfill

for extensive periods of time, thereby reducing the

molecular weight of the polymer. The Tg ranges

between 80 �C and 97 �C, which is higher than

those of Nylon-6 and Nylon-6,6. The higher Tg is
attributed to the rigid pyrrolidone ring in the poly-

mer backbone, in addition to the hydrogen-bonding

amide groups [10, 13].

Solid-state polymerization: Solid-state poly-

condensation is generally used to increase the

molecular weight of solid prepolymers

(or monomers) derived from diamine-diacid mix-

ture or salt monomer. Solid-state polymerization

is a thermal polycondensation process, with or

without an added catalyst, at an appropriate pres-

sure and temperature [12]. The prepolymer pow-

der is in a gel-like solid to melt state quasi-solid

or equally “quasi-melt stage” (QSMS) [12, 14].

Reaction temperatures have to adjust 10–15 �C
below the melting point but over the glass transi-

tion temperature of the prepolymers [12]. The

solid-state polymerization proceeds through the

end-group mobility, which is high enough to

react [14]. The solid-state reaction can actually

start at much lower temperatures than molten-

state temperature. However, the reaction time

needed to reach a particular molecular weight is

much longer than those prepared in melt or

solution [11, 12].
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The solid-phase polycondensation of salt

monomer in vacuum produced a slightly higher

molecular weight polymer compared to polymer-

ization under an inert gas or nitrogen gas [11, 12].

The removal of the water by-product determines

the molecular weight of the polymer. Many

industries prefer the solid-state polymerization

because bulk polymerization is very useful for

isolation and purification and produces high

molecular weight polyamides [2, 12, 15].

By-products are removed by heating the dry

starting materials or prepolymer in an oxygen-

free atmosphere (i.e., under flowing gas or high

pressure or in vacuo) [1–3]. The condensed pro-

cess is carried out in three ways: (1) under vac-

uum, (2) in side steam of inert atmosphere, and

(3) in a fluidized bed. Adding a drying agent to

the prepolymers can improve their processability

and operational properties by acting as a plasti-

cizer [12]. A variety of polyamides have been

synthesized through solid-state polymerization,

including Nylon-6, Nylon-6,6, Nylon-4,6, Nylon-

4,T (terephthalic acid), and Nylon-4,I (isophthalic

acid) [12, 16]. The overall rate of SSP depends on

the following three chemical or physical steps:

(1) reaction kinetics of the chain extension reac-

tion through collision of functional end groups,

(2) internal diffusion of the reaction by-products

within the polymer particle, and (3) external trans-

port of the by-products from the polymer particle

to the sweep-gas phase [12, 17].

Solution Polycondensation

Homogeneous system. Solution polycondensa-

tion is applied when melt polycondensation is

difficult or impossible. In the solution polycon-

densation, the monomers must dissolve in a sol-

vent in the presence or absence of a condensing

agent. The solvent should be unreactive toward

the condensing agent, catalyst, and reaction mix-

ture. After the polymerization, solvent, oligo-

mers, and/or catalyst must be removed by

(re)precipitation from a poor solvent for the

polymer and by washing and drying of the poly-

mers [3, 4].

Solution polymerizations have some limita-

tions: (1) the temperature is limited by the solvent

boiling point, (2) it may be difficult to remove a

high boiling point solvent from polymers, and

(3) the solvents must be totally anhydrous

[1]. As an example, 1,3-phenylenediamine is

reacted with 1,3-phthaloyl chloride in chloroform

in the presence of triethylamine.

Interfacial system. An interfacial polymeriza-

tion was developed by Morgen et al. [7]. In inter-

facial polycondensation, the reaction occurs at

the interface between an aqueous solution of the

diamine monomer and a water-immiscible

organic solvent containing the diacid chloride in

a nonequilibrium reaction [7]. The interfacial

polymerization produces a high molecular weight

polyamide in high yield in a short period of time

under ambient conditions of temperature and

pressure [1, 2]. In interfacial polymerization the

reaction between the acid chloride with diamine

forms HCl as byproduct, it is difficult to remove

HCl condensed as a result of reaction, which

affects the polymerization in a long time poly-

merization to require inorganic bases in the aque-

ous phase to neutralize the by-product HCl.

In the interfacial polymerization, large vol-

ume reactions are possible to produce high

molecular weight polymers with high glass tran-

sition temperatures and high mechanical proper-

ties. Nylon-6,6 and Nylon-6,10 are readily

prepared by interfacial polymerization (Fig. 4)

[1, 2]. A few polyamides like Nylon-2,10,

Nylon-4,10, and their copolymers are also pre-

pared from the interfacial method [1]. Some of

the aromatic polyamides are also synthesized by

the interfacial polycondensation of the

corresponding diamines and acid chloride.

Other systems: Some aliphatic and aromatic

polyamides are not readily prepared at a low

temperature due to the low reactivity of the

monomers or at a high temperature because of

side reactions [1, 10]. This reduces the molecular

weight and therefore the performance of the poly-

mer [4]. However, addition of a condensation

agent may enhance the rate of reaction as well

as the performance of the resulting materials.

Polar solvents such as DMF, NMP, and DMAc

in which the monomer and resulting polyamide

are partially or wholly soluble are also commonly

used [1, 2, 12]. For instance, phosphate deriva-

tives with some organic bases can accelerate the
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rate of reaction and increase the molecular weight

of the resulting polymer. The diacid monomer

forms an ester with triphenyl phosphite/pyridine

in NMP solvent to produce activated acid esters,

and then the esters react with diamines to form

the polyamide (Fig. 5).

Polycondensation of Acid or Amine

Derivatives

Polycondensation of N-silylated diamine and

diacid chloride. Aromatic diamines have low

reactivity due to their lower basicity and there-

fore require high temperature to condense with

diacid chlorides. Silylation of the diamine

increases its reactivity and improves its solubil-

ity; N-trimethylsilyl-substituted amines react

with acid chloride to produce a high molecular

weight polymer with elimination of trimethylsilyl

chloride (Fig. 6) [16]. The high molecular weight

aromatic polyamide can be prepared at a low

temperature in solution by polycondensation of

N,N-bis(trimethylsilyl)-substituted aromatic

diamines and aromatic diacid chlorides in NMP

solvent [1, 2, 16]. Additional advantages of the

N-silylated diamine route are easy separation and

product purification due to high solubility in

NMP, as well as reduced boiling point and less

oxidation. The other benefit is that the
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trimethylsilyl chloride by-product can be

recycled and reused.

Polycondensation of diisocyanates and dicar-

boxylic acids: Diisocyanates react with carboxylic

acids to form an amide group (Fig. 7). Isophthalic

acid reacts with 1,3-phenylene diisocyanate to

produce aromatic polyamides. Other acid and

amine derivatives such as dinitriles can be used

in place of dicarboxylic acids and esters to prepare

polyamides in the presence of water [2, 3].

Properties

The most distinguishing structural characteristic

of polyamides is the ability of the amide groups to

form hydrogen bonds between adjacent polymer

chains [1–3]. Polyamides are therefore strong,

tough, and stable at elevated temperature, have

low friction, and are processable with good

appearance [3]. The melting point is dominated

by the ratio of CONH groups to CH2 groups,

which also affects the glass transition tempera-

ture [4, 5]. Although the ratio of -CH2/-CONH- in

Nylon-6 and Nylon-6,6 are identical, Nylon-6,6

forms more H-bonds than Nylon-6 in either par-

allel or antiparallel arrays and therefore crystal-

lizes more efficiently and has a higher melting

point [5]. The chain length affects the melting

point of polyamides, although the melting point

of aliphatic polyamides decreases as the length of

the aliphatic segment increases: Nylon-4,6

(300 �C), Nylon-6,6 (260 �C), Nylon-6,10

(225 �C), and Nylon-6,12 (210 �C). The melting

temperature of aliphatic polyamides also exhibits

odd/even alternation, with polyamides containing

an odd number of methylene groups having

higher melting temperatures than those with an

even number of methylene groups [1, 3]. In poly-

amides and copolyamides with different degrees

of crystallinity, the chain length affects the melt-

ing points. For example, the melting temperature

of Nylon-11 (190 �C) is higher than that of

Nylon-12 (180 �C) [1, 16].
On the other hand, the glass transition temper-

ature originates from the molecular motion of

amorphous regions, like translation motion,

length of the alkyl chain, vibration of atoms,

movement of crystal lattice, and chain uncoiling

[6]. The glass transition is also affected by the

polymer chain length and amide content, which

hydrogen bonds to increase crystallization [3].

The glass transition temperature (Tg) of nylon

increases with increasing crystallization. Due to

the amide linkage, nylons are hygroscopic and

absorb moisture, which has a plasticizing effect

and reduces the mechanical properties of tensile

strength and Young’s modulus, although the

impact strength increases [2]. Nylons with lower

contents of amide linkages show lower water

absorption, inducing the decrease of Tg. The

water absorption of nylons range from 2 % to

10 %, which affects their Tm, Tg and chain stiff-

ness [4, 2].

While the higher crystallinity impacts all of

the major properties of polyamides, the high

moisture absorption reduces the crystallinity of

polyamides. In particular, a high degree of
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crystallinity provides abrasion resistance, high

stiffness, high density, high Young’s modulus,

high chemical resistance, and better dimensional

stability, but decreases elongation, impact resis-

tance, thermal expansion, and gas permeability

[2, 3, 17]. Although the stiffness, tensile strength,

and yield point of polyamides increase with

increasing crystallinity, these properties are inde-

pendent of molecular weight [2]. Nucleating

agents such as inert mineral fillers like clay,

talc, and chalk are added to a polymer to increase

its crystallinity and thereby enhance its abrasion

resistance. Nylons that are transparent have

an amorphous structure, which is controlled by

(co)polymerization of the appropriate monomers,

such as partially aromatic or cycloaliphatic AB,

AA, or BBmonomers, in order to have acceptable

stiffness [1, 2].

Amides are generally hydrolyzed under acidic

and alkaline conditions. Some polyamides are

stable in alkaline solution but easily hydrolyzed

in acidic media [2]. With the exception of aramid

KevlarTM, almost all of the polyamides are

slowly hydrolyzed in water. However, due to

their poor solubility in common organic solvents,

aramids are difficult to process, which limits their

applications [12].

Aliphatic Polyamides

Aliphatic polyamides, Nylon-X,Y (Fig. 8), are

produced commercially by polycondensation of

diamines with diacids or diacid chlorides, self-

condensation of amino acids, and ring-opening

polymerization of lactams [1, 7]. A high molec-

ular weight polymer is prepared from pure mono-

mer, and the stoichiometric ratio of comonomers

affects the polyamide properties; an equimolar

mixture forms a salt referred to as a salt monomer

or nylon salt [10].

The melting temperature of Nylon-6,6 is

higher than that of Nylon-6. Their major differ-

ence is the number of components: Nylon-6 has

six carbons in the alkyl segment, while Nylon-6,6

is made from two components, a six-carbon

diacid and a six-carbon diamine [4, 12]. Nylon-

6,6 is therefore more crystalline and has a higher

melting point than Nylon-6, and Nylon-6 is more

mobile than Nylon-6,6. Nylon-6 and Nylon-6,6

have similar properties, but Nylon-6 is slightly

more tough [12]. Nylon-6,6 has a better balance

of strength, stiffness, and thermomechanical prop-

erties thanNylon-6 [4]. Nylon-6 andNylon-6,6 are

in great demand today because of their excellent

properties and good ductility, which are suitable

for glass-reinforced products, used as long-term

thermomechanical materials that are resistant to

hydrolysis and moisture [4, 17]. Reinforced poly-

amides are used in the automobile industry to

prepare electrical systems, pedals, and the cooling

systems, rims, and vehicle pedal assemblies

[12]. Nylon-6 and Nylon-6,6 can be blended with

aromatic polyamides, and small proportions of

Nylon-6 can be blended with Nylon-6,6 for

newer industrial applications. The Nylon-6/6,6

blends produce good films [3, 17].

Nylon-11 and Nylon-12 (Fig. 9), including

their fibers, have properties similar to those of

their Nylon-6 “sister materials” [1, 3, 12]. Both

Nylon-11 and Nylon-12 have high chemical

resistance to oil products, petrol, fatty substances,

lubricants, and some organic solvents. They swell

easily but do not dissolve in phenol and acetic

acid and are stable in 33 % HCl solution. In

contrast, Nylon-6 and Nylon-6,6 decompose

easily in acidic solutions [3].

NH (CH2)11 CO

n

NH (CH2)10 CO

n
Nylon-11 Nylon-12

Polyamide Syntheses,
Fig. 9 Structures of

Nylon-11 and Nylon-12

H
N

H
N

O O n

Nylon-X,Y

x
y

Polyamide Syntheses, Fig. 8 Structures of Nylon-X,Y
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Nylon-11 (Fig. 9) is called RilsanTM and is

produced by polycondensation of

11-aminoundecanoic acid, which is derived

from renewable castor oil, at 220 �Cwith removal

of water [16]. Nylon-11 has a relatively low

moisture absorption due to the long alky segment

and high chemical resistance due to

intermolecular hydrogen bonding. It is also able

to accept a high loading of fillers. However, the

cost of Nylon-11 is high and it is less heat resis-

tant than the other types of polyamides [1, 3].

Nylon-12 (Fig. 9) is produced by the ring-

opening polymerization of laurolactam

(dodecalactam) at around 290 �C in the presence

of phosphoric acid. The dodecalactam is prepared

from cyclododecatriene, similar to the conver-

sion of benzene to caprolactam [15]. Nylon-12

has extremely good mechanical properties over a

wide temperature range. The melting temperature

of Nylon-12 is lower than that of Nylon-11 due to

its lower amide content [3, 15].

Due to the flexible alkyl segment of Nylon-11

and Nylon-12, they are more suitable for automo-

bile industries as well as electrical cables and

pipes for natural gas transportation, sports article,

and medical to pneumatics [3]. Nylon-11 is used

for packaging materials, UV and weather resis-

tance, and flame resistance properties [8, 16]

Nylon-4,6 is prepared from the salt of

1,4-diaminobutane and adipic acid. Its melting

temperature is 290 �C [4]. It has excellent

mechanical properties at room temperature and

at high temperature. Nylon-4,6 has the highest

grades of impact due to its excellent resistance,

wearing ability, processability, chemical resis-

tance, and high stiffness. Polyamides are used

for making mechanical rubber good, sewing

thread and filters, and some fiber applications

[1, 4]. The melting temperature and mechanical

properties of Nylon-4,6 are higher than those of

Nylon-6 and Nylon-6,6 due to the higher amide

content; however, it absorbs more moisture

[2, 15].

There are some bio-derived aliphatic polyam-

ides, which minimize their carbon footprint.

Nylon-11, Nylon-6,12, Nylon-6,10, Nylon-6,

Nylon-6,6, Nylon-10,12, and Nylon-4,10 can be

derived from castor oil [15]. Nylon-6,12 is

suitable for weather-resistant jackets. Nylon-

6,10 is prepared by interfacial polymerization

of sebacoyl chloride and hexamethylenediamine

[2, 15, 17]. Nylon-10,10 is prepared by the reac-

tion of decanediamine with sebacic acid derived

from castor oil. Its properties are similar to those

of Nylon-12, but it is less chemically resistant,

absorbs less moisture, and is more adhesive due

to its flexible structure. Nylon-10,10 can be easily

injection molded and is used for electronic

devices in housing, flexible tubes, and pneumatic

tubes [1, 15]. Nylon-4,10 is produced from

1,4-diaminobutane and sebacic acid derived

from castor oil. Nylon-10,12 is produced from

1,10-decamethylene diamine and sebacic acid

(derived from castor oil). Bio-based polyamides

are needed to minimize their carbon footprint and

reduce global warming [1, 2].

Aromatic Polyamides

Due to their rigid backbones, especially the

entirely p-substituted derivative [18], aromatic

polyamides have high thermomechanical proper-

ties (tensile and impact resistance), are chemi-

cally resistant to alkali, and are hydrolytically

stable [8, 6]. They are useful for high-

performance technologies and can therefore ful-

fill the future demand for rigid thermomechanical

materials [18], including rubber replacements;

commodity articles like parachutes, boats, elec-

trical motors, thermoplastic pipes, and fan blades;

and cutting edge technologies like optically

active polyamides, gas separation membranes,

ion exchange membranes, and thermoresistant

jackets [2]. Aramid-based membranes are supe-

rior to cellulose acetate in reverse osmosis appli-

cations [15] and, due to their pH and chemical

resistance, can be cleaned with acid and caustic

solutions [18]. However, aromatic polyamides

have poor solubility and are difficult to process,

which restricts their applications [4].

The two most popular commercial aramids are

NomexTM (Fig. 10) and KevlarTM (Fig. 11). Mor-

gan (DuPont) discovered NomexTM in 1958 and

it was later commercialized in 1961. KevlarTM

was discovered by Kwolek (Du Pont) in

1965 and was later commercialized in 1971.

NomexTM is synthesized by polymerization of
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m-phenylenediamine and isophthaloyl chloride

[18]. NomexTM has a high melting point

(400 �C) and high thermal stability. Its fiber is

drawn from a highly polar solution of DMF

containing lithium chloride [15].

KevlarTM is synthesized by polymerization of

different isomers, terephthaloyl chloride and

p-phenylenediamine (Fig. 11) [1, 2, 15]. The

melting point (500 �C) of this entirely

p-substituted polyamide is 100 �C higher than

that of NomexTM, and its Tg is 300
�C. KevlarTM

is insoluble in polar solvents like NMP, DMAc,

and DMF because of its rigid-rod backbone and

intermolecular hydrogen bonds (Fig. 12),

although it dissolves in concentrated sulfuric

acid, which can be used for fiber formation [18].

The properties of KevlarTM fiber are superior to

those of NomexTM fiber. With a strength compa-

rable to steel, KevlarTM forms the strongest

man-made fiber and is used as a tire cord, in

ballistic vests, boats, and brake pads

[18]. Flexible segments can be introduced to sol-

ubilize KevlarTM and improve its processability

by disrupting the chain symmetry and regularity

and by destroying the hydrogen bonding [1, 2, 15,

18]. These structural modifications also lower the

glass transition temperature [1, 2, 18]. In both

aramids, 85 % of the amide linkages are directly

attached to the two aromatic rings.

Aromatic polyamides with glass transition

temperatures of 156–242 �C have also been

made from bio-based monomers that introduce a

heterocyclic ring [19]. Figure 13 shows itaconic

acid-derived polyamides prepared with diamines

such as 4,40-diaminodiphenyl ether (PA-1),

p-phenylenediamine (PA-II), m-xylenediamine

(PA-III), and p-xylenediamine (IV).

The glass transition temperatures were 199 �C
(PA-I), 242 �C (PA-II), 156 �C (PA-III), and

173 �C (PA IV). PA-II has the highest thermal

stability because of para-substitution without

an ether linkage and no methylene groups [19].
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Polyamide Syntheses,
Fig. 10 Synthesis of

NomexTM from

m-phenylenediamine and

isophthaloyl chloride
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The heterocyclic ring enhances the fatigue resis-

tance and wearing durability and promotes strong

intermolecular hydrogen bonding [19].

Other Polyamides

Aliphatic polyamide finds many industrial and

textile applications due to their high mechanical

strength and durability [3, 6, 15]. Aromatic poly-

amides have outstanding properties but poor sol-

ubility, whereas aliphatic-aromatic polyamides

that incorporate a diacid or diamine with a

flexible aliphatic segment have excellent proper-

ties and good solubility [3, 15]. Aromatic-

aliphatic polyamides have higher melting

temperatures, glass transition temperatures, and

mechanical properties than Nylon-6 and Nylon-

6,6 [15]. The solubility of aromatic polyamides is

also increased by incorporating ether linkages,

trifluoromethyl groups, amide-imide

linkages, sulfur-containing groups, or

alicyclic groups that are less rigid than aromatic

rings [20].

Mitsubishi prepared poly(m-xylylene

adipamide) (MXD-6), by polycondensation of

m-xylylene diamine with adipic acid (Fig. 14).

MXD-6 exhibits a glass transition in the range of

85–100 �C and a melting point in the range of

235–240 �C [9, 15, 18].

QianaTM developed by DuPont is an aliphatic-

aromatic nylon fiber [20] with a melting point of

275 �C. It is prepared by a polycondensation

of bis(4-aminocyclohexyl)methane and

dodecanedioic acid (Fig. 15), generally for shirt,

military clothes, ropes, and ladies gowns.
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Polyamide Syntheses, Fig. 12 Molecular structure of KevlarTM forming intermolecular hydrogen bonds
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Summary and Future Development

The demand for polyamides increased in various

areas such as the automobile industry, which is

further developing these polymers due to the

demand for reduced weight and increased fuel

efficiency. The increased demands of polyamides

and their unimaginable ability to replace conven-

tional polymers encourage researchers to develop

polymers directly from biomass. To develop such

bio-based polymers (e.g., polyamide,

copolyamide, and aromatic polyamide), sustain-

able synthetic pathways are required with

remarkable improvement in thermomechanical,

electrical, and optical properties. In addition to

various methods for preparing polymers, facile

techniques are still required to improve the per-

formance of such materials. Therefore, much

more work is needed to develop a synthetic

route for the prediction of a variety of polyamides

with greatly improved polymer properties.

Itaconic acid-based polyamide and its

copolyamides are bio-derived and can therefore

minimize the carbon footprint. They also reduce

the demand on the endangered supply of petro-

leum materials. New synthetic routes are still

being developed for new polyamides as well as

new bio-based and chemical pathways. The goals

have been only partially achieved. Some innova-

tive techniques for improving material properties

through hybrid methods can fulfill the future

goals of materials. Increasing demand and devel-

opment of bio-based polyamides, researchers try

to focus on innovation for polyamide material to

find the answer for health and nutrition problems

and global warming as well as reduce the price of

such materials.

Related Entries
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Yasuhiro Morisaki
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Nishikyo-ku/Kyoto, Japan

Synonyms

Imino-group-containing polymer; Poly(ethylene

imine)s

Definition

Organic compounds containing two or more

amino (�NH2) groups and/or imino (�NR–)

groups.

Polyamines, i.e., aliphatic hydrocarbons

containing two or more amino (�NH2) and/or

imino (�NH–) groups, are ubiquitous in living

systems. Polyamines play essential roles in biolog-

ical processes as they contribute to cell division,

nucleic acid synthesis, etc. Naturally occurring

polyamines are acyclic with terminal amino

groups. Figure 1 shows the structures of represen-

tative polyamines in the human body. On the other

hand, synthetic polyamines are linear and branched

polymers consisting of imino groups (�NR–:

R = H, alkyl, aryl, etc.) in the main chain. Of

note, polymers containing amino groups only in

the side chain are not classified as polyamines.

Polyamines have various desirable character-

istics such as high water solubility, adsorptivity,

high cationic charge density, and high reactivity.

Hence, they find numerous applications as adhe-

sives, paints, chelating agents for heavy metals,

additives for metal plating, coagulating agents for

water treatment, dispersing agents, resin-curing

agents, aldehyde adsorbents, CO2 adsorbents,

transfection reagents, etc.

One of the most investigated synthetic poly-

amines is poly(ethylene imine) (Fig. 2) [1, 2].

Because of the presence of secondary and tertiary

amine moieties in the poly(ethylene imine) main
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chain, N-functionalization can be readily carried

out by nucleophilic substitution and Michael

reaction using various electrophiles. The repre-

sentative synthetic routes to poly(ethylene

imine)s as well as to polyamine derivatives are

as follows.

Ring-Opening Polymerization of
Ethylene Imine (Aziridine)

Poly(ethylene imine) is synthesized by the ring-

opening polymerization of ethylene imine

(aziridine) in the presence of a Lewis acid or

proton [3]. As shown in Fig. 3, the reaction is

initiated by coordination of the Lewis acid to

ethylene imine or by protonation of ethylene

imine, to afford the reactive species, which then

attacks a second ethylene imine monomer. Ring-

opening reaction and successive nucleophilic

attack proceed repeatedly to afford the

corresponding polymer. Nucleophilic attack of

the secondary amine in the main chain forms a

quaternary ammonium species, resulting in the

formation of branched structures. Such branched

poly(ethylene imine)s are liquid at room temper-

ature. They are well soluble in water, methanol,

ethanol, and acetone, whereas they are not solu-

ble in benzene, tetrahydrofuran, acetone, and

hexane.

This ring-opening approach can also be

extended to N-substituted ethylene imines

(Figs. 4 and 5). Bulky N-substituents suppress

the nucleophilic attack of amines in the polymer

main chain, affording linear N-substituted poly

(ethylene imine). Figure 4 shows ring-opening

polymerization of tert-butylaziridine; this poly-

merization is controlled to give the target poly-

mer with narrow polydispersity [4]. Benzyl- [5],

perfluoroacyl- [6], and pyranyl-substituted [7]

aziridine are also polymerized, and the substitu-

ents are readily removed after polymerization to

afford linear poly(ethylene imine)s. Linear poly

(ethylene imine)s are generally crystalline

(Tm = 58.5 �C) [8]. They are soluble in chloro-

form and methanol, whereas they are not soluble

in benzene, diethylether, and acetone.

Ring-Opening Polymerization of
Oxazolines

An alternate synthetic route to poly(ethylene

imine) is the cationic ring-opening polymeriza-

tion of oxazolines [1], which affords the

corresponding poly(N-acyl ethylene imine)s, as

shown in Fig. 6. Thermodynamically favored

amide structures are formed by the ring opening,

leading to the smooth polymerization. Acid or

alkaline hydrolysis can be carried out to obtain

Polyamines, Fig. 1 Representative polyamines in a human body

Polyamines,
Fig. 2 Structure of poly

(ethylene imine)
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non-substituted linear poly(ethylene imine)s. The

reaction proceeds in a living manner; therefore,

polydispersity of the obtained polymer is narrow,

and the polymer chain end can be functionalized

with termination with various nucleophiles such

as amines. Figure 7 shows the representative

example of the ring-opening polymerization of

oxazolines and the synthesis of poly(2-oxazoline)

macromonomer [9].

Synthesis of Polyamines by
Polyaddition

Michael Addition

Bifunctionalized acrylamides are readily poly-

merized with diamines; in other words, Michael

addition polymerization proceeds to afford poly-

amines. The reaction of aliphatic primary amines

provides polymers with secondary amine

Polyamines, Fig. 3 Ring-opening polymerization of ethylene imine

Polyamines, Fig. 4 Ring-opening polymerization of N-tert-butylaziridine
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moieties, resulting in the formation of network

polymers. Bulky primary amines suppress the

cross-linking reactions to afford linear poly-

amines. For example, as shown in Fig. 8, the

polymerization of methylene bisacrylamide with

Jeffamine® yields the corresponding polyamine,

which is an alcohol-soluble crystalline

polyamine [10].

Polyaddition with Bisepoxides

Ring-opening reaction of epoxide with

nucleophile can be applied in synthesis of

Polyamines, Fig. 5 Ring-opening polymerization of N-substituted aziridines and removal of the N-substituents

Polyamines, Fig. 6 Ring-opening polymerization of oxazoline derivative

Polyamines, Fig. 7 Synthesis of poly(2-oxazoline) macromonomer

Polyamines 1765

P



polyamines together with the formation of a

hydroxyl group. The hydroxyl group

attacks other epoxide, when the nucleophilicity

of the nucleophile is weak; thus, during polymer-

ization, cross-linking occurs to afford network

polymer. In order to obtain linear polymer,

stronger nucleophiles such as amines are

required. In Fig. 9, the representative example

of the polyaddition of bisepoxide with amine is

shown. The reaction of bisphenol-A-

glycidylether with secondary diamine affords

the corresponding polyamine in good isolated

yield [11]. The polymer is well soluble in com-

mon organic solvents.

Polyamines, Fig. 8 Synthesis of polyamine by Michael addition

Polyamines, Fig. 9 Synthesis of polyamine from bisepoxide

Polyamines, Fig. 10 Synthesis of polyamine by polycondensation

Polyamines,
Fig. 11 Synthesis of poly

(triarylamine) by

palladium-catalyzed

amination
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Synthesis of Polyamines by
Polycondensation

Nucleophilic Substitution

Aliphatic polyamines are generally obtained by

nucleophilic substitutions of diamines with

dihalides; however, elimination of HX in

dihalides by base occurs to terminate the

polycondensation. To overcome this difficulty,

polymerization of N-silyldiamine with

dichloroxylene was reported, as shown in

Fig. 10 [12]. The reaction provides a neutral

by-product (PhMe2SiCl) instead of acidic

by-products, and elimination does not occur by

using a benzylic compound.

Amination of Aryl Halides

Palladium-catalyzed amination of aryl halides is a

powerful tool for syntheses of poly(triarylamine)s;

this reaction was independently developed by

Hartwig [13] and Buchwald [14]. Polymerization

of dibromobenzene with bisamine in the presence

of Pd(OAc)2 with P(t-Bu)3 affords the

corresponding poly(triarylamine), as shown in

Fig. 11 [15]. Triarylamine polymers are promising

candidates for a hole-transporting layer of elec-

tronic devices [16].
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Synonyms

Condensation polymers; Ring-opening

polymerization

Definition

Polyanhydrides are a class of polymers where the

linkages between repeat units are anhydride

bonds (Fig. 1).

Introduction

Polyanhydrides are surface-eroding polymers;

they exhibit rates of hydrolysis faster than rates
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of diffusion. As a result, erosion is limited to the

outer surface of the polymer, which allows the

polymer backbone’s structural integrity to be

maintained throughout the degradation process

(Fig. 2) [1]. Surface erosion is an important prop-

erty of polyanhydrides because it permits degra-

dation to be well controlled. The hydrophobicity

of the polymer composition, coupled with hydro-

lytically labile anhydride linkages, can lead to a

constant and controlled release profile of bioac-

tives from polyanhydride-based systems [2]. Typ-

ically, the hydrolytic degradation lasts days or

months depending on the polymer chemistry.

Biocompatibility studies, both in vitro and

in vivo, revealed that polyanhydrides generally

degrade to their acid counterparts as noncytotoxic

products [3]. Hence, they are useful for various

biomedical applications such as in drug delivery

and implantable biomaterial.

Although the advantages of polyanhydrides

are numerous, several drawbacks exist with this

class of polymers. Polyanhydrides manifest low

mechanical strength and, as anticipated from

their anhydride linkages, are highly susceptible

to degradation upon exposure to moisture

[4]. Moreover, upon storage at room temperature,

these polymers are subject to spontaneous depo-

lymerization into oligomers as a result of water

exposure. Consequently, polyanhydrides need to

be stored under moisture-free, low temperature

conditions which will help in slowing or

preventing degradation.

Synthesis

Many polymerization techniques are employed

for the synthesis of polyanhydrides; four of

which deserve considerable attention based on

common use. One method employed for the syn-

thesis of polyanhydrides is ring-opening poly-

merization (ROP). During ROP, a cyclic

anhydride, in the presence of an anionic or cat-

ionic initiator, undergoes ring cleavage, thus

allowing subsequent polymerization to take

place where further cyclic anhydride monomers

can join to form a larger polymer chain [4]. For

instance, poly(adipic anhydride) can be prepared

from cyclic adipic anhydride using aluminum

trichloride (cationic) or sodium hydride

(anionic) initiators (Fig. 3) [4]. In another tech-

nique, polyanhydrides are prepared by condensa-

tion of diacids and acyl dichlorides (Fig. 4)

[4]. The reactants are dissolved in a single solvent

such as dichloromethane, in the presence of a

base (i.e., triethylamine) and cooled in an ice

bath [4]. The rapid reaction of carboxylates with

acyl chlorides typically results in complete poly-

merization within an hour.

Melt-condensation polymerization and solu-

tion polymerization are also two common con-

densation methods used to synthesize

polyanhydrides. Melt-condensation polymeriza-

tions are carried out above the melting tempera-

ture and below the decomposition temperature of

the monomers [4, 5]. Because those temperatures

range from 150 �C to 200 �C, heating must be

closely monitored to prevent decomposition

of the resulting polymer. Consequently, this

polymerization technique is not suitable for

H2O uptake
(hydrates surface)

Degradation
(bond hydrolysis)

Erosion
(solubilization of

degradation products)

Polyanhydride
Synthesis,
Fig. 2 Surface-eroding

mechanism of

polyanhydrides

O O

O
n

R

Polyanhydride Synthesis, Fig. 1 Chemical structure of

polyanhydride repeat unit
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heat-sensitive monomers, which require milder

reaction conditions [4, 5]. However, melt-

condensation is reproducible and amenable to

scale-up, from milligrams to tens of grams

[5]. As an alternative to melt-condensation poly-

merization, solution polymerization can be used

for thermally sensitive monomers; yet this

method requires exact stoichiometry and often

yields lower molecular weight polymers when

compared to melt-condensation polymerization

[4, 5].

In synthesizing polyanhydrides, other func-

tional groups, such as esters, can also be chemi-

cally incorporated into the backbone. For

instance, Schmeltzer and Uhrich have synthe-

sized salicylate-based poly(anhydride-esters)

(PAEs) by melt-condensation and solution

polymerizations [5]. Salicylate-based polymers

are unique because non-steroidal anti-

inflammatory drugs (NSAIDs) are chemically

incorporated into the polymer backbone, instead

of being physically admixed or attached as a

pendant group [2]. The process of formation of

salicylate-based PAE via melt-condensation

involves three steps. Initially, the free salicylate

(1) is coupled with a diacyl chloride (2) or linker

molecule in the presence of pyridine to yield

diacid (3) (Fig. 5) [5]. The salicylate-based diacid

(3) is then reacted with excess acetic anhydride to

form acetyl-terminated monomer (4) [5]. Finally,

the polymer precursor (4) is heated to 180 �C
under vacuum (<2 mmHg) to yield the

salicylate-based PAE (5) [5]. For comparison,

Schmeltzer and Uhrich have also prepared

salicylate-based PAEs via solution polymeriza-

tion in which the salicylate-based diacid (3) is

suspended in anhydrous dichloromethane and

cooled to 0 �C in the presence of triethylamine

as a base and triphosgene as the coupling

agent (Fig. 6) [5]. The salicylate-based PAE

obtained from both polymerization techniques

exhibits controlled bioactive release upon

hydrolysis [5].

Characterization

After synthesis, polyanhydrides’ structures are

verified by using different analytical instruments.

Proton nuclear magnetic resonance (1H-NMR)

spectroscopy is used to confirm the polymer’s

chemical composition. Broadened peaks generally
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suggest that polymerizationhas occurred [4]. Infra-

red (IR) spectroscopy is used to identify the func-

tional groups present in the polymers and to verify

the appearance of anhydride peaks. The IR spectra

of salicylate-based PAEs synthesized via solution

polymerization by Schmeltzer and Uhrich exhibit

sharp and narrow bands, indicating a well-defined

polymer structure [5]. In contrast, the IR spectra of

salicylate-based PAEs synthesized via melt poly-

merization are broader, suggesting that the anhy-

dride bonds may undergo thermal rearrangement,

yielding aromatic esters as illustrated in Fig. 7

[5]. Nonetheless, both polymers exhibit controlled

release of salicylic acid.

Polymer molecular weights and polydispersity

indices (PDIs) are determined by gel permeation

chromatography (GPC). In the case of poly

(anhydride-esters), Uhrich’s laboratory obtains

molecular weight between 15,000 and

45,000 Da with lower PDIs (1.1–2.0) than

polyanhydrides discussed in the literature

(2.0–15.0) [6]. To further characterize

polyanhydrides, differential scanning calorime-

try (DSC) and thermogravimetric analysis

(TGA) are used to ascertain polymers’ thermal

properties and purity. DSC is used to determine

polymers’ glass transition (Tg), melting (Tm), and

crystallization (Tc) temperatures [7]. In the case

of PAEs, Uhrich et al. reported Tgs between 40
�C

and 55 �C. Such a range is beneficial for in vivo

applications because the PAEs will not deform

once implanted in the body, which has an internal

temperature of 37 �C. TGA, which measures heat

lost as a function of temperature, is performed to

obtain polyanhydride decomposition (Td)

temperatures [8].
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Application

Polyanhydrides have been employed in the bio-

medical field as controlled release devices. The

most recognized example and FDA-approved

drug delivery system comprised of

polyanhydrides is the GLIADEL® Wafer for the

treatment of glioblastoma, a type of brain tumor.

This implant is composed of polifeprosan 20,

a polyanhydride copolymer consisting of

poly [bis (p-carboxyphenoxy)] propane and

sebacic acid in a 20:80 M ratio [9]. An anticancer

drug, carmustine, is physically admixed within

the copolymer matrix. GLIADEL® Wafer is

placed into the surgical cavity following removal

of glioblastoma to locally release carmustine,

thus destroying any remaining tumor cells [9].

Similarly, as mentioned above, the Uhrich lab

has synthesized and developed salicylate-based

PAEs for controlled drug delivery. The polymer,

by undergoing surface erosion, degrades and

releases the bioactive [1]. An advantage of these

PAEs is the fact that they are capable of achieving

high drug loading (50–80 %) in a reproducible

manner. In addition, these PAEs can be formulated

into different geometries such as tablets, coatings,

hydrogels, and microspheres [10]. Depending on

the chemistry of the polymer backbone, the rate of

release can be monitored to satisfy the require-

ments of the intended medical applications.
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Introduction

The birth of the field of conducting polymers is

normally associated with the discovery of high

conductivity in doped polyacetylene in the 1970s,

but the polymer of aniline (aminobenzene) has

appeared in the scientific literature as far back as

the 1860s [1]. These highly colored oligomers

and polymers of anilines were originally used as

the blue dyes for denim and other types of cloth-

ing. Their structures were unknown and the con-

cept of electron delocalization in organic

molecules had yet to be understood. When

organic metals became a target for synthesis in

the 1980s, the chemistry of polyaniline became

relevant again, and materials’ chemists pursued

many avenues in attempting to produce an

air-stable version of polyacetylene that might

1 day replace expensive metals and semiconduc-

tors in electronic devices. The advent of

nanoscience in recent years has expanded the

potential use of these conducting plastics, and

polyaniline’s proclivity to form nanostructures

has made it one of the most widely studied nano-

structured conducting polymers. The structure of

polyaniline is shown below in Fig. 1.

A major limitation to the use of metallic mate-

rials is the difficulty in manipulating them under

ambient conditions. Usually high heat, large elec-

trical potentials, or large amounts of force are

required to deposit traditional conductors into

a desired shape or location. As polymers are

readily processed by solution or in melts, this

appeared as an obvious advantage for polymeric

conductors. Unfortunately, the initial results with

polyacetylene and early studies of the other major

conducting polymer families including

polyanilines, polythiophenes, and polypyrroles

indicated that these materials were essentially

infusible and insoluble. Systematic studies, how-

ever, demonstrated that with careful control over

the polymer chemistry and creative use of sol-

vents and surfactants, some of these conducting

materials could be deposited like conventional

polymers from solution. Nanostructured

conducting polymers further expanded the

processing options of conducting polymers

through the formation of charge-stabilized col-

loids, where the high surface area of

nanomaterials and their tunable surface function-

alities allowed scientists to form thin films of

conducting materials from highly colored aque-

ous “inks.” The leading conducting polymer from

a commercial perspective is poly(3,4-ethylene-

dioxythiophene)-poly(styrenesulfonate) known

as PEDOT:PSS. Essentially, the PSS dopant for

this polythiophene derivative both imparts con-

ductivity and enables this nanostructured

conducting polymer to disperse in water.

Polyaniline is also commercially available, and

its nanostructured forms are dispersible in water.

Polyaniline is synthesized from the inexpen-

sive aniline monomer through a simple oxidative

process in aqueous media, meaning the overall

process is scalable and relatively inexpensive.

The impurities produced are easily washed

away with water and alcohols, and the resulting

material takes on a brilliant green color, making it

a visually appealing material to investigate. One

of the most interesting properties of polyaniline is

the dependence of its resistivity on the local pH

environment, where a small amount of acid or

base can produce a resistivity change of 10 orders

of magnitude or greater. While polyaniline in its

undoped state displays resistivity in the insulating

regime, doping with different acids has led to

Polyaniline, Fig. 1 The repeat unit of polyaniline. Aro-

matic rings are linked in the para-positions by either amine

or imine functional groups. The oxidation state shown

above, with two imine nitrogens and two amine nitrogens

per tetrameric repeat unit, is known as the emeraldine

oxidation state
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highly conductive materials with recent reports of

essentially metallic polyaniline [2]. The combi-

nation of highly tunable electronic properties

with a facility for nanostructure formation

through relatively simple synthetic methods

ensures that polyaniline will continue to be of

great interest to the materials science community.

Synthesis of Polyanilines

Whereas many organic syntheses involve multi-

ple steps and difficult purifications, the synthesis

of all-organic polyaniline is a one-pot reaction

that occurs rapidly, with purification steps that

are straightforward and require minimal effort.

The reaction is initiated when aniline is

exposed to an oxidizing agent and an electron is

stripped from the aniline monomer, generating

a radical cation that is very reactive. This aniline

radical searches until it finds an equivalent mol-

ecule and the two link together. After losing two

protons, the dimer re-aromatizes and the coupling

process continues until a long-chain polymer is

produced [3]. The oxidant that initiates this reac-

tion can be either a chemical oxidant or the work-

ing electrode of an electrochemical cell. The

scheme shown in Fig. 2 depicts aniline being

oxidized by ammonium peroxysulfate in the pres-

ence of a strong acid (HA) which could be some-

thing as simple as hydrochloric acid. The

resultant material is a chain of aromatic rings

connected through the para-positions, via amine

functional groups. The most appropriate way to

depict the repeat unit in polyaniline is by showing

the tetrameric unit, where three of the aromatic

rings are benzenoid and the fourth is quinoid

(on the far right). This is indicative of the

so-called emeraldine oxidation state, which is

naturally occurring in wet-air conditions and

appears either blue or green. As radical processes

are known to be rapid and hard to control, ini-

tially there was uncertainty about the true struc-

ture of polyaniline and whether the oxidative

process really produced such a homogeneous

backbone structure. Confirmation of the structure

was made through a very clever synthetic strategy

(depicted in Fig. 3) where a condensation reac-

tion was used to synthesize the ideal head-to-tail

polymer poly(1,4-phenyleneamineimine) and

characterization of the material produced

a nearly identical spectroscopic signature to

polyaniline [4].

As mentioned earlier, purification of

polyaniline is straightforward since the product

is insoluble in the polymerization media as well

as in most common solvents. This allows for

simple washing steps using various solvents to

remove salts or short-chain oligomers that arise

from chain termination steps, e.g., when two

short chains link together and precipitate. Further

purification and isolation of the material may

involve a drying step so that the polymer can be

further manipulated as a solid. Note that due to

the hydrophilic nature of the basic functional

groups on polyaniline’s backbone, polyaniline is

extremely hygroscopic, picking up over 5 wt%

water from the air even in low humidity. Addi-

tionally, subtle modifications in the synthetic

parameters can have a drastic effect on the

resulting structure and properties of the material

produced.

The traditional chemical method for making

polyaniline consists of dropwise addition of an

Polyaniline, Fig. 2 The chemical (or electrochemical) oxidation of aniline at low pH produces the doped, conductive

form of polyaniline, depicted in the green emeraldine salt form
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oxidizing agent to an acidic solution of aniline at

low temperature (1–5 �C) [5]. This low tempera-

ture and slow oxidant addition is meant to slow

down the rapid oxidative polymerization in order

to produce a more well-controlled, regular struc-

ture. A variation on this method involves

performing the reaction at extremely low temper-

atures by suppressing the freezing point of the

aqueous solution by adding a large quantity of

salt (sometimes over 5 M) [6]. This method is

generally accepted to produce a relatively high

molecular weight polymer, approaching

160 kDa. Conversely, performing the reaction at

room temperature causes the reaction to proceed

rapidly, resulting in a lower molecular weight

polymer, often less than 20 kDa [7]. Further mod-

ification of the polymerization conditions by

including immiscible solvents or other additives

as well as controlling mass transfer in the solution

provides additional tools for tuning the structure,

morphology, and resulting properties of the

polymer.

Nanoparticle Formation

Many conducting polymers, including the origi-

nal polyacetylene produced via Ziegler-Natta

catalysis, possess interesting morphologies on

the nanoscale. The emerging applications of

nanomaterials make understanding the mecha-

nisms and methods that produce these materials

of great importance.

Most nanoparticle formation strategies are

categorized primarily into two methods:

top-down and bottom-up. Since the individual

polymers comprising conducting polymer

nanomaterials are at most a few nanometers, all

of the techniques for nanoparticle formation in

polyaniline can be described as bottom-up.

A better way to distinguish between these

methods relies on the presence or absence of an

external template to confer nanostructure.

Templated synthesis requires a sacrificial

nanomaterial such as a porous aluminum oxide,

so that when polyaniline is synthesized, it

occupies all of the pore space within the template.

Removal of the template then affords polyaniline

in the inverse morphology, nanowires in the case

of aluminum oxide [8]. A clever technique using

vanadium oxide nanowires as oxidant and hard

template produces a coating of polyaniline

around the inorganic nanowires. Dissolution of

the oxide then produces nanotubes of polyaniline

[9]. Organic materials can also be used as

templates and removed in similar fashion.

Molecular surfactants, capable of producing

micelles of aniline within an aqueous phase, can

confer their morphology upon the resulting

polyaniline and are easily washed away [10].

Additionally, amphiphilic block copolymers or

terpolymers can be used to produce various

microporous morphologies where polyaniline

nanostructures can deposit within the void

space [11].

While templated methods of nanoparticle for-

mation are attractive in that the homogeneity of

the resulting polyaniline nanomaterials is as regu-

lar as the sacrificial template, the additional steps

required in template removal can make the
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Polyaniline, Fig. 3 The Wudl-Honzl approach to make

poly(para-phenyleneamineimine). Condensation poly-

merization at 60 �C produces the carboxylated

polyaniline, which can be thermally de-protected to pro-

duce the leucoemeraldine analog of polyaniline. Exposure

of this material to atmospheric oxygen converts the light

gray product to a deep blue/black material via reflected

light, similar in spectroscopic signature to conventionally

synthesized polyaniline
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synthetic process cumbersome. One of the most

versatile techniques for producing long nanowires

for most polymers is electrospinning [3]. In this

technique, a concentrated polymer solution is

extruded through a small nozzle by the application

of a high electric field strength. This technique

relies on the ability to form concentrated solutions

of polyaniline, which is not a trivial endeavor. The

strong pi stacking and hydrogen bonding interac-

tions present in polyanilines make them notori-

ously insoluble in common organic solvents. The

insulating emeraldine base form of polyaniline can

be processed from N-methylpyrrolidone at high

concentrations, but is only metastable in solution

unless secondary or tertiary amine cosolvents are

used [12]. In order to process the conducting

emeraldine salt form of polyaniline, the

emeraldine base form must be combined with

a Brönsted acid that confers solubility unto the

polymer by behaving both as a dopant and as

a surfactant. Acids such as camphorsulfonic acid

and dodecylbenzenesulfonic acid are known for

their ability to solubilize polyaniline in solvents

such as m-cresol, chloroform, toluene, xylenes,

and some concentrated organic acids [2].

The alternative strategy in solubilizing

polyaniline is chemical derivation, where differ-

ent functional groups are attached to the polymer

backbone. These functional groups have the dual

purpose of preventing strong interchain interac-

tions and improving interactions with solvent

molecules. Alkylated polyanilines can be

processed from low-polarity organic solvents,

and sulfonated polyaniline can be processed

from aqueous systems. The structure of the

water-soluble polymer, poly(methoxyaniline sul-

fonate), is shown in Fig. 4.

The other primary template-free method is in

situ nanostructure formation during the poly-

merization process. This method takes advan-

tage of the intrinsic morphology of these

semirigid rod polymers and their propensity to

form nanostructures. First, the electrochemical

oxidation of aniline in hydrochloric acid has

been shown to produce “spaghetti-like” mate-

rials on the electrode surface when the potential

and current density at the working electrode is

sufficient [2]. This straightforward process

makes an excellent utilization of materials and

deposits the polymer directly onto the substrate,

eliminating the requirement for post-synthetic

processing. Limitations of this technique

include the requirement of the substrate to be

electrically conducting as well as prospective

complications in large-scale nanomaterial

production.

Polyaniline, Fig. 4 The repeat unit of poly

(methoxyaniline sulfonate) (PMAS) shown in the

emeraldine oxidation state. The sulfonic acid groups

along the polymer backbone protonate the imine nitrogens

to produce the conducting emeraldine salt form of

polyaniline. The methoxy groups are required to increase

electron density in the four-position on the ring during

synthesis, as the sulfonic group is highly electron

withdrawing
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Careful control over the chemical synthesis of

polyaniline can also produce nanostructures.

Analogous with electrochemical synthesis, the

deposition parameters during synthesis are the

determining factor as to whether a nanostructure

will be produced. Although the monomer, ani-

line, is soluble in the polymerization media, as

the reaction proceeds the oligomeric species

reach a critical size and concentration, causing

oligomers to stack together and form insoluble

materials within the aqueous phase. The process

of forming a new phase in an otherwise homoge-

neous system is referred to as nucleation. If the

nucleation process occurs in a consistent manner

for all nuclei, nanoparticle formation predomi-

nates [11]. The goal then is to select parameters

that favor homogeneous nucleation. One of the

first techniques developed in this light was the

interfacial synthesis of polyaniline in an aqueous/

organic system, where the oxidant is dissolved in

the acidic aqueous medium and the monomer is

in the organic phase. Oxidation and chain growth

occur at the interface of the two liquids where

monomer and oxidant interact. Presuming the

right solvents are chosen, doped polyaniline

nanofibers are produced, dispersing into the aque-

ous phase as a charge-stabilized colloid.

Performing the synthesis in the presence of dif-

ferent acidic dopants produces nanofibers with

controllable diameters [13]. Another technique

for producing a homogeneous nucleation condi-

tion is by rapidly mixing two aqueous phases, one

containing the monomer and the other the oxidant

[14]. If the two solutions are rapidly combined

and then allowed to sit under diffusion-limited

conditions, all of the oxidant is consumed at the

same time and a homogeneous dispersion of

nanofibers result. It is worth noting that external

forces such as shearing and agitation disrupt the

nucleation conditions and nuclei form sequen-

tially and eventually result in agglomerated

structures [15].

Aniline Oligomers

Although not technically “polymeric materials,”

oligomeric anilines are proving to be very useful

model materials for determining the relationship

between the packing arrangement within nano-

structured polyaniline and the resultant electronic

properties [16]. In analogy with oligoacenes

commonly used in small-molecule organic semi-

conductor applications, oligoanilines offer

another method to process semiconductors

from solution where the related polymeric mate-

rial is difficult to process. Additionally, the fact

that these oligomers can be produced as

pure materials as opposed to polymers with

varying polydispersity means less variability

in batch-to-batch syntheses. There now exist

many strategies for producing oligomers of

aniline, ranging from oxidative coupling

[17] to organometallic-catalyzed coupling

[18] to the Moore-Honzl approach described

earlier for the synthesis of poly(para-
phenyleneamineimine) [4].

These well-defined oligomeric materials

were previously found to be electrically

insulating, lacking the long conjugation

lengths that are generally associated with the

long chains in conducting polymers. This was

surprising, because when aniline oligomers

reach a degree of polymerization of 8 (i.e., an

octamer), the spectroscopic signatures are nearly

identical to polyaniline and show the same

reduction-oxidation peaks under cyclic

voltammetry studies [19]. The limiting factor in

conductivity in these materials turns out to be

charge carrier hopping between conjugated

segments [16]. Polyanilines have poorly defined

structures/conformations in the solid state as

they rapidly and irreversible precipitate during

synthesis. If the stacking of these materials in

the solid state can be improved, so then will

the mobility of charge carriers. Recently it has

been shown that the tetramer of aniline can be

crystallized into well-defined nanowires,

nanobelts, and nanoflowers that have unprece-

dentedly high conductivities. Whereas the

mobility in these oligomers in the direction of

the polymer chain is limited by the oligomer

length, the mobility in two dimensions

(charge hopping) is drastically improved due to

the long-range ordering of these crystalline

materials [16].
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Applications of Polyaniline
Nanomaterials

Charge-Stabilized Colloids

When polyaniline is placed in an acidic envi-

ronment, the basic functional groups along the

polymer backbone become protonated and pos-

itively charged quaternary nitrogen groups are

produced (see Fig. 5 below). These positive

charges are accompanied by the counter-anion

of the protonic acid. Nanostructured

polyaniline, a high surface area material, carries

this charge on its surface producing a high

charge to mass ratio. The electrostatic repulsive

effect of these like charges between nanofibers

allows the nanofibers to stay dispersed in solu-

tion despite their density being higher than the

aqueous system they are dispersed in. This

charge-stabilized colloid enables the processing

of conducting polyaniline in aqueous systems

where polyaniline is normally completely insol-

uble [20]. This innovation has opened the

possibility of using aqueous-based coatings for

a large range of applications where high surface

area semiconductors offer operational

advantage over more dense organic solvent-

based analogs.

Immediate applications that arise from the

water processability of these materials include

coatings that previously could only be done using

the organic solvents required for dissolving

counterion-solubilized polyaniline. As mentioned

earlier, the common organic solvents for

processing the conducting form of polyaniline

are toluene, chloroform, m-cresol, xylenes, and

some halogenated organic sulfonic acids. All of

these solvents will swell or dissolve most plastics.

Therefore, an aqueous dispersion can be used to

produce conductive coatings for antistatic applica-

tions where the insulating nature of plastics makes

them vulnerable to charge buildup followed by

short-circuiting or dielectric breakdown.Moderate

levels of conductivity also can be used for electro-

magnetic interference shielding. With an increas-

ing trend toward environmentally friendly water-

based polymer coating systems, this aqueous

dispersibility also opens the door to conducting

polymer composites that leverage the conductivity

of polyaniline and the bulk mechanical properties

of conventional polymers.

Polyaniline, Fig. 5 The imine nitrogens on the polyaniline backbone become protonated upon exposure to strong

acids. This produces the emeraldine salt form of polyaniline that is conducting
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Nanotechnology-Enabled Sensors

Since the doping process in polyaniline produces

a change in resistivity over many orders of

magnitude, polyaniline nanofibers may be an

ideal active material for resistive-type sensors,

known as chemiresistors. Although the most

obvious method of detection in polyaniline

resistive-type sensors is the doping/dedoping

reaction, other processes such as reduction or

oxidation, swelling by certain organic com-

pounds, or polymer chain decoiling have been

shown to affect the resistivity of polyaniline to

a discernible degree [21]. In addition to being

easily deposited upon an electrode array from

an aqueous dispersion, these organic

nanomaterial sensors can be operated at room

temperature, whereas many inorganic semicon-

ductors require elevated temperatures for effi-

cient analyte detection [22].

The main physical advantage to using nano-

structured polyaniline as opposed to conventional

bulk polyaniline for sensing is that the nanostruc-

tured polyaniline has a high porosity that is

easily accessible to gas molecules. When

polyaniline is cast into a dense film from an

organic solvent to be used as a sensor, the

target analyte is required to dissolve and

diffuse into the dense polyaniline active

material before any sensor response is observed.

For nanostructured polyaniline, the highly acces-

sible pore space allows for much better mass

transfer and access to the polymer/electrode

interface that in turn produces a much faster

response time. A typical nanostructured

polyaniline with a diameter of 50 nm will have

a surface area of around 50 m2g–1, whereas its

dense film counterpart is limited to just the area of

the film surface [14]. The effect of this surface

area and porosity is dramatic. Upon exposure to

acidic or basic vapors, a nanofiber chemiresistor

has a response time over ten times faster

than a conventional dense film chemiresistor. In

addition to detecting strong acids and bases,

chemical reactions can be used to generate strong

acid by-products such as converting hydrogen

sulfide to HCl using CuCl2 that can dope

polyaniline and register a significant

response [21].

High Surface Area Electrodes

The same high surface area that makes

polyaniline nanofibers useful for sensors can

also make it useful in energy storage and conver-

sion devices. While batteries do not require high

surface area to achieve high energy storage den-

sity, supercapacitor energy storage density is

largely influenced by the surface area of the elec-

trode materials. Likewise, pseudo-capacitors

benefit from high surface area, but now can take

advantage of the reversible oxidation-reduction

reactions present in the underlying chemical

structure of polyaniline. Unlike other conducting

polymers, polyanilines possess two reversible

oxidative transformations as shown in Fig. 6.

This can be seen in the cyclic voltammogram

of polyanilines, where instead of a single

oxidation-reduction peak, two will be observed.

A “pseudo-capacitive” device, using polyaniline

nanomaterial electrodes, will therefore store

charge both through the electrical double layer

on the electrode surface and in redox reactions

within the bulk of the electrode material itself.

Inorganic-Organic Nanocomposites

Another application of these high surface area

materials is to act as functional scaffolds for

inorganic nanoparticles. The facile and reversible

oxidation and reduction of polyaniline allows the

polymer to behave as either an oxidizing agent or

a reducing agent when combined with different

materials. Treatment of polyaniline nanofibers

with metal salts allows polyaniline to act as

a reducing agent that donates electrons to the

oxidized metal ion, causing deposition of metal-

lic particles on top and within the polyaniline

nanofiber network [21]. The resulting inorganic-

organic nanocomposite materials maintain

the high surface area and dispersibility of the

original polyaniline nanofibers and thus can be

deposited and used as sensor materials or other

electronically active materials. Gold-decorated

polyaniline nanofibers have been explored for

use in bistable memory devices [23].

Polyaniline nanofiber composites with metal

nanoparticles can also be used in heterogeneous

catalysis. Reduction of palladium(II) salts by

polyaniline produces very small particles of
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palladium(0), the catalyst used for carbon-carbon

bond formation between aromatic molecules in

Suzuki coupling reactions [24]. Since polyaniline

nanofibers form a dispersion and not a solution,

centrifugation can be used to pull the dense fibers

out of the dispersion in order to recover the prod-

uct of coupling reactions without time-

consuming extraction steps.

Polyaniline, Fig. 6 The repeat unit of the three major

oxidation states of polyaniline. Top to bottom:
leucoemeraldine (fully reduced), emeraldine (half

oxidized, water stable and air stable), and pernigraniline

(fully oxidized). The chemical structures each depict

a deprotonated base form of polyaniline

Polyaniline, Fig. 7 Scanning electron micrographs

showing the morphology of polyaniline nanofibers syn-

thesized by the rapid mixing synthesis in the presence of

the aniline dimer (left). If exposed to an intense flash of

light, polyaniline nanofibers weld together and lose their

high surface area and nanofibrillar morphology (center).

Opaque materials can be used to form a patterned photo-

mask. Upon exposure to high-intensity light such as

a camera flash or laser, exposed areas form a dark, welded,

insulating material, and shaded areas remain conductive

and nanofibrillar (right)
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Flash Welding

Polyaniline nanofibers are known to undergo

a morphological transformation upon exposure

to an intense pulse of light such as a camera

flash. Examination of the polymeric nanostruc-

ture prior to and after exposure to a camera flash

shows the disappearance of nanofibers due to

a photothermal phenomenon. The process is

believed to be a result of the low fluorescence

efficiency of polyaniline and its propensity to

cross-link. Figure 7 shows how the morphology

of polyaniline nanofibers is altered by flash

welding. This technique can be used to create

patterns and to form simple actuators [25].

While melt-induced flash welding appears to be

unique to conducting polymers, understanding

this technique may allow its application to other

nanostructured organic materials.

Conclusions

Strategies for producing and implementing nano-

structured polyaniline continue to be investigated

within the materials community. Properties such

as high surface area and processability from

aqueous systems allow these materials to be

implemented successfully into a wide range of

applications. Further innovation and fine-tuning

of chemical structure and morphology may see

polyaniline replacing traditional materials in cer-

tain places or even opening the door to new, yet to

be discovered, applications.
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Synonyms

Aromatic polyetherketone; PAEK

Definition

Polymers in which phenyl rings, ethers, and

ketones are linearly connected by covalent bonds.

Introduction

Polyaryletherketones (PAEKs) are generally

named in terms of “E” and “K” which represents

the sequence of ether and ketone groups, respec-

tively, in the repeating units of polymers. The

most common ones are polyetherketone (PEK),

polyetheretherketone (PEEK), polyetherketo-

neketone (PEKK), polyetheretherketoneketone

(PEEKK), and polyetherketoneetherketoneketone

(PEKEKK), all of which are produced commer-

cially. Their structures are shown in Fig. 1.

Manufacturing of Polyaryletherketones

PAEKs can be made by two general routes:

nucleophilic reaction and electrophilic reaction

[1–4]. In both cases the important point for the

homogeneous reaction is to avoid the crystalliza-

tion and precipitation of polymers in solution

during the reaction.

Formation of the ether link is achieved

through the nucleophilic reaction. As an example,

Fig. 2 shows the synthetic scheme of PEEK from

4,40-difluorobenzophenone (DFB) and hydroqui-

none (HQ). The alkali metal (sodium carbonate)

deprotonates the HQ to give an HQ salt. The HQ

anion then attacks the DFB in a nucleophilic

manner resulting in the formation of an

ether bond. This reaction is conducted

typically at around 320 �C in polar aprotic sol-

vents such as diphenyl sulfone to avoid the

precipitation of the produced polymers due to

crystallization. Polymerized product is then iso-

lated by removal of alkali metal fluoride and the

solvent.

PEKs are synthesized from 4,40-dihydroxy-
benzophenone (DHB) and DFB (two-monomer

route) in the same way shown in Fig. 2. Alterna-

tively, single-monomer route using 4-fluoro-40-
hydroxybenzophenone as a starting material is

possible [4]. However, in this reaction, a

branching structure is involved since a

carbanion is formed by losing a proton

bonded to the ortho-position of the fluoro group.

Therefore, two-monomer route is usually

preferred.

PEEKK and PEKEKK are produced by a

nucleophilic way from 1,4-bis(4-fluorobenzoyl)

benzene (FBB) and HQ and from FBB and DHB,

respectively. PEKK is synthesized from 1,4-bis

(4-hydroxybenzoyl)benzene and FBB.

Formation of the carbonyl link by electro-

philic acylation is shown in Fig. 3. This synthesis

is conducted by the Friedel-Crafts

polycondensation.

For example, PEK is prepared from

4-phenoxybenzoyl chloride, and PEKK is from

diphenyl ether and terephthaloyl chloride and

AlCl3 as a catalyst.
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Thermal Properties

Most PAEKs are semicrystalline, melted process-

ablematerialswhich combine very high temperature

performance with chemical resistance, low flamma-

bility, rigidity, toughness, excellent wear, and

fatigue resistance. Table 1 shows the glass transition

and melting temperatures of PAEKS [2, 4, 5].

Chain polarity and rigidity increase with the

presence of ketone units and thus glass transition

temperature (Tg) increases with increasing ketone
to ether (K/E) ratio as can be seen in Table 1. For

linear, all para-substituted chains melting tem-

perature also increases with K/E ratio, and the

Tg/Tm ratio is�2/3. By incorporating non-para or

non-crystallizable units in the polymer backbone,

the melting point is purposely reduced without a

large effect on Tg. This method is used to increase
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Polyaryletherketone, Fig. 3 Friedel-Crafts polycondensation

Polyaryletherketone, Table 1 Glass transition and

melting temperatures

PAEKs (all para substituted) Tg/
�C Tm/

�C
PEEK [5] 143 334

PEK [4] 154 367

PEEKK [5] 158 363

PEKEKK [5] 161 377

PEKEKK [4] – 383

PEKK [5] 165 386
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the easiness of material processing. For instance,

PEKK products are synthesized from diphenyl

ether and the mixture of terephthaloyl chloride

and isophthaloyl chloride with AlCl3 to improve

the processability through the reduction of the

crystallinity.

Further increase of Tg can be achieved by the

incorporation of sulfone groups into the back-

bone of the PAEK polymer chain [2, 6]. For

example, by adding the monomer shown in

Fig. 4 to a standard PEK polymerization, Tg
increases in excess of 175 �C.

Mechanical Properties

Table 2 lists the typical mechanical properties

measured at room temperature for PAEKs [2].

Three PEEKs produced by Victrex Ltd. are

included here to illustrate the effect of molecular

weight [7]. The number in the code name is

roughly proportional to the viscosity so that the

larger number corresponds to the higher molecu-

lar weight. Increase of the molecular weight

results in the higher values of elongation to

break and notched Izod impact strength. Con-

trary, tensile strength and flexural modulus are

insensitive to the molecular weight. These prop-

erties of PAEKs decrease substantially above the

Tg but useful residual values are maintained close

to Tm. For example, tensile strength and flexural

modulus of PEEK (450G) at 250 �C become

12 MPa and 0.3 GPa, respectively, but are still

high. From the large difference of unnotched and

notched Izod impacts, it can be said that PAEKs

are notch sensitive.

The processing conditions used to mold

PAEKs is also important, because it can influence

the crystallinity, and hence the mechanical prop-

erties. For example, annealing of PEEK at 220 �C
results in the maximum growth rate of crystalli-

zation. In PEEKs the degree of crystallinity is

typically in the range of 30–35 %.

Other Properties

Crystallites in PAEKs impart excellent solvent

resistance. For example, PEEK is insoluble in

all common solvents. It dissolves only in strong

acids, such as concentrated sulfuric acid and

hydrofluoric acid at room temperature. This is

due to protonation of carbonyl groups, but in

other cases, there is actual reaction: sulfonation

of aromatic rings. Another reagent to attack

PAEKs is halogen (bromine, chlorine, and fluo-

rine) which halogenates aromatic rings.

PAEKs have a high volume resistivity and a

low dielectric dissipation factor. These properties

are retained over a wide range of temperature up

to the Tg. Electrical properties of PAEKs are

listed in Table 3 [7, 8]. High level of dielectric

strength and low loss tangent make PAEKs excel-

lent insulating materials.

Applications

Because of its robustness and excellent wear per-

formance, PAEKs are used in demanding appli-

cations, including bearings, piston parts,

Polyaryletherketone, Table 2 Mechanical properties of PAEKs [2]

PEEK 90G PEEK 150G PEEK 450G PEK PEKEKK PEKK

Tensile strength/MPa 110 110 100 110 115 110

Tensile elongation/% 15 25 45 20 20 12

Flexural modulus/GPa 4.3 4.3 4.1 4.1 4.1 4.5

Unnotched Izod impact/kJm�2 No break No break No break No break

Notched Izod impact/kJm�2 4.5 5.0 7.5 6.0 6.0 7 [8]

Cl S

O

O

S

O

O

Cl

Polyaryletherketone, Fig. 4 Monomer used to increase

Tg
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compressor plates, pump impellers, and valve

linings. For aerospace applications, PAEK has

been replacing metals and traditional composites

because of its lightweight, resistance to the harsh

environments, reduced manufacturing costs, and

excellent processing flexibility. Electrical appli-

cations range fromwire coating to semiconductor

wafer carriers which need abrasion resistance,

chemical resistance, and good load bearing prop-

erties at high temperature. Low level of loss tan-

gent is of particular importance for silicon chip

manufacture. PAEKs are also used as medical

implants such as spinal fusion devices and

reinforcing rods.
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Synonyms

Conjugated polymers; Light-emitting diodes

(LED); Organic solar cells; Synthesis

Definition

Carbazole is a tricyclic fused aromatic hydrocar-

bon consisting of two benzene rings fused to

a pyrrole ring. Polycarbazoles are carbazole-based

polymeric materials which have potential applica-

tions in organic electronic devices such as light-

emitting diodes (LEDs) and organic solar cells.

Introduction

Carbazole 1 may be considered either as

a tricyclic fused aromatic hydrocarbon consisting

Polyaryletherketone, Table 3 Electric properties of PAEKs

PEEK [7] PEK [7] PEKEKK [7] PEKK [8]

VICTREX

PEEK 450G

VICTREX

HT G45 VICTREX ST G45

Infinite polymer system

II PPL-C4050

Dielectric strength/kV mm�1

(IEC 60243-1)

23 23 23 23.6

(ASTM D149)

Dielectric constant (1 kHz at

23 �C) (IEC 60250)

3.1 3.0 3.3

(ASTM D150)

Loss tangent (1 MHz at 23 �C)
(IEC 60250)

0.004 0.004 0.004 (1 kHz)

(ASTM D150)

Volume resistivity/O cm

(IEC 60093)

1016 1016 1016 1016

(ASTM D257)
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of two benzene rings fused to a pyrrole ring or as

a bridged biphenylene system similar to fluorene

but with a nitrogen bridge as compared to

a carbon bridge (Fig. 1). The standard numbering

of the positions is the same in the two systems as

shown with the carbazole nitrogen being some-

times referred to as the 9-position. While carba-

zole is isoelectronic with fluorine, the presence of

the electron rich nitrogen gives it a higher HOMO

energy which makes it more readily oxidizable

and a better hole acceptor than fluorine. Carba-

zole derivatives including polycarbazoles have

been used like their fluorene analogues in elec-

tronic devices such as light-emitting diodes

(LEDs) and solar cells [1–5]. The main differ-

ences between the properties of carbazole- and

fluorene-based materials arise from the higher

HOMO energies and better hole-accepting abili-

ties of the carbazoles and in the stability of the

nitrogen toward oxidation; the 9-position of

fluorene is readily oxidized, which affects the

emission color of fluorene-based materials in

LEDs.

The presence of the ortho-/para-directing
activating nitrogen also makes the chemistry of

carbazole significantly different from that of

fluorene. Whereas fluorene undergoes electro-

philic substitution at the 2,7-positions, carbazole

reacts preferentially at the 3- and 6-positions or if

those are blocked then at the 1- and 8-positions.

In addition to substitution of the benzene rings,

attachment of aryl groups at the nitrogen is gen-

erally straightforward using aryl amination

chemistry. As a result, four types of conjugated

polycarbazoles are possible (Fig. 2) with respec-

tively 3,6- 1,8-, 2,7-, and 3,9-substituted carba-

zoles of which only the 2,7-substituted

carbazoles are inaccessible from carbazole and

must be made by total synthesis. The poly

(2,7-carbazole)s retain all-carbon conjugation,

with conjugation in the others going through the

nitrogen bridgehead atom. Because of the

electron-rich nature of the 3- and 6-positions in

2,7-carbazole derivatives including polymers,

they are susceptible to degradation arising from

oxidation at these positions during passage of

charge through them as occurs in devices

such as LEDs. This can be overcome using

ladder-type polymers in which the carbazoles

are doubly linked through both the 3,6- and the

2,7-positions. These materials retain the through-

carbon conjugation seen in the 2,7-carbazole-

based polymers, but the substituted 3- and

6-positions resist oxidation there. These struc-

tures are attractive candidates for optoelectronic

device materials since the rigid structure of

ladder-type conjugated polymers usually results

in small Stokes’ shifts and sharply resolved
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N

1, 8−
R1

R2 R2

R

ladder-type

NN N
R1 R1 R1

R2 R3 R2 R3

R, R1, R2, R1 = alkyl,aryl

Polycarbazoles,
Fig. 2 Structure of

polycarbazoles
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vibronic features as well as high luminescence

efficiencies.

Synthesis

Polymers, including copolymers, containing car-

bazole units in the main chain have been prepared

by a variety of methods of which transition metal-

mediated cross-coupling reactions have been the

most successful. The properties of these materials

and thus their potential as active materials in

a variety of optoelectronic devices depend cru-

cially upon whether the carbazole units are linked

through the 3,6-, 1,8-, 2,7-, or 3,9- positions. As

mentioned above, the 2,7-carbazole units are not

accessible from carbazole and are made in a short

high-yielding total synthesis from a commer-

cially available material, while the other units

can be made in a few high-yielding steps from

the readily available carbazole. Ladder-type

polycarbazoles have been prepared in which the

units are linked simultaneously through both the

2,7- and 3,6-positions and are made by routes

involving precursor poly(2,7-carbazole)s.

Poly(3,6-carbazole)s

Poly(3,6-carbazole)s are readily synthesized

starting from carbazole. In order to obtain solu-

bility, an alkyl group must be attached at the

nitrogen. The synthesis of poly(N-alkyl-3,6-car-

bazole)s 2 appears possible in two steps starting

from the alkylation of carbazole 1 (Fig. 3) with an

alkyl halide and base (potassium carbonate,

sodium hydride, and sodium hydroxide have all

been used for this reaction) followed by oxidative

polymerization of the resulting N-alkylcarbazole

3. However, to date oxidation of 3 is reported to

produce only a mixture of oligomers consisting

mainly of the dimer with small amounts of higher

oligomers [6].

As a result, polymers are made starting

from the commercially available 3,6-

dibromocarbazole 4 (Fig. 4). Alkylation of this

gives the monomers 5 [7], which can then be

reductively polymerized to the desired polymers

2, either by electrochemical reduction using cat-

alytic nickel(II) [8] or by a Yamamoto-type poly-

condensation using stoichiometric amounts of

a commercially available nickel(0) reagent [7].

The former produces polymers of lowmolar mass

(ca. 3 kDa) corresponding to only 15–20 units.

Using standard Yamamoto reaction conditions in

which themonomer is added to the nickel(0) com-

plex also produces relatively low molar masses

(<10 kDa), but by reversing the order of addition

of reagents, polymers with number-average

molar masses of >50 kDa can be obtained.

Using branched alkyl chains increases the solu-

bility of the polymers and thus gives higher molar

mass polymers. Suzuki or other cross-coupling

reactions of 5 can also be performed to make

either the homopolymers 2 or a wide range of

alternating copolymers [3]. The polymers

2 obtained by Suzuki condensation of 5 with

a carbazole-3,6-bisboronate are of only moderate

molar mass (<10 kDa) [9], so the Yamamoto

procedure is to be preferred, despite the cost of

the reagent, as it involves fewer steps and can

produce higher mass polymers.
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Poly(1,8-carbazole)s

To make 1,8-substituted carbazoles, one must

first substitute the more sterically accessible

3- and 6-positions, as shown in Fig. 5 for the

synthesis of the 1,8-diiodide 6 in good yield

from N-alkyl carbazole 3 [10]. Reductive cou-

pling of this monomer under standard Yamamoto

conditions then produces a homopolymer 7,

whose low molar mass (Mw = 1.4 kDa) indicates

that it is an oligomer [11]. This is presumably

because of the steric congestion at the

1,8-positions due to the presence of the nearby

alkyl chain. Higher molar mass copolymers are

obtainable by coupling 6 with other units by

Suzuki, Sonogashira, or other cross-coupling

reactions, but here also the molar masses are

only moderate (<10 kDa). The steric repulsion

at the 1- and 8-positions also leads to torsion

along the polymer chain so these materials show

absorption edges in the blue region of the spec-

trum while their emission is blue-green as they

emit in both the blue and green regions of the

spectra.

Poly(2,7-carbazole)s

Unlike the previous two classes of polymers,

the monomers for poly(2,7-carbazole)s

2,7-dihalocarbazoles, such as the dibromide 8,

have to be made by total synthesis. The most

efficient synthesis of 8 shown in Fig. 6 requires

only three high-yielding steps from commercially

available dibromobiphenyl 9 [12]. The key step is

the reductive ring closure of the nitrobiphenyl 10

to form the dihalocarbazole 11. This was

performed by the Cadogan method using triethyl-

phosphite [13] until a new procedure using

N
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triphenylphosphine was introduced [14]. This

method is more convenient as the phosphine

reagent is less toxic and it is frequently higher

yielding than the Cadogan method. Also, the

phosphine oxide byproduct is more easily

removed from the reaction mixture. Alkylation

of 11 using an alkyl halide or tosylate and base

(sodium hydride or potassium carbonate have

both been used) then gives the desired monomer

8 [12, 15]. The polymers 12 are then readily

accessible by Yamamoto polycondensation

[16, 17]. To obtain high molar masses, it has

been found necessary to use long preferably

branched alkyl chains, which make the polymers

readily soluble.

The carbazole-based polymer which has to

date demonstrated the highest efficiency (>6 %)

in solar cells is the benzodithiazole copolymer 13

whose synthesis is shown in Fig. 7 as an illustra-

tion of the synthesis of such copolymers in gen-

eral [15]. The N-alkylcarbazole 8 is converted

into the bisboronate 14 by lithiation followed by

addition of a boron-pinacol ester. This is then

reacted with one equivalent of the dihalide 15 to

produce the alternating copolymer 13. By

maintaining strict control of the relative stoichi-

ometry of the two reagents, number (Mn) and

weight-averaged (Mw) molecular masses of

37 and 73 kDa respectively were obtained.

By further optimization, the molar masses might

be improved and/or the polydispersity lowered,

which is favorable for controlling polymer prop-

erties and optimizing device performance.

The electrochemical stability of poly(2,7-

carbazole)s is questionable as the high electron

density at the free 3- and 6-positions makes oxi-

dation at these sites facile, leading to possible

cross-linking or other reactions through the

resulting cations. The stability of the N-alkyl

groups is also suspect, and it is thought that

N-aryl carbazoles might be more stable.

Arylation of the nitrogen is possible through

either copper-mediated Ullmann coupling or

palladium-catalyzed Buchwald-Hartwig aryl

amination methods. An aryl iodide is needed to

arylate 2,7-dibromocarbazole as the more

reactive iodide can be reacted under mild

conditions without risk of self-condensation

of the carbazole. The synthesis of an

arylcarbazole-based copolymer 16 is shown in

Fig. 8 as illustrative of the methods used.

Coupling of dibromocarbazole 11 with 3,5-

dimethoxyiodobenzene 17 catalyzed by copper(I)

produces the N-arylcarbazole in good (73 %) yield

[18]. Longer alkyl chains were introduced to

improve the solubility of the final product.
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The synthesis of the diboronate 19 and the con-

densation with the acceptor unit 20 then follow the

same procedure as for the N-alkylcarbazole poly-

mer 13 above.

Poly(3,9-carbazole)s

The problem of self-condensation in synthesis of

N-aryl-dihalocarbazoles alluded to above can be

exploited to produce 3,9-carbazole-based poly-

mers as shown in Fig. 9. The polymer 21 is

obtained directly by reaction of 3-iodocarbazole

22 with copper(I) [19]. Due to the lack of solubi-

lizing groups, the material has low solubility and

thus low molar mass (Mn = 2.36 kDa,

Mw = 5.07 kDa), but it should be possible to

make soluble polymers by applying this

methodology to 6-alkyl-3-iodocarbazoles. As 21

has an ionization potential of 5.45 eV, these

might be suitable for use as hole-transport mate-

rials, but poor film quality prevents use of 21 as

such. Also using 3,6-diiodocarbazole this type of

reaction might be used to make hyperbranched or

dendritic macromolecules with possible applica-

tion as hole transporters or matrices for emitters.

Ladder-Type Polycarbazoles

One obvious way to get around the problem of

oxidation at the 3- and 6-positions in poly

(2,7-carbazole)s is to substitute these sites by

making double stranded ladder-type polymers

23 as shown in Fig. 10 [20]. Acylation of the

2,7-dihalocarbazole 8 using an aryl acid halide
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or anhydride occurs at the 3,6-positions to give

a diacyl adduct 24. The use of a substituted

benzoic acid derivative enhances the solubility

of the resulting monomer and polymers derived

from it. Suzuki coupling of 24 with a diboronate

then produces the alternating copolymer 25. This

had a molar mass (Mn) by GPC of 17 kDa

corresponding to a degree of polymerization of

ca. 33 units. Treatment of 25 with methyl lithium

converted all the ketone units to carbinols, and

boron trifluoride then induced ring closure to

form the desired ladder-type polymers 23. These

were found to undergo aggregation in solution

producing broad peaks in the 1H NMR spectra,

which complicated structural analysis. However,

by diluting the solutions sufficiently, it was pos-

sible to obtain absorption and emission spectra

with small Stokes’ shifts and the sharp, well-

resolved features characteristic of ladder-type

materials, confirming the structures. These poly-

mers displayed blue-green emission with emis-

sion maxima between 470 and 480 nm and

ionization potentials of 5.2–5.3 eV making them

suitable for use as hole-transporting emissive

materials in OLEDs. They have been tested as

donor materials for BHJ solar cells, but the device

results were very poor, probably due to poor

charge transport [5].

Properties and Applications

Conjugated polymers have been widely used for

organic electronics because of their superior optical

and electrical properties. As mentioned above, car-

bazoles are isoelectronic with the corresponding

fluorenes, but the electron-rich nitrogen atom on

the bridgemakes them better hole-acceptor or hole-

transfer materials. Poly(3,6-carbazole)s because of

their limited conjugation have large bandgaps and

produce blue emission. In addition, their good sol-

ubility makes it easy to make a good film by spin

coating so that they have been developed as blue-

light emitters in LEDs [3]. Because of their large

bandgaps and high-lying triplet energy levels, the

homopolymers 2 (and some copolymers) have also
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been investigated as host materials for blue-

emitting phosphors in LEDs [3]. It has been

reported that the intra- and intermolecular charge

carrier mobility in poly(3,6-carbazole)s 2 is higher

than in their 2,7-carbazole analogues [9]. Poly

(2,7-carbazole)s are large bandgap blue-emitting

materials whose emission spectra closely match

those of polyfluorenes but which do not display

the long wavelength emission seen from the latter

due to the formation of defects [3]. They have also

been used as electron-donating materials in bulk

heterojunction (BHJ) solar cells [5]. Due to their

absorption lying only in the higher energy part of

the spectrum, the resulting devices display modest

efficiencies (<1 %) [16]. By copolymerizing

2,7-carbazoles with other units, it is possible to

tune their bandgap so as to produce materials with

emission colors other than blue [3] or which act as

much more efficient donor materials in solar cells

[5], due to their having absorption over a much

wider range of the visible spectrum. The copoly-

merization of a carbazole as an electron-rich donor

unit with an electron-accepting unit in particular

has been used to make medium- or low-bandgap

materials for such applications with efficiencies of

over 6 % reported from best devices [5].

In summary, relatively easy solution process and

predominant blue emission made polycarbazoles

potential candidate for highly efficient blue-

emitting diodes and organic phosphorescent EL

devices, while copolymers with suitable electron-

accepting units have much promise as active com-

ponents in solar cells.

Related Entries
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Synonyms

Condensation polymerization; Interfacial poly-

merization; Melt polymerization

Definition

Polycarbonates (PCs) are one of the most versa-

tile thermoplastic polymers with applications

ranging from high-end engineering applications

to biomaterials. The main chains of PCs contain a

repeating carbonate [�O–C(=O)–O–] linkage

and a major moiety consists of aromatic and/or

aliphatic units (Fig. 1).

Introduction

The history of PCs goes back to the late nine-

teenth and early twentieth centuries; however, in

a major breakthrough, Bayer and GE in 1953

independently produced a high molecular weight

PC based on bisphenol-A (BPA) with unparal-

leled engineering properties, which changed the

landscape of industrial manufacturing of PC

[1]. Traditionally, aromatic polycarbonates have

dominated polycarbonate engineering business

with applications ranging from NASA astro-

naut’s helmet and visor, to mobile phones, to

the Segway human transporter due to their high-

heat resistance, clarity, impact resistance, chem-

ical resistance, excellent moldability, and dimen-

sional stability [2]. In recent years, aliphatic

polycarbonates are also increasingly becoming

popular in biomedical engineering applications

due to their biocompatibility, low cytotoxicity,

and biodegradability [3].

Synthesis

PCs are mainly synthesized by the following

methods: (1) interfacial (solvent based) and

(2) melt condensation polymerizations. In the

interfacial method (Fig. 2), BPA–PC is synthe-

sized by adding phosgene to a stirred slurry of

aqueous sodium hydroxide, catalytic amine (e.g.,

triethylamine or pyridine), and BPA in a solvent,

such as dichloromethane. To control the molecu-

lar weight of the polymer, a monofunctional phe-

nol, such as phenol, p-t-butylphenol, or

p-cumylphenol, is often added to the slurry to

end the chain extension [1]. The pH of the reac-

tion is carefully controlled throughout the reac-

tion, which has a tremendous effect on the

catalytic effect of amines, hydrolysis of phos-

gene, and reaction rates and formation of oligo-

mers, chloroformates, and other side products

[1]. The synthesized solvent-dissolved PC is puri-

fied and further isolated by separating the aque-

ous salt solution, washing the organic phase with

an aqueous hydrochloride solution and water, and

finally removing the solvent by either steam

crumbing or devolatilization [1].

A wide range of techniques for interfacial

synthesis has made it possible to prepare a large

range of polycarbonate materials in a large-scale

use. However, the toxicity of phosgene and chlo-

rinated solvents remains a challenge toward the

environmental friendly production of PC [4]. As

shown in Fig. 3,melt polymerization of PC is an

alternative synthetic method that utilizes

diphenyl carbonate (DPC), which can also be

prepared by a variety of non-phosgene methods,
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in a melt phase polycondensation reaction [1, 5].

In this process, BPA is reacted with a high-

quality DPC in the presence of a minimal amount

of basic catalyst (e.g., NaOH/LiOH) at a high

temperature [1, 5]. This leads to transesterification

with loss of phenol, which is removed via distilla-

tion [5]. The polymerization can be stopped by

either bringing the reactor to ambient pressure or

end capping the polymer chain by the addition of

phenyl moieties [1, 5]. The polymer can be further

compounded directly following the last reaction

stage. Diphenyl carbonate is synthesized either

directly, from phosgene and phenol, or by a

multistep transesterification process from

dimethyl carbonate, which is synthesized directly

by carbonylation of CO or CO2 [4, 5]. As the

polymerization proceeds, the molecular weight

and, henceforth, the melt viscosity also increase,

making phenol removal and driving of the reaction

forward difficult [1, 4]. Although, this is partially

overcome by applying vacuum and increasing the

temperature, prolonged heating can lead to side

reactions that give a slightly yellowish color to the

product, which remain a major challenge to syn-

thesize higher molecular weight polycarbonates

[1, 4]. The melt process is employed to manufac-

ture excellent quality, low to medium molecular

weight resins, especially optical grade PCs, as

these have low residuals [1]. As an extension to

melt polymerization, solid-state polymerization

(SSP) can be employed post-PC synthesis to

increase the molecular weight. In SSP of PCs,

prepolymers/oligomers can be further heated

above their glass transition temperature (Tg) but

below their melting temperature (Tm) under vac-

uum or in a stream of an inert gas (N2 or dense

CO2) or solvent (e.g., acetone) [1, 4, 6]. Polymer-

ization temperatures above Tg but below Tm facil-

itate higher chain mobility and prevent PC to melt

and coalesce, driving forward the thermodynamic
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equilibrium of polymerization, which increases

the overall molecular weight of the polymer by

chain extension on the removal of the by-product

(e.g., phenol) [1, 4, 6].

Ring-opening polymerization (ROP),

another method, especially employed to synthe-

size aliphatic polycarbonates, can yield a wide

range of aliphatic PCs with small to high molecu-

lar weights, without formation and removal of any

by-products as in step polymerizations [3, 7]. In

addition to aliphatic cyclic rings, cyclic tetramer of

BPA and a mixture of oligomeric–cyclics have

also been investigated, although with relatively

lower yields and multiple purification steps [1].

The most commonly used cyclic carbonates for

ROPs are the five- and six-membered ring mono-

mers [7]. For example, Fig. 4 presents the ROP of

trimethylene carbonate in appropriate conditions

to synthesize trimethylene carbonate, which finds

applications in biodegradable materials [7]. ROP

can be conducted in melt or in solution by the

variation of the mechanisms, including cationic,

anionic, coordination–insertion, monomer activa-

tion, monomer and initiator dual activation, and

enzymatic activation mechanisms [7]. There are a

number of catalysts available for the ROP of cyclic

carbonates, including transition metal catalysts,

alkyl halides, basic and acidic, and metal-free

organocatalysts (e.g., N-heterocyclic carbine,

phosphazenes, triflic acid, amines, and enzymes)

[7, 8]. Recent advances in CO2-based copolymer-

ization techniques havemade it possible to prepare

aliphatic PCs at a relatively low cost on an indus-

trial scale [3, 7, 8], with applications ranging from

thermoplastics to tissue engineering applications

as electrospun fibers, biodegradable elastomers,

hydrogels, and drug delivery carriers [3, 7, 8].

Aliphatic PCs have also been synthesized by copo-

lymerization of CO2 with epoxide using a zinc

catalyst or a strong base with crown ether [9].

New PCs and their synthetic methods have been

continuously explored and developed to overcome

the challenges associated with the conventional

melt and interfacial polymerization techniques

and the manufacturing processes of starting

monomers and solvents. For example, in a major

breakthrough, Asahi Kasei recently developed a

green process that manufactures two important

products, high-quality polycarbonate (PC) and

high-purity monoethylene glycol (MEG), in

high yields, from three starting materials, ethylene

oxide (EO), CO2, and bisphenol-A, without the

need of phosgene or chlorinated solvent [4].

Copolymers of aromatic–aliphatic PCs, including

natural phenol-derived PCs (e.g., tyrosol,

homovanillyl alcohol, tyrosine), are also

getting much attention in various engineering

applications due to their unique combination of

properties [10].

Perspective

Bisphenol-based polycarbonates and copolymers

have dominated the applications of engineering

polymers since the 1950s. Many innovations in

synthetic schemes and processes to manufacture

polycarbonates and adjust their final properties

according to the desired applications have led to

many versions of polycarbonates, including supe-

rior flow, high-heat, flame-retardant, and high-

impact polycarbonates. However, in recent

decades, a range of aliphatic polycarbonates and

their copolymers has been explored for their

nonconventional applications in new emerging

markets, such as in biodegradable elastic scaffolds

and drug delivery carriers. Similarly, green and

environmental friendly synthetic processes are

getting much attention in both laboratories and in

industries due to the lower cost and less

toxicity associated with the starting materials.

Sustainable technologies with lower carbon

footprints by using nonfossil-based starting mono-

mers and efficient catalysts for CO2-based poly-

carbonate manufacturing technologies will

continue to be the future directions and

endeavors in the polycarbonate synthesis and

manufacturing area.

O

O

O

n

Aliphatic PC (TMC)TMC

O

OO

n
catayst

Polycarbonate Synthesis, Fig. 4 Ring-opening poly-

merization of TMC
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Synonyms

Mechanically interlocked cyclic molecules

Definition

Polycatenanes are defined as polymers

containing a number of monomers linked in the

fashion of a catenane, a mechanically interlocked

molecular architecture consisting of two or more

interlocked macrocycles. The interlocked rings

cannot be separated without breaking the cova-

lent bonds of the macrocycles.

Introduction

Compounds consisting of two or more mechani-

cally interlocked macrocycles [1–3] – catenanes

have high degrees of freedom and mobility of the

whole molecule or its components, compared with

other conventional covalently connected mole-

cules. The interlocked macrocycles of catenanes

can rotate and move within each other. They can-

not be destroyed without breaking at least one of

the covalent bonds of the macrocycles.

Polycatenanes, polymers containing a number of

macrocycles linked in the fashion of a catenane,

have received considerable attention because of

their unique rheological, dynamic, mechanical,

and thermal properties [4–14]. Many

polycatenane-like structures in the crystalline

state based on assembly of metal-organic frame-

works have been also studied [15–23].

Classification of Polycatenanes

According to the catenane structures in the poly-

mer chain, the polycatenanes can be divided into

classes (Fig. 1); main-chain polycatenanes ([n]

catenanes (A) and bridged poly[2]catenanes

(B)), side-chain polycatenanes (C and D),

polyrotaxanes based on cyclic polymers (E), and

catenane structures in the polymer networks

(F and G).

Class A, [n]catenane (n is a large number),

represents a series of linear polymers consisting

of only mechanically interlocked macrocycles.

Class B is derived from [x]catenanes by incorpo-

rating the bifunctional [x]catenane subunits, in

which both rings are functionalized, into linear
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polymer main chains. The cleavage of the phys-

ical linkages of the catenane subunits will lead to

degradation of the polymer chains. A

polycatenane in class C is an isomer of that in

class B. They are formed by incorporating

[x]catenanes bearing two functional groups or

a single bifunctional moiety on the same ring

into polymer chains. Class D is the [x]catenane

whose subunits exist as pendant groups.

Polycatenanes in class E can be synthesized as

the products of the end-to-end cyclization reaction

of polypseudorotaxanes or polyrotaxanes.

Pseudorotaxanes are generally precursors to

catenanes. A pseudorotaxane is a supramolecular

species consisting of a linear molecule (guest)

threaded through a macrocyclic molecule (host).

Polycatenanes of class F have networks which are

solely formed by catenane subunits. Class

G represents a series of universal networks. The

catenane subunits exist as branches, cross-link

points, or repeating units in the polymer networks.

Main-Chain Polycatenanes

Poly[2]catenanes can be prepared by the poly-

merization of bifunctional [2]catenanes or bis[2]

catenanes. Reductive coupling, Sonogashira

reaction, Suzuki–Miyaura reaction, and Stille

coupling have been examined to prepare poly[2]

catenanes. The efficient preparation of

polycatenane A requires the macrocycle precur-

sors to be preorganized in favor of the cyclization

reactions. The preorganization can be achieved

by utilizing template effects, such as p � p
stacking, metal coordination, hydrogen bonding,

and hydrophobic interactions. There are some

ways for preparation of polycatenanes of class

A (Fig. 2). The strategy for route A (i) is based

on the polymerization between template-

preorganized bifunctional monomers

[24]. Shaffer and Tsay [25] applied a template-

directed stepwise polymerization method (route

A (ii)). In this route, high dilution techniques

were used to favor the cyclization reactions.

Route A (iii) could afford linear polycatenanes

by stepwise threading and cyclization, but the

separation after each step was difficult and the

yield was low. A catenane having 1,3-diene-

functionalized ring moiety underwent the

Diels–Alder reaction followed by ozonolysis to

give the corresponding ring-expanded catenane

in good yield. Takata et al. used a Diels–Alder

reaction and ozonolysis to enlarge one ring of

Polycatenanes, Fig. 1 Classification of polycatenanes
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a [2]catenane for the preparation of poly[n]

catenane [26]. Stoddart et al. synthesized [5]-,

[6]-, and [7]catenanes by employing a stepwise

synthetic approach [27]. [5]catenane has been

called olympiadane because its structure resem-

bles the well-known symbol of the Olympics.

Functional [2]catenane monomers are pre-

pared first and then polymerized in order to pre-

pare poly[2]catenanes (Fig. 3). In route B (i),

bifunctional [2]catenanes are formed directly by

the cyclization reactions of preorganized precur-

sors. In route B (ii), bifunctional [2]catenanes are

prepared by the template-directed coupling reac-

tions of two different kinds of hemicycle precur-

sors with or without functional groups. Route

B (iii) involves stepwise cyclization of the two

kinds of hemicycle precursors with and without

functional groups. After the first cyclization reac-

tion, one of the hemicycle precursors threads

through the macrocycle formed during the first

cyclization step. During the second cyclization

step, noncovalent bonds are used as templating

units. Route B (iv) is similar to route B (iii), but

the macrocycle precursors involved before the

second cyclization step are replaced by linked-

or bis(macrocycle)s. Amide- and phenanthroline-

based poly[2]catenanes were synthesized by

using a rigid [2]catenane linkage [28] or

employing three-dimensional template effect of

transition metals [29]. Stoddart et al. constructed

poly[2]catenane system bearing tetracationic

cyclophane-aromatic crown ether [30]. They uti-

lized the charged p-donor/p-acceptor template

methodology, which took advantage of strong

binding affinities between a bipyridinium-based

cyclophane and a crown ether ring. The driving

forces include several noncovalent interactions,

such as p-p stacking, edge-to-face interactions

between aromatic rings, and hydrogen bonding.

Side-Chain Polycatenanes

Side-chain polycatenanes are polymers in which

the catenane subunits are part of the pendant

groups. The bifunctional [2]catenane monomers

bearing both functional groups on the same ring

are synthesized first and then incorporated into

the polymer to produce side-chain poly[2]

catenanes (route C (i) in Fig. 4), or the

macrocycles are incorporated into the polymer

backbone first and then cyclization reactions of

the other macrocycle’s precursors via

pseudorotaxane formation afford side-chain

poly[2]catenanes (route C (ii)). The monofunc-

tionalized [2]catenane is directly incorporated

via grafting reactions (route D (i)). The

macrocycles are grafted onto the polymer first,

and this process is followed by the cyclization

reaction between the second macrocycle’s

Polycatenanes,
Fig. 2 Synthesis of poly

[2]catenanes of class A
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precursors via a pseudorotaxane intermediate

(route D (ii)) [31]. A side-chain poly[2]rotaxane

can be also synthesized by click chemistry [32].

Polycatenanes Prepared by Cyclization of

Polyrotaxanes

Harada et al. reported a synthesis of polymeric

catenanes based on cyclodextrins. First, the poly

(ethylene glycol) (PEG) with a 9-anthryl group at

one end of the polymer chain was prepared; the

9-anthryl group prevents dethreading and forms

dimers upon photoirradiation. Then the PEG was

treated with a-CD and polypseudorotaxane was

obtained. The polypseudorotaxane was capped

with another 9-substituted anthracene to afford

polyrotaxanes. The exposure of polyrotaxane to

visible light in dilute solution gave a

polycatenane (Fig. 5) [33].

Polycatenanes, Fig. 3 Synthesis of linear main-chain poly[2]catenanes of class B
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Polycatenane Network

In polycatenane networks, some rings are

interlocked with more than two other rings and

act as cross-link points. The catenane subunits

exist as branches, cross-link points, or repeating

units in the polymer networks. Kim reported the

self-assembly and X-ray crystal structure of

a polycatenated two-dimensional polyrotaxane

net in which cyclic cucurbituril beads are

threaded onto two-dimensional coordination

polymer networks [34]. Gibson et al.

reported preparation of polyamide-based

polypseudorotaxanes containing polycatenane

structures [35].

Polycatenanes, Fig. 4 Synthetic routes for side-chain polycatenanes (class C and class D)
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Polyelectrolytes for Batteries
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University of Pavia, Pavia, Italy

Synonyms

Lithium batteries; Polymer electrolytes

Definition

The polyelectrolytes are polymeric single-ion

conductors including charged groups along the

backbone.

Solid Polymer Electrolytes: The Current
State of Understanding

The concept of solid polymer electrolyte (SPE)

dates back to the 1970s when Armand first pro-

posed a new ion conductor based on a lithium salt

properly complexed by a polar and aprotic poly-

mer matrix without the use of organic solvents

[1]. Ever since, a number of polymer/salt systems

have been presented and deeply investigated,

such as those based on PMMA, PAN, or PVDF

[2–5]. In spite of the wide spectrum of SPEs

available in the literature, the preferred combina-

tions are still those based on polyethylene oxide

(PEO), which allows a better Li solvation due to

its structural similarity to the crown ethers and to

the presence of ether oxygen in the structure. In

case of PEO-LITFSI complexes, ionic conductiv-

ity of the order of 10�4 S cm�1 has been reached

at room temperature in the presence of proper

nanofiller dispersions [6]. In these solid electro-

lytes, Li transport takes place in the amorphous

polymer domains (above the glass transition tem-

perature, Tg), where the chains are more flexible,

via ion hopping promoted by the segmental

motion along the polymer backbone. The ionic

conductivity of the PEO electrolytes, therefore,

strictly depends on both crystallinity degree and

Tg of the amorphous phase [7]. For these reasons,

the research on SPEs has been ever focused on

the enlargement of the amorphous fraction by

means of several approaches, as, for instance,

the choice of proper Li salt concentration, the

incorporation of liquid plasticizers, and the

dispersion of inorganic particles [6, 8].

Due to the promising conductivity values

obtained in some polymer/salt complexes, SPEs

are considered as a possible alternative to the

liquid electrolytes in Li- or Na-based batteries.

Basically, the use of “dry” systems as SPEs, in

fact, may limit some important drawbacks related

to the solvent leakage, the high Li reactivity, and

the consequent formation of dendrites [9]. They

behave both as the separator and the electrolyte,

also leading to more stable solid-state interfaces.

Further, in terms of battery safety, the presence of

a polymer in the cell may guarantee higher ther-

mal stability and thermal excursion up to 200 �C.
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The solid polymer electrolytes are bi-ionic

systems. This means that both anions and cations

are mobile; unfortunately the bulk conductivity is

primarily due to the anion mobility. In fact, lith-

ium transference numbers, tLi+, as low as 0.1–0.3

are generally obtained in case of PEO-based elec-

trolytes [9]. The higher mobility causes an accu-

mulation of anions around the electrode because

it exchanges with Li+ only. The resulting gradi-

ents in the salt concentration are responsible for

the electrode polarization and do lead to worsen-

ing of performances. Some attempts to overcome

this drawback have been carried out during these

last decades, as for instance the use of large and

heavy anions (e.g., TFSI�) or of anion receptors,

like boron, linear and cyclic azo-ether com-

pounds, or calix-arene derivatives [10], which

behave similarly to the crown ethers in case of

cations. However, these strategies failed for dif-

ferent reasons: in some cases no substantial

enhancement of tLi+ was observed, in other ones

the complexation of the anion caused

a conductivity decrease.

Polyelectrolytes

The more realistic strategy to forbid counterion

diffusion is the anion anchoring to the polymer

chains via chemical bonding to form single-ion

conductors. The systems including charged

groups along the backbone are known as poly-

electrolytes [9]. In the particular case of batteries,

this approach results in free cations with higher

large-range mobility and consequently tLi+ values

very close to unit.

Several classes of polymers were investigated

as matrices for single-ion conduction, ranging

from organic and/or inorganic polyanions to

polymeric ionic liquids and charged di- or

triblock copolymers (see Fig. 1). The most rele-

vant of them will be explored in more details in

the following sections.

Charged Polymers

The firstly investigated polyelectrolytes were

based on polymers with strong solvation, gener-

ally including oxygen atoms along the backbone.

Two main systems were explored: (i) polymers

with the anion attached as a pendant group, in

particular carboxylates (–COO�), sulfonates

(SO3
�), and phenolates (PhO�) (see Fig. 2), and

(ii) polymers where the anion is included along

the main chain such as, for instances, borates

(BO4
�), aluminates (AlO4

�, AlS4
�), and

siloxyaluminates [(SiO4)Al
�] (Fig. 3).

In the former case, alkali metal salts of poly

(methacrylic acid) and polysulfonic acid were

explored, containing (or sometimes even blend-

ing with) units of polyethylene oxide with differ-

ent molecular weights [11].

Ohno and coworkers proposed poly(oligo-

oxyethylene)methacrylate- and PEO-methacrylic

Polyelectrolytes for Batteries, Fig. 1 Polymer sys-

tems as single-ion conductors for batteries

PEO

PEO

+
− +

+

+

−
−

−

Polyelectrolytes for Batteries, Fig. 2 Typical struc-

ture of polyelectrolytes with anionic pendant group. The

anions may be, for instance, carboxylate, phenolate, sul-

fonate, whereas the cation may be Li or Na
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acid-based systems as polyelectrolytes for lith-

ium batteries. Ionic conductivity ranging from

10�6 to 10�4 S cm�1 at temperature higher than

50 �C was measured, depending on the polymer

structure [12]. Similar performances were

observed for comb-like systems constituted by

polystyrene-sulfonates, PEO with perfluoroalkyl-

sulfonated end groups, and also polysiloxanes

with ethylene oxide (EO) oligomers and sulfo-

nate anions as the pendant moieties. In this case,

the ionic transport sensibly depends on factors

like the EO chain length or the Li/EO molar

ratio. However, in spite of the high transference

number, too low conductivity values

(<10�6 S cm�1) were generally obtained at

room temperature [13].

As already reported above, alternative poly-

electrolytes with t+ close to unity may be based

on inorganic polymers including anionic repeat-

ing units with larger radius in the main chains,

such as aluminates or borates. Stable inorganic

systems were proposed, as, for instance,

alkoxyaluminate [Al(OR)4
�] or thioaluminate

[Al(SR)4
�]. Single-ion conductivity at room tem-

perature of about 10�7 S cm�1 was first observed

for aluminate complexes, which was successively

improved by about one magnitude order by

increasing the anion dimensions, as in the case

of thioaluminate or aluminosilicate [14]. How-

ever, due to the limited aluminum chemistry,

only a few systems were explored as Li+

conductors.

Polymers incorporating other types of frag-

ments (e.g., borates) were deeply investigated in

order to enhance the single-ion conductivity. Tak-

ing into account the good reactivity of organoboron

compounds, several alkyl- and/or aromatic borates

matrices were synthesized, generally including

oligoethylene oxide side chains. Particularly stable

polymers were also obtained by introducing

boroxine rings, characterized by strong p-p inter-

actions between theO-atom and the adjacent boron

one. However, these strategies to enhance the

single-ion conductivity were also not particularly

successful. Values generally lower than

10�6 S cm�1 were, in fact, obtained below 50 �C,
without the addition of proper plasticizers [15, 16].

In spite of the high transference number, the

ionic transport of this class of polyelectrolytes is

absolutely not competitive with respect to the

bi-ionic SPEs. Two factors reduce the ionic

mobility of polyelectrolytes, both of them being

strictly related to the ionomer chemical structure.

One of these is the presence of strongly coordi-

nating O-units along the backbone, which results

in an extended localization of the cation around

the blocked anion sites, which causes tight ion

pairing, aggregation, and a consequent decrease

of the free ions effectively available for the trans-

port. Another aspect is the higher rigidity of such

polymers, which is induced by the ionizable

groups attached to the chain and by the related

interchain cross-linking interactions between

polyanion and cations [17, 18].
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Polyelectrolytes for
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Fig. 3 Examples of

polyelectrolytes with the

anion incorporated along

the polymer backbone
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For these reasons, the more recent strategies to

enhance the ionic conductivity of polyelectro-

lytes pointed to the increase of the polymer

dynamics and/or the density of the free

conducting ions. Following the first approach,

polymers with low glass transition temperatures

were synthesized in order to improve the chain

segmental motion, which assists the ionic mobil-

ity. The number of actually available conducting

ions is, in contrast, increased by synthesizing

ionomers with larger-bonded anions, whose neg-

ative charge is strongly delocalized in order to

reduce the possibility of ion pairing and aggrega-

tion. To this end, one of the best performing

anions is bis(trifluoromethanesulfonyl)imide

(TFSI�) whose weak coordinating action favors

a high charge carrier concentration.

Several systems, ranging frompolyphosphazenes

to polysiloxanes and polyepoxide ethers with

glass transition temperature lower than �60 �C,
were then proposed in the literature.

Polysiloxane-based ionomers, for instance,

displayed very flexible architectures character-

ized by low viscosity, in particular if condensed

with PEO oligomers (generally in the range 2–7)

[19]. When doped with lithium salts, they

can reach high enough ionic conductivity

(0.1–1 mS cm�1), depending on the amount

of ethylene oxide oligomers and on the LiX

nature, without serious increases in the Tg values.

Many systems were consequently explored,

containing short oligoether side chains and

several anions, namely, TFSI�, phenolates,

naphtholates, and perfluorosulfonates [13, 19].

Recently, polysiloxane-based single-ion conduc-

tors containing cyclic carbonates and different

lithium tetraphenylborates as side chains were

synthesized with a relatively high content of

conducting ion (about 5 %) and low activation

energy. The maximum allowed ionic conductiv-

ity at 20 �C was found to be still low (around

10�7 S cm�1), likely due to the high Tgs (roughly

in the range between �20 �C and �6 �C), but
further improvements were observed by intro-

ducing proper amounts of PEG-based

plasticizers [19].

Similarly to poly(organosiloxanes),

polyphosphazenes are hybrid organic-inorganic

polymers constituted by a backbone of alternat-

ing P- and N-atoms with two organic side groups

bonded to each phosphorus. A lot of architectures

are known, depending on the nature of the side

groups. Polyphosphazenes with linear or

branched EO lateral chains are particularly suit-

able to dissolve lithium salts due to the ability of

oxygen units to coordinate Li+ cations. For this

reason they are potential electrolytes for lithium

batteries [20, 21]. The transport mechanism has

not been completely addressed yet. However, it

seems strictly correlated to the polymer glass

transition temperature. In particular, the ionic

migration is greatly affected by Tg increases due

to the reversible cross-linking interactions

resulting from the cation coordination by the

O-units distributed on different side chains. Sev-

eral polyphosphazene single-ion conductors were

investigated [20, 21]. In 2006, Allcock and

co. proposed immobilized sulfonimide lithium

sources linked to the polyphosphazene backbone,

containing methoxy(ethoxy)ethoxy moieties as

cation-solvating co-substituents. A maximum

ionic conductivity of about 2.5 � 10�6 S cm�1

was obtained at room temperature, which

increased up to 1 mS cm�1 in case of the system

gelled by proper amounts of methyl-pyrrolidone

as the plasticizer [20, 21].

Charged Block Copolymers

Another alternative strategy to promote charge

dissociation and to enhance Li+ mobility in a

single-ion conductor was to spatially isolate the

anions in a secondary phase of the polymer elec-

trolyte. This was recently carried out through the

design of proper architectures based on graft

block copolymers [22–24]. The most common

structures are the AB diblock or BAB triblock

copolymers, where A is the ion-conducting block

and B the unit conferring mechanical

strength. Such blocks are chemically different

and end-to-end bonded. Under specific condi-

tions, it is possible to induce a net repulsion

between the polymer blocks, leading to

a microphase separation into periodically

spaced nanodomains [22–24]. The main

concept, here, is to order the polyelectrolytes

into two parts: (i) a secondary domain in which
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the attached anion is immobilized and

(ii) ionically conducting block nanodomains

where Li+ cations are localized and where

a continuous ion-conducting pathway is created.

In principle, by this way it should be possible to

increase t+ up to the unit, without seriously

sacrificing ionic mobility. Such nanoscaled mor-

phology provides good mechanical performances

at a macroscopic level. In particular, by choosing

two non-crystallizing blocks with low glass tran-

sition temperatures, Tgs, films with mechanical

strength comparable to that one of cross-linked

systems can be obtained, preserving the high

local chain mobility necessary for good Li+

transport.

Single-ion conductors based on block copoly-

mers were firstly investigated by Sadoway and

coworkers, who proposed self-doped block

copolymer electrolytes (SDBCEs), whose Li+

transference number approached 0.9. Such sys-

tems were composed by the block components

polylauryl methacrylate (PLMA) and poly

[(oxyethylene)9 methacrylate] (POEM) as the

anionic part. The Li+ carriers were provided

through the addition of lithium methacrylate

into the backbone following three distinct archi-

tectures: (i) random, within the hydrophilic block

P(LiMA-r-POEM); (ii) random, within the

hydrophobic one P(LMA-r-LiMA); or (iii) as

a separated block PLMA-b-PLiMA-b-POEM.

However, the ionic conductivity never exceeded

10�5 S cm�1 at 70 �C, and this limitation was

interpreted in terms of a still low-level ionic

dissociation [22–24].

A similar approach was recently tried by

Armand and coworkers [25]. They designed

a single-ion conductor based on a polyanionic

block copolymer BAB and on TFSI� as the

anion. Due to the well-known charge delocaliza-

tion of the imide, Li+ weakly interacts with the

anionic counterpart; consequently, a higher dis-

sociation degree may be reached. In this case, the

B block is a polyelectrolyte based on poly(styrene

trifluoroethanesulfonimide of lithium) P

(STFSILi), bonded to a central linear PEO unit

(see Fig. 4).

The maximum ionic conductivity found at

60 �C was 1.3 � 10�5 S cm�1 which is half an

order of magnitude higher than that previously

reported in the literature [22–24]. The Li+ trans-

port number determined for this electrolyte was

larger than 0.85, and a promising electrochemical

stability window up to 5 V vs. Li was also

reported.
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Fig. 4 Chemical structure

of the single-ion conductor

based on the triblock

copolymer P(STFSILi)-

b-PEO-b-P(STFSILi),
recently proposed by

Armand and coworkers as

a polyelectrolyte for

lithium batteries [25]
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Polymeric Ionic Liquids (PIL)

More recently, attention has been devoted to

novel single-ion conductors based on polymeric

ionic liquids as advanced electrolytes, which

combine the beneficial properties of ionic liquids

with those of the more traditional polyelectro-

lytes. As it is well known, ionic liquids are

room temperature molten salts, which remain

liquid in wide temperature range. They show

unique properties, such as non-flammability,

low volatility, and good thermal and electro-

chemical stability. ILs also have good ionic con-

ductivity due to the high ion concentration and

mobility. When doped with lithium salts, they are

potential and safer electrolytes, alternative to

the conventional solutions based on the organic

carbonates [26]. During this last decade, the

introduction of groups associated to the ionic

liquids (for instance organic cations such as

pyrrolidinium, imidazolinium, pyperidinium)

and of hydrophobic counteranions (like BF4
�,

PF6
�, triflate, sulfonimide, etc.) into functional

polymers generated a new family of polyelectro-

lytes for different applications, including lithium

batteries.

Polymeric ionic liquids, also called poly(ionic

liquids), PILs, are polymers whose repeat unit

contains a cation (polycations) or an anion

(polyanions) or both (poly-zwitterions). Further-

more, different types of copolymers and macro-

molecular architectures (e.g., random, block,

grafted, branched) may be possible due to the

good reactivity of the starting monomers.

The general synthetic approach of PILs con-

sists of the radical polymerization of the vinyl

functional groups covalently introduced on the

ionic liquid monomer. By this strategy, Ohno

et al. firstly obtained several polymeric ionic liq-

uids through anion exchange reaction of vinyl-

alkyl imidazolium halide with different

counteranions [27–29].

By properly combining different cations,

anions, and polymer backbones, it is possible to

tailor the structure of these novel polyelectrolytes

for specific technological applications. In the par-

ticular case of electrolytes for lithium batteries,

PILs show the potential advantage to combine the

abovementioned benefits of ionic liquids with

those ones of polymers, namely, mechanical sta-

bility, freestanding properties, safety, easier

processing, packaging, etc. However, as in the

case of other polyelectrolytes, the ionic conduc-

tivity is often too low for practical applications.

Typical conductivity values obtained with the

ionic liquids are around 10�3 S cm�1 at room

temperature. After the polymerization process,

the conductivity dramatically falls, sometimes

even to two to four orders of magnitude. Ohno,

for instance, found values 104 times lower for the

system based on ethylvinylimidazolium-TFSI

after the polymerization [27–29]. This phenome-

non has been rationalized in terms of

a remarkable increase of Tg and a reduction of

the free mobile ions because of the covalent

bonding of the monomer components.

The decrease of the ionic mobility in PILs is

more evident in the case of polycation-type ionic

liquids. For what concerns the poly(anions) ILs,

in fact, the ionic conductivity is higher, probably

because the cation mobility counts more than

the anion one in lowering the polymer glass

transition temperature. Since in the case of batte-

ries, the charge carrier is the cation, in particular

Li+ or Na+, polyanion-based configuration is

preferred, with two important requirements:

(i) counteranions with weak basicity and diffused

charge (for instance, TFSI–, RSO3
�, PF6

�) in

order to further improve the ion transport and

dissociation and (ii) chemically and electrochem-

ically stable cations, such as alkylammonium,

imidazolium, and mostly pyrrolidinium, with

proper alkyl-based side chains.

The ion mobility in PILs may be made more

efficient by copolymerization of oppositely

charged monomers, namely, IL monomers (the

anion) with functional Li salt monomers (the

cation), which generally include ethylene oxide

oligomers in order to enhance the backbone flex-

ibility. In these architectures both transference

number and ionic conductivity strictly depend

on the monomers composition, and a good bal-

ance between t+ and s is sometimes difficult
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to obtain. Ohno and co. prepared a copolymer

polyelectrolyte based on methacryloyl octa(eth-

ylene oxide)-2-sulfobenzoate lithium salt and

the more conductive 1-[6-(acryloyloxy)hexyl]-

3-ethylimidazolium bis(trifluoromethylsulfonyl)

imide. They showed that the conductivity

decreases by increasing the Li fraction, contrary

to what happens for t+. A compromise composi-

tion was identified at 50 mol% of Li salt, whose

conductivity and transference number at 30 �C
exceed 10�5 S cm�1 and 0.4, respectively. Again,

this was explained with a poor dissociation

degree of the matrix [27–29].

In spite of the great number of proposed struc-

tures, the transport properties of the PILs are still

poor. Conductivity values in the range 10�8 to

10�5 S cm�1 have been generally found at room

temperature, too far from the requirement for

a practical application as active separators in

lithium batteries. A sensible improvement may

be reached by incorporating poly(ionic liquids)

onto inorganic particles to form core-shell struc-

tures, which also show additional functional

properties, such as structural stability and trans-

port tenability, depending on the ionic materials.

Very recently, a novel organic-inorganic core-

shell architecture based of SiO2-poly

(vinylbenzyl-trimethylammonium) BF4 was syn-

thesized, reaching room temperature conductiv-

ity significantly higher than that one found for the

similar pure PIL (10�4 vs. 10�5 S cm�1) [30].

A more efficient approach to enhance the PIL

ion mobility is the tailoring of polyelectrolytes

based on the mixture of IL and PILs. In this case,

the single ionic liquid acts as both additional

charge carrier and nonvolatile plasticizer.

The resulting materials show good conductivity,

ranging between 10�3 and 10�2 S cm�1, which

may be further increased by increasing the IL

content in the ion gel. However, the ionic liquid

fraction must be limited in order to preserve the

polymer mechanical properties.

The McFarlane group tested different Li

polyelectrolyte-in-ionic liquid systems, based on

novel alkali metal ionic liquids (AMILs), mostly

containing Li ions, and on poly(lithium acrylam-

ide propanesulfonate)- or lithium poly(sulfopro-

pylacrylate)-based polymers and copolymers

[31–33]. The IL behaves as a good solvating

medium for the copolymer polyelectrolyte. The

resulting conductivity is of the order of

10�2 S cm�1, which means to two to three times

higher than that of the corresponding homopoly-

mer, depending on both the IL/polyelectrolytes

ratio and the Li content. A good dissociation of Li

cations is also observed due to the presence of

anions bonded to the polymer chains.

Other very promising systems as “Li ion dis-

sociation enhancers” are the zwitterions, namely,

ionic liquids where both the anion and cation are

immobilized on the same structure. The zwitter-

ionic compounds may enhance the ionic conduc-

tivity up to about seven times with respect to the

pure polyelectrolyte [34]. In case of addition of

1-butylimidazolium-3-(n-butanesulfonate)dissociator

to lithium methylacrylate copolymers (Fig. 5),

the ionic conductivity achieves a maximum

close to 0.6 mS cm�1 at 30 �C, in the presence

of a Li+ mole fraction in the copolymer of about

0.050.

NMR analyses confirmed that this improve-

ment is effectively related to an increase of lithium

N

N

O3S

Polyelectrolytes for Batteries, Fig. 5 1-butylimidazolium-3-(n-butanesulfonate), zwitterionic compound used as

a Li ion dissociation enhancer in polyelectrolytes for lithium batteries [34]
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ion mobility within the zwitterion-polyelectrolyte

system. However, the actual effect of the zwitter-

ion on the Li dissociation is not totally understood.

One reasonable hypothesis could be that the zwit-

terion screens the anion bonded to the polymer

chain by means of coulombic interactions, so

impeding the Li+ coordination. Another maybe

even more probable reason is that the charge car-

rier preferably interacts with the sulfonate group of

the zwitterion rather than with that one on poly-

mer. This likely improves the Li dissociation in the

polyelectrolyte backbone.

Conclusions

Polyelectrolytes have been extensively studied in

recent years. However, the attempt to combine

high ionic conductivity and high lithium transport

number to date has not yet given good results,

likely because of the strong anion-cation interac-

tions, which make the structure stiffer and

decrease the cation mobility. Likely, the best

choice for the future will be given by polymeric

ionic liquids, which combine the ILs advantages

(conductivity, safety) with those of polymers

(mechanical stability and processability).

Lithium dissociation enhancers will be likely

needed to obtain commercially interesting

electrolytes.
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Synonyms

PEI

Definition

Polyetherimide (PEI) is a polymer containing

cyclic imide especially of five-membered ring

and ether units in the backbone. PEI is catego-

rized as a special class of polyimide (PI) which is

a condensation polymer derived from bifunc-

tional carboxylic anhydrides and primary

diamines. Polymers classified as PEI generally

have a structure shown in Fig. 1 [1]. Ultem,

whose chemical structure is shown in Fig. 2, is a

typical example of PEI. Other polymers involv-

ing imide and ether units are usually called

polyimide [2]. In this entry, however, PEI is

broadly defined from the structural viewpoint

and to include all polyimides containing ether

units.

Introduction

Polyimides are high-performance super-

engineering plastics exhibiting high heat resis-

tance, excellent mechanical property, inherent

flame resistance, and solvent resistance. Struc-

tures of polyimide containing ether units are

shown in Fig. 2.

All these specific PIs were industrially devel-

oped (the manufacturer’s name is described in the

figure). Among them, Ultem [1, 3, 4] and Aurum

[5] are thermoplastic, and Kapton [6] and Upilex

[7] are non-thermoplastic polymers.
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Polyimides which do not have ether group but

have similar properties like heat resistance, sol-

vent resistance, flame resistance, etc., are shown

in Fig. 3. The inclusion of ether group in PI’s

aromatic dianhydride and/or aromatic diamine

building blocks adds the flexibility to the rigid

backbone structure resulting in the improvement

of the melt processability without spoiling melt

stability. Upilex-S [7] is non-thermoplastic resin,

but LaRC-TPI [8] is thermoplastic because of the

inclusion of carbonyl group which also adds the

flexibility.

Production

Poly(4,40-oxydiphenylene-pyromellitimide), pro-

duced by DuPont under the trade name of Kapton,

is the first product of polyimides [9]. This polymer

is insoluble in any organic solvents and also infus-

ible. Therefore, it is synthesized by way of poly

(amidic acid) which is soluble in polar solvent,

such as N-methyl-2-pyrrolidone (NMP) and N,

N-dimethylacetamide (DMAc). Polycondensation

of pyromelitic dianhydride and 4,40-oxydiphe-
nylamine in NMP gives the poly(amic acid) as

shown in Fig. 4. The ring closure is carried out at

high temperatures (>200 �C) or by using amine

catalysts. For making Kapton film, poly(amic

acid) solutions are firstly casted and after that

imidization is induced.

Thermoplastic PEI, Ultem, is synthesized by

melt polycondensation of bisphenol A dianhydride

with a diamine, usually m-phenylenediamine as

shown in Fig. 5a. For the synthesis of dianhydride

compound, 2 mol of phthalic anhydride react with

one mole of bisphenol A. For the poly(amic acid)

produced through the polycondensation with

diamine, the ring closure reaction is induced

by heat.

The reverse order of reaction route is also

possible, that is, starting with the imide forming

sequence and using aromatic nucleophilic substi-

tution to produce polymer as shown in Fig. 5b.

However, the first synthetic route often gives

better yields, because of the stability of

tetracarboxylic dianhydrides. The route (a) is actu-

ally utilized to produce Ultem resin in industry.

Upilex-S (Ube Industries) 

LaRC-TPI (NASA) 

N

O

O

N

O

O

n

N

O

O

N

O

O

C
C

O
O

n

Polyetherimide, Fig. 3 Structures of polyimides having no ether unit
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Properties

Thermal Properties

Since most of PIs are infusible, molded items of

PI resins are very limited and expensive. Accord-

ingly, PIs with enhanced melt processability

without sacrificing heat-resistant properties so

much have been developed. The methodology is

to decrease the glass transition temperature Tg by
adding the flexibility to polymer chain backbone

and/or by reducing the interchain interaction. The

following are the practical methods to lower the

Tg: (1) introducing chemical groups with higher

rotational degree of freedom (e.g., –O–, –S–,

–SO2–, –CO–, –C(CH3)2–) in the chain back-

bones, (2) introducing asymmetric structure in

the backbone by using m- or o-linkage in aro-

matic groups, and (3) introducing bulky groups

such as –C6H5, �CH3, and –CF3 into the

backbone aromatic rings resulting in the decrease

of intermolecular packing. Ultem and Aurum

shown in Fig. 1 and LaRC-TPI shown in Fig. 2

are the examples of the thermoplastic resins

developed by using the strategy described

above. The Tgs of typical PIs along with melting

temperature Tm are summarized in Table 1.

LaRC-TPI and Aurum exhibit melting tempera-

tures but others do not. Ordered aggregate struc-

ture which is distinguished from crystalline

phase, sometimes called smectic phase, is

known to exist in Kapton and Upilex resins

[11]. Such aggregated structure makes these

materials non-thermoplastic. In contrast, Ultem

is amorphous and has the highest melt process-

ability among these PI resins.

Structures of some stereoisomers of PI

obtained by condensation polymerization of

three BPDA (biphthalic anhydrid) isomers and
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ODA (4,40-diamino diphenyl ether) are shown in

Fig. 6. Tg, and the solubility in NMP is summa-

rized in Table 2 [12]. Tg increases in the order of

structural asymmetry, s-BPDA/ODA< a-BPDA/

ODA < i-BPDA/ODA. This will be because the

local rotation of the rigid imide ring and the

NO2
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Polyetherimide, Fig. 5 (continued)
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adjacent phenyl groups is more hindered for the

asymmetric BPDA due to larger steric hindrance

and the size of segmental motion becomes larger.

On the other hand, the solubility in NMP

increases in the reverse order of Tg. This is

attributable to the decrease of the polymer-

polymer aggregation for asymmetric BPDA

structures.

b 
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2 +

H2N NH2
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Mechanical Properties

Several mechanical properties of unreinforced

PIs (Kapton, Upilex-RN, Ultem, and AURUM)

are summarized in Table 3. Vespel [13] and

Upimol [14] are the polyimide shapes produced

by sinter molding method of Kapton and Upilex-

RN powders, respectively.

All PIs have higher mechanical strength

than general engineering plastics such as

polyacetal, polyamide, polycarbonate,

etc. Because of the high Tg, such mechanical

properties are preserved at high temperatures.

PI has small degree of creep deformation under

a long-term load and practically an excellent

dimension stability. Impact strength is also high

due to the flexible structure of ether part making

these resins ductile. Note that this property is

notch sensitive, however, which can be overcome

N
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N
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O

O

N

O

O

O
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O
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O

O

O
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n

n

n

Polyetherimide,
Fig. 6 Structures of three

stereoisomers of BPDA/

ODA

Polyetherimide, Table 1 Glass transition temperatures

Name Tg/
�C Tm/

�C
Upilex-S [10] >500a –

Kapton [6, 10] 360–410 –

Upilex-RN [10] 285 –

LaRC-TPI [8] 250–260 330–350

Aurum [5] 250 388

Ultem [2, 3] 217 –

aHigher than the thermal degradation temperature
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by making sure that parts made of PI have well-

rounded edges. Fatigue properties of PIs are

also good.

Electrical Property

Electrical properties along with other properties

are summarized in Table 4. PIs have high

Polyetherimide, Table 3 Mechanical properties of unreinforced PIs

Temp.

Test method

(ASTMa)

Vespel

SP-1 [13]

Upimol-

R [14]

Ultem

1000 [3]

Aurum

PL450C[5]

Tensile strength/MPa 23 �C D638 or D1708

(Vespel)

86.2 116 105 92

260 �C 41.4 41

Flexural strength/MPa 23 �C D790 110.3 161 152 137

260 �C 62.1 59

Flexural modulus/GPa 23 �C D790 3.10 4.165 3.43 2.940

260 �C 1.72 2.087

Izod impact

strength/J m�1
Notched D256 79 74.5 49 90

Unnotched 1,600 919 1,274

Tensile elongation/% 23 �C D638 or D1708

(Vespel)

7.5 5.0 60 90

260 �C 7.0 6.0

awww.astm.com

Polyetherimide, Table 4 Properties of PI films

Test method

(ASTMa)

Kapton-

100NH [6]

Upilex-RN

[15]

Ultem

1000 [3]

Aurum

PL450C [5]

Density/g cm�3 D-1505 1.42 1.39 1.27 1.33

Thermal expansion

coefficient/10�5 K�1
D696 2 4.3 5.6 5.5

Thermal conductivity/

W m�1 K�1
C-177 0.12 0.24 0.22 0.17

Limiting oxygen index/% D-2863 37 55 (JIS

K7201)

47 47

Flammability UL-94 V-0 V-0 V-0 V-0

Dielectric constant @ 1 kHz D-150 3.9 3.2 3.15 3.2

Dielectric loss @ 1 kHz D-150 0.0036 0.0018 0.0013 0.0009

Dielectric strength/kV cm�1 D-149 303 (25 mm) 260

(25 mm)

37

(320 mm)

157 (100 mm)

Volume resistivity/O m D-257 1.5 � 1015 4.3 � 1014 1.0 � 1015 1014–1016

Water absorption

24 h@23 �C/%
D-570 4 1.4 0.25 0.34

awww.astm.com

Polyetherimide, Table 2 Tg and solubility of stereoiso-
mers of BPDA/ODA [12]

Tg/
�C Solubility in NMP

s-BPDA/ODA 262 �
a-BPDA/ODA 319 △

i-BPDA/ODA 330 ○

�, insoluble; △, partly soluble; ○, soluble
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dielectric strength, nearly constant dielectric con-

stant, and low dielectric loss <10�3 over a wide

range of temperature. Due to these excellent

electrical properties together with the chemical

stabilities over a wide range of environmental

conditions, PIs can be used in a variety of

electrical and electronic insulation

applications, especially in the case of high tem-

perature use.

Flammability

PIs shown in Table 4 have the highest UL-94

flammability resistance rating V-0 as character-

ized by high limiting oxygen indices resulting

from the highly aromatic structures (high hydro-

gen to carbon molar ratio). Therefore, PI resins

satisfy the most severe flammability require-

ments for several industrial usages, such as elec-

trical and electronics industry, building and

construction industry, and automotive and

aircraft industry.

Chemical Resistance

PI materials are not affected by commonly used

solvents and oils, including hydrocarbons, esters,

alcohols, weak acid, and alkali. The amorphous

PEI (Ultem) dissolves in a few polar solvents,

e.g., chlorinated aliphatics, chlorinated aro-

matics, NMP, etc.

Radiation Resistance

PIs have excellent radiation resistance and are

frequently used in high radiation environments

where a flexible insulating material is

required. Especially in outer space, Kapton and

Upilex are used for applications that require high

radiation resistance, thermal, and electrical

insulation.

Uses

PIs are used in several industrial segments: metal

alternative, precision machinery, industrial

machinery parts, electrical and electronic parts

(substrate for flexible circuit films, circuit boards,

connectors, switches), and automotive and trans-

port equipment parts.
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Synonyms

Polyol

Definition

Polyethers are polymers with ether bonds (C–O–C)

in their main chain. Polymers categorized as

polyethers include polyoxyalkylenes (Fig. 1),

polyoxyarylenes, epoxy resins, polyaryletherketone

(PAEK), polyetherimide (PEI), and

polyethersulfone (PESU) [1]. The simplest

polyoxyalkylenes are polymers with a -[O(CH2)x]-

unit structure, such as polyoxymethylene (POM),

poly(ethylene oxide) (PEO), poly(trimethylene

oxide) (or polyoxetane), and poly(tetramethylene

oxide) [or polytetrahydrofuran (poly(THF))].

Polyoxyalkylenes also include polymerization

products from substituted cyclic ethers,

such as poly(propylene oxide) (PPOX),

polyepichlorohydrin, poly(glycidyl ether)s, and

poly[3,3-bis(chloromethyl)oxetane (BCMO)].

Polyacetal, a polymer containing acetals in its

main chain, is also a polyoxyalkylene.

Polyoxyarylenes are polymers that contain aryl

ether bonds in their main chain, for example, poly

(phenylene oxide) (PPO).

This entry details the syntheses, properties, and

applications of polyoxyalkylenes and epoxy resins.

Other polyethers – POM, polyacetals, PPO, PAEK,

PEI, and PESU – are discussed in other entries.

Synthesis of Polyoxyalkylenes

Polymerization and History of Cyclic Ethers

Polyoxyalkylenes are typically synthesized via

the ring-opening polymerization of cyclic ethers.

The ring strain in cyclic ethers drives their

polymerization; hence, their polymerizability is

highly dependent on the number of atoms in

the rings [2]. Three-, four-, five-, and seven-

membered cyclic ethers have been reported to

yield polymers via ring-opening mechanisms.

Ring strain is divided into strain from the

bond angles and from the repulsion of hydrogen

atoms attached to the rings. The former

strain drives the polymerizations of three- and

four-membered cyclic ethers, whereas the latter

strain drives the polymerization of five- and

seven-membered rings. Cyclic ethers with

six-membered rings have not undergone

ring-opening polymerization because of the

very small bond-angle and hydrogen-repulsion

strains.

The first reported ring-opening polymeriza-

tion of a cyclic ether was the generation of ethyl-

ene oxide (EO) oligomers by Wurts in 1863.

He obtained these oligomers by heating the mix-

ture of EO and water in a sealed tube. In 1929,

Staudinger et al. examined the polymerization of

EO using various basic compounds. They found

that several compounds, including SrO and

CaO, effectively yielded high-molecular-weight

polymers. The polymerizations of other

cyclic ethers have also been reported: propylene

oxide (PO) by Levene et al. in 1927, THF by

Meerwein et al. in 1937, and BCMO by Farthing

in 1951. Since these pioneering reports [2],

researchers have developed a wide variety of

polymerization systems that involve anionic,

cationic, and coordination mechanisms and the

use of various initiators, metal catalysts, and

organocatalysts. These polymerizations will be

described in detail below.

The polycondensation of diols is theoretically

another route to produce polyoxyalkylenes.

The intermolecular dehydration of two hydroxy

groups generates an ether bond. However,

only oligomeric products are obtained via the

acid-catalyzed condensation of ethylene

glycol because of the frequent occurrence of

intramolecular dehydration reactions. Therefore,

the ring-opening polymerization of cyclic

ethers is practical for the synthesis of

polyoxyalkylenes.

Polyethers 1819

P



Oxirane Polymerization

Three-membered cyclic ethers, or oxiranes

(oxacyclopropane), polymerize via anionic, cat-

ionic, and coordination mechanisms [2, 3].

The anionic ring-opening polymerization of

oxiranes [4] is initiated by nucleophilic com-

pounds such as alkali-metal alkoxides, hydrides,

and Na-naphthalene. Organic compounds such as

tertiary amines, N-heterocyclic carbenes, and

ammonium or phosphonium salts are also used as

anionic initiators. Either the compounds them-

selves or an anionic species derived from them

attacks the a- or b-carbon of an oxirane to

induce the ring-opening reaction, which generates

a propagating anionic alkoxy species. This anionic

species also attacks an oxirane molecule to yield a

similar anionic species. Successive reactions with

oxirane molecules generate the polyoxyalkylenes

(Fig. 2). EO polymerization continues in this

manner, i.e., a “living” reaction, without side reac-

tions and produces high-molecular-weight poly-

mers. In contrast, the polymerizations of oxiranes

having substituents often accompany side reac-

tions. For example, a propagating anionic species

attacks and abstracts a proton from a PO methyl

group to generate a “dead” chain, i.e., a polymer

chain that no longer polymerizes, and an anionic

alkoxy species containing a vinyl group. There-

fore, this reaction acts as a chain-transfer reaction

and limits the achievable molecular weights of the

products.

The above drawbacks for anionic ring-

opening polymerizations have been overcome

via coordination polymerization [4]. This process

is catalyzed using a metal compound, which

coordinates both an oxirane monomer and the

propagating chain end, in conjunction with

a nucleophilic initiating species. Metal catalysts

that have been used for this process include iron

(III) chloride; alkyl aluminum; alkyl zinc; alumi-

num or zinc porphyrins; aluminum phenoxides;

salen complexes of aluminum, chromium, and

cobalt; and double-metal cyanide complexes.

The polymerization proceeds via a nucleophilic

attack on the coordinated monomer, which has

a weakened carbon–oxygen bond because of its

coordination to the metal center (Fig. 3). Because

the nucleophilic species that propagate during the

coordination ring-opening polymerization are sim-

ilar to those that propagate during the anionic poly-

merization, this polymerization technique is often

called “coordination anionic polymerization.”

During anionic and coordination polymeriza-

tions, the propagating anionic/nucleophilic species

attack the less sterically hindered carbon in the

oxirane monomer. For example, PO, a methyl-

substituted oxirane, almost exclusively undergoes

b-scission, i.e., cleavage of the bond between the

oxygen and non-substituted carbon, to form highly

regioregular polymers (polymers with head-to-tail

sequencing). In addition, the configuration at the

substituted carbon is retained during ring opening,

Polyethers,
Fig. 1 Polyoxyalkylenes

Polyethers, Fig. 2 Propagation reaction for anionic ring-opening polymerization of oxiranes
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which means stereoregular polymers can be

obtained from enantiomerically pure monomers.

In fact, the anionic polymerization of d(+)-PO

using KOH yields a crystalline, stereoregular

PPOX, whereas the polymerization of racemic

PO yields amorphous products. Furthermore, this

stereoselective polymerization proceeds via

a coordination mechanism that involves metal

complex catalysts. The first example is PO poly-

merization using iron(III) chloride. This polymer-

ization produces both crystalline, stereoregular

polymers and amorphous, stereoirregular products

from racemicmonomers. Iron complexes that con-

tain alkoxide groups, which are generated in situ

via the reaction of iron(III) chloride with PO, or

species produced by the partial hydrolysis of iron

(III) chloride by adventitious water are considered

to be the actual catalytic species during this

stereoselective polymerization. The preferential

coordination of either enantiomer to an enantio-

morphic site on the metal complexes appears to be

responsible for the selectivity.

Another system that polymerizes oxiranes

is cationic ring-opening polymerization [5].

Potential initiators include strong protic acids

and metal-halide Lewis acids. Two mechanisms

for cationic ring-opening polymerization have

been developed: the active chain-end mechanism

and the activated monomer mechanism (Fig. 4).

The active chain-end mechanism is

a conventional polymerization that proceeds via

the attack of a monomer molecule on the carbon

adjacent to the chain-end oxonium cation. How-

ever, this mechanism often involves side reac-

tions, such as back biting, that yield large

quantities of cyclic oligomeric products, which

makes the production of high-molecular-weight

polymers difficult. Proton elimination at the

chain ends and intermolecular chain transfers

also occur via the chain-end mechanism. In con-

trast, the polymerizations by the activated mono-

mer mechanism proceed with fewer side

reactions and lower oligomer yields. This tech-

nique employs hydroxy compounds combined

with strong protic acids. A monomer molecule

is activated by the addition of an acidic proton,

followed by the attack of a hydroxy group at the

activated monomer. This reaction generates

Polyethers,
Fig. 4 Propagation

reactions for cationic ring-

opening polymerization of

oxiranes

Polyethers,
Fig. 3 Propagation

reaction for coordination

ring-opening

polymerization of oxiranes
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a ring-opened product that contains a hydroxy

group and liberates a proton, which activates

successive monomers that react with this hydroxy

group. Because the oxonium cations are not gen-

erated at the chain ends, back-biting reactions do

not occur and the polymerization proceeds in

a living-like manner.

Oxetane, Oxolane, and Oxepane

Polymerizations

Four-, five-, and seven-membered cyclic

ethers – oxetane, oxolane, and oxepane,

respectively – yield polymers via cationic ring-

opening polymerization [2].

Oxetane is highly polymerizable due to its large

strain. Various oxetanes with substituents in the

3-position, such as BCMO, also yield polymers.

Lewis acids such as BF3 polymerize oxetane but

require a small amount of water. The proton gen-

erated via the reaction of a Lewis acid with water

possibly initiates the polymerization. The reaction

propagates via the active chain-end mechanism,

i.e., the SN2-type attack of a monomer at the

oxonium cation at the chain end, as was the case

for the cationic polymerization of oxiranes. Intra-

molecular transfer generates primarily a cyclic tet-

ramer with a 16-membered ring and a cyclization

ratio that is dependent on the oxetane substituents.

Oxetane polymerization also likely proceeds via

the activated monomer mechanism in the presence

of hydroxy compounds.

A non-substituted oxolane, THF, also poly-

merizes via a cationic ring-opening mechanism.

However, the polymerizability of THF is low

relative to that of oxiranes and oxetanes because

of its low ring strain. In fact, an equilibrium exists

between the monomer and polymer during THF

polymerization at not so high temperatures; i.e.,

the ceiling temperature of THF polymerization is

relatively low (�85 �C) [2]. In addition,

substituents strongly reduce the oxolane

polymerizability because they alter the balance

between the strain in the ring and the strain in the

generated polymer chain.

THF, similar to oxirane and oxetane, polymer-

izes via an active chain-end mechanism (Fig. 5).

A THF molecule attacks the carbon atom adjacent

to the cationic oxonium on the propagating chain

end. It should be noted that the THF polymeriza-

tion proceeds in a living fashion when suitable

initiators are employed. Initiators such as trifluor-

omethanesulfonic acid form a dormant species

with a covalent carbon–oxygen bond at the chain

end, and the bond reversibly dissociate to generate

a propagating oxonium ion. However, conditions

for the activated monomer mechanism, i.e., protic

acids and hydroxy compounds, do not initiate the

THF polymerization, most likely because the sec-

ondary oxonium ion formed by THF and a proton

exhibits extremely low reactivity toward nucleo-

philic attack by a hydroxy group.

Small concentrations of oxiranes have been

reported to enhance the polymerizations of

oxetane and THF. During the cationic polymeri-

zation of these monomers, oxiranes such as epi-

chlorohydrin and PO preferentially undergo ring

opening to generate tertiary oxonium ions during

the initiation step. This process is followed by the

reaction of the generated oxonium ions with

oxetane or THF and smooth propagation. These

compounds, called “promoters,” facilitate the

polymerization not by increasing the kinetic con-

stants of the propagation reactions but rather by

increasing the concentrations of the propagating

species.

A seven-membered cyclic ether, oxepane, also

polymerizes via the cationic mechanism; how-

ever, its reactivity is lower than that of THF. The

strain in oxepane is derived from the repulsion of

quasi-axial hydrogen atoms.

Polyethers,
Fig. 5 Propagation

reaction for cationic ring-

opening polymerization

of THF
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Properties and Applications of
Polyoxyalkylenes

Polyoxyalkylenes contain carbon and oxygen

atoms in their backbone and thus have properties

that depend on the ratios of these atoms. For

example, PEO is amphiphilic, i.e., PEO dissolves

in both water and various organic solvents. In

contrast, polyoxyalkylenes that contain higher

ratios of carbon, such as poly(oxetane), poly

(THF), and PPOX, do not dissolve in water

because of their increased hydrophobicity. The

thermal properties of polymers also differ; simple

polyoxyalkylenes – PEO, PPOX, poly(oxetane),

and poly(THF) – commonly have lower glass-

transition temperatures (–100 �C to –40 �C) [6]
and higher melting points (30–80 �C) [7] com-

pared to room temperature.

The properties of polyoxyalkylenes are also

affected by their side-chain substituents. Various

functional groups can be introduced into the side

chains of poly(glycidyl ether)s. Their syntheses

and applications are actively investigated. In addi-

tion, polyepichlorohydrin, a polyoxyalkylene that

contains chlorine in its side chains, is used indus-

trially because of its unique properties.

Poly(Ethylene Oxide) (PEO)

PEO (Fig. 1) is probably the most widely

studied and used polyoxyalkylene because its

amphiphilicity, neutrality, and nontoxicity suit

many purposes across various fields, including

the biomedical field [8, 9]. Two names, poly(eth-

ylene oxide) (PEO) and poly(ethylene glycol)

(PEG), are commonly used, although both

describe polymers with the same -(OCH2CH2)-

structure. The names PEO and PEG are used to

describe relatively high- and low-molecular-

weight products, respectively. The former name

is used for all the polymers in this essay.

The most attractive features of PEO are its

hydrophilicity and nontoxicity. PEOs attached

to hydrophobic moieties are widely used as non-

ionic surfactants (Fig. 6) for commodities such as

cosmetics and detergents. PEOs containing

a hydroxy group at one chain end and a long

alkyl group (C12 to C18), aromatic group, or

PPOX segment at the other chain end are

commercially available from numerous compa-

nies. These PEO-based nonionic surfactants form

micelles in water that can contain hydrophobic

compounds.

The hydrophilicity and nontoxicity of PEOs

have also enabled their use in biomedical applica-

tions. Some proteins exhibit therapeutic activity

but insufficient efficiencies from a quantitative

viewpoint because of drawbacks such as short

blood circulation times, low stability, or poor sol-

ubility. Attaching a PEG chain, or “PEGylation,”

can overcome these drawbacks. PEG chains

covalently attached to proteins exhibit a stealth

effect, which weakens their immunogenicity and

protects them from enzymatic degradation. The

blood circulation time is also improved due to

the increased hydrodynamic size. In addition, the

hydrophilicity of PEO improves the water solubil-

ity of hydrophobic proteins. Numerous PEGylated

pharmaceutical products have been approved by

the US Food and Drug Administration (FDA).

The PEGylation of proteins often involves the

use of N-terminus amines or lysine residues [10].

The amino groups are alkylated or acylated using

PEOs that contain end-functional groups such as

dichlorotriazine, tresylate, carbonate, aldehyde,

or ester groups (Fig. 7). The thiol in cysteine

residues is also available for PEGylation. PEOs

that contain alkenyl groups, such as maleimide, at

one chain end react with thiols.

PEGylation is also used for drugs other than

proteins. However, significantly fewer examples

have been reported relative to the PEGylation of

proteins, because PEGylated small molecules do

not usually exhibit activity superior to that of the

original drugs. The shielding effect, i.e., the

PEO-induced hindrance of the interaction

between the drug molecules and the active sites

in living organisms, is responsible for such cases.

In contrast, PEGylated dendrimers are used as

Polyethers, Fig. 6 Nonionic surfactant having a PEO

chain and a hydrophobic moiety
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carriers for small-molecule drugs. Because the

drugs are not covalently bonded to the PEGylated

dendrimers, the shielding effect does not occur

and the drugs retain their activity. The small-

molecule drugs encapsulated in dendrimer cores

are gradually released into the body. The drug

loading and releasing depends on the interactions

between the dendrimer core and the drug.

Their flexibility is another valuable feature of

PEOs. A telechelic PEO containing hydroxy

groups at both chain ends is used during the indus-

trial synthesis of polyurethanes. PEO-based poly-

urethanes exhibit elastomeric properties due to the

flexibility of the PEO segments. Polyoxyalkylenes

used as polyols for polyurethane synthesis are

described below.

PEO has been used as an electrolyte for

lithium-ion batteries. Because ether oxygen

atoms act as Lewis bases, positive lithium ions

interact with them and move through the PEO

chains. PEOs are very attractive solid battery

electrolytes because of their safety, which stems

from the PEO electrolyte having no risk of

leaking. Another advantage of this flexibility is

that it allows batteries to be manufactured in any

shape. However, a practical battery with a PEO

electrolyte has not yet been manufactured

because of the low conductivity of PEO at room

temperature that stems from its tendency to crys-

tallize. Numerous companies are currently inves-

tigating approaches to improve the conductivity

of PEO. In addition, because PEO is highly con-

ductive at high temperatures, its possible use in

car batteries is also being investigated.

Poly(Propylene Oxide) (PPOX) and

Polytetrahydrofuran [Poly(THF)]

PPOX has a PEO backbone with a methyl substit-

uent on each repeating unit (Fig. 1). Because of

their similarity, PPOX exhibits many properties

similar to those of PEO; however, unlike PEO,

PPOX is not hydrophilic and does not dissolve in

water. The structure of poly(THF) contains two

more methylene groups per PEO repeating unit

(Fig. 1) and is also hydrophobic. Both PPOX and

poly(THF) are industrially produced in very large

scales.

PPOX and poly(THF) are primarily used as

polyols in the synthesis of polyurethanes. These

polyethers make the polyurethanes flexible. In

addition, PPOX is used as the hydrophobic seg-

ment in nonionic surfactants. Block copolymers

with PEO are available from many companies. In

particular, micelles of PEO–PPOX block copol-

ymers in water are the most broadly studied

amphiphilic polymers for drug delivery system

Polyethers, Fig. 7 PEGylation of proteins through the reaction with an amino group
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carriers among the various amphiphilic poly-

mers. Hydrophobic drugs are encapsulated within

the micellar core, and the micelles are transported

via the bloodstream [11].

Polyepichlorohydrin

Polyepichlorohydrin contains chloromethyl sub-

stituents (Fig. 1), from which it derives unique

properties [12]. Because of the relatively high

polarity of its carbon–chlorine bonds, this poly-

mer exhibits good oil resistance. Its high rate of

agglomeration results in low gas permeability.

The polymer also exhibits resistance to heat and

cold. Furthermore, epichlorohydrin copolymers

with ethylene oxide and/or allyl glycidyl ether

exhibit improved properties. Ethylene oxide pro-

vides flexibility at low temperatures without loss

of the oil resistance. The allyl group in allyl

glycidyl ether prevents the degradation of the

copolymer main chains by oxygen and ozone.

These properties for epichlorohydrin

(co)polymers allow their use in oil and air

hoses. Their properties render them particularly

well suited for use in a variety of automobile

hoses. Furthermore, epichlorohydrin copolymers

have been recently used in office automation

equipment. Their unique semiconductivity

makes them appropriate for use in electrification,

transfer, and image development rollers in

printers and copiers.

Poly(Glycidyl Ether)s

Glycidyl ethers are oxiranes that contain

a -CH2OR substituent. Because glycidyl ethers

are synthesized from an alcohol and epichlorohy-

drin, a variety of functional groups, such as allyl,

ester, epoxide, alkynyl, tosylate, phenyl, benzyl,

azide, carbonate, and sulfhydryl groups, can be

introduced as moiety R. Poly(glycidyl ether)s

(Fig. 1) exhibit various properties due to their

functional groups. Many glycidyl ether monomers

are commercially manufactured on an industrial

scale. In addition, variousmonofunctional glycidyl

ethers are used as reactive diluents in the synthesis

of epoxy resins.

Glycidyl ether copolymers with other oxiranes,

especially ethylene oxide, have attracted increas-

ing attention as functional materials [13]. Various

glycidyl ethers can be randomly copolymerized

with ethylene oxide to yield polyethers with side-

chain functional groups. These polymers possess

both the characteristics of PEO and the function-

alities derived from the introduced groups; how-

ever, their properties depend on the composition

ratio. The post-modification of side chains such as

hydroxy, vinyl, and azide groups allows a wide

variety of functional groups to be incorporated.

The applications of glycidyl ether copolymers are

widely studied, particularly in the biomedical field.

Epoxy Resins

Epoxy resins are polymers that contain multiple

epoxy groups in a polymer chain [14]. These poly-

mers react with curing agents, such as diamines

and anhydrides, to yield cross-linked polymers.

The cured polymers generally exhibit good heat,

solvent, acid, and alkaline resistances, good

mechanical and adhesive properties, and good

dimensional stability, and these properties depend

on the chemical structure of the resin. Thus, epoxy

resins are used in adhesives, electrical materials,

and paint. Both the prepolymers and the cured

polymers are referred to as epoxy resins.

The most widely used prepolymer is synthe-

sized from bisphenol A and epichlorohydrin

(Fig. 8). This polymer contains ether bonds and

phenyl groups in the main chain and epoxy groups

at each chain end. Other prepolymers that contain

plural epoxy groups at the chain ends are synthe-

sized from polyols, such as telechelic PEO and

PPOX. A variety of prepolymers are available

on industrial scales. The reaction of these epoxy

Polyethers, Fig. 8 A

prepolymer synthesized

from bisphenol A and

epichlorohydrin
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groups with multifunctional amines yields a cured

polymer. For example, a diamine functions as

a four-function compound that yields densely

cross-linked products.
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Synonyms

Polymethylene

Definition

The polymer with repeated ethylene (�CH2CH2-)

unit produced by the polymerization of gaseous

ethylene. Generally, copolymers of ethylene with

a-olefines, showing similar structures, are

included in this category.

Classification

Polyethylene is classified into several categories

based on the density that deeply depends on

branching: almost linear high-density polyethylene

(HDPE, 0.94–0.96 g cm�3), branched low-density

polyethylene (LDPE, 0.915–0.925 g cm�3),

and medium-density polyethylene (MDPE,

0.925–0.94 g cm�3) with intermediate density [1].

Linear low-density polyethylene (LLDPE), made

by copolymerization of ethylene with a-olefines, is
known. Very low-density polyethylene (VLDPE)

is also commercially available (Fig. 1).

History

In 1898, von Pechmann accidentally synthesized

a white flocculent substance from an ethereal solu-

tion diazomethane on standing, which was charac-

terized by Bamberger and Tschirner after 2 years

and termed “polymethylene” with repeated meth-

ylene (�CH2-) unit. The polymerwas produced by

the following decomposition reaction:
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n CH2N2ð Þ ! CH2ð Þn þ nN2

Direct polymerization of ethylene to polyeth-

ylene was also accidentally achieved by two

researchers of Imperial Chemical Industries, Ltd

(ICI), Fawcett and Gibson, in 1933 during

a systematic study about influence of high-

pressure on organic reactions under 3,000 atm.

At first, the polymer was obtained as a trace

amount of white powder in a reaction vessel,

but a commercial-scale plant was constructed by

ICI and industrial production was started in 1939.

The obtained polyethylene by this process was

highly branched LDPE.

After that, relatively low-pressure polymeri-

zation was developed by several companies and

researchers. One of them is chromium oxide

supported on silica developed by Phillips Petro-

leum (referred to Philips catalyst). Numerous

patents on such catalysts, e.g., reduced molybde-

num oxide on activated alumina, were announced

by Standard Oil. In 1953, Ziegler found that

TiCl4-AlEt3 catalyst induced the polymerization

of ethylene under ordinary pressure to give

HDPE during the searing possible combinations

of alkyl aluminum and various transition metals

after the discovery of nickel effect by accident [2].

In the 1960s, Mitsui Petrochemicals and

Montecatini independently found that anhydrous

MgCl2-supported TiCl4 with AlEt3 significantly

enhanced catalytic activity and resulted in the

omission of de-ashing process in manufacturing

plants [3, 4].

Soluble conventional Ziegler-Natta catalysts,

Cp2TiCl2–AlEt3 (or AlBu3, Et2AlCl; Cp =
cyclopentadienyl), polymerize ethylene but are

not very active. In 1976, Kaminsky and coworker

reported that Cp2TiCl2 showed fairly high

activity for the polymerization of ethylene when

methylalumoxane (MAO) that was prepared by

addition of equimolar water to Me3Al was used.

Metallocenes of the Group 4 elements (Ti, Zr, Hf)

show similar catalytic activity with MAO, which

are called Kaminsky catalysts. Cationic

metallocene complexes of the Group 4 elements

with bulky counter anion, BPh4
� or B(C6F5)4

�,
show catalytic activity for the polymerization

without MAO [3].

Catalysts

In the polymerization process of ICI under high

pressure, a small amount of oxygenmay be used as

a catalyst [2]. Ziegler catalysts contain TiCl4 and

alkylaluminums, typically AlEt3. Although both

TiCl4 and AlEt3 are liquid, mixing these materials

in hydrocarbon give brown slurry owing to the

formation of b-TiCl3 and so forth, which act as

heterogeneous catalysts. The exact active species

is unclear, but themost active species is considered

to be Ti(III). A combination of TiCl3 and Et2AlCl

(or AlEt3) was developed by Natta for the catalyst

to polymerize propylene, which is called Natta

catalyst. These catalysts are categorized to

Ziegler-Natta catalysts including widely the

related binary combination of the Group 4–8 tran-

sition metal compounds and Group 1–3

alkylmetals. Because typical heterogeneous

Ziegler-Natta catalysts have plural active sites,

they are called multi-site catalysts. On the other

hand, Kaminsky-type catalysts are called single-

site catalysts, which contain metallocenes of the

Group 4 elements. It had been difficult to obtain

high molecular weight polyethylene by late transi-

tion metal elements because of easy b-elimination

Polyethylene (PE; Low Density and High Density), Fig. 1 Schematic molecular structures of (a) LDPE, (b)
LLDPE, and (c) HDPE
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reaction [3]. In 1995, Brookhart reportedNi and Pd

diimine compound without cyclopentadienyl (Cp)

ligand as a highly active ethylene polymerization

catalysts. Such post-metallocene catalysts have

non-organometallic coordination, such as

N and O, and enable the use of the other cheap

late transitionmetals (Fe, Co) keeping the catalytic

activity [5].

Low-Density Polyethylene (LDPE)

LDPE is produced by the free radical polymeri-

zation of ethylene under very high pressure and

high temperatures, resulting in highly branched

structure, containing both ethyl and butyl

branches formed by backbiting, giving 30–40

methyl group per 1,000 carbon atoms determined

by infrared (IR) spectra or nuclear magnetic res-

onances (NMR) and containing a few long

branches per 1,000 carbon atoms formed by

transfer to polymer. Backbiting is internal chain

transfer that is the terminal of a growing polymer

chain abstracts H atom from an internal –CH2-

group to give a side chain. The branching forms

irregular structures, which disturb the packing of

the polymers and lower the crystallinity (below

about 50 %), hence reduces the density of the

solid polymer. The low crystallinity lowers the

melting point (about 80–110 �C) and gave soft,

flexible, and transparent character to the solid

polymer. Typically LDPE exhibits a tensile mod-

ulus of 0.2 GPa, a tensile strength of 10 MPa, an

elongation at break of 800 %, and an Izod impact

strength of>15 J (12.7 mm)�1. Its major use is as

a film material especially for packaging [1].

High-Density Polyethylene (HDPE)

HDPE is produced by the coordination polymer-

ization of ethylene using Ziegler-Natta catalysts

under low pressure or in Philips (chromium oxide

on silica catalyst) and Standard Oil (reduced

molybdate on alumina catalyst) processes under

moderately low pressure. This polymerization

gave almost linear polyethylene but frequently

has about five methyl groups per 1,000 carbon

atoms deliberately introduced by copolymeriza-

tion. The crystallinity is about 70–90 %; there-

fore, the density is high (about 0.96 g cm�3) and

the melting point is 120–135 �C. Appearances are
translucent (or opaque), hard, and stiff. Typical

HDPE exhibits a tensile modules of 1.0 GPa,

a tensile strength of 30 MPa, an elongation at

break of 500 %, and an Izod impact strength of

2–8 J (12.7 mm)�1. Its main used is as a pipe,

container, film and injection molding materials.

Linear Low-Density Polyethylene
(LLDPE)

LLDPE exhibits similar properties to LDPE, but

the preparation is similar to HDPE. LLDPE is

produced by the copolymerization of ethylene

with a few percent of a higher a-olefin comono-

mer (e.g., 1-butene, 1-hexene, and 1-octene)

using Ziegler-Natta catalysts or the other coordi-

nation polymerization catalysts as described

in HDPE [1]. The number of branches is

10–20 per 1,000 carbon atoms. The density is

0.92–0.94 g cm�3, the crystallinity is 50–70 %,

the melting point is 115–125 �C, and a tensile

module is 270–530 MPa [3]. Single-site

catalysts, well-designed metallocenes, gave

excellent polymers with very narrow molecular

weight distributions (MWDs) and comonomer

distributions, which leads high strength and

uniformity. Such polymers are calledmetallocene

polyethylenes (mPE). Metallocene VLDPE

and LLDPE are commercially produced using

proprietary metallocene catalysts [5].

Ultra High Molecular Weight
Polyethylene (UHMWPE)

UHMWPE is produced by Ziegler-Natta,

metallocene, and FI (post-metallocene, Mitsui) cat-

alysts. UHMWPE exhibits a long linear structure

with very high molecular weight (>106), usually in

the range of 2–6 million. The density (about

0.93 g cm�3) is less than that of HDPE caused by

the less crystallinity (about 50 %). The molecular

structure results in one of the strongest materials
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known for a given weight [6]. Various products are

commercially available including fiber, sheets, very

fine particles, rods, gears, and the other moldings.

The impact strength, abrasion resistance, and essen-

tial inactivity of PE enable the medical use for

tough biomaterials, e.g., artificial hip joints.

Uses

Polyethylene is widely used in our daily lives

because of its chemical, biological, and electrical

inactivity and toughness for its light weight.

Major use of LDPE is films including bags, food

packages protecting from many contaminations,

agricultural products, wrapping films protecting

industrial products against accidental damage

during transport, and waterproof sheets for

cooking, hygienic, and housing uses. In practical

uses, polyethylene is used as a monolayer film or

co-extruded with other materials such as a barrier

material, e.g., poly(ethylene-co-vinyl alcohol)

(PEVOH) shutting out gases. A thin coat of poly-

ethylene on paper makes it resistant to wetting

and makes it possible to use for liquid packaging

of milk, juices, and other liquids. LDPE is used

for the insulation of electricity cables. HDPE

used molded materials including bottles, buckets,

tanks, pipes, container, and so on. Polyethylene

resists ordinary acids, alkaline, water, chemicals,

and the other corrosive environments and, there-

fore, is used for shampoo, conditioner, cosmetic

items, household cleaners, detergents, bleach,

motor oil, coal oil, pesticides, herbicides, and

many applications too numerous to mention [7].

Related Entries

▶ Polypropylene
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Definition

Polyfluorene homo- and copolymers, primarily

synthesized by Suzuki- and Yamamoto-type

aryl–aryl couplings, are an important class of con-

jugated polymers used in polymer light-emitting

diodes, solar cells, and laser applications.

Introduction

Since the first report on electroluminescence

from organic materials dated back to the 1960s

[1], it was recognized that light-emitting small

molecules [2] as well as light-emitting conju-

gated polymers [3] have enormous potential as

active materials for large-area flat-panel displays,

lighting, as well as laser applications [4].
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Among different available chemical structures

derived from the poly(para-phenylene) (PPP)

motif, such as polyindenofluorenes PIF (2 of

3 aryl–aryl linkages are bridged) [5], poly

(pentaphenylene)s (4 of 5 aryl–aryl linkages are

bridged) [6], and ladder-type PPPs (LPPP) [7],

highly emissive blue light-emitting polyfluorenes

(PFs) have received particular attention during

the last decades. Up to date more than 3,500

original research papers have been published

dealing with the synthesis and characterization

of PF-type polymers and their use in light-

emitting and solar cell device applications.

First attempts to polymerize fluorene date back

to as early as 1973 [8]. However, only after the first

report on the synthesis of soluble poly

(9,9-dialkylfluorenes) by Yoshino and co-workers

in 1989 [9], different PFs and fluorene-based

copolymers have been synthesized primarily

based on Suzuki- and Yamamoto-type aryl–aryl

couplings [10]. The photophysics and degradation

of PF-type polymers have been intensively stud-

ied, and impressive improvements concerning

color purity and device stability of PF and

PIF-based devices have been made [11]. Spectro-

scopic and structural investigations revealed the

complex interplay of the physical structure, the

solid-state morphology, and the photophysics

of polyfluorenes [12]. The PF-type homo- and

copolymers have been successfully used as blue

light-emitting conjugated polymer in polymer

light-emitting diodes (PLEDs), solar cells,

and laser applications.

Synthesis of PF-Type Polymers

Following the first synthesis of PFs via the

oxidative coupling of 9,9-dialkylfluorene mono-

mers with FeCl3 as shown in Fig. 1, a group

at Dow Chemicals showed an approach based

on the Suzuki-type cross-coupling. This polycon-

densation requires two monomers with the

functionality of the AA–BB type. 9,9-dialkyl-

2,7-dibromofluorene and the corresponding

9,9-dialkylfluorene-2,7-diboronic esters have to

be reacted in the presence of a palladium

catalyst. This type of Suzuki coupling leads

toward high molecular weight, soluble poly

(9,9-dialkylfluorene-2,7-diyl)s [12] and enables

the synthesis of strictly alternating copolymer.

A second type of Suzuki cross-coupling is the

reaction of one monomer of the AB type

as shown in Fig. 2. This precursor material

has to contain both a halide and a boronate.

Independently, Nothofer and Scherf developed

an alternate approach based on the Yamamoto-

type homocoupling of 9,9-dialkyl-2,7-

dibromofluorene as shown in Fig. 3 [13]. Both

methods lead to high-quality PFs with a number

R R

n

Polyfluorenes, Fig. 1 Structure of poly

(9,9-dialkylfluorene-2,7-diyl) (PF)

Polyfluorenes, Fig. 2 Synthesis of poly(9,9-dialkylfluorene-2,7-diyl) after two types of Suzuki coupling (AA-BB type
and AB type)
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average molecular weight of up to 300,000,

corresponding to a coupling of several hundreds

of repeat units. In parallel, M€ullen et al. have

extended the pattern of bridged and non-bridged

biphenyl units in PPP-type polymers by synthe-

sizing PIF and poly(pentaphenylene)s [6, 14].

Aside from the emphasis on the synthesis of

homopolymers, a variety of copolymers, mainly

for device applications, containing additional

hole and electron transport moieties either in the

PF chain (including alternating copolymers) or

by endcapping or side-chain substitution, have

been made [15].

Despite the fact that in PF-type polymers one

finds the optical bandgap of ca. 2.9 eV already

developed for relatively short chain lengths of

5–6 repeat units reflecting a relatively short

length of the effectively conjugated segments

due to the weak interaction of the aromatic sub-

units, only polymers with a molecular weight

>15,000 allow for processing into high-quality

films from solution.

PFs exhibit a very rich variety of structures in

the condensed state. In particular the substituents at

the nine-position strongly influence the solid-state

packing behavior. Today many derivatives with

linear and branched alkyls as well as aryls includ-

ing dendritic oligophenyl and spirobifluorene-type

side chains exist. Moreover linear and branched

poly(ethylene glycol) and ionic side chains making

the polymers highly soluble in ethanol or water are

known and used for PLED and sensor applications.

In particular ethanol- or water-soluble PFs were

used for realizing electron injection facilitating

layers in multilayer PLED configurations

processed from solution.

Different phases have been identified, includ-

ing nematic liquid crystalline (LC) mesophases

and crystalline phases including the so-called

b-phase as found for linear n-octyl alkyls denoted
as PFO or PF8 and a helical phase as found for

2-ethylhexyl resulting in the so-called PF2/6.

Also nematic LC states have been found for

PFs, which if quenched into a film, result in

PLEDs with highly polarized light emission.

Photophysics

As shown in Fig. 4 PFs such as PF2/6, if spin cast

from toluene, in thin films display an unstructured

absorption with a maximum at 3.3 eV. The

photoluminescence (PL) emission spectrum of

such PFs shows a vibronic fine structure with an

energetic spacing of ca. 180 meV (stretching

vibration of the C=C–C=C structure of the poly-

mer backbone) with the p*–p transition at ca

2.9 eV yielding a deep blue emission. Dilute solu-

tions using an apolar solvent show spectra very

similar to that of the thin film only deviating by

a bathochromic shift of ~20 meV for both absorp-

tion and emission. The PL quantum yield of PFs

has been reported to be as high as 85 % in solution

and 55 % in solid films with a typical total singlet

exciton lifetime of 370 ps in solution and 170 ps in

the solid state.

Structure and Morphology

As depicted in Fig. 5 compared to PFs such as

PF2/6, which have branched alkyl chains, PFs

with octyl–alkyl derivatives such as PFO display

a unique packing behavior in condensed phase

upon thermal treatment or in mixtures of polar

and apolar solvents (chloroform/methanol)

forming a so-called b-phase as compared to the

to the regular, glassy (alpha-) phase. PFO in

(chloroform/methanol) solutions of increasing

methanol content shows an agglomeration of

individual polymer chains. The agglomeration

of single macromolecules is accompanied by the

occurrence of a series of novel, redshifted absorp-

tion peaks at ca. 2.85, 3.04, and 3.22 eV.

Polyfluorenes,
Fig. 3 Synthesis of poly

(9,9-dialkylfluorene-2,7-

diyl) after Yamamoto

coupling
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The relative intensity of the b-phase-related
bands increases for increasing the polar solvent

content, while the intensity of the broad unstruc-

tured PF absorption decreases. Simultaneously

the changes in absorption and the PL emission

spectrum of PFO in chloroform/methanol mix-

tures reveal a series of novel emission bands at

lower energies (2.81, 2.65, and 2.49 eV). Further-

more, the newly emerging redshifted absorption

and emission bands of b-phase PFO possess, in

contrast to “isolated” PF chains, a vibronic pro-

gression both in absorption and emission [16].

From a comparison with the absorption and

emission properties of a fully planarized LPPP,
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Fig. 4 Absorption,

photoluminescence

emission, and

photoinduced absorption

spectrum of a typical PF2/6

polymer film (full lines) and
PF2/6 diluted in toluene

(dashed line)
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Polyfluorenes, Fig. 5 (a) Absorption and photolumi-

nescence spectra of PFO in dilute solution (chloroform,

solid lines) and after partial agglomeration (b-phase for-

mation) in a chloroform/methanol mixture (v/v 75/25,

dashed lines). (b) Absorption and photoluminescence

spectra of the so-called b-phase of polyfluorene (solid
lines, as derived from a numerical subtraction of the

absorption and emission spectra in chloroform and in

chloroform/methanol mixture, 75/25, resp., solid lines);
for comparison the absorption and photoluminescence

spectra of LPPP (R1: -hexyl, R2: -4-decylphenyl, R3:

-methyl) are given (dilute solution, toluene, dashed
lines) (Figure reproduced from Scherf and List [16])
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a clearer picture for the observations in the partly

agglomerated (b-phase) and “isolated” PF sample

can be derived. Both materials possess nearly

identical spectral characteristics, which only differ

in a slight redshift of ca. 100 meV of the LPPP

spectra. From this it was concluded that the ini-

tially distorted backbone of PFs is flattened into

a planarized conformation in the b-phase leading
to a distinct redshift of the absorption and emission

spectra by ca. 0.2 eV as well as the observation of

a vibronic progression in the absorption spectrum.

The photoinduced absorption (PA) shows one

dominant band with a maximum peaking at

1.54 eV, which is assigned to a transition from

the 13Bu to a higher-lying m3Ag triplet state. The

energetic spacing between the ground state 11Ag

and the lowest triplet state 13Bu was found to be

2.1 e V. This transition was also observed in phos-

phorescence from polymers containing residual

catalyst or other impurities. Typically PF films do

not exhibit a significant polaronic absorption band

in steady state PA as a consequence of the rather

low density of traps and the low energetic disorder

of the bulk polymer, which is also reflected in the

high mobility of charge carriers in PFs and the

observation of a nondispersive transport. Further-

more the PA band has a remarkably low overlap

with the PL emission, and PFs show relatively

short-lived triplet states with a lifetime in the

order of 2 ms in the solid state. These facts make

PF the promising candidate for organic solid-state

lasers since both observations drastically reduce

quenching processes in the solid state [17].

Chemical Defects in PF Materials

The main reason preventing the ultimate break-

through of PFs for blue light-emitting devices is

absence of long-term stability. During device

operation, residual oxygen can lead to photooxi-

dative or thermal degradation and the formation

of ketonic defect sites forming at the nine-

position leading to low-energy emission bands

around 530 nm (ca. 2.3 eV) and acting as electron

trapping sites. In all different degradation exper-

iments, which have been used in order to clarify

the nature of the chemical defect, it being thermal

stress experiments under elevated temperature,

degradation under UV light, or the exposure to

a electron beam, a few common observations

could be made.

The initial blue emission at 2.96 and 2.78 eV

decreases significantly during treatment, and at the

same time the broad, low-energy emission band

around 2.3 eV evolves. Typically also the overall

quantum yield of the sample is drastically lowered

to 10 % of the original value. Simultaneously an

IR feature at 1,720 cm�1 increases, which indi-

cates that upon material degradation, chemical

defects bearing ketonic groups are created.

Using model molecules for degraded

polyfluorenes in the form of copolymers of

9,9-difarnesylfluorene and 9-fluorenone moieties,

Scherf et al. have shown that such copolymers

exhibit exactly the same properties as degraded

polyfluorenes. From a series of spectroscopic

experiments, it was found that the 9-fluorenone

moieties forming upon degradation are acting as

emissive sites giving rise to the 2.3 eV emission

band, which is contrary to the earlier interpretation

that excimer or aggregate formation is the primary

source for the low-energy emission band in

polyfluorene-type materials. This interpretation is

in line with Lupton et al. using the fluorene/

fluorenone model polymers to observe an

on-chain fluorenone defect emission from single

molecules in the absence of intermolecular interac-

tions using single-molecule spectroscopy.

Arylation of the nine-position can prevent the deg-

radation process in PFs attaining long-term thermal

and device stability. At this point it is worth noting

that various peroxide species can also be formed in

palladium-catalyzed Suzuki cross-coupling reac-

tions in the presence of oxygen leading to similar

effects at the end position of the polymer chain. In

addition to this, the generation of peroxides in

Suzuki cross-coupling reactions also paves a way

to other chemical defects, among them especially

hydroxy-terminated polyfluorenes [17].

PF Materials in PLED Applications

Among the PPP-based materials, different deriv-

atives of highly emissive PFs have received par-

ticular attention as active emitters in polymer

light-emitting diodes (PLEDs) due to their
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extraordinary properties in device applications as

originally demonstrated by Bradley [18].

PF-based PLEDs typically operate with an onset

voltage at the optical bandgap at 2.9 eV with

achieveddeviceefficienciesashighas>8cd/A.The

electroluminescence spectrum of devices based on

PF emitters is typically identical to the PL emission

in the solid state with a maximum at 2.9 eV and the

according vibronic shoulders at lower energy.

It has been demonstrated that using optimized

synthetic strategies, one can achieve chemical

stability of the PF-based emitter material and

a high radiative quantum yield of the emissive

unit yielding efficient and bright PLED

devices with long lifetimes in the order of

thousands of hours. Optimized PF-based

PLEDs generally comprise additional hole and

electron transport layers such as (N,N0-diphenyl-
N,N0-(3-methylphenyl)-1,10-biphenyl-4,40-diamine

(TPD) and 2-(4-biphenyl)-5-(4-tert-butylphenyl)-

1,3,4-oxadiazole (PBD), combined with solution-

deposited PF layers as blue emitter. Generally it has

been shown that only by introducing additional

transport layers can one achieve the required bal-

anced charge carrier injection and an effective and

balanced transport of electrons and holes toward the

electro-optical active layer. Moreover a pinning of

the emission zone to the center of the device, using

heterojunctions with appropriate type II band level

offset, to avoid quenching at either of the electrode

interfaces has also been found to be rather

favorable [19].
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Polyhedral Oligomeric
Silsesquioxanes (POSS)
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Dow Corning, Resins, Coatings, and Adhesives

Product Development, Ichihara, Chiba, Japan

Synonyms

Cages; Oligosilsesquioxanes; Polysilses-

quioxanes; Silicone resins: Silsesquioxanes

Definition

Among the M [R3SiO1/2], D [R2SiO2/2],

T [RSiO3/2], and Q [SiO4/2] siloxane units, sili-

cone resins mainly consist of T and Q units. The

term “silsesquioxane” refers to silicone resins

which consist only of T units (sesqui means 1.5

because in the T structure having three siloxane

bonds, one oxygen atom is shared by the

adjacent silicon atoms). Polyhedral oligomeric

silsesquioxanes (POSS) are cage-like oligomer

molecules of defined structures mainly consisting

of cyclotri-, cyclotetra-, and cyclopenta-siloxane

rings based on RT3 [RSiO3/2] unit for completely

condensed cages in combination with RT2

[RSi(OH)O2/2] for incompletely condensed

cages. Such cage structures are not just specific

to silsesquioxanes, but general silicone resins

have more or less such structures.

Introduction

Polysiloxanes or silicones based on Si–O–Si

bonding are classified into oils or elastomers

that mainly consist of linear polymers from

D unit [R2SiO2/2] and silicone resins [1] in

which the major building blocks are T [RSiO3/2]

or Q [SiO4/2] units (see Fig. 1). Although being

a network polymer, silicone resins are defined as

solvent-soluble or solvent-meltable materials and

are further cross-linked (cured) via the condensa-

tion of residual silanols or addition reaction

(hydrosilylation) to be the final product form

like coatings. In 1930, a researcher in Corning

Glass Works dreamed of creating materials more

thermally resistant than plastics yet having more

flexibility than glass, thus hired an organic chem-

ist, Frank Hyde. The history of silicones started

by Hyde in this way developing silicone resins for

electric insulation applications [2]. Their

research merged with that at Melon Institute and

with the scale-up production of chlorosilanes by

Dow Chemical, from which Dow Corning was

established and started commercial production of

silicones in 1943. In the same era, Rochow at

General Electric invented an economic method

to produce methyl chlorosilanes known as direct

process, followed by commercialization of sili-

cones by General Electric in 1947 [3]. Current

major silicone products use linear polydimethyl-

siloxanes, but the first product was silicone

resins.

The term “silsesquioxane” refers to silicone

resins which consist only of T units (sesqui

means 1.5 because in the T structure, one silicone

atom is bonded to 1.5 oxygen atoms as shared by

the adjacent silicon atoms). Why silsesquioxane

as one form of silicone resins is popular would be

partly because the T structure, among the combi-

nation of M [R3SiO1/2], D, T, and Q units, can

form materials that can be defined as silicone

resins by itself and partly because cage molecules

of defined structures as shown in Fig. 2a-f

are drawing attention [4–12]. These cage
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structures are also called polyhedral oligomeric

silsesquioxane (POSS). Although not being

“sesqui,” the class of structures by Q unit

as shown in Fig. 2h is occasionally referred to

silsesquioxanes [13]. This chapter refers to the

formation of cage silsesquioxanes in polysilses-

quioxanes, specific synthetic methods of cage

silsesquioxanes, and examples of application to

organic–inorganic hybrid materials as nano-

building blocks. In the following sections in

this chapter, literature may not be specifically

indicated if the descriptions are included in

refs. [4–13].

In this chapter for convenience, the abbrevia-

tions RT0, RT1, RT2, and RT3 are used to describe
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RSi(OH)3, RSi(OH)2O1/2, RSi(OH)O2/2, and

RSiO3/2, respectively (the superscript denotes the

number of siloxane bonding and R is the substitu-

ent). Likewise, RR’D0, RR’D1, and RR’D2 denote

RR’Si(OH)2, RR’Si(OH)O1/2, and RR’SiO2/2

(R’ is another substituent). In silicone chemistry,

methyl substituent is usually omitted to be

described. Ph denotes phenyl and Me is methyl.

Polysilsesquioxanes and Cage
Molecules Therein

Silsesquioxanes are, as shown in Eq. 1, generally

synthesized by hydrolytic polycondensation of

the corresponding trichlorosilanes or trialkox-

ysilanes, i.e., RSiCl3 or RSi(OR”)3 where R” is

usually methyl or ethyl [1].

RSiX3 ����!H2O
RSi OHð Þ3þ3HX X¼Cl, OR

Hydrolyzate

�������!Hþ or OH�
RSiO3=2þ3=2H2O

Silsesquioxane

(1)

When chlorosilanes are used, the reaction is

usually catalyzed by the hydrochloric acid formed.

For alkoxysilanes, either an acid catalyst or a base

catalyst is used. Equation 1 shows the hydrolysis

to form a trisilanol, followed by the polyconden-

sation. In reality, however, the condensation starts

before the completion of the hydrolysis. For

instance, a reaction between RSiCl2OH and

RSiCl3 to form RSiCl2-O-SiRCl2 proceeds con-

currently after hydrolysis of the first Si–Cl.

At higher HCl concentration, the reaction rate of

hydrolysis slows down, and the rate of condensa-

tion is accelerated; thus, more condensation reac-

tion takes place before the completion of the

hydrolysis as the hydrolysis proceeds. Reactions

of alkoxysilanes are summarized in detail by

Brinker and Scherer [14].

Hydrogen silsesquioxanes can be synthesized

from HSiCl3 using concentrated sulfuric acid and

aromatic solvent. The presence of cubic

octamer, HT3
8, is proven in polyhydrogensilses-

quioxanes [15]. Itoh and coworkers identified the

presence of cage molecules in polymethylsilses-

quioxanes synthesized from methyltri-

chlorosilane in excess water under the acidic

condition of hydrochloric acid [16]. Although

the polymethylsilsesquioxane had an average

molecular weight around 5,000, the resin

contained a significant amount of low-molecular-

weight species consisting of T2 and T3 units,

ranging from T3
4T

2
3 to T3

8T
2
2, including many

isomers with the sum of these molecules�8 wt%.

One isomer of T3
6T

2
2 was isolated of which

structure was determined as that shown in

Fig. 2e. These species appeared to consist mainly

of cyclotetra- and cyclopenta-siloxane rings, but

presence of strained cyclotrisiloxane rings also

was suggested as exemplified in the structure

shown in Fig. 2b (This structure was not deter-

mined by X-ray crystallography but one cannot

draw a structure without a cyclotrisiloxane ring

for a chemical formula of T3
6T

2). In a more

industrial type of methyl silicone resin consisting

of methyl-T and dimethyl-D unit, a DT resin,

species in which the T2 units in the polymethyl-

silsesquioxane is replaced with D2 [Me2SiO2/2]

were found, e.g., T3
6 T

2D2, of which structure is

exemplified in Fig. 2g. This suggests that general

silicone resins consist of similar structures as

silsesquioxanes.

Synthesis and Characteristics of POSS or
Cage Silsesquioxane Molecules

The polymethylsilsesquioxane by Itoh and

coworkers described in the previous section has

the molecular formula of T2
0.15 T

3
0.85 [16]. While

the degree of polymerization for this chemical

formula from the monomer CH3Si(OH)3 is

95 %, Flory’s random branching theory tells

that the critical degree of polymerization for gela-

tion (formation of infinite molecular weight

insoluble network) for trifunctional monomer is

50 % [17]. Deviation from Flory’s theory not to

gel is due to the cyclization to form cyclotri- to

penta-siloxanes, which results in the formation of

POSS molecules. Formation of cage molecules is
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essentially a spontaneous process. Hence, the

effort for the synthesis of cage silsesquioxanes

has been directed to find reaction conditions to

provide these materials in high yields. The strat-

egy could be to conduct the hydrolytic polycon-

densation in very dilute solution to promote

intramolecular condensation at low temperature,

e.g., room temperature with long reaction time.

The cubic octamers (Fig. 2d) are the most famous

among the POSS materials probably because

the material can be recovered as precipitates by

crystallization to be taken out of the reaction

system, in addition to being relatively stable.

Thus, synthesis of POSS was already reported in

the 1950s mainly for cubic octamers. One exam-

ple is that a ph-T3
8 was obtained in 85 % yield

using potassium hydroxide in dilute solution at

room temperature. Various substituents, methyl,

ethyl, n-propyl, n-butyl, n-hexyl, n-octyl, i-nonyl,

vinyl, allyl, trifluoropropyl, cyclopentyl, phenyl,

hydrido, etc., were reported for the completely

condensed RT3
n (n = 6, 8, 10).

By adding water to an acetone solution of

cyclohexyltrichlorosilane and allowing to stand

for 3 to 36 months, a mixture of RT3
6,

RT3
4
RT2

3,

and RT3
6
RT2

2 was obtained in 60–70 % yield. By

several steps of solvent extraction, these mate-

rials were isolated, and the structures were deter-

mined as those in Fig. 2a, c, and e, respectively.

In an effort to obtain such molecules in high yield

in short time, stepwise dehydration reactions of

the precursors were conducted. By hydrolyzing

1,1,2-trimethylpropyl- or t-butyltrichlorosilane

in ether in the presence of aniline, the

corresponding trisilanols, RSi(OH)3, were

obtained, and dimers, (OH)2RSi-O-SiR(OH)2,

were able to be prepared by using ethanol, silica

gel, and potassium hydroxide. By dehydration

condensation of these precursors, the

corresponding RT3
6 was obtained in 25 % and

41% yields, respectively. By hydrolytic polycon-

densation of various triethoxysilanes using

n-butyl-ammonium fluoride as the catalyst,
PhT3

8 and cyclohexyl- T3
8 were obtained in

49 % and 95 % yields, respectively. PhT3
8 was

also obtained by reacting phenyltrimethoxysilane

and 1.5 M equivalent of water in the presence of

trimethylbenzylammonium hydroxide. A facile

synthesis of the incompletely condensed cages

was reported by the decomposition of

cyclohexyl-T3
8.

RT3
6
RT2

2 was obtained by the

ring opening using trifluoromethanesulfonate,

and RT3
4
RT2

3 was produced by tetraethyl ammo-

nium hydroxide. Hydrolytic polycondensation of

phenyltrimethoxysilane using sodium hydroxide

afforded the sodium salty of PhT3
4
PhT2

4 known as

a double-decker silsesquioxane as shown in

Fig. 2f. It was reported that this compound was

formed via the structure in Fig. 2c. When the

isolated T3
6T

2
2 from the polymethylsilses-

quioxane with the structure in Fig. 2e was

exposed to the same acidic reaction condition as

the hydrolytic condensation of methyltri-

chlorosilane, much of this material was con-

sumed to form other isomers of T3
6T

2
2 as well

as the cubic octamer [16]. In this way, siloxane

bond rearrangement in acidic or basic condition

is an important route to form POSS materials.

As examples for the POSS materials

exhibiting characteristic features due to their

shapes, encapsulation of fluoride ion or hydrogen

in the silsesquioxane cage was reported. A wide

variety of reports on the use of POSS materials in

the field of catalyst like metal complexes can be

found, partly as models for silica surface in het-

erogeneous catalysis and partly as homogenous

catalysts of the POSS derivatives themselves.

Organic–Inorganic Hybrid Materials
Using POSS

There are a few strategies to incorporate POSS into

organic–inorganic hybrids as inorganic nano-

building blocks. The first way is to use octa-

functional-T3
8. One example is to obtain

liquid crystalline polymers by reacting HT3
8

and mesogens carrying vinyl groups via

hydrosilylation. Another example of the use of
HT3

8 is to react with a di-ene or di-yne monomer

via hydrosilylation to form hybrid polymers.

The second approach is functionalization onto the

substituents. Octa(aminophenyl)silsesquioxane

prepared through nitration of the phenyl group

of PhT3
8 can be further functionalized by the reac-

tion between the amino group and an acid
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anhydride, etc. Bromination of the phenyl group is

also a way to introduce functionality onto the

phenyl group via low temperature catalytic cou-

pling with para-substituted styrene, etc. The third

method is to use the silanols in incompletely con-

densed cage compounds. Cyclohexyl-T3
6T

2
2,

Fig. 2e, can be reacted with dichlorosilanes,

diaminosilanes, or polydimethylsiloxanes having

these functionalities at the chain end to form

copolymers with silsesquioxane molecules in the

main chain. Reaction of cyclohexyl-T3
4T

2
3,

Fig. 2c, with R’SiCl3 can introduce a functionality

at one corner of a cubic octamer, such as

methacryl, styryl, and epoxy as illustrated in

Fig. 3, which can form organic polymers

having POSS in the side chain. The side chain

POSS can self-assemble into nanoscaled aggre-

gates in selective solvents and form nanostructures

in bulk. The sodium salt of the double-decker

phenylsilsesquioxane, Fig. 2f, can be reacted with

R’2SiCl2 to introduce functionalities to be

copolymerized with organic monomers as shown

in Fig. 4.

Cage Molecules Based on Q Unit

When the oxygen atoms at the corners of the cube

in structure Fig. 2h are attached with eight

trimethylsilyl groups, the material is one form

of MQ-type resins [1] described as M8Q8. How-

ever, such structures do not appear to be formed

spontaneously by hydrolytic condensation of the

monomers like tetraethyl orthosilicate. The mate-

rials can be obtained as octasilicate anions (OSA)

by the reaction of high-surface-area amorphous

silica with R4NOH, with [R4N
+] as the counter

cation [13]. As an alternative silica source, rice

hull ash is useful to provide OSAs in high yield in

milder reaction conditions. OSAs are also good

nano-building blocks since the anion can be eas-

ily reacted, for instance, with chlorosilanes for

functionalization as exemplified in Fig. 5. By

reacting with HMe2SiCl, an OSA can form an

octa-SiH-functional cubic octamer, which can

be further functionalized or incorporated into

hybrid materials by hydrosilylation in a similar

manner as described above for HT3
8.
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Summarizing Comments

Although (poly)silsesquioxanes are known for over

50 years, the use of cage silsesquioxanes as nano-

building blocks for hybrid materials is more recent

trend. Introduction of inorganic nature to organic

polymers like improving thermal stability by hybrid-

ization could be attained by the incorporation of

polysilsesquioxanes or silicone resins havingmolec-

ular weight distributions. Being low-molecular-

weight oligomers, POSS materials can be easily

handled for functionalization and copolymerization,

while high-molecular-weight polysilsesquioxanes

may form insoluble gels during such processes.

However, the use of POSS materials should be

focused on obtaining specific properties taking

advantage of their defined structures. Encapsulation

of fluoride ion or hydrogen in the cage structure is

one of such attributes. In the organic-POSS hybrid

materials, self-assembly is an interesting feature.

Most of the POSS materials synthesized or isolated

to date are those with the number of silicon atoms

around eight. New features may be found if

larger molecules can be obtained in high

yield. Including that, further exploration of the

structure–property relationships of the POSS mate-

rials as well as those for the hybrid materials

containing the cage silsesquioxanes would open up

the possibility for producing materials of unmet

properties.
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Polyimide Synthesis

Mary Ann B. Meador and Stephanie L. Vivod

Materials and Structures Division, NASA Glenn

Research Center, Cleveland, OH, USA

Definition

Semi-aromatic or aromatic polymers consisting

of imide rings typically fused to phenyls,

resulting in high temperature stability and high

glass transition temperatures.

Historical Background

Polyimides are an important class of step-growth

polymers due to their high temperature stability,

high glass transition temperature (Tg), and superior

chemical resistance. Synthesis of aromatic

polyimides was first reported in 1908. However,

due to the lack of processability via melt

polymerization, significant advances in polyimide

synthesis and processing were not realized until

the 1960s and 1970s by DuPont with the discovery

of Kapton which is shown at the top of Fig. 1. This

ignited an interest in polyimide research for scien-

tific and commercial application by DuPont, the

National Aeronautics and Space Administration,

the Air Force labs, and others to accommodate the

growing need for heat-resistant polymers that

could be processed into useable parts [1]. Use tem-

peratures as high as 300 �C are required for matrix

resins for lightweight composites in aircraft

engines, for example, making polyimides a choice

material for such applications [2]. More recently,

low dielectric constant combined with high tem-

perature stability has allowed polyimides to be used

as the insulating layer in microelectronics [3].

Other applications for high-temperature

polyimides include high-performance adhesives

[4], flexible substrate for sensor arrays for bio-

medical applications, and gas separation mem-

branes [5, 6]. Polyimide membranes have high

CO2 permeability and CO2/CH4 selectivity com-

bined with high temperature stability which

makes them desirable for many industrial

applications such as natural gas sweetening and

biogas upgrading. Polyimides also have promise

as membranes for high-temperature proton

exchangemembrane fuel cells [7].More recently,

porous polyimide aerogels have been fabricated

that can be used as ultralow dielectric

substrates (k = �1.1) for antennas [8] or as

high-temperature insulation materials for entry,

descent, and landing applications [9].

Properties and Applications

Polyimides are very versatile materials. As pre-

viously mentioned, the most important properties

of polyimides are high Tg and high temperature

stability. Polyimides can withstand temperatures

as high as 600 �C for short-term use. Long-term

exposure especially in an oxidizing atmosphere

can be up to about 300 �C. The most thermally

stable polyimides contain aromatic backbone

structures composed primarily of fused rings

and rings directly linked by carbon-carbon
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bonds as shown in Fig. 1, but the rigidity of the

chains makes these formulations very difficult to

process as well as brittle. Aliphatic or heteroatom

links between aromatic rings, as well as aliphatic

or aromatic side chains, some examples of which

are shown in Fig. 1, make the polyimides easier to

process and more flexible. However, there is a

trade-off between processability, Tg, and thermal

stability.

Polyimides have been employed in various

applications in the microelectronics industry due

to low dielectric properties, particularly as a

planarization layer in forming multilevel inter-

connects used in high-performance integrated

circuits [10]. Dielectric properties scale with den-

sity in polyimides. Hence, lower dielectric con-

stants can be achieved either by increasing the

free volume by use of larger side groups or by

increasing porosity by fabricating into foams or

aerogels. Adding functional groups increases the

utility of polyimides. For example, the addition

of sulfonate groups to the polyimide backbone

allows retention of water to conduct protons for

fuel cell membranes, while the addition of fluo-

rinated groups lowers water uptake for more

moisture-resistant materials [11]. Addition of

fluorinated groups, such as trifluoromethyls or

hexafluoroisopropylidene groups, also improves

solubility and processability by disrupting chain

packing with less of a penalty in thermal

properties.

The biomaterial industry has also seen an

increase in use of polyimides due to characteris-

tics such as chemical inertness as well as com-

patibility with device fabrication processes. In

addition, polyimides exhibit excellent electrical,

mechanical, and biologic compatibility for use

in multiple implant applications, such as separa-

tion membranes, neural interfaces, cell

adhesion substrates, and scaffolds for tissue

regeneration [12]. A commonly employed

method of fabrication involves adding a
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biodegradable component such as poly(glycolic

acid) (PGA) to polyimide to increase biocompat-

ibility as well as structural integrity. Implants

such as polyimide electrode devices are able to

resist buckling by being coated with PGA prior to

surgical insertion. The combination of the

mechanical flexibility of polyimide and the

mechanical rigidity of PGA below its Tg of

35 �C allows for a material that will remain firm

upon insertion and then grow flexible and even-

tually biodegrade when exposed to body temper-

atures [13]. This type of technique has led to a

growing interface between polyimides and bio-

medical applications using polyimide biocompat-

ible materials for monofilament sutures, selective

chemical delivery, as well as microelectrode

devices for stimulation and recording of muscle

and nerve signals [13].

Typical Synthesis

The synthesis of polyimides typically proceeds in

a two-step reaction mechanism via melt or solu-

tion polymerization using aromatic diamines and

aromatic tetracarboxylic dianhydrides. To illus-

trate, the synthesis of Kapton, a polyimide sold by

DuPont and made from 4,40-oxydianiline and

pyromellitic dianhydride, is shown in Fig. 2.

The first step is the formation of a soluble

polymer precursor, polyamic acid (PAA),

from the ring-opening reaction of the dianhydride

with diamine, followed by intramolecular

formation of imide from the condensation of

polyamic acid. Each imide ring formed

results in the evolution of one molecule

of water. Formation of polyamic acid

is typically prepared in dipolar aprotic solvent
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such as N,N-dimethylformamide (DMF), N,
N-dimethylacetamide (DMAc), N-methyl-2-

pyrrolidone (NMP), or tetramethylurea (TMU)

at room temperature by a nucleophilic substitu-

tion reaction of the carbonyl carbon of the anhy-

dride with the amine. Although more difficult to

remove and less thermally stable, dimethyl sulf-

oxide (DMSO) can also be used [14]. Imidization

may also be carried out in solution, either by

heating to temperatures >150 �C and removing

evolved water via a Dean-Stark trap or at room

temperature by use of base catalyst and a water

scavenger, typically acetic anhydride. Depending

on the backbone structure, polyimide solutions

can be cast into films or spun into fibers. Alter-

natively, polyamic acid solutions can be cast into

films and the solvent driven off before heating to

>200 �C to effect imidization. In addition,

dianhydride and diaminemonomers can be ground

together and the whole process (polyamic acid

formation followed by imidization) can be carried

out thermally by heating the mixture to >200 �C
without use of solvent.

Polyimide matrix composites are typically

made by applying the polyamic acid solution to

fibers or fabric. Alternatively, resin transfer

molding (RTM) can be used to introduce the

polyimide into a fiber preform by melt flow.

Typically, the polyimide is prepared as previ-

ously described and needs to be able to undergo

a low viscosity flow in order to be fully incorpo-

rated into the fiber preform. Certain formulations

of resin transfer moldable polyimide have been

developed with low viscosity flow for just this

purpose. Vacuum or a small amount of solvent

can also be used to improve the flow of polymer

into the preform. These techniques are referred to

as vacuum-assisted RTM (VARTM) or solvent-

assisted RTM (SARTM) [15].

A common method of analysis in determining

chemical transformation is infrared spectroscopy.

Characteristic absorption bands widely used to

confirm the amic acid-imide transformation are

seen at 1,720 cm�1 (C = O symmetrical

stretching), 1,780 cm�1 (C = O asymmetrical

stretching), 1,380 cm�1 (C-N stretching), and

725 cm�1 (C = O bending). Polyimide spectra

will not exhibit absorption bands between 2,200

and 3,400 cm�1 typical of PAA, which implies

the loss of n N-H, n O-H, and n C-H [16]. Other

methods typically employed for characterization

include nuclear magnetic resonance (NMR) spec-

troscopy, thermogravimetric analysis (TGA), dif-

ferential scanning calorimetry (DSC), and

dynamic mechanical measurement which pro-

vides curing and degradation data [17].

Addition Polyimides

An important class of polyimide for matrix resins

for high-temperature composite applications is the

so-called addition polyimides. For years aromatic

polyimides only found application as films or

coatings due to the difficult fabrication of copoly-

mers formed by polycondensation melt processes.

Thicker parts made strictly by polycondensation

would result in voids due to the volatile conden-

sation by-products becoming trapped in the matrix

as it cured. In the 1970s a new class of thermoset-

ting addition polyimides was developed in

response to the need for improved processability

and void free parts for composite applications

[18]. Addition polyimides consist of short poly-

mer chains (oligomers) endcapped with latent

reactive groups. The most well-known example

of this is the high-temperature resistant polymer,

PMR-15, with norbornene endcaps [19]. As

shown in Fig. 3, the end groups serve two pur-

poses: to limit the molecular weight of the oligo-

mer and to provide a site for cross-linking into a

thermoset after imidization is complete [20]. This

allows water evolved during imidization to escape

from the part through the reactive endcaps before

a final cure occurs at a higher temperature. Since

the oligomers are relatively low molecular weight

(1,500 for PMR-15), the resin undergoes flow

before the final cross-linking step, resulting in

good consolidation and low void content, even in

thicker parts.

Also as shown in Fig. 3, PMR-15 introduced

the concept of using methanol-soluble

tetracarboxylic diester diacids in place of the

dianhydrides. This allowed the monomers to be

applied to fibers for composite fabrication using

lower boiling alcohol solvents than typically
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needed to dissolve the polyimide monomers or

polymers. Thus, this is the reason these are called

PMR polyimides – PMR stands for “polymeriza-

tion of monomeric reactants.” The reaction still

proceeds via the dianhydride which reforms from

the diester diacid at elevated temperatures.

Because the norbornene endcap and the cross-

link that forms are aliphatic, the amount of endcap

does reduce the thermal stability. Hence, there

is again a trade-off between processability

(low molecular weight oligomers are favored) and

thermal stability (which would improve with

higher molecular weight oligomers between

the cross-links). Other latent reactive endcaps

that have been used in polyimide thermoset resins

include acetylenes, phenylacetylenes, cyclophanes,

biphenylenes, and benzocyclobutenes as shown in

Fig. 4, though norbornene is the most established

commercially [2].

Materials synthesized by addition polymeriza-

tion exhibit excellent thermomechanical proper-

ties and improved processability. However, due

to the high level of cross-linking, they tend to be

more brittle. Siloxane-containing oligomers or

fluorinated backbone structures have been syn-

thesized in attempts to overcome these
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(Reprinted with permission from Ref. [19]. Copyright (1999) American Chemical Society)
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shortcomings by allowing for a higher degree of

flexibility as depicted in Fig. 5 [21, 22].

Porous Polyimides

While it is important to reduce void content for

polymer matrix composites to provide the best

mechanical and thermal stability, many

researchers have examined ways to introduce

porosity into the polyimide to reduce dielectric

constant. These approaches include foam forma-

tion, introduction of low-density fillers, use of

thermally labile blocks, and incorporation of

comonomers containing perfluoroalkyl groups

and side chains [23]. The latter approach

increases free volume in the polyimides. The

lowest density polyimides as previously men-

tioned are made by forming polyimide gels

from solution, followed by critical point drying

to remove the liquid portion and produce

polyimide aerogels as shown in Fig. 6 [24].

In this approach, polyamic acid oligomers are

fabricated by dissolving aromatic diamines and

tetracarboxylic dianhydrides together at low solid

content. Addition of cross-linker, typically tris

(aminophenoxy)benzene or octa(aminophenyl)

polysilsesquioxane, followed by base catalyst

and acetic anhydride yields fully imidized gels

typically in under an hour. The polyimide

aerogels have densities ranging from 0.06 to

0.3 g/cm3 which result in relative dielectric con-

stants ranging from 1.08 to 1.3. The polyimide

aerogels also have very low thermal conductivity

similar to silica aerogels, combined with better

strength properties similar to polymer foams,

making them ideal insulation materials.

Main chain manipulation may have a signifi-

cant effect on the polyimide properties; however,

side group reactions have a much greater poten-

tial for variation of macromolecular structure. By

incorporating large monomers or functionalizing

H2N

H2N

H2N

H2N

2-aminobiphenylene

4-amino[2,2]-paracyclophane

2-aminobenzocyclobutane

O

O

O

4-aminophenylacetylene

Phenylethynylphthalic anhydride

Polyimide Synthesis,
Fig. 4 Alternate latent

reactive endcaps for

addition polyimides
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the backbone of the monomeric units, it is possi-

ble to create hyperbranched polymers for various

self-assembled nanoporous structures. An exam-

ple can be seen in Fig. 7 which varies large

monomeric units of tris(4-aminophenyl)amine

(TAPA) and hexafluoropropane dianhydride

(6FDA) [25].

Atomic Oxygen-Resistant Polyimides

Atomic oxygen (AO), an elemental form of oxy-

gen created by intense UV light exposure, is

formed in lower Earth orbit (LEO) approximately

200–500 miles above Earth’s surface. Oxygen in

its single atomic form acts as an aggressively

reactive agent which is a concern for spacecraft

materials and satellites that may be subject to

surface erosion [26]. Atomic oxygen causes

localized damage of polymeric materials

resulting in mass loss and changes in optical,

mechanical, electrical, and chemical properties.

Degradation occurs by hydrogen abstraction

which decomposes the polymer backbone into

fragments of lower molecular weight

oligomers [27].

High-temperature polyimide films can be tai-

lored to have increased oxidative resistance by

backbone manipulation of the polymer matrix. It

has been shown that increasing thermal stability

by increasing aromatic components in the linear

chain and introducing –CF3 groups will increase

resistance to AO degradation [28]. Polyimides

containing polyoligomeric silsesquioxane

(POSS) units as side chains or in the backbone

as seen in Fig. 8 show an increase in AO

Polyimide Synthesis, Fig. 5 Siloxane-containing oligomers within polyimide matrix increase flexibility (Reprinted

with permission Ref. [22]. Copyright (2013) American Chemical Society)
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resistance making them a promising material for

satellite and other space structures in LEO [29].

Summary

Polyimides are a versatile class of polymers with

wide-ranging application due to their relatively

high thermal stability, combined with excellent

mechanical properties, wear resistance, low ther-

mal expansion, and inertness to solvents, low

dielectric constant, low relative permittivity,

radiation resistance, and good processability.

Polyimides are produced as thin films for micro-

electronic and membrane applications, as matrix

resins for high-performance composites, and as

porous aerogels for use as electrical or thermal

insulation, among other things. Polyimides can

Polyimide Synthesis, Fig. 6 Cross-linked polyimide

network formation from aromatic diamines, dianhydride,

and aromatic triamine is the first step of polyimide aerogel

fabrication (Reprinted with permission Ref. [24]. Copy-

right (2012) American Chemical Society)
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be produced as thermoplastics or cross-linked

into thermosetting materials. Polyimides have

also found use as materials for biomedical

devices, neural interface membranes, and tissue

scaffolds. Tailoring the properties of polyimides

for different applications is easily achieved

through altering the backbone chemistry or

adding side groups, recognizing that there is

often a trade-off between thermal stability and

other desired properties.

Polyimide Synthesis, Fig. 7 Depiction of various monomers used to create a hyperbranched porous polymer structure

(Reprinted with permission Ref. [25]. Copyright (2000) American Chemical Society)

Polyimide Synthesis, Fig. 8 Polyimides containing

polyoligomeric silsesquioxane (POSS) units as side

chains or in the backbone show resistance to AO

degradation (Reprinted with permission Ref. [29]. Copy-

right (2012) American Chemical Society)
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Polyisocyanides, Polyisocyanates

Eiji Ihara

Department of Material Science and

Engineering, Graduate School of Science and

Engineering, Ehime University, Matsuyama,

Japan

Synonyms

Polyisocyanate: nylon-1; Polyisocyanide: poly

(alkyliminomethylene), Polyisonitrile

Definition

Polymers obtained by polymerization of mono-

mers having an isocyanide group (R–NC)

(polyisocyanide) and an isocyanate group

(R–N=C=O) (polyisocyanate).

General

Polyisocyanides and polyisocyanates are both

obtained by the polymerization of monomers

with a highly reactive functional group,

isocyanide and isocyanate, respectively, and the

polymerization utilizes the unique reactivity of

each functional group. Both monomers can

contain a variety of alkyl or aryl groups,

which should be located around the resulting

polymer main chains and strongly affect the

properties of the polymers. The most important

and common characteristic of polyisocyanides

and polyisocyanates is that their polymer

main chains tend to assume helical conforma-

tions, which should be either left or right

handed. It should be also mentioned here that

a variety of optically active polymers with

respect to the helical sense have been prepared

from both monomers, and various applications

have been attempted using the chiral

polymers [1, 2].

Polyisocyanides

General methods for preparing a variety of

isocyanides have been established and some

isocyanides are even commercially available. It

should be pointed out that low molecular weight

isocyanides have an extremely offensive smell

and, thus, must be prepared and handled in

a good hood. The isocyano group can be consid-

ered as either a zwitterionic species with a C–N

triple bond or a neutral species with a divalent

carbene (Fig. 1). As can be assumed from both

formulations, isocyanide is a highly reactive

functional group, particularly exhibiting high

reactivity with metal complexes. The most com-

mon method for the isocyanide polymerization is

transition metal-catalyzed polymerization using

some Ni and Pd complexes. In the propagation,

the terminal carbon atom in isocyanide is

transformed into an imine-carbon in

1,1-addition mode, and the resulting polymers

have the imine substituent (=N–R) on every

main chain carbon atom (Fig. 1). As a conse-

quence, polyisocyanides with a bulky substituent

are rigid rodlike polymers, whose once kineti-

cally produced helical conformations remain sta-

ble even in solution.

Nickel(II) complexes such as NiCl2•6H2O

have been reported to be the most convenient

and efficient catalysts for polymerization of var-

ious isocyanides. In the Ni-catalyzed polymeri-

zation, four monomer molecules are coordinated

to a square-planar Ni center, and a nucleophilic

species such as amine employed as an additive

nucleophilically attacks one of the coordinated

monomers, giving an imino Ni species, whose

Ni-bound imine-carbon is also nucleophilic

enough to attack the adjacent coordinated mono-

mer successively. Because of the preorganization

of the monomers around the Ni center, the suc-

cessive insertion of the monomers into the imino

Ni growing chain end kinetically results in the

formation of either a right- or left-handed helical

conformation as shown in Fig. 2 (merry-go-round

mechanism). As a result, after the polymerization

the resulting polyisocyanide has a right- or left-

handed helical structure, which can be retained if
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the helical conformation is stable enough not to

be unfolded into a nonhelical conformation.

Various studies with respect to the stability of

the helical conformation have established that

the helical conformation can be stable if the

substituent has a certain degree of bulkiness.

For example, poly(tert-butyl isocyanide) has

a stable helical conformation even in solution,

and a racemic mixture of the right- and left-

handed helical polymers was separated into two

enantiomers with each opposite helical sense by

using chiral stationary phase for the separation

(Fig. 3). On the other hand, because steric

bulkiness of a phenyl group in poly(phenyl

isocyanide) is not high enough for the helical

conformation to be stable, the kinetically formed

rigid-rod helical poly(phenyl isocyanide) via

merry-go-round mechanism is transformed to a

random-coil conformation after being kept in

solution.

More importantly, although a racemic mixture

of polymers with right- and left-handed helical

conformations is kinetically obtained by the poly-

merization of isocyanide in the absence of any

chiral factors, helix-sense-selective polymeriza-

tion can be realized by using a chiral monomer

(chiral bias) because the resulting right- and left-

handed helical polyisocyanides should be diaste-

reomers possessing different free energies.

Accordingly, one of the helical senses exceeds

the other in the resulting polymers, and the prod-

uct possesses optical activity derived from the

excess of one of the helical senses (Fig. 4).

For a representative example of the helix-

sense-selective polymerization, an isocyanide

monomer with an optically active short peptide
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chain has been polymerized to give a

helical polymer [“poly(isocyanopeptide)”] with

a predominant left-handed helical sense, where

the intramolecular hydrogen-bonding networks

among the peptide pendants contribute to stabi-

lizing the kinetically formed one-handed helical

conformation, although the peptide pendant is not

bulky enough to stabilize the helical conforma-

tion with the steric constraint alone (Fig. 5).

Because polyisocyanides generally assume 4/1

helix, where four repeating units constitute one

cycle along the polymer backbone, the

abovementioned hydrogen-bonding networks

occur between n and n+4 repeating units, render-

ing the polymer main chain surrounded by four

bundles of the peptide pendants along the poly-

mer backbone. The stabilization of the 4/1 helical

conformation via the intramolecular hydrogen

bonds described above has been utilized to regu-

larly align a variety of functional groups along

the optically active helical polymer main chain.

For example, functional chromophores such as

porphyrin and perylene are introduced into

monomers to investigate photophysical proper-

ties derived from the stacked alignment of the

chromophores around the polymer backbone

(Fig. 6). In particular, the perylene-containing

polymers have been demonstrated to be effective

as a component of photovoltaic cells. In addition,

poly(isocyanopeptide)s bearing oligo(ethylene

glycol) as a substituent can form artificial gels

with similar physical properties as observed in

biological polypeptide-derived gels because of

their unique self-assembling nature.
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Interesting to note is that a stereogenic center

separated from the polymer backbone via a rigid

spacer can also affect the helical sense of the

main chain, as demonstrated by the investigation

of polyisocyanides shown in Fig. 7.

Syntheses of well-defined polyisocyanides

with respect to molecular weight and molecular

weight distribution (living polymerization) have

been achieved by using some transition metal

complexes (Fig. 8). [p-AllylNi(O2CCF3)]2 is
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a representative example as an initiator for the

living polymerization of alkyl isocyanides. Pt–Pd

m-ethynediyl complex can also be an efficient

initiator for the living polymerization of aryl

isocyanides. Interesting to note is that aryl

isocyanide monomers insert into the Pd–C bond

of the heterodinuclear complex and the propagat-

ing end derived therefrom, but the presence of the

Pt moiety in the initiator is essential for the poly-

merization to occur from the complex. An aryl-

rhodium complex has been reported to initiate the

living polymerization of aryl isocyanides with

bulky substituent on the aromatic ring. Along

with the syntheses of polyisocyanides with nar-

row molecular weight distributions, preparation

of block copolymers of a variety of monomer

combinations can be achieved by using these

living polymerization initiators, contributing to

application of polyisocyanides for functional

polymeric materials.

A unique polymer synthesis has been

realized by using Pd-initiated polymerization of

1,2-diisocyanobenzenes as monomers. As shown

in Fig. 9, the successive insertion of the two adja-

cent isocyanides into Pd–C bond at the propagation

chain end leads to the formation of 2,3-quinoxaline

framework as a result of aromatization. Notewor-

thy is that the Pd-initiated polymerization proceeds

in a livingmanner, affording polymers with narrow

molecular weight distribution, and the propagating
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chain end containing quinoxalinyl-Pd moiety is

stable even in the air and, thus, can be isolated in

a form retaining the propagating ability. Further-

more, the resulting polymers can again assume

a helical conformation if the substituents on

the monomer are bulky enough, although the

basic framework is totally different from those of

aforementioned polyisocyanides obtained from

monofunctional isocyanide monomers. The helical

sense of the resulting helical polymers can be

controlled by proper choice of Pd-containing

initiators with some optically active ligands

(Fig. 10). Introduction of phosphine-containing

1,2-diisocyanobenzene as a comonomer in the

helix-sense-selective polymerization gives

one-handed helical polymers with metal-

coordinating sites, which can be used as a poly-

meric catalyst for asymmetric reactions after

ligation of some transition metals. Actually,

the polymeric catalysts are effective as a

catalyst for some asymmetric reactions because

of the chiral environment of the metal-containing

active site derived from the one-handed helical

sense.
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Polyisocyanates

Isocyanates can be polymerized by the reaction

with nucleophilic reagents in a manner as shown

in Fig. 11 to give polyisocyanate. The main chain

structure solely consisting ofN-substituted amide

linkages can be regarded as nylon-1. Although

the term “polyisocyanate” sometimes refers to

low molecular weight compounds containing

more than one isocyano group, this article deals

with only polymers obtained from isocyanate

monomers via transformation of their isocyano

group. A variety of alkyl and aryl isocyanates can

be prepared and some of them are commercially

available. Because isocyanate is an inherently

highly reactive functional group, the compounds

should be handled and stored with considerable

attention. The anionic polymerization can be

initiated by nucleophiles such as sodium

cyanide (NaCN), but the control of the polymer-

ization with respect to the molecular weight and

molecular weight distribution is generally diffi-

cult basically because of the high tendency of the

cyclic trimer formation as shown in Fig. 11. On

the other hand, the initiators shown in Fig. 12

have been reported to be quite effective to inhibit

the trimer formation, realizing living polymeri-

zation of isocyanates.

As well as the aforementioned polyisocyanides,

polyisocyanates have been representative exam-

ples of helical polymers. However, in contrast to

the polyisocyanides with bulky substituents,

whose helical structure is rather stable with high

inversion energy barrier, the barrier of the

polyisocyanates is considerably lower, rendering

the reversible helix inversion more feasible than

those in polyisocyanides. Furthermore, the

dynamic properties derived from the low inversion
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barrier lead to some unique characteristics of

polyisocyanates, which have been investigated in

detail, and some important general principles have

been established with respect to the conformation

of dynamic helical polymers.

Because of the low barrier for the helical sense

inversion, the helical sense of polyisocyanates

should be determined thermodynamically. In the

absence of any chiral factors in a monomer

employed for the polymerization, the resulting

polyisocyanate chain consists of an equal amount

of left- and right-handed helical states (monomer

units) separated by helix reversal state, which is

energetically higher than those of two helical

R =

achiral isocyanate

N
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helix reversal statesequence of left-handed states

sequence of right-handed states
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states with respect to the free energy of each

monomer unit (Fig. 13). On the other hand,

when a chiral moiety is introduced to

a monomer unit, the resulting helical polymer

should be a diastereomer, and there should be

energy difference between the right- and left-

handed helical states in the polymer. It has been

revealed that although the energy difference

between the diastereomeric monomer units is

rather low, the activation energy for the inversion

of the monomer unit is so high that inversion state

rarely exists in the polymer chain. Furthermore,

the small energy difference per monomer unit can

be significantly amplified in the polymer with

high degree of polymerization, resulting in the

predominance of one of the helical states in the

polymer chain even in the presence of only

a small amount of a chiral monomer unit. As

a result, when a small amount of a chiral isocya-

nate is copolymerized with a large excess of an

achiral isocyanate, the resulting copolymer has

an excess of one-handed helical structure, which

is called “sergeant and soldiers” effect. Likewise,

when a mixture of enantiomers with one of them

slightly exceeding the other is polymerized, the

resulting polymer has predominantly a helical

sense preferred by the major enantiomer (“major-

ity rule”) (Fig. 14).

The unique dynamic properties with respect to

the helical sense have been attempted to be uti-

lized for some applications. For example,

because the helical sense of polyisocyanates

could be sensitive to the external stimuli, the

cis–trans isomerization of azobenzene unit incor-

porated into the monomer structure was used to

control the helical sense by photoirradiation.

The important and useful characteristic of

polyisocyanate is its stiff and helical polymer

backbone, which makes it a representative

example of rodlike polymers. In combination

with the controllability of its anionic polymeriza-

tion, reactivity of isocyanate monomers has pro-

vided a rare opportunity for preparing rod–coil

block copolymers with block copolymerization

with vinyl monomers such as styrene and

2-vinylpyridine. In particular, a series of

block copolymers of n-hexylisocyanate and

2-vinylpyridine with a well-defined block

sequence and block lengths have been prepared,

and their unique properties based on the

self-assembling of poly(n-hexylisocyanate) blocks
have been extensively investigated.

Related Entries

▶Asymmetric Polymerization

▶Optical Resolution Materials
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Polymer Brushes
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Synonyms

Brushlike structure; Tethered polymer

Definition

Polymer brush is a layer where polymer chains are

anchored by one end either through physisorption

or by covalent bonding on the surface.

Introduction

Polymer brush is a layer at the solid-liquid

(or liquid-liquid or air-liquid) interface, where

polymer chains are anchored by one end to the

solid (or liquid) surface [1]. Typical examples of

polymer brushes are schematically drawn in

Fig. 1. The significance of polymer brushes is
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not limited to their fundamental aspects but

extends to many technological applications.

Properties of the polymer brush are deter-

mined by both the layer thickness and the brush

density. The structure of the polymer brushes is

analyzed in terms of the constitution and confor-

mation of polymer chains. When the polymer

brushes interact with the surface of the other,

when it interacts with each other, polymer

brushes have demonstrated properties. For exam-

ple, polymer brush controls the dispersibility of

the fine particles, adsorption/separation and

transport properties of the specific material, and

tribological properties (such as friction and wear

characteristics and lubricant).

Polymer brushes have been modeled by self-

consistent method, scaling law, and computer

simulation (such as molecular dynamics and

Monte Carlo method). Polymer molecules within

a brush in the good solvent are stretched away

from the attachment surface as a result of the fact

that they repel each other by excluded volume

effect (steric repulsion) and osmotic pressure.

Because the influence of the electrostatic effect

is large in the osmotic pressure, it is necessary to

consider separately polyelectrolyte brushes with

electrostatic charge [2].

By applying a polymer brush on the material

surface, it is possible to significantly change the

properties of the material surface. For example,

water repellency and wettability of the surface

change just grow a polymer brush on the metal

substrate or glass surface. The brushes are often

characterized by the high density of grafted

chains. The limited space then leads to a strong

extension of the chains and unusual properties of

the system. The significance of polymer brushes

is not limited in fundamental aspects but extends

to many technological applications. The increase

of polymer brushes study is largely owing to the

recent development in surface modification and

characterization. Advanced technologies such as

nanotechnology and microchemistry require

well-defined surfaces with unique functions, and

there is high expectation for polymer brushes

because successful technological applications of

polyelectrolytes were achieved and well known

as smart gels. Cooperation of multidisciplinary

Polymer Brushes, Fig. 1 Polymer brushes in different

forms: (a) monolayers at the air-water interfaces, (b)
brush immobilized on a solid plate by the adsorption

method, (c) brush immobilized on a solid plate by cova-

lent bonding, (d) colloid particle covered by brush,

(e) micelles
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fields, preparation, and characterization are nec-

essary for the further progress of studies and

applications of polymer brushes [3–5].

Preparation

Sample preparation is important for pursuing the

study on polymer brushes [2]. However, there are

some difficulties in the preparation: (1) usually

well-controlled solid state synthesis is difficult,

and often it is obtained in nonuniform surfaces,

and (2) the electrostatic repulsions, due to the

charges of polyelectrolyte chains, are so strong

especially in pure water that they do not allow the

chains to build a dense brush. These difficulties

are (at least) a part of the reasons for the situation

that experiments on these charged brushes have

been very scarce. In order to discuss the structure

and interaction of the polymer brushes, thickness

and density distribution controlled brush was

used. So far three major approaches have been

presented.

The first is the Langmuir-Blodgett method.

This method uses amphiphiles as the hydrophilic

group and prepares the brush at the air-water

interface, which can be deposited onto a solid

substrate. Certain organic molecules, which are

usually amphiphiles bearing both of the hydro-

philic (water-loving) and the hydrophobic

(water-hating) group, will orient themselves at

the air-water interface to minimize their free

energy. The resulting surface film is one mole-

cule in thickness and is called Langmuir film

(or monolayer, monomolecular layer). They are

transferable onto a solid surface, and the trans-

ferred film is called as Langmuir-Blodgett

(LB) film. When they are spread on the aqueous

phase, they form polymer brushes at the air-water

interface, which can be transferred on hydropho-

bic substrates (Fig. 1a) [6].

The second is the adsorption method that

again uses an amphiphilic type of compounds.

The hydrophobic part can adsorb on a hydropho-

bic surface and anchor the hydrophilic group.

Amphiphiles containing polyelectrolyte chains

as the hydrophilic group associate in micelles

when dissolved in water (Fig. 1e). Resulting

micelles are coated by polyelectrolyte chains,

which are regarded as polymer brushes at the

liquid-liquid interface. From amphiphile solu-

tions (or dispersions), the amphiphiles adsorb

onto hydrophobic plates or colloidal particles to

form the polymer brush (Fig. 1b, d). The advan-

tage of the preparing brush layers by the adsorp-

tion method is its simple and easy operation.

However, the brushes are less ordered, and it is

difficult to prepare the brush in a well-controlled

and well-defined structure. In the case of hydro-

phobic colloidal particles, moreover, they can

flocculate even at modest salt concentrations, so

the correct procedure for obtaining dispersed col-

loids must be sought by changing system param-

eters such as surface hydrophobicity, particle

size, block composition, and solvent quality.

The third method uses covalent bonding and is

divided into two categories: one is the case where

the initiators are bound onto the solid surfaces

and successive polymerization occurs in situ con-

suming monomer precursor dissolved in the sol-

vent and another is the case where polymers are

bound to the solid surfaces through the linker

group that is on the one terminal of the polymer

chain (Fig. 1c). In the third method, often poly-

mers covalently bound to the solid surfaces are

neutral and ionized afterwards. Preparation of

stable, well-defined polymer brushes requires

the covalent bonding for anchoring one end

(end-grafting) of the polymers on a flat surface.

The recent progress in the solid surface modifi-

cation and functionalization has facilitated this

approach [7, 8].

This approach is roughly divided into two types:

(1) covalent attachment of preformed polymers to

the solid surface via a terminal coupling group and

(2) in situ polymerization of precursor monomers

on solid surfaces (surface-initiated polymeriza-

tion). Usually, polymers are synthesized or

attached in the neutral form, and subsequently the

ionization reaction takes place using ionization

procedures such as the dissociation of the ionizable

group (e.g., –COOH), the protonation, and the

chemical modification (e.g., sulfonation reaction).

A tethered polymer chain tries to maintain its ran-

dom coil conformation in the solution; the chain

density of resulting brush layers is somewhat low.

Polymer Brushes 1861
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In order to prepare denser brushes, we need to

employ “in situ polymerization” (or “surface-

initiated polymerization”). In case of “in situ poly-

merization,” a key to the approach is to create

suitable initiation sites on the surfaces of solid

substrates. Recent progress in self-assembled

monolayers (SAM) made it possible to prepare

well-organized, surface-bound initiator layers

[7, 8]. In situ polymerization method is rapidly

progressing owing to the development of self-

assembledmonolayers particularly in the availabil-

ity of anchoring groups (e.g., thiol for gold [7, 8])

and the initiators [9]. This will enable us to synthe-

size polymer brushes in wider variations of chem-

ical structures on various substrates with controlled

density and thickness [10].

Summaries are found in Table 1.

Characterization

Various characterization techniques are applica-

ble for the study of the polymer brushes. An

important structure of polymer brushes that

should be well understood is the surface struc-

ture. This structure can be measured directly by

scanning probe microscopy (SPM), scanning

tunnel microscopy (STM), atomic force

microscope (AFM), scanning electron micro-

scope (SEM), and transmission electron micro-

scope (TEM). Fourier transform infrared (FTIR)

spectroscopy is most often employed for surface

chemical information. The surface pressure-

molecular area isotherm is a useful tool for study-

ing the nanostructures at the air-water interface.

Neutron and X-ray reflectivity measurement and

ellipsometry are applicable to flat surfaces,

whereas neutron scattering and dynamic light

scattering are applicable to colloidal systems

coated with polymer brushes. SFA and AFM

measurements are a more direct method to deter-

mining surface thickness of polymer brushes,

although attention should be paid to distinction

between the double layer interaction due to the

surface charges of the opposing polymer brushes

and the steric component. Small amount of

impurities can disturb the measurement; thus,

the samples should be prepared with

extensive cares without dust or impurity. For the

reflectivity measurement, the data fitting based

on a model is necessary, though sample prepara-

tions for them may be relatively easier than the

SFA and AFM measurement. Moreover, com-

bined two kinds of measurement methods are

measured at the same time, and detailed

researches are advanced.

For the details of characterization, it can be

seen in Table 2.

SFA measurement has been proven useful in

obtaining information about the concrete struc-

tures of polymer brushes. The measurement was

employed to study interactions between mono-

layers of an anionic polyelectrolyte, poly

(methacrylic acid), on mica [6]. The polymer

brushes were prepared by depositing monolayers

of the poly(methacrylic acid) amphiphile by the

LB technique. The observed force was repulsive

and was altered by ionization and structural

changes of the polymer brushes at different pH

values and NaBr concentrations. The majority of

negative charges were insulated by counterions,

resulting in saturation of repulsion at shorter dis-

tances. The thickness of the polyelectrolyte layer

was determined from the force measurement.

Polymer Brushes, Table 1 Preparation methods of

polymer brushes

Preparation method Characteristic

Monolayer and LB

films

Well-defined brushes are

prepared

High chain densities are

obtained

It is less suitable for high-

molecular weight polymer

Adsorbed brushes,

micelles, and bilayers

Easy for preparation

The brushes are not well

defined

Requires preparation of high

salt concentrations or low

curvature surfaces

Covalently

end-grafted brushes

Stable, well-defined brushes

are prepared

Applicable for many kinds

1862 Polymer Brushes



When the carboxylic acid group was ionized by

more than 10 %, the polyelectrolyte chain was

extended to a length about six times greater than

that of its hypercoiled [6].

Applications

Application of polymer brushes appeared only

recently when various methods for covalently

anchoring of the brush have become available.

The first is to consider the brush as the single

monolayer gel similar to hydrogels with expecta-

tions that the brush will exhibit a unique property of

hydrogels. The small size of the brush structure

should enhance changes associated with gel prop-

erties such as swelling and shrinkage, which are

often slow processes in the large scale [11]. Poly

(acrylic acid) (PAA)was grafted onto a porous glass

filter in order to construct a pH-dependent

system for the regulation of liquid permeation.

The permeation rate was found, indeed, high at

low pH conditions, while it was low under high

pH conditions. A possible explanation for this per-

meation profile is that at low pHs, protonated PAA

chains shrink, thereby opening the pores of the

filter, and that at high pHs, dissociated PAA chains

are extended to cover the pores. The gating was

regulated by the conformational change of poly

(glutamic acid) that undergoes a helix-coil transi-

tion in response to pH.

The second is to employ them for the surface

treatment and modification, which is important for

nanotechnology. The wetting properties of sur-

faces are manipulated by patterning of covalently

bound polyelectrolytes [12]. Combination of pho-

tolithographic techniques with surface-initiated

polymerization provided continuous films in

which there are discrete areas of hydrophilic and

hydrophobic polymer brushes. Polyelectrolyte,

poly(acrylic acid), domains exhibited the high

wettability (small contact angle) to water, which

can be controllable by external agents (e.g., by

shifting pH). These systems may be useful in

technological applications including photoresists,

sensors, and microfluidic networks.

The preparation method of polymer brushes is

developed; there are some researches of structure

of particles with polymer brushes. Making a

monolayer and taking the structure which is sepa-

rated with a fixed distance is reported [13–15]. The

particles with high-density brushes formed order

structure at the air-water interface. The distance

between contiguity particles became very large,

and increasing with the molecular weight, because

the graft chains were almost fully extended

[13, 14]. Since this structure can be built on a

substrate, making a pattern on a substrate in mul-

tiple research fields is expected [3–5, 16].

Related Entries

▶Langmuir-Blodgett (LB) Film

▶ Proteins as Polymers and Polyelectrolytes

▶ Self-Assembled Monolayer

▶ Surfactant Assemblies (Micelles, Vesicles,

Emulsions, Films, etc.), an Overview

Polymer Brushes, Table 2 Properties and methods of

characterization

Properties or

characterization Method

Surface structure Scanning probe microscopy (SPM)

Scanning tunnelmicroscopy (STM)

Atomic force microscope (AFM)

Scanning electron microscope

(SEM)

Transmission electron

microscope (TEM)

Surface chemical

information

FTIR, contact angle

measurement

Surface thickness Surface force apparatus (SFA)

Neutron scattering, neutron

reflectivity

X-ray reflectivity, dynamic light

scattering (DLS), ellipsometry

Surface density Neutron scattering, neutron

reflectivity

X-ray reflectivity, DLS, isotherm

Adsorption amount Quartz-crystal microbalance

(QCM)

Surface charge

interaction

SFA, AFM, isotherm
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Polymer Catalysts

Shinichi Itsuno
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Japan

Synonyms

Polymer-immobilized catalysts; Polymer-

supported catalysts

Definition

Polymer catalysts are polymers possessing cata-

lytically active moieties. The catalytic moiety is

usually attached to the side chain of synthetic

polymers such as polystyrene. Polymer catalysts

are used as catalysts for various kinds of organic

synthesis. Cross-linked polymers are often

employed as polymer support material due to

their insolubility. Insoluble polymer catalysts

can be easily separated from the reaction mixture

and reused. Some of the catalysts are incorpo-

rated into the main chain of the polymer.

General Aspect of Polymer Catalysts

Chemical reactions in green chemical processes

usually require the use of catalyst in order to

accelerate them under mild reaction conditions.

The catalysts must be separated from the reaction

mixture when the reaction is completed. Hope-

fully they are recovered, regenerated, and reused.

Most of the catalysts, however, cannot be easily

recycled. When a molecule possessing catalytic

activity is immobilized to a cross-linked polymer,

the polymer catalyst can be easily separated from

the reaction mixture by simple filtration. Linear

polymer supports are also separable through pre-

cipitation processes. Since polymers are not vol-

atile, the use of polymer catalysts can reduce the

toxicity and the odor.
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There are many applications of polymer cata-

lysts in organic synthesis [1]. For example, many

organometallic complexes have been used as cat-

alysts for various reactions to show high selectiv-

ity and specificity. Since these complex catalysts

are usually difficult to be recovered, the polymer

immobilization technique is one of the important

alternatives. In order to use these catalysts in

organic solvents, organic polymers such as poly-

styrene are utilized as polymer supports for the

catalysts. On the other hand, the use of water as

a reaction medium is also important in greener

organic synthesis in order to reduce the use of

toxic organic solvents. Hydrophilic or amphi-

philic polymers are utilized as support polymers

in aqueous media. Moreover, in case that the

polymer catalysts show sufficient turnover num-

ber and turnover frequency, such high perfor-

mance polymer catalysts are applicable to the

continuous flow system [2]. A reactant solution

is introduced into the column packed with an

insoluble polymer catalyst. The desired product

is obtained continuously by using this system.

Not only the improvement of chemical pro-

cesses by means of polymer catalysts, microen-

vironment within the polymer network

sometimes influences the catalytic activity. In

some cases, polymer catalysts show higher cata-

lytic activities compared with the corresponding

nonsupported catalysts in homogeneous solution.

Since the polymer catalysts have such attractive

features, it is useful to adopt them in many

advanced organic synthesis.

Polymer Catalysts in Organic Synthesis

Typical examples of polymer catalysts used in

organic synthesis involve poly(4-vinylpyridine)

1 in its basic form and sulfonated polystyrene

2 in its acid form, which act as catalysts in some

base- and acid-catalyzed reactions, respectively.

Transition metal catalysts have been also

immobilized into cross-linked polymer. A typical

polymer transition metal catalyst is polymer-

supported triphenylphosphine-PdCl2 3. Several

types of palladium catalysts on polymer supports

are now commercially available and used as

catalysts in various organic reactions including

Suzuki-Miyaura, Mizoroki-Heck, Negishi, Stille,

and Sonogashira coupling reactions. Another

example is a microencapsulation of highly toxic

Os species into polymer. Phenoxyethoxymethyl

polystyrene 4 is used for the preparation of

microencapsulated OsO4, which is useful as

a safer catalyst of dihydroxylation of olefins.

Figure 1 shows typical examples of polymer

catalyst used in organic synthesis.

Lewis acids work as important catalysts in

various chemical transformations in organic syn-

thesis. For example, both ytterbium (III) polysty-

rene sulfonate 5 and polymer-supported

scandium (III) bis(trifluoromethanesulfonate)

6 are useful for various organic reactions such

as acetal formation, aldol reaction, alkylation,

aza-Diels-Alder reaction, and ring opening of

epoxides. These polymer Lewis acid catalysts

are commercially available. Many other Lewis

acid catalysts immobilized to polystyrene resin

Polymer Catalysts, Fig. 1 Typical examples of polymer

catalyst in organic synthesis
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have also been developed [3]. They are easily

separated from the reaction mixture after the

reaction is completed. The polymer catalysts

recovered from the reaction mixture are usually

reused for the next reaction.

Polymer Catalysts in Asymmetric
Synthesis

One of the most attractive applications of poly-

mer catalysts in organic reactions is the asym-

metric catalysis. Expensive chiral catalysts

should be recovered and reused in the chemical

process. Microenvironment constructed in chiral

polymer catalyst may influence the stereose-

lectivity of reaction. Typical examples of poly-

mer catalysts including chiral transition metals

and chiral organocatalysts are summarized in

this entry. A number of chiral polymer catalysts

are prepared by pendant-type immobilization of

chiral catalyst into the polymer side chain. For

example, aromatic rings of polystyrene can be

easily modified to attach chiral catalyst on its

side chain. Alternatively, main-chain chiral poly-

mers have been recently developed as chiral

polymer catalysts for asymmetric synthesis.

A chiral catalyst containing two functionalities

has been incorporated into the polymer main

chain during polymerization.

Polymer Catalysts Containing Chiral
Transition Metal Complexes

Various polymer-immobilized chiral catalysts for

enantioselective reactions have been developed

[1]. Transition metal-chiral ligand complexes are

one of the promising choices of the catalysts for

their immobilization into polymer [2]. Among

a variety of chiral transition metal catalysts, the

following examples show some advantages of

polymer catalysts.

Among the asymmetric hydrogenation cata-

lysts developed for ketone reduction, complexes

derived from chiral 1,2-diamines and RuCl2/

diphosphines provide one example of the most

efficient catalysts. Various polymer catalysts

containing the chiral Ru complex have been pre-

pared and used for the asymmetric hydrogena-

tion. Polystyrene (PSt)-immobilized chiral

1,2-diamine 7 and PEG-immobilized ones 8 are

effectively used as chiral polymeric ligand of Ru

catalyst [1].

Figure 2 demonstrates the polymer catalysts

and their use in enantioselective hydrogenation of

acetophenone 9. Chiral Ru complex prepared

from 7, XylBINAP ((S)-(-)-2,20-bis[di(3,5-xylyl)
phosphino]-1,10-binaphthyl), and RuCl2 shows

excellent catalytic activity in the asymmetric

hydrogenation of aromatic ketones. These polymer

catalysts can be recycled many times without any

loss of their catalytic activity. Another interesting

Polymer Catalysts,
Fig. 2 Asymmetric

hydrogenation of

acetophenone with

polymer-immobilized

chiral diamine-Ru complex
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application of polymeric catalyst containing chiral

1,2-diamine ligand is the asymmetric hydrogena-

tion under dynamic kinetic resolution (DKR)

condition. By using the polymer catalyst prepared

from polymer 11, (R)-BINAP, and RuCl2,

asymmetric hydrogenation of a-(N-benzoyl-
N-methylamino)propiophenone 12 through DKR

is performed to yield syn-b-amide alcohol 7 exclu-

sively with nearly perfect enantioselectivity

(Fig. 3) [4]. The polymer catalyst shows higher

stereoselectivity compared with the corresponding

low-molecular-weight catalyst in homogeneous

solution system. This example reveals that microen-

vironment created in the polymer network strongly

influence the stereoselective performance of the cat-

alyst. In polymer 11, hydroxyethyl methacrylate

unit and methacrylate cross-linkage provide

a suitable microenvironment for the catalyst moiety.

A noticeable method of asymmetric reduction

without hydrogen gas is asymmetric transfer

hydrogenation, which is a promising catalytic

method for the synthesis of chiral alcohols and

amines. One of the powerful asymmetric catalysts

for the enantioselective reduction of carbonyl and

imine compounds under the transfer hydrogena-

tion reaction condition is TsDPEN-transition

metal complexes (TsDPEN = p-toluenesulfonyl-

1,2-diphenylethylenediamine) developed by

Noyori and Ikariya [5]. Lemaire et al. reported

the first example of immobilization of

monosulfonylated 1,2-diphenylethylenediamine

into cross-linked polystyrene [6]. In the

enantioselective reduction of acetophenone,

Lemaire’s cross-linked polymer catalyst shows

lower catalytic activity with 84 % ee. The

corresponding original low-molecular-weight

catalyst in solution system gives 94 % ee. Much

improvement is realized when quaternary ammo-

nium sulfonate structure is introduced into cross-

linked polystyrene. The polymeric chiral ligand 17

is readily prepared by terpolymerization of 14, 15,

and 16 (Fig. 4).

The polymer catalyst containing quaternary

ammonium sulfonate gives the quantitative con-

version with 98 % ee in the reduction of

acetophenone [7]. This example shows that struc-

tural modification of support polymers is impor-

tant and sometimes gives higher catalytic activity

and stereoselectivity with the polymer catalyst.

Another interesting approach to the polymeric

catalyst is to use the microsphere as support poly-

mer. Since the microspheres possess relatively

large surface area, high catalyst loading is possible.

Polymer microspheres functionalized with chiral

TsDPEN ligand are prepared by precipitation

polymerization [8]. Monodisperse, cross-linked

poly(divinylbenzene) and poly(methacrylic acid-

co-ethylene glycol dimethacrylate) microspheres

Polymer Catalysts,
Fig. 3 Asymmetric

hydrogenation of a-amide

ketone under DKR

condition
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with (R,R)-TsDPEN moiety are successfully pre-

pared by precipitation polymerization. The site of

introduction of the (R,R)-TsDPEN moiety into

polymer microspheres is controllable by changing

the order of addition of the corresponding mono-

mers. Not only polystyrene but also other polymer

supports such as PEG [9], PE [10], and silica [11]

are used [12].

Polymer Catalysts Containing Chiral
Organocatalyst

Chiral organocatalyst is another important catalyst

in asymmetric synthesis [13, 14]. In comparison

with transition metal catalysts, organocatalysts are

usually less active and so a relatively large amount

of catalyst is required. In most cases, more than

10 mol % of the organocatalyst is needed to com-

plete the reaction. Some of them are amphiphilic

organic molecules such as quaternary ammonium

salts, phosphonium salts, and oligo ethylene

glycols. It is necessary to use amphiphilic

organocatalyst, especially when the organic

reactions proceed in aqueous phase. Since water

is the ultimate green solvent, the use of water as

a solvent or a reaction medium should always

be considered [15]. A drawback in the use of

these organocatalysts in aqueous system is

the separation of the amphiphilic catalyst from

the reaction mixture. The use of polymer

organocatalysts is capable of avoiding this

difficulty during the workup processes.

Various polymer organocatalysts have been

developed.

One of the typical applications of chiral qua-

ternary ammonium salts as organocatalysts is

asymmetric alkylation of glycine derivative 18

to give optically active amino acid 19 (Fig. 5).

Chiral quaternary ammonium salts 20 having C2

symmetry developed by Maruoka shows high

level of catalytic activity with almost perfect

enantioselectivity [16]. Another important chiral

organocatalyst is derived from cinchona alkaloid

21 [17, 18]. These chiral organocatalysts not only

are highly active and stereoselective in the asym-

metric alkylation reactions but also are useful

catalysts for other several types of asymmetric

transformations [19]. Therefore, the polymer cat-

alysts containing such catalyst structures have

attracted much attention in asymmetric reaction.

Polymer Catalysts,
Fig. 4 Asymmetric

transfer hydrogenation of

acetophenone in water

using polymer-

immobilized catalyst
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Many applications of cinchona alkaloid-based

organocatalysts have been attached onto polymer

to use as catalysts in asymmetric transformations.

However, most of them end up with lowered

enantioselectivity and reactivity mainly due to

the immobilization into insoluble cross-linked

polymers.

One successful example of the immobilization

of chiral quaternary ammonium salts into

cross-linked polymer is the use of ionic bond

[20]. Chiral quaternary ammonium sulfonate 22

is a typical example of the ionic bonded

immobilization. By using the ionic bonded

immobilization of chiral quaternary ammonium

salt, no extra chemical modification is

required to attach the catalyst into polymer

support. The polymer chiral organocatalyst

can be easily separated from the reaction mixture

and reused many times. The enantioselective

reaction readily takes place in the presence

of the polymer catalyst with higher enantios-

electivity compared with the corresponding

unsupported catalyst.

Since the ionic bond of quaternary ammonium

sulfonate is sufficiently stable to be used as cata-

lyst even in aqueous solution, a novel polymer

chiral organocatalyst has been developed. Ion

exchange reaction between disulfonate 23 and

bis(quaternary ammonium salt) 24 gives polymer

25 containing the ionic bonds in its main chain

(Fig. 6). This is the first example of the ionic

polymer synthesis. The hydrophilicity-

hydrophobicity balance of the ionic polymers

can be precisely controlled with the combination

of the monomers. The use of the ionic polymer of

well-controlled balance is sometimes critical to

be a highly active catalyst. The chiral ionic

polymers 25 have been efficiently used as

chiral organocatalysts in asymmetric reactions.

Chiral main-chain polymer organocatalyst 26

prepared from cinchona alkaloid shows

excellent performance in the asymmetric alkyl-

ation reaction as shown in Fig. 6. Since the chiral

ionic polymers are insoluble in both water and

organic solvents, they can be easily recovered

and reused.

A similar polymerization proceeds between

disulfonic acid and chiral bis(imidazolidinone)

[2]. Sulfonic acid reacts with secondary amine to

form the stable salt. The obtained chiral

polymers contain ionic bond on each repeating

unit. The ionically bonded chiral polymer 27 is

applicable to asymmetric Diels-Alder reaction of

28 and 29 to give the corresponding cyclic adduct

30 in high yield with high level of enantios-

electivity (Fig. 7).

Polymer Catalysts,
Fig. 5 Asymmetric

benzylation of glycine

derivative 18with polymer-

immobilized chiral

quaternary ammonium

catalyst
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Summary

Various polymer catalysts have been developed

and used in organic synthesis. Mainly due to the

facility of their recovery and recycle uses, insol-

uble polymer-immobilized catalysts have been

utilized. Recent significant progress in the chiral

polymer catalysts provides novel strategies in the

asymmetric synthesis. The chiral polymer cata-

lysts have not only the advantage of recycle use

but a great potential of higher performance in the

stereoselective reactions. Main-chain chiral poly-

mers give promising future applications in

enzyme-like reactions.

Related Entries

▶ Polymer Reagents

▶ Supramolecular Catalysis

Polymer Catalysts,
Fig. 6 Asymmetric

benzylation of glycine

derivative 18 with chiral

ionic polymer catalyst

Polymer Catalysts,
Fig. 7 Asymmetric Diels-

Alder reaction with chiral

ionic polymer 27
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Introduction

Polymer colloids cover very broad subjects, so

this entry focuses on the nonspherical particles,

which exhibit interesting and unique functionali-

ties of application due to their shape. Such parti-

cles can be utilized to synthesize materials with

unique crystal structures, light scattering proper-

ties, and external (e.g., shear field and electric

field) field-responsive materials. Thus, control

of particle shape is of practical importance for

industrial applications. In general, polymer parti-

cles prepared by heterogeneous polymerization as

typified by emulsion polymerization exhibit a

spherical shape as a result of the minimization of

the interfacial free energy. However, the prepara-

tion of nonspherical polymer particles has been

described in many reports on the preparation of

composite particles consisting of two kinds of

polymers by seeded emulsion polymerization [1].

Most of them were prepared by chance and are

reflected in their unique particle morphologies

formed during the polymerizations, which are

determined by the competition between thermo-

dynamic and kinetic factors. For example, high

viscosity inside the particles during seeded poly-

merization prevents the particles from attaining

their thermodynamic equilibrium morphology,

and consequently nonspherical particles with

nonequilibrium morphology dominated by

kinetic factors are obtained. Therefore, because

the formation of nonspherical particles based on

the kinetic control is strongly dependent of
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polymerization conditions, the formation mecha-

nisms are complex. The particle shapes

(morphologies) are not only isotropic but also

anisotropic.

On the other hand, several other approaches

for the preparation of nonspherical particles have

also been developed: microfluidic technique [2],

deformation of spherical polymer particles by

external force [3], the self-organized precipita-

tion method [4], and release of a common good

solvent from thermodynamically stable

nonspherical polymer/solvent droplets [5].

Recent works on the preparation of

micrometer-sized, unique nonspherical polymer

particles mainly by seeded dispersion polymeri-

zation will be described as follows:

1. Golf ball-like particles [6]: Micrometer-sized,

monodisperse “golf ball-like” compote poly-

mer particles were prepared by seeded disper-

sion polymerization of n-butyl methacrylate

(n-BMA) with PS/styrene-co-sodium styrene

sulfonate (P(S-NaSS)) core-shell seed parti-

cles in the presence of dodecane droplets in

a methanol/water (80/20, w/w) medium,

followed by evaporation of the dodecane

(Fig. 1). The dimples at the surface formed by

the volume reduction of poly(n-BMA)/

dodecane domains were deep when P(S-NaSS)

shell was thick, whereas when it was thin, the

prepared particles had polyhedral shape.

2. Snowman-like particles [7]: Micrometer-

sized, snowman-like particles were prepared

by evaporation of toluene from PS/PMMA/

toluene droplets dispersed in an aqueous

solution of polyoxyethylene nonylphenyl ether

(Emulgen 911) nonionic surfactant (0.33 wt%).

Polymer Colloids with Focus on Nonspherical
Particles, Fig. 1 Golf ball-like PMMA/PS (2/1, w/w)

composite particles prepared by seeded dispersion poly-

merization of styrene in a methanol/water (8/2, w/w)

medium in the presence of decalin droplets

Polymer Colloids with
Focus on Nonspherical
Particles, Fig. 2 SEM

photograph (a) of
PS/PMMA (1/1, w/w)

composite particles

prepared by evaporation of

toluene from polymers/

toluene (1/12, w/w)

droplets dispersed in

3.3 g/L-water Emulgen

911 aqueous solution and

TEM photograph (b) of
ultrathin cross section of

RuO4-stained composite

particles
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In the intermediate of toluene evaporation,

where polymer concentration in droplets was

still low (0.12–0.24 wt%) and polymer mole-

cules can still move therein, the droplets

changed from spherical to snowman-like at

close to thermodynamic equilibrium. To our

knowledge, there are no previous reports

describing such unambiguous formation of

solvent-swollen nonspherical composite poly-

mer particles at thermodynamic equilibrium in

the absence of cross-linking (Figs. 2 and 3).

When seeded emulsion polymerization of sty-

rene with PS seed particles having cross-linked

structures were carried out, similar submicron-

sized, monodisperse snowman-like particles [8]

were prepared [9], where they are called dicolloids

and had anionic charges at one side of the

surface and positive charges at the other side at

an appropriate pH value. Similar snowman-like

particles were prepared by seeded emulsion poly-

merization of styrene with cross-linked PS seed

particles, of which surfaces had been previously

Polymer Colloids with Focus on Nonspherical
Particles, Fig. 3 Optical micrographs of PS/PMMA/tol-

uene droplets dispersed in 0.33 wt%Emulgen 911 aqueous

solution in an uncovered glass vial after different storage

times (h): (a) 0; (b) 4; (c) 6; (d) 8; (e) 9; (f) 13. Initial
weight ratio of the droplets: 1/1/24. Numbers in the figure

show the weight fraction of polymer (Wp) in the droplets

Polymer Colloids with Focus on Nonspherical
Particles, Fig. 4 SEM photograph of hemispherical PS

particles after rapid removal of HD with methanol

from PS/HD particles having Janus structure prepared

by slow evaporation of toluene from PS/HD/toluene

(1/1/29, v/v/v) droplets dispersed in 0.33 wt% aqueous

solution of Emulsion 931
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modified with a thin hydrophilic polymer

layer [10].

Seeded polymerization of styrene or various

methacrylic monomers with micron-sized, mono-

disperse, cross-linked PS seed particles gave

snowman-like particles with different size bal-

ances of the head and body [11], where adsorp-

tion/absorption state of the monomer controlled

the shape [12]. Kegel and coworkers reported that

the absorption time greatly affected the shape [8].

3. Hemispherical particles [5, 13]: Micrometer-

sized, monodisperse hemispherical and dimple

PS particles were prepared by heating spherical

PS particles at higher temperature than a glass

transition temperature of the PS particles

Polymer Colloids with Focus on Nonspherical Particles, Fig. 5 Schematic representation of the cleavage of Janus

PMMA/PS composite particles by contacting with an acetone/water medium, resulting in two hemispherical particles

Polymer Colloids with Focus on Nonspherical Particles, Fig. 6 Schematic representation of the preparation of

mushroom-like PMMA/P(S-BIEM)-g-PDM by site-selective surface initiated AGET ATRP
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Polymer Colloids with Focus on Nonspherical
Particles, Fig. 7 Optical micrograph and TEM photo-

graph of mushroom-like PMMA/P(S-BIEM)-g-PDM

particles and TEM photograph of ultrathin cross section

of the RuO4-stained particles

Polymer Colloids with Focus on Nonspherical
Particles, Fig. 8 (a, b) Photographs of 1-octanol/water
mixture after vigorous stirring in the presence of PMMA/P

(S-BIEM)-g-PDM particles and (a0, a00, b0) optical

micrographs of 1-octanol-in-water emulsion droplets sta-

bilized by the Janus particles at pH 7.2 at (a, a0, a00) 25 �C
and (b, b0) after rising to 60 �C. Both micrographs of (a00)
and (b0) were on the same visual field
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dispersed in a methanol/water medium in the

presence of decane droplets and subsequent

cooling down to the room temperature [5].

The optimum conditions for the formation of

the hemispherical and dimple particles includ-

ing temperature, stirring rate, and composition

of medium were demonstrated. Formation of

the hemispherical and dimple particles was

caused by absorption of decane into the PS

particles during the heating process, phase sep-

aration (Janus structure) of PS/decane particles

during the cooling process, and removal of the

decane phase by evaporation. The size of the

dimple depended on the amount of decane in

the PS particles (Figs. 4 and 5).

Based on the knowledge obtained in the above

experiment, hemispherical PS particles were

prepared by slow evaporation of toluene (used

common good solvent) from homogeneous

PS/hexadecane (HD)/toluene droplets dispersed in

surfactant aqueous solutions at room temperature,

followed by the rapid removal of HD from PS/HD

particles with Janus structure [13c].

Similar micrometer-sized, hemispherical par-

ticles were prepared as a result of the cleavage of

Janus polymethyl methacrylate (PMMA)/PS

composite particles by dispersing into acetone/

water (9/1–10/0, v/v) media or a THF/water

(8/2 v/v) medium [13b]. The spherical composite

particles having the Janus structure were pre-

pared by the slow evaporation of toluene from

homogenous PMMA/PS toluene droplets dis-

persed in an aqueous medium in advance.

4. Mushroom-like particles [14]: Many

nonspherical polymer particles have been

formed by chance, but we successfully

prepared mushroom-like particles as

planned shown in a schematic representation

(Fig. 1) based on the concept of particle

design (Fig. 6). The first step is macrophase

Polymer Colloids with Focus on Nonspherical
Particles, Fig. 9 SEM photographs of PS particles after

the extraction of PEHMA and hydrocarbon with 1-butanol

from PS/PEHMA/hydrocarbon composite particles

prepared by seeded dispersion polymerizations in metha-

nol/water (80/20, w/w) medium in the presence of various

kinds of saturated hydrocarbon: (a) hexadecane; (b)
tetradecane; (c) dodecane; (e) octane; (f) hexane
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separation between PMMA and styrene-

2-(2-bromoisobutyryloxy)ethyl methacrylate)

copolymer (P(S-BIEM)) in toluene droplets

induced by evaporation of toluene as a com-

mon good solvent, resulting in spherical

PMMA/P(S-BIEM) Janus particles. Bromine

atom is a highly active initiator site for activa-

tor generated by electron transfer for atom

transfer radical polymerization (AGET

ATRP) of 2-(dimethylamino)ethyl methacry-

late (DM) at one side of the surface as the

second step. For the preparation of the Janus,

seed particles with almost the same interfacial

area between each polymer phase and the

aqueous medium were prepared using sodium

dodecyl sulfate as surfactant. Because poly

(DM) has lower critical solution temperature

in water at about 34 �C and pKa at 6.8, the

mushroom cap consisting of poly(DM) has

temperature- and pH-responsive properties.

Therefore, the mushroom-like PMMA/P

(S-BIEM) Janus particles work as particulate

surfactant for Pickering emulsion of 1-octanol-

in-water, where the stabilization or destabiliza-

tion could be controlled by changing the pH

values and temperature [14a] (Fig. 7).

5. Disclike and hamburger-like particles [15]:

Micrometer-sized, monodisperse “hamburger-

like” particles were obtained by seeded

dispersion polymerization of 2-ethylhexyl

methacrylate (EHMA) with PS seed particles

in the presence of decane in a methanol/water

medium and resulted in disclike particles by the

removal of poly(EHMA) and decane with

1-butanol. The hamburger-like morphology

was maintained at 60 �C (above Tg of the

particle) for at least 1 week in spite of less

thermodynamic stability than hemispherical

morphology [15b] (Figs. 8, 9, and 10).

Related Entries

▶Miniemulsion Polymerization

▶ Pickering Emulsion Polymerization

▶ Smart Materials
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Definition

Packaging is a concept in which the package, the

product and the environment interact to extend

the shelf-life, or to enhance the safety, while

maintaining the quality of the product.

Introduction

Worldwide annual plastic production is estimated

to surpass 300 million tons by 2015 [1]
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representing trillions of dollars in terms of global

economic returns. Petroleum resources are exten-

sively used in producing these polymers, which

leads to concerns in terms of both economic and

environmental sustainability. Basic packaging

materials, such as paper and paperboard, plastic,

glass, metal, and a combination of materials of

various chemical natures and physical structures,

are used to fulfill the functions and requirements

of packaged foods depending on their type. How-

ever, there has been an ever-increasing effort in

the development of different kinds of packaging

materials in order to enhance their effectiveness

in keeping the food quality with improved con-

venience for processing and final use. Among the

four basic packaging materials, petroleum-based

plastic materials have been widely used since the

middle of the twentieth century. It is mainly

because they are cheap and convenient to use

with good processing property, good aesthetic

quality, and excellent physicochemical proper-

ties. More than 40 % of the plastics are used for

packaging, and almost half of them are used for

food packaging in the form of films, sheets, bot-

tles, cups, tubs, trays, etc. After their useful life, it

is desirable for the packaging materials to biode-

grade in a reasonable time period without causing

environmental problems. Though the synthetic

plastic packaging materials have been widely

used for the packaging of various types of food,

they caused a serious environmental problem

since they are not easily degraded in the environ-

ment after use. Not surprisingly, the environmen-

tal impact of packaging is frequently studied

within the literature. However, there are several

criteria which are to be fulfilled before applying it

in the packaging field.

Polymers Used for Packaging
Application

One of the major problems associated with

petroleum-based plastic products is safe waste

disposal. Even though they are very cheap and

easy to process, the problems are very high at

the stage of waste disposal. In this scenario,

biodegradable polymers gain its importance.

Biopolymer-based packaging materials obtained

from naturally derived renewable materials such

as polysaccharides, proteins, and lipids have

become the focus of worldwide attention in

recent years. Such biopolymers offer favorable

environmental advantages of recyclability

and reutilization compared to conventional

petroleum-based synthetic polymer. One of the

major fields in which these packaging applica-

tions of biodegradable polymers can be applied is

in food packaging industry [2]. The basic require-

ments for food packaging applications are shown

in Fig. 1.

Polyethylene (LDPE, HDPE, LLDPE, VLDPE)

Polyethylene is the most common plastic pro-

duced in the world. It comes in a wide variety of

physical properties. Polyethylene can be hard and

rigid or soft and pliable. In the packaging indus-

try, soft and pliable films are often used to pack-

age and store a large variety of products and even

waste. Polyethylene offers the lowest softening

point of the basic packaging plastics. The low

cost of polyethylene production has encouraged

producers to prefer its use over many other plas-

tics. The lower softening point results in lower

processing energy costs. There are three types of

polyethylene commonly used in the packaging

industry: high-density polyethylene (HDPE),

low-density polyethylene (LDPE), and linear

low-density polyethylene.

Gas barrier
(O2, CO2)

Vapour
barrier

Aroma
barrier

Thermal
properties

Optical
properties

Mechanical
properties

Environmentally-friendly

Antimicrobial
function

Food
packaging
materials

Polymer Films for Packaging, Fig. 1 General proper-

ties required for food packaging materials
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Polypropylene

Polypropylene is a clear glossy film with a high

strength and puncture resistance. It has a moder-

ate barrier to moisture, gases, and odors, which is

not affected by changes in humidity. It is used in

similar applications to LDPE. Oriented polypro-

pylene is a clear glossy film with good optical

properties and a high tensile strength and punc-

ture resistance [3]. It has moderate permeability

to gases and odors and a higher barrier to water

vapor, which is not affected by changes in humid-

ity. It is widely used to pack biscuits, snack foods,

and dried foods.

PET

Poly(ethylene terephthalate) (PET) is one of the

polymersmost widely used in the packaging indus-

try. However, it is highly desirable to enhance its

barrier properties for applications, such as carbon-

ated drinks and other rigid and flexible packaging

applications. The nanocomposite route offers

unique possibilities to enhance the properties of

this material, provided that adequate thermally

resistant and legislation-complying nanoadditives

are used [4].

PLA

Several studies on poly lactic acid (PLA)-based

packaging have shown that they could replace

some of the conventional packaging for a number

of food products. PLA may have packaging

applications for a broader array of products [5]

as modern and emerging production technologies

lower its production costs. The production of

PLA presents numerous advantages: (1) it can

be obtained from a renewable agricultural source;

(2) its production consumes quantities of

carbon dioxide; (3) it provides significant energy

savings; (4) it is recyclable and compostable;

(5) it can help improve farm economies;

and (6) the physical and mechanical properties

can be manipulated through the polymer

architecture.

Starch

Starch is a widely available and easy biodegrad-

able natural resource. To produce a plastic-like

starch-based film, high water content or

plasticizers (glycerol, sorbitol) are necessary.

These plasticized materials (application of thermal

and mechanical energy) are called thermoplastic

starch (TPS). Starch-based thermoplastic materials

(e.g., blends of TPS with synthetic/biodegradable

polymer components, like polycaprolactone,

polyethylene-vinyl alcohol, and polyvinyl alcohol)

have been successfully applied on the industrial

level for foaming, film blowing, injectionmolding,

blow molding, and extrusion applications.

Cellulosic Polymers

Different studies on cellulose-based films showed

that they could be an alternative for packaging

several food products. Popa and co-workers

conducted different studies on cellulose-based

films and showed that they could be an alternative

for packaging several food products and stated that

paper and board, based on cellulose, are the most

widely used renewable packaging materials

nowadays [6].

Polymer Nanocomposites for Packaging

Nanocomposites exhibit increased barrier prop-

erties, increased mechanical strength, and

improved heat resistance compared to their neat

polymers and conventional composites [7]. Incor-

porating nanofillers into polymer matrices will

reduce the existing problems associated with

polymers. Recently, several research groups

started the preparation and characterization

of various kinds of biodegradable polymer

nanocomposites, i.e., bio-nanocomposites, show-

ing properties suitable for a wide range of appli-

cations. Biodegradable natural and synthetic

polymers have been filled with layered silicate

in order to enhance their desirable properties

while retaining their biodegradability in a com-

paratively economic way.

Nanofillers Used

Clay Nanoparticles

Layered silicates also known as nanoclays are

most commonly utilized nanofillers in the synthe-

sis of polymer-layered silicate nanocomposites.

Among these layered silicates, phyllosilicates (2:1)
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are extensively used in preparing clay-based

nanocomposites. The crystal arrangement in the

silicate layers is made up of two tetrahedrally

coordinated atoms amalgamated to edge-shared

octahedral sheets. The dispersibility of layered

silicates into individual layers is governed by its

own ability for surface modification via ion

exchange reactions that can replace interlayer

inorganic ions with organic cations. Renewable

polyesters are mostly organophilic compounds,

while the pristine silicate layers are miscible only

with hydrophilic polymers. The silicate layers can

be made miscible with hydrophobic polymer by

introducing/exchanging interlayer cation galleries

(Na+, Ca2+, etc.) of layered silicates with organic

compounds [8].

Cellulose

The properties of the cellulose-based

nanocomposites depend on the dimensions and

consequent aspect ratios as well as mechanical

and percolation effects. Researchers have been

indicated that the tensile properties and transpar-

ency of the nanocomposites increase with the

aspect ratio of the cellulose nanoparticles. How-

ever, Jiang et al. [9] showed that filler orientation

and distribution play an important role in

realizing the mean aspect ratio. Hence, the actual

mechanical properties of the filled systems can

differ by large extent when fillers do not follow a

symmetric distribution and that those follow.

Basically two types of nanoreinforcements can

be obtained from cellulose – microfibrils and

whiskers.

Carbon Nanotubes

In polymer nanocomposites, they have been uti-

lized as high-performance functional fillers,

which not only improved thermal/mechanical

performance but also provided additional func-

tionalities such as fire retardant, moisture resis-

tance, electromagnetic shielding, and barrier

performances. The field of polymer

nanocomposites with carbon nanomaterial has

been highly diversified; carbon nanotube

(CNT)-based polymer composites have been

widely explored in many aspects as described

elsewhere [10].

Silica (SiO2)

Silica nanoparticles (nSiO2) have been reported

to improve mechanical and/or barrier properties

of several polymer matrices. Wu and co-workers

observed that the addition of nSiO2 into a poly-

propylene (PP) matrix improved tensile proper-

ties of the material – not only strength and

modulus but also elongation.

Starch Nanocrystals

Kristo and et al. reported that the addition of starch

nanocrystals (SNC) improved tensile strength and

modulus of pullulan films, but decreased their

elongation. The glass transition temperature (Tg)

values shifted to higher temperatures with increas-

ing SNC content, which was attributed to a

restricted mobility of pullulan chains due to the

formation of strong interactions between SNC as

well as between filler and matrix [11].

Preparation

Polymer nanocomposites can be prepared by

solution mixing, melt processing, and layer-by-

layer (LbL) assembly.

Solution Mixing

Solution mixing is one of the most commonly

used techniques for preparing nanofiller-

reinforced polymer matrix composites. Solution

mixing generally involves three major steps: dis-

persing filler in a suitable solvent, mixing with a

polymer solution, and recovering the composite

by precipitating or casting a film.

Melt Processing

Melt blending is a convenient method to produce

CNT-based nanocomposites owing to its cost-

effectiveness, fast production, and environmental

benefits, being a solvent-free process. Melt

blending uses high temperature and high shear

forces to disperse nanofillers in a thermoplastic

polymer matrix, using conventional equipment

for industrial polymer processing.

Layer-by-Layer (LbL) Assembly

Involving Clays

Layer-by-layer (LbL) self-assembly is a

method by which a multilayer coating/film of
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nanometer-thick layers can be made by sequen-

tial adsorption of oppositely charged polyelectro-

lytes on a solid support.

Characterization

Polymer nanocomposites exhibit markedly

improved packaging properties due to the

nanometer-size dispersion of nanofillers in the

polymer matrix. These improvements include

increased barrier properties, increased mechani-

cal properties, and improved heat resistance.

Mechanical Properties

Formation of nanocomposite with nanoclays

has shown pronounced improvement in the

mechanical properties with several polymers

such as polyethylene, polypropylene, nylon 6,

poly(Ɛ-caprolactone), polyethylene terephthalate,
etc., even with low filler loading. The improve-

ment in the mechanical properties by the use of

clay was first reported by Toyota Research

Center [12]. When nanoclay was reinforced

with nylon, it was found that the mechanical

properties such as tensile strength, tensile modu-

lus, and impact strength of the composite

enhanced profoundly. The study on mechanical

properties of polymer/clay nanocomposites

revealed that the properties are dependent on filler

content.

Barrier Properties

Polymer nanocomposites show excellent barrier

properties against gases such as O2, CO2, etc.,

and water vapor. Generally, barrier properties

obtained when nanofillers are dispersed within a

polymer matrix are dependent on the free volume

in material, the polymer chain segment mobility,

and the size of diffusing molecules as well as on

the dispersion level, the orientation, the amount

of dispersed nanoparticles, the interfacial com-

patibility between nanocomposite elements, the

presence of additional additives, etc.

The existence of clay nanoparticles in polymer

nanocomposites increases the tortuosity of the

diffusive path for a penetrant molecule (Fig. 2),

thereby increasing the effective path length for

diffusion and providing excellent barrier

properties [13].

Biodegradation/Antimicrobial Properties

Biodegradability of bio-nanocomposites is one

of the most interesting issues in the bio-

nanocomposite materials. Biopolymers are widely

used as matrix material in the field of packaging

industry because of their biodegradability. It is

expected that the biodegradability of the resulting

nanocomposites should not be sacrificed after the

formation of nanocomposites. Formost biodegrad-

able polymers, some of their physical properties

need to be improved in order to fight with

petroleum-based materials. The incorporation of

antimicrobial compounds like silver nanoparticles

[14] into food packaging materials has received

considerable attention. Films with antimicrobial

activity could help control the growth of patho-

genic and spoilage microorganisms. An antimicro-

bial nanocomposite film is particularly desirable

due to its acceptable structural integrity and barrier

properties imparted by the nanocomposite matrix

and the antimicrobial properties contributed by the

natural antimicrobial agents impregnated within.

In order to fully exploit the properties of silver

nanoparticles, they should be well dispersed on

the surface of the polymer matrix without the

formation of aggregates, which otherwise dra-

matically reduce the antimicrobial effect of sil-

ver. Moura et al. [15] developed cellulose-based

bactericidal nanocomposites containing silver

nanoparticles and studied the antibacterial activ-

ity by disk diffusion method. Different sizes of

Clay

Permeant

Polymer Films for Packaging, Fig. 2 The existence of

clay nanoparticles in polymer nanocomposites
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nanoparticles were investigated to optimize the

performance of the composites.

Applications

Nowadays, polymeric nanocomposite materials

are widely used as packaging materials in food

packaging, in electronic packaging, and in indus-

trial packaging. Specific examples include pack-

aging for processed meat, cheese, cereals, and

dairy products, printer cartridge seals and medi-

cal container seals for blood collection tubes, and

stoppers for medical containers and blood bags,

baby pacifiers, and drinking water bottles.

The major use of polymer nanocomposites is in

the field of food packaging. The use of protective

coatings and suitable packaging by the food indus-

try has become a topic of great interest because of

their potentiality for increasing the shelf life of

many food products [16, 17]. By means of the

correct selection of materials and packaging tech-

nologies, it is possible to keep the product quality

and freshness during the time required for its com-

mercialization and consumption.

Currently, clay particles at the nanoscale are

the most common commercial application of

nanoparticles. The industrial applications of

nanoclay in multilayer film packaging include

beer bottles, carbonated drinks, and thermoformed

containers. Nanoclays embedded in plastic bottles

and nylon food films stiffen packaging and reduce

gas permeability, keeping oxygen-sensitive foods

fresher and extending shelf life. Bayer polymers

have created a low-cost nanoclay composite inte-

rior coating for paperboard cartons to keep juice

fresher.

Recycling of Plastic Packaging Materials

Presently, packaging materials have brought seri-

ous ecological problems while making consider-

able contributions to economic development.

Plastics are the main packaging material, and

the pollution caused by these materials after

their use cannot be discarded [18]. This type of

pollution is termed as “white pollution.”

Recycling provides opportunities to reduce oil

usage, carbon dioxide emissions, and the quanti-

ties of waste requiring disposal. This can be made

into practice by mechanical recycling, by chem-

ical recycling, and by organic recycling.

Mechanical recycling is a method by which

waste materials are recycled into “new”

(secondary) raw materials without changing the

basic structure of the material in which the orig-

inal polymer properties are being maintained or

reconstituted. It is a well-established technology

for the material recovery of conventional plastics

(e.g., PP, poly ethylene (PE), PET, and PS). Its

main advantage is that part of the resources con-

sumed for the production of the plastic materials

is not wasted, but preserved for a use in the same,

similar, or different application. This technology

of mechanical recycling is applicable to both

bio-based conventional plastics and to most

grades of biodegradable plastics.

Chemical recycling can be applied to mixed or

soiled waste and can be converted to gaseous fuel

or feedstock for chemical plant. Feedstock

recycling technologies satisfy the general princi-

ple of material recovery, but are more costly than

mechanical recycling. Gasification, hydrogena-

tion, and pyrolysis are some of the methods

used for chemical recycling.

Conclusion

Polymer nanocomposites as packaging materials

in food packaging, in electronic packaging, and

in industrial packaging have drawn attention in

scientific community due to their versatile prop-

erties. Recently the attention in the packaging

industry regarding the use of bioplastics has

been shifting from compostable/biodegradable

materials toward bio-based materials. Renewable

resource-based biopolymers such as starch, cel-

lulosic plastics, and corn-derived plastics such as

PLA and polyhydroxyalkanoates (PHAs) are

some of the most widely used biopolymers to

produce nanocomposites for use of packaging

applications. The incorporation of nanoparticles

into the polymer system improves the mechanical

and barrier properties of the materials. In addition
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to the improvement in the mechanical and

barrier properties, these nanostructures are

responsible for providing active or smart

properties to the packaging system such as anti-

microbial activity. Recycling of these packaging

materials also attained much interest because

packaging materials have brought serious ecolog-

ical problems.

References

1. Halden RU (2010) Plastics and health risks. Annu Rev

Public Health 31:179–194

2. Rhim J-W, Park H-M, Ha C-S (2013) Bio-

nanocomposites for food packaging applications.

Prog Polym Sci 38:1629–1652

3. Lei J, Yang L, Zhan Y, Wang Y, Ye T, Li Y, Deng H,

Li B (2014) Plasma treated polyethylene terephthal-

ate/polypropylene films assembled with chitosan and

various preservatives for antimicrobial food packag-

ing. Colloids Surf B Biointerfaces 114:60–66

4. Bowditch TG (1997) Penetration of Polyvinyl Chlo-

ride and Polypropylene Packaging Films by Ephestia

cautella (Lepidoptera: Pyralidae) and Plodia

interpunctella (Lepidoptera: Pyralidae) Larvae, and

Tribolium confusum (Coleoptera: Tenebrionidae).

J Econ Entomol 90(4):1028–1101, ISSN 0022-0493

5. Gruber PR, O’Brien M (2002) Polylactides.

“NatureWorksTMPLA”. In: Doi Y, Steinb€uchel
A (eds) Biopolymers. Polyesters III. Applications

and commercial products, 1st edn. Wiley-VCH,

Weinheim, pp 235–250

6. Almenar E, Samsudin H, Auras R, Harte B, RubinoM

(2008) Postharvest shelf life extension of blueberries

using a biodegradable package. Food Chem

110(1):120–127

7. Popa M, Belc N (2007) Packaging. Food Safety

1:68e87

8. Makino Y, Hirata T (1997) Modified atmosphere

packaging of fresh produce with a biodegradable lam-

inate of chitosan-cellulose and polycaprolactone.

Postharvest Biol Technol 10(3):247–254

9. Giannelis EP (1996) Polymer layered silicate

nanocomposites. Adv Mater 8:29–35

10. Moniruzzaman M, Winey KI (2006) Polymer

nanocomposites containing carbon nanotubes. Mac-

romolecules 39:5194–5205

11. Kristo E, Biliaderis CG (2007) Physical properties of

starch nanocrystal reinforced pullulan films.

Carbohydr Polym 68:146–158

12. Kunz DA et al (2013) Clay-based nanocomposite

coating for flexible optoelectronics applying commer-

cial polymers. ACS Nano 7(5):4275–4280

13. CabedoL,Gimenez E, Lagaron JM,Gavara R, Saura JJ

(2004) Development of EVOH–kaolinite

nanocomposites. Polymer 45(15):5233–5238

14. Fernández A, Soriano E, Hernández-Munoz P,

Gavara R (2010) Migration of antimicrobial silver

from composite of polylactide with silver zeolite.

J Food Sci 75(3):E186–E193

15. de Moura MR, Mattoso LHC, Zucolotto V (2012)

Development of cellulose-based bactericidal

nanocomposites containing silver nanoparticles and

their use as active food packaging. J Food Eng

109:520–524

16. Coles R, McDowell D, Kirwan MJ (2003) Food pack-

aging technology. Blackwell, Oxford

17. Kirwan MJ, Strawbridge JW (2003) Plastics in food

packaging. In: Coles R, McDowell D, Kirwan MJ

(eds) Food packaging technology. Blackwell, Oxford,

pp 174–240

18. Carvalho MT, Agante E, Durão F (2007) Recovery of

PET from packaging plastics mixtures by wet shaking

table. Waste Manage 27(12):1747–1754

Polymer Flocculants

Shinobu Kawaguchi and Shimpei Hasegawa
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Chemical Industries, Ltd., Kyoto, Japan

Synonyms

Clarifying reagent; Flocculants; Flocculating

polymers; Flocculating reagent; Polymeric

flocculant

Definition

Polymer flocculants are water-soluble polymers

which can form flocs from individual small par-

ticles in a suspension by adsorbing on particles

and causing destabilization through bridging or

charge neutralization.

Polymer flocculants are high molecular

weight polymers and have hydrogen-bonding

groups and/or ionic groups in the molecule.

Polymer flocculants promote the separation of

particles from water to clean water.
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Historical Background

Polymer flocculants have a collecting and precip-

itating function. Polymer flocculants tend to

be used in water purification, because

polymer flocculants can increase aggregates by

gathering components of fine turbidity which

cannot sink as it is in the wastewater and can

enhance solid–liquid separation from a

wastewater.

Natural polymer flocculants such as starch,

sodium alginate, and gelatin had been used

since the 1920s [1]. Aggregation performance of

natural polymer flocculants is not the best

because of their low molecular weight of several

tens of thousands. At present, natural polymer

flocculants have been replaced by synthetic poly-

mer flocculants in the various applications and

used only in applications such as food processing

and water supply [2].

Synthetic polymer flocculants are relatively

new compared to natural polymer counterparts.

It was the first example that American Cyanamid

Co. developed polyacrylamide industrially

and applied it as a polymer flocculant in 1952.

Synthetic polymer flocculants with higher

molecular weight than that of natural polymer

flocculants display a superior aggregation

performance. In the early days of developments

of synthetic polymer flocculants, nonionic- and

anionic-type polymer flocculants that are

capable of promoting separation of the

suspension in the wastewater were developed.

In the 1960s, the dehydration process of

sludge from sewage treatment was demanded

with the spread of sewerage. Consequently,

cationic-type polymer flocculants which are

quite effective in sludge dewatering were devel-

oped [3, 4]. However, as organic matter contents

in the sludge increased, cationic-type polymer

flocculants could not work effectively in sludge

dewatering. Amphoteric-type polymer floccu-

lants were also developed, which are highly

effective in such kinds of sludge dewatering

through the combination with inorganic

flocculants [5].

Nature of Flocculation

The terms of coagulation and flocculation are

often used to describe the whole process of aggre-

gation. Coagulation is the process linked with

destabilization interaction energy. Flocculation

generally relates to the transport phase in which

particles get in contact with each other as a result

of relative motion.

Flocculation can occur only if some conditions

are satisfied (type of polymer flocculants, additive

amounts, stirring speed, and pH). The main task is

to overcome the energy barrier. There are two

principal paths. In the first, destabilization is pro-

moted by reducing the energy barrier, which

provides conditions in which van der Waals or

other adhesive forces can dominate. Energy barrier

reductions can be induced by reducing the spatial

extent of the double-layer interaction energy or the

surface potential as a result of changes in the

surface chemistry. In the second, although a sig-

nificant energy barrier exists, its kinetic effects can

be avoided by mechanical bridging or by entrap-

ment within a precipitate. In a practical sense, a

combination of some destabilization mechanisms

may also work [6].

Principle of Flocculation by Polymer
Flocculants

Small amounts of polymer flocculants can

increase aggregates of particles in wastewater.

Two mechanisms of aggregation are known:

charge neutralization (bridging via electrostatic

patch interactions, electrostatic bridge based on

point charges) and cross-linking adsorption

(polymer bridging) [7].

In charge neutralization, two mechanisms have

been supposed. One is bridging via electrostatic

patch interaction model. Polymer flocculants hav-

ing charge density interact with oppositely charged

particles. The net residual charge of the polymer

patch on one particle surface can attach to the bare

part of an oppositely charged particle [8] (Fig. 1).

The other is electrostatic bridging based on a point-
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charge model. A small particle covered with poly-

mer flocculants combines opposite charged other

particles through electrostatic bridging [9] (Fig. 2).

In cross-linking adsorption, the mechanism

has been believed as described below. Polymer

flocculants adsorb on one particle in a suspension

and cross the distance over which repulsion

forces effectively adsorb onto another. Adsorp-

tion is generally formed by coulombic electro-

static reactions or van der Waals attraction and

hydrophobic bonding interactions. Where the

particle and polymer are of opposite charges,

adsorption by electrostatic attraction will reduce

the net charge on the particle and improve the

prospects of destabilization as a result of reduc-

tions in the energy barrier. Because of the high

molecular weight of polymer flocculants,

extended loops and tails can form and increase

the probability of attachment with other particles

(Fig. 3).

The rate of aggregate growth is a key factor for

flocculation. The aggregate growth rate depends

both on the interparticle collision frequency and

on whether collisions result in adhesion. If the

collisions are caused by Brownian motion,

the process is called perikinetic aggregation. In

the case where collisions are brought about by

bulk fluid motion, the term orthokinetic aggrega-

tion applies [10]. Perikinetic aggregation

applies to particles smaller than about 1 mm. For

larger particles, the orthokinetic process

dominates.

In the case of perikinetic aggregation, the sim-

ple scenario is the case of a same size collection

of particles at a concentration of n particles per

unit volume. When a collision occurs, aggrega-

tion connects to a reduction in the primary parti-

cle concentration. This is expressed by:

Polymer Flocculants, Fig. 1 Schematic view of adsorp-

tion of cationic polymer flocculants on a charged particle

Polymer Flocculants, Fig. 2 Electrostatic bridge on

point charges

Polymer Flocculants, Fig. 3 Bridging flocculation with

adsorbed polymer
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dn=dt ¼ �akPn2 (1)

kP ¼ 4kT= 3mð Þ (2)

In which a is the collision efficiency factor, kP is

rate constant, k is the Boltzmann constant, T is the

absolute temperature, and m is the dynamic vis-

cosity of the medium.

In the case of orthokinetic aggregation, the

relative particle motion which results in a flux of

particles toward another is determined by the local

velocity gradient or strain rate (e/n)1/2, in which e is
the rate of energy dissipation per unit mass and n is
the kinematic viscosity. In stirred reactors, this

factor is often represented by velocity gradient G,

although the former definition is more appropriate.

In the early stages of flocculation growth, particle

growth responds to G, this being in accord with the

kinetic behavior. At later stages, the particle

growth ceases with a limiting size whose magni-

tude depends on G, because aggregates are being

broken as fast as they form. Hence, the aggregation

rate can be explained by

dn=dt ¼ �ak
O
n2 þ kRn (3)

in which kR is breakage rate constant.

And ko is a rate constant specified by

ko ¼ 2=3ð ÞGd3 (4)

in which G is mean velocity gradient and d is

identical particle diameter [7].

Classification of Polymer Flocculants

Polymer flocculants are widely used in water

treatment, serving as a primary coagulant of

more often used as a means of enhancing the

floc strength of dewaterability. There are many

kinds of polymers which have various molecular

weight, charge type (nonionic, anionic, cationic,

or amphoteric), and charge density (Fig. 4).

Polyacrylamide is a representative of nonionic

polymer flocculants. Polyacrylamide can be eas-

ily synthesized as a high molecular weight poly-

mer and has amide groups featuring hydrogen

bonding which can effectively adsorb small par-

ticles in wastewater. Molecular weight is

between several million and ten and several mil-

lion. Because of their aggregation ability which is

not dependent on pH, their aggregation effects

are more efficient than anionic polymer floccu-

lants in acid and neutral pH.

Representative anionic polymer flocculants

are as follows: (1) partially hydrolyzed polyacryl-

amides, (2) copolymers of acrylamide and

acryl acid soda, (3) copolymers of acrylamide

and acrylamide-2-methyl-propan sulfonic soda

(AMPS), and (4) poly(sodium acrylate). In gen-

eral, anionic polymers with copolymer composi-

tion of 5–40mol% sodium acrylate or hydrolyzed

acrylamide with similar acid contents are mainly

used. Owing to their high molecular weight of

10–20 million, anionic polymer flocculants can

promote aggregation effectively at the amounts

of several ppm for wastewater. The aggregation

properties depend on pH, because the dissocia-

tion degree of anionic groups in the anionic poly-

mer changes according to pH. Anionic polymer

flocculants are usually used in neutral and basic

conditions.

Representative cationic polymer flocculants

include (1) copolymers of acrylamide and

acryloyloxyethyl trimethylammonium chloride,

(2) poly(methacryloxyethyl trimethylammonium

chloride), and (3) polyamidine. Their molecular

weight ranges from several million to less than

20 million. Cationic polymer flocculants are fully

quaternized with methyl chloride and therefore

positively charged over a wide pH range. They

can especially neutralize for negatively charged

particles in wastewater, and they can form aggre-

gates which can be dehydrated easily [11].

Other representative cationic water-soluble

polymers are as follows: polyethylenimine, poly

(diallyldimethylammonium chloride), poly-

amine, and condensation polymers composed of

epichlorohydrin and dimethyl amine or

dicyandiamide. Since their molecular weights

are usually lower than those of the cationic poly-

mer flocculants described above, these cationic

water-soluble polymers have only charge neutral-

ization abilities. They do not have aggregation

abilities and therefore are often called coagulant.
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Representative amphoteric polymer floccu-

lants are composed of methacryloxyethyl

trimethylammonium chloride, acryloyloxyethyl

trimethylammonium chloride, acrylamide, and

acrylic acid. Amphoteric polymer flocculants

have molecular weight of several million to less

than 20 million and have cationic parts and

anionic parts in the same polymer chain.
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Any charge-type (nonionic, anionic, cationic,

or amphoteric) synthetic polymer flocculants can

be synthesized by radical polymerization method

such as aqueous solution polymerization, emul-

sion polymerization, and reverse-phase suspen-

sion polymerization.

Natural polymer flocculants are typically

sodium alginate, modified chitosan, and modified

starch. Sodium alginate is used after alginic acid

from kelp, seaweed, laver etc. is reacted with

aqueous sodium hydroxide. Chitosan can be

obtained by deacetylation of chitin from shrimp

and crab. Starch is used as a water-soluble polymer

after the process of heating in water or alkali

treatment. Their molecular weight is several tens

of thousands. Flocculation performances of

natural polymer flocculants are not better than

synthetic polymer flocculants because of their

lower molecular weight than those of synthetic

polymer flocculants. Natural polymer flocculants

have attracted as a biodegradable polymer

flocculants [12].

Flocculation Ability of Polymer
Flocculants

Upon using a polymer flocculant, flocculation

ability is affected by various factors. Flocculation

ability is controlled by molecular weight, charge

type, and charge density of polymer flocculants.

Flocculation ability is affected by organic con-

tents, pH, pulp density, temperature, and shear on

the flocs. Flocculation ability is evaluated by

polymer dosage, aggregation particle size, and

so on [13–15].

Regarding polymer dosage, there is a suitable

range for the amount. In a suitable dosage region,

both adsorption and bridging act in a well-

balanced manner, and therefore polymer floccu-

lants can form flock. In contrast, flocculation does

not proceed smoothly when the added amount is

too small or excess. At the shortage of dosage, the

flocs become small. At the excess of dosage,

adsorption occurs in excess and bridging does

not occur enough, and consequently there are

dispersed states in the repulsion between

particles.

The effect of molecular weight is described

below. In the case of high molecular weight poly-

mer, large size flocs can be formed upon suitable

polymer dosage. However, excess amounts of

polymer dosage result in the small size of flocs

and the increase of nonadsorbed polymer. On the

other hand, in the case of lower molecular weight

polymer, the floc size cannot be controlled by

polymer dosage, although the floc size is small

and nonadsorbed polymer decreases.

Analytical Evaluation of Polymer
Flocculants

For the characterization of polymer flocculants,

evaluations of charge density and molecular

weight are important.

Charge density of polymer flocculants is eval-

uated as colloid equivalent value (meq/g).

Colloid equivalent value means mg equivalent

number of ionic groups contained in 1 g polymer

flocculants. In general, anionic groups take minus

values and cationic groups plus values. Colloid

equivalent value can be measured by titration

method.

Molecular weight of polymer flocculants is

generally evaluated by calculation based on cor-

relation equation between intrinsic viscosity and

molecular weight [16–18]. As a simple method,

intrinsic viscosities are often substituted to

Brookfield viscosity of polymer aqueous solution

(mPa � s). Recently, according to the develop-

ment of analytical apparatus, there is also an

attempt to measure molecular weight by small-

angle laser light-scattering analysis [19, 20]. For

the case of polyacrylamide, molecular weight can

be measured by GPC method in the molecular

weight region of several million.

Example of Using Polymer Flocculants

Polymer flocculants are mainly used for cases

such as clarification with sedimentation of waste-

water and dewatering of sludge.

Clarification with sedimentation of wastewa-

ter by using polymer flocculants is described as
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following. Colloidal particles in wastewater are

of various sizes. There is a lower limit to the

particle size that can be flocculated with polymer

flocculants alone, and therefore fine colloidal

particles cannot be flocculated (Fig. 5). In general,

wastewater treatments are executed by using

combinations of polymer flocculants and inor-

ganic coagulants. For inorganic coagulants, the

molecular weight is small and the charge density

is high, and therefore the effect of charge neutral-

ization of the colloidal particles is strong.

Although inorganic coagulants are suitable for

collecting fine colloidal particles in wastewater,

only small flocs can be obtained, and the sedi-

mentation time of small flocs is longer than the

time of large flocs. Addition of nonionic, anionic,

or amphoteric polymer flocculants which possess

high molecular weight and adsorption groups

such as amide and carboxyl groups, followed by

the addition of inorganic coagulants, can form

large and strong flocs grown from small

flocs through bridging. As a result, the use

of combinations of polymer flocculants and inor-

ganic coagulants can promote sedimentation.

A typical concrete treatment process is as follows:

(1) inorganic coagulants are added to wastewater

or sludge and stirred, (2) pH is controlled at

ca. eight, (3) polymer flocculants are added and

stirred, (4) colloidal particles become flocs and

precipitated, (5) precipitated flocs containing

large amounts of water are often dewatered and

the volume is reduced. Flocculating sedimentation

treatments are applied to purification of industrial

sewage and also wastewater containing less solu-

ble organic substances originating from mineral

collecting, civil engineering work, etc.

Dewatering of sludge by using polymer

flocculants is described as follows. In the case

of industrial sewage and sewage water containing

water-soluble organic substances, the purification

process except for the removal of colloidal parti-

cles is generally performed through activated

sludge treatment for the removal of soluble

organic substances (Fig. 6). Activated sludge

treatment is useful for the removal of organic

substances by the growth of microorganisms.

Large amounts of organic sludge are produced

by activated sludge treatment because microor-

ganisms and microorganism carcasses are

increased. These sludges are composed of water

and several % of solid contents, and so

dewatering treatment of sludge is significant to

reduce sludge volumes. Sludge cannot be

dewatered enough without flocculants because

solid contents of sludge bearing many anionic

groups such as carboxyl groups have negative

charges on their particle surfaces and are stably

dispersed. Cationic polymer flocculants can pro-

mote to flocculate aggregates and dewater

sludges. Cationic polymer flocculants bearing

Polymer Flocculants, Fig. 5 Particle size vs usage region of polymer flocculants
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cationic groups in polymer chains can neutralize

negative charges on the surface of colloidal par-

ticles in sludge and can bridge between particles

to form large and strong flocs for easily

dewatering. Sludge containing flocs is

dehydrated by sludge-dewatering equipment,

separated to solids called sludge cake, and finally

disposed by landfill, incineration, or compost.

The water content of sludge cake after

dewatering treatment is usually ca. 80 %, and

the volume of sludge can be reduced to 1/10 the

original volume of sludge. Polymer flocculants

which are capable of reducing water content of

sludge more than before are strongly requested in

the treatment of dewatering sludge because of

cost reduction. When cationic polymer floccu-

lants cannot dewater enough in consequence of

festering sludge, a combination of inorganic

coagulants and amphoteric polymer flocculants

is often applied. Although amphoteric polymer

flocculants bearing both cationic groups and

anionic groups in the same polymer chain

show weaker charge neutralization abilities than

cationic polymer flocculants do, amphoteric

polymer flocculants are expected to form ion

complexes with cationic and anionic groups to

display strong bridge effects at appropriate pH

states. Because of the above reasons, amphoteric

polymer flocculants are added to sludge after

inorganic coagulants are first added to sludge,

and charge neutralization is reached. As a result,

strong aggregates are formed and the water

content can be reduced.

Summary

Polymer flocculants are water-soluble high

molecular weight polymers and consist of various

nonionic, anionic, cationic, or amphoteric poly-

mers. Polymer flocculants can form effectively

aggregates from individual small particles in a

suspension by adsorbing on particles and causing

destabilization through bridging or charge

neutralization. Because of their unique ability

of aggregation, polymer flocculants have

been designed for application in the fields of

various water treatments. Polymer flocculants

are expected to play an important role as green

materials to resolve the environmental water

problems.
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Definition

A polymer laser is a laser that uses a polymer as

the gain medium. A polymer optical amplifier is
a device which amplifies an optical signal using

a polymer as the gain medium.

Introduction

Lasers play an important role in everyday life

such as in electronic devices, communication

networks, and spectroscopy tools. Optical ampli-

fiers increase the intensity of weak signals and are

used to compensate propagation and splitting

losses in optical communications. Most lasers

are made from inorganic semiconductors (e.g.,

GaAs), doped glasses (e.g., Nd:YAG), or gases

(e.g., argon) as the gain medium. However, lasers

can also be made from organic molecules such as

dyes and conjugated polymers. Organic laser

dyes have been used in solutions to achieve

laser action since the 1960s. There are two main

types of polymer lasers: those that incorporate

dyes into a polymer host matrix and those that

use a conjugated polymer as the gain medium.
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When dyes are doped in an inert polymer matrix,

they can be configured as a solid-state dye laser

with high gain and broadband emission. Emission

across the visible and near infrared is possible by

using the appropriate dye. The matrix can be

a number of different materials, but the most

commonly used are sol-gel and polymethyl meth-

acrylate (PMMA).

Conjugated polymers are a type of organic

semiconductor which have a structure of alternat-

ing single and double carbon bonds in the back-

bone. This chemical structure leads to novel

semiconducting optoelectronic properties com-

bined with some of the attractive properties of

polymers such as simple fabrication and flexibil-

ity. This distinctive combination of properties has

resulted in the successful development of opto-

electronic devices such as organic light-emitting

diodes (OLEDs), lasers, photovoltaic devices,

and transistors made from conjugated polymers.

Like laser dyes, they have strong visible emis-

sion, but they have the added benefit of exhibiting

low concentration quenching, which allows them

to have high fluorescence quantum yields (of up

to 90 %) even in undiluted films. Their strong

optical gain over a broad spectral range makes

them attractive for compact-visible lasers and

optical amplifiers.

Stimulated Emission

A laser consists of a gain medium in a resonator.

The gain medium amplifies light which propagates

backwards and forwards in the resonator and is

amplified each time it passes through the gain

medium. The amplification process is by stimu-

lated emission where photons of the same fre-

quency and direction as the stimulating photon

are emitted. This leads to coherent emission

in a beam with a narrow range of wavelengths.

An optical amplifier operates in a similar

way except that there is no resonator, so the light

is amplified in a single pass. The first dye laser was

demonstrated in solution by Lankard et al. in 1966

and in the solid state by Soffer and McFarland in

1967 [1]. The first conjugated polymer laser was

demonstrated decades later by Moses in a

solution of poly[2-methoxy-5-(20-ethylhexyloxy)-
p-phenylene vinylene] (MEH-PPV) in 1992 [2].

This was followed by Tessler et al. in 1996 with

lasing in a solid-state polymer film, configured as

a planar microcavity laser [3]. Currently all poly-

mer lasers and optical amplifiers are excited using

another light source – they are optically pumped.

Nearly all polymer lasers have required another

laser to power them, although the demonstration

of plastic lasers pumped by a light-emitting diode

is a significant step towards inexpensive miniature

polymer lasers [4].

Stimulated Emission in Polymers

Some of the main families of conjugated polymers

used for lasing are polyfluorenes, poly(phenylene

vinylenes), and polythiophenes. Examples are

shown in Fig. 1. Common dyes doped in

polymer matrices include rhodamines, perylenes,

pyromethanes, and coumarins. The p-p* transition
is responsible for the absorption of photons that

correspond to the energy gap between the highest

occupied molecular orbital (HOMO) and the low-

est unoccupied molecular orbital (LUMO) states.

Emission stems from excited states as shown in

Fig. 2 [5]. The absorption of light leads to a singlet

excited state often referred to as a singlet exciton

because it consists of a bound e-h pair. Electrons

from the ground state S0 are excited to higher

vibronic levels of the S1 electronic state, S1,n
forming singlets which have the same electronic

spin. From this point, the excitons go through fast

vibronic cooling to the S1,0 state. Emission occurs

from the S1,0 state to S0,vib followed by relaxation

to S0,0 after further cooling [5]. The materials have

broadband emission spectra.

While the molecular energy states of conju-

gated polymers share many features with dyes,

they exhibit less concentration quenching of

the luminescence [6–8]. This is because the

molecular structure in polymers is large and dis-

ordered and contains side chains resulting in less

aggregation at high concentrations and so giving

high photoluminescence (PL) efficiencies.

Polymer Lasers and Optical Amplifiers 1893

P



This contrasts with the situation in dyes and rare

earth ions, in which the efficiency drops signifi-

cantly at high concentrations [6].

For lasing to occur, first there has to be popu-
lation inversion. This occurs when the population

density of excited molecules in the upper energy

level (the S1,0 state) is higher than that in at least

one of the lower S0,n states. With population

inversion obtained, an incident photon whose

energy matches the gap between these singlet

states will be more likely to interact with the

larger excited state population to stimulate emis-

sion from S1 to S0 than be absorbed. In the stim-

ulated emission process, the emitted photon has

the same frequency, phase, and direction as the

incident photons. The light that passes through

the medium is amplified exponentially according

to the equation [3, 9]:

I ¼ I0exp g� að Þz

where I0 is the initial intensity, g is the gain

coefficient, a is the loss coefficient due to absorp-
tion and scattering, and z is the path length. The

gain coefficient is defined as [6, 7, 9]:

g ¼ sN

where N is the population density of the S1 state

and s is the stimulated emission cross section.

The gain has to be stronger than the losses in the

medium for the light to be amplified.

Optical amplification can be demonstrated

using a pump probe configuration or amplified
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Fig. 2 Schematic of energy levels of a dye molecule or

conjugated polymer. The absorption of light excites an

electron to form a vibrationally excited singlet state S1n.

Internal conversion through vibronic relaxation occurs to

S10. From there the singlet decays radiatively to

a vibrationally excited level of the ground state S0n and

finally undergoes vibronic relaxation to S00. This repre-

sents a four-level laser system
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spontaneous emission (ASE). A pump probe sys-

tem has two beams which overlap spatially. Gain

induced by the pump beam then amplifies the

probe beam. ASE measurements are conducted

by exciting the material and detecting the edge

emission with a spectrometer. The pump fluence

is gradually increased until spectral line narrowing

is visible, which is the signature of ASE.

Dye-Doped Polymer Waveguide and Fiber

Amplifiers

Solution dye amplifiers have been demonstrated

with gains of up to 40 dB in 1 cm cuvettes [6, 9].

For practical applications, a solid-state structure

is preferred and has been demonstrated in

the form of waveguide structures [11] and

fibers [12].

Solid-state dye-doped waveguide amplifiers

have demonstrated gains of 26 dBwith Rhodamine

6G mixed in PMMA. Fiber amplifiers have an

advantage of being easy to couplewith POF. Fibers

of up to 1 m in length have demonstrated high

gains of 33 and 25 dB using Rhodamine B [12]

and Rhodamine 6G [13] doped in PMMA. The

drive of using red emitters was to have emission

wavelengths that are compatible with the transmis-

sion window of polymer optical fibers (POF).

Conjugated Polymer Amplifiers

Stimulated emission in conjugated polymers can

be used to make optical amplifiers. Such ampli-

fiers have been demonstrated both in solution and

in thin-film waveguides. The first solution-based

amplifiers were successfully demonstrated using

OC1C10-PPV (a polymer closely related to

MEH-PPV) and F8BT (shown in Fig. 1b) using

a 1 cm quartz cuvette [6]. A gain of up to 40 dB

was obtained with a very broad bandwidth of

50 Thz.

Following the successful demonstration of

gain in solution, the conjugated polymer mate-

rials were investigated in a solid-state form as this

would give a more practical, solvent-free device

structure. The solid-state structures were a bigger

challenge than the solution-based amplifiers as

(1) the waveguides have to have high coupling

efficiency and (2) the conjugated polymer films

are amorphous making cleaving a problem as

they do not produce smooth clean edges required

for edge coupling.

To overcome some of these challenges, the

first solid-state-conjugated polymer amplifiers

used gratings to couple the light into and out of

the polymer. Solid-state amplifiers were started

as slab waveguides which have then progressed

to integrated amplifiers [11] discussed further in

this article. The first conjugated polymer film

used was a PPV derivative, MEH-PPV, which

was demonstrated to give a gain of 21 dB in

a 1 mm-length waveguide, as shown in Fig. 3

[14]. This was followed by various polyfluorene

materials F8BT, Red-F, and ADS233YE with

gains 18, 19, and 37 dB/mm [6, 11, 14]. This

means that a weak signal can be amplified

a hundred times or more by only 1 mm of mate-

rial. The gain per mm is shown in Fig. 4 and is an

order of magnitude higher than dye-doped ampli-

fiers and several magnitudes higher than rare

earth-doped amplifiers.

Polymer Lasers

To make a laser, one must combine an optical

amplifier with a resonator. Often the resonator is

a cavity. The resonator is an optical feedback

Polymer Lasers and Optical Amplifiers, Fig. 3 Gain

dependence on pump energy density for a solid-state

amplifier made from the conjugated polymer MEH-PPV.

The figure shows amplification of a 630 nm signal wave-

length for twowaveguide lengths (622 and 1,022 mm). The

inset shows variation of gain with signal energy for

a waveguide length of 822 mm and pump energy density

fixed at 2 mJ/cm2. The solid line is a fit to gain saturation in

a pulsed amplifier (Reprinted with permission [14])
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structure in which the light is made to travel back

and forth through the gain medium. For laser oscil-

lation to occur, the gain has to be higher than the

losses through each round trip (the laser threshold

condition). The resonant cavity defines the fre-

quency of light (within the gain spectrum of the

lasing material) for which there is constructive

feedback.

Resonators for Polymer Lasers

The simple processing of polymers has enabled a

wide range of resonators to be used in polymer

lasers. The simplest conventional laser resonator

consists of twomirrors placed on either end of the

gain medium with one mirror partially reflecting

to allow some of the light to escape as a laser

beam. Such resonators have been used for conju-

gated polymers in solutions and dye-doped fibers

[15]. For thin-film polymer lasers however,

a wider range of resonators have been used.

A brief description of the operating principles of

the most commonly used cavities is described

here. For detailed information on further resona-

tors, Samuel and Turnbull [10] and Chenais and

Forget [16] are recommended.

The three most common laser resonators are

distributed feedback lasers (DFB), microcavity

lasers, and microring resonators, the structures

of which are shown in Fig. 5. The most common

resonator is the DFB resonator which uses

a grating structure to reflect propagating modes

in a waveguide [17]. These gratings are usually
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Optical Amplifiers,
Fig. 4 Upper panel shows

gain demonstrated in solid-

state amplifiers using

semiconducting polymer

waveguides (open
symbols), dye-doped
polymer waveguides (half-
filled squares), fibers (solid
symbols), and rare earth-

doped polymer fibers

(crosses) as a function of

signal wavelength. The

lower panel shows the gain

obtained per 1 mm length

of the waveguide or fiber

used (Reprinted with

permission [6])
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embedded into the substrate onto which the poly-

mer film is spin coated. If the Bragg condition is

satisfied, light will be coupled between counter-

propagating waveguide modes, and an optical

Bloch resonance will be supported by the struc-

ture. The Bragg condition is given by

ml ¼ 2neffL

where l is the Bragg wavelength, L is the period

of the grating, neff is the effective refractive index

of the polymer waveguide, and m is the order of

the diffraction. For a given grating, there is only

a discrete set of wavelengths that will be

diffracted from that grating and constructively

interfere to produce the Bragg wave.

Second-order DFB lasers (m = 2) have been

widely used for polymer lasers. These provide

a surface emission of the laser light perpendicular

to the polymer film and hence avoid the need for

high-quality edge facets on the waveguide.

Two-dimensional DFB lasers (photonic crystal

lasers) have also been widely used for polymer

lasers, giving feedback in multiple directions in

the polymer film and improved control of the

surface-emitted laser beam.

An alternative to using a grating structure is

using end mirrors as with the microcavity resona-

tor. The first microcavity-conjugated polymer

laser was demonstrated by Tessler et al. in 1996

[3]. This consisted of a thin (100 nm thickness)

polymer film sandwiched between one dielectric

and one metal mirror. The design forms a linear

cavity with one mirror being highly reflective and

the second partially transmitting. The structure

supports resonantmodes for a discrete set of wave-

lengths, where the round-trip length of the cavity is

equal to an integer number of wavelengths [10].

Compared to microcavity and distributed feed-

back lasers, microring resonators have a very dif-

ferent configuration, using cylindrical resonators

which support whispering gallery modes propagat-

ing by total internal reflection (TIR) around the

ring [10]. They are often composed of a polymer

film deposited around a silica optical fiber or metal

wire. The resonator is made by dipping the core

into a polymer solution. An alternative processing

method is to deposit the polymer on the inner

surface of a microcapillary. The resulting emission

is not in a well-defined direction, but uniformly in

all directions perpendicular to the axis of the ring.

Electrical Pumping

The first organic lasers were optically excited by

tabletop high-powered pulsed laser systems. Such

configurations are bulky and expensive and are not

well suited to practical applications. An electri-

cally pumped laser system would be an attractive

alternative, combining light weight and low cost,

building on the great advances in organic LED

technology using conjugated polymers. However,

the demonstration of a polymer electrical injection

laser has proven to be a very challenging task.

There are several materials factors which have

blocked progress in this area. Firstly, the drift

mobilities in the conjugated polymers that exhibit

high photoluminescence efficiency are usually

very low, and so it is a challenge to achieve

a sufficiently high density of singlet states in the

gain medium under electrical injection. Under

electrical injection a large population of triplet

states is also formed. These may absorb in the

emission band of the singlet states and suppress

optical gain. There is also further substantial

absorption from the injected electrons and holes

which have not yet formed excitons.

Polymer Lasers and Optical Amplifiers,
Fig. 5 Schematic of the resonators used for conjugated

polymers lasers showing propagation directions of the

resonant laser field: (left) planar microcavity, (middle)
distributed feedback resonator, and (right) microring res-

onator (Reprinted with permission [10])
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An alternative approach, which avoids these

materials problems, is to use indirect electrical

pumping, in which the electrical injection and

population inversion are spatially separated.

This indirect approach has been achieved using

a distributed feedback polymer laser integrated

on the emitting surface of an inorganic (InGaN)

LED. Under a pulsed nanosecond drive in the

LED, Yang et al. observed the onset of laser

action in the polymer with a narrow line-width

laser emission as shown in Fig. 6 [4]. While the

polymer laser itself is still optically driven, this

approach allows for a low-cost and easily inte-

grated alternative to laser pump sources, achiev-

ing the main benefits anticipated of direct

electrical drive.

Applications of Polymer Lasers and
Amplifiers

Research and testing of these devices have been

driven by spectroscopy and proof of principle in

high-speed data communications networks. Their

broadband tunability and simple processing made

it possible to have a portable and single tunable

optical source for spectroscopy. Applications of

polymer lasers and amplifiers range from com-

munications to explosive sensing with new appli-

cations being continuously explored. The

research is at an early stage, but there is consid-

erable interest.

Switching of Laser and Amplifiers

For ultrafast optical data communications net-

works, integrated circuits, and signal processing,

an all-optical switch that is simple and cheap to

manufacture on any surface is desirable. Such

devices would be compatible with polymer opti-

cal fibers (POF) [15] which are a very promising

alternative to twisted copper cables. POFs are

a low-cost, light-weight, more flexible alterna-

tive, can be easily installed and spliced, and can

be connected on-site to use in harsh inner-city

environments in place of twisted copper cables

or silica fibers. Switching of the gain in a polymer

optical amplifier can be achieved by using an

optical switch pulse that is resonant to a higher

Polymer Lasers and Optical Amplifiers, Fig. 6 (a)
Light emission at 568 and 555 nm as a function of peak

drive current. Inset: Schematic diagram of the hybrid

InGaN semiconducting polymer laser. (b) Surface

emission spectra from the hybrid electrically pumped

polymer laser for different drive currents (Reprinted with

permission [4])
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excited state, Sn. The switch pulse is applied to

temporally and spatially overlap the signal pulse

that should be suppressed. The switch pulse fur-

ther excites the excitons in the S1 state to an upper

excited state as illustrated in Fig. 7. This results in

a reduced number of excitons to relax from the S1
to the S0 state, and therefore, the probe beam is no

longer amplified. This method allows to wave-

length convert the signal.

Switching of gain in a polymer amplifier was

demonstrated using a polyfluorene-conjugated

polymer with a switching rate of 500 GHz

[18]. This was applied to suppress amplification

of a single pulse in a sequence of amplified

pulses. The amplification of the pulse was

suppressed with 70 % efficiency, while the

remaining amplified pulses were not affected as

shown in Fig. 8. Switching of a laser was also

demonstrated using the polyfluorene materials

Red-F and F8BT [19, 20]. Laser wavelengths

were in the visible region and the switching

wavelength an IR pulse which corresponded to

the data transmission window. Figure 9 shows the

laser emission turned off.

Explosive Sensing

A promising emerging application for polymer

lasers is the sensing of explosives. Due to

Polymer Lasers and
Optical Amplifiers,
Fig. 7 Top: Principle of
switching. The energy level

diagram shows how the

input and switch pulses

affect the probe pulse.

(a) Amplification of probe

light. (b) The switch pulse
pushes excitons to a higher

excited state and the

resulting probe signal is not

amplified. Bottom:
Switching of a data stream

shown in a pulse sequence.

The output pulse sequence

of the amplifier ismodulated

by a highly intense switch

pulse (Reprinted with

permission [7])

Polymer Lasers and Optical Amplifiers,
Fig. 8 Amplification results for a spin-coated film of

a fluorene-based copolymer. (a) Unamplified pulse

sequence (open symbols) and amplified pulse sequence

(closed symbols). (b) Amplified pulse sequence when

switch pulse was applied (open symbols) and amplified

pulse sequence after the switch pulse was applied (solid
line) (Reprinted with permission [7])
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increased threats and security issues, there is

a need for highly sensitive detecting methods to

trace explosives. One approach to this problem is

to use luminescent polymer films and lasers as

sensors for nitro aromatic vapors.

Most explosives contain electron-deficient

compounds. In the presence of electron-rich-

conjugated polymers, an electron transfer occurs

from the LUMO of the conjugated polymer to the

LUMO of the explosive. The first polymer for

sensing explosives using fluorescence was dem-

onstrated in 1998 using the fluorescence of films

of phenyleneethynylene polymers with TNT

vapor. This has progressed onto the use of conju-

gated polymer lasers instead of fluorescence as it

improves the strength of the response which is

critical for detecting trace amounts within

extremely short times. The electron transfer pro-

cess reduces the population inversion for lasing

and suppresses the emission of the laser. The

laser emission can therefore be used as

a transducer to detect the presence of explosive

vapor [21, 22]. A demonstration of laser emission

suppression is shown in Fig. 10 [21] using the

organic materials PFO and polymer of intrinsic

microporosity (PIM-1).

Spectroscopy and Integrated Polymer Lasers

and Amplifiers

Polymer lasers are apt spectroscopic sources due

to their broadband tunability and size. Lemmer

et al. have demonstrated conjugated polymer

DFB lasers with up to 19 nm tunability with

sufficiently low lasing threshold that they could

be pumped with a laser diode instead of a high-

powered laser system [23, 24]. They have also

demonstrated using an organic DFB laser as an

excitation source for Raman spectroscopy. In this

case the material was a dye doped in a small

molecule organic semiconductor.

Their broadband tunability combined with the

fact that organic material can be deposited on any

material surface means they can be integrated

into a single multifunctional device that is com-

pact, portable, and CMOS compatible. A bulky

device would need careful alignment or coupled

Polymer Lasers and
Optical Amplifiers,
Fig. 9 Switching of laser

pulse at 692 nm. The

pumping and switching

wavelengths were 492 nm

and 1.28 mm. The pumping

and switching energies were

40 nJ and 2 mJ (Reprinted
with permission [7])

Polymer Lasers and Optical Amplifiers,
Fig. 10 PIM-1 laser emission dynamics during a 90 s

exposurewhen the laser is continuously excited at an energy

intensity of 346 mJ/cm2 (Reprinted with permission [21])
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into waveguides which introduce more losses to

the system. A lab-on-a-chip device would be

a reliable alternative. The polymer can be simply

added on to the chip at the final stage, once all

processing work such as evaporation and etching

are completed, thus having no adverse effect on

the polymer material properties. Lab-on-a-chip

systems using lasers or amplifiers have been dem-

onstrated using dye-doped polymers. Such

a device was demonstrated by Kristensen

et al. [25] using a first-order DFB laser compris-

ing of Rhodamine 6G doped in SU8 polymer. The

laser was optically excited and the output was

coupled into a curved polymer waveguide.

Conclusion

Polymer lasers and amplifiers are at an earlier

stage of development than their inorganic coun-

terparts. Nevertheless a range of important proof

of principle demonstrations has shown their

potential. There has been tremendous progress

in reducing the size of the pump source. Indirect

electrical pumping is a major advance, enabling

simple compact lasers to be made. These can be

expected in a range of applications of which

spectroscopy and explosive detection are most

advanced.
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Synonyms

Plastic optical fiber; POF

Definition

Polymer optical fiber (POF) is basically com-

posed of polymer core and cladding. The core

has a refractive index higher than that of the

cladding. When the incident light angle is larger

than the critical angle determined by Snell’s law,

the light is confined to the core and travels long

distance along the fiber.

Historical Background

The principle of light propagation through an

optical fiber is simply explained as follows [1].

An optical fiber generally consists of two coaxial

layers in cylindrical form. One is a core in the

central part of the fiber. The other is a cladding in

the peripheral part, which completely surrounds

the core. Although the cladding is not required for

light propagation in principle, the cladding plays

important roles in practical use, such as protec-

tion of the core surface from imperfections and

refractive index changes caused by physical con-

tact or absorbing contaminants, and enhancement

of the mechanical strength. The core has

a refractive index slightly higher than that of the

cladding. Therefore, when the incident angle of

the light input to the core is greater than the

critical angle determined by Snell’s law, the

input light is confined to the core region and

propagates for long distances through the fiber

because the light is repeatedly reflected back into

the core region due to the total internal reflection

at the interface between the core and cladding.

The propagation of light along the fiber can be

described in terms of electromagnetic waves

called modes, which are a pattern of electromag-

netic field distributions. The fiber can guide

a certain discrete number of modes that must

satisfy the electric and magnetic field boundary

conditions at the core-cladding interface

according to its material and structure, as well

as the light wavelength.

Optical fibers can be commonly classified into

two types: single-mode and multimode fibers [2].

As the names suggest, the single-mode fiber

(SMF) allows only one propagating mode,

while the multimode fiber (MMF) guides

a large number of modes. Both the SMF and

MMF are again divided into two classes: step

index (SI) and graded index (GI) fibers. More-

over, optical fibers can be categorized by

base materials: silica glass and polymer. Polymer

optical fibers (POFs) consist of a polymer

core and cladding. POFs are typically MMFs

because POFs can have great advantages

provided by the large core due to the high flexi-

bility inherent to polymers. Figure 1 conceptually

illustrates the refractive index profiles and ray

trajectories in an SI SMF and SI and GI MMFs.

Core sizes of typical optical fibers are shown in

Fig. 2.
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Silica-based SMFs are widely used in long-

haul communication systems such as undersea

networks because silica fibers have extremely

low attenuation due to the purified silica glass

and extremely high bandwidth due to the absence

of modal dispersion (described below) of SMFs

in principle [3]. Recently, in addition to use in

long-haul telecommunications, optical fibers

have been required for data communications in

local area networks (LANs) at homes, offices,

hospitals, vehicles, and airplanes. As optical sig-

nal processing and transmission speed have

increased with developments in information and

communication technologies, metal wiring has
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Polymer Optical Fiber, Fig. 1 Classification of optical fibers

Polymer Optical Fiber,
Fig. 2 Core sizes of

typical optical fibers
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become a bottleneck for high-speed data trans-

mission systems and large parallel processing

computer systems. This is because the electrical

wiring causes significant problems, including

electromagnetic interference, high signal reflec-

tion, high power consumption, and heat genera-

tion [4]. Thus, optical networking is expected

even in very short-reach networks. However,

connecting SMFs requires accurate alignment

using expensive and precise connectors because

of the extremely small core diameters, below

10 mm, almost 1/10 that of the human hair. The

connections of the SMFs lead to high installation

costs, especially in LANs, where a lot of connec-

tions are expected [5]. Therefore, MMFs have

been investigated to realize rough and cost-

effective connections because of their relatively

larger cores. Typical silica MMFs have core

diameters of 50 or 62.5 mm larger than the

SMFs. However, the core diameters of silica

MMFs cannot be enlarged enough for rough and

easy connection. Silica MMFs with larger core

diameters are easily broken because silica glass is

inherently brittle. In addition, silica MMFs were

suffered from critical problems such as modal

noise and unstable bandwidth performance.

POFs can have much larger core diameters,

from hundreds of micrometers to nearly 1 mm. SI

POFs with core diameters of almost 1 mm are

commercially available. The large core diameters

of SI POFs enable rough, easy, and cost-effective

connection, and SI POFs are expected to be trans-

mission media in LANs. However, as the

required data rate becomes higher and higher, SI

POFs cannot achieve reliable data transmission

because of the low bandwidths induced by large

modal dispersion. Modal dispersion can be

briefly explained as follows. As shown in Fig. 1,

different rays travel along their paths with differ-

ent lengths, where each distinct ray can be

thought of as a mode for simple interpretation.

The lights travel at the same velocity along their

optical paths because of the constant refractive

index throughout the core region in SI POF.

Consequently, even when the different modes

are launched at the same time, the same velocity

and different path lengths result in different prop-

agation speeds along the fiber, thus leading to

pulse spread in time. The pulse broadening

caused by modal dispersion seriously restricts

the transmission speed of SI POF because over-

laps of the broadened pulses induce intersymbol

interferences and disturb correct signal detec-

tions, increasing the bit error rate [6]. In contrast,

GI POFs have been investigated as transmission

media in high-speed and short-reach networks [7].

GI POFs have a cylindrically symmetric refrac-

tive index profile that gradually decreases from

the core axis to the core-cladding interface. The

modal dispersion can be dramatically reduced by

forming a near-parabolic refractive index profile

in the core region of MMF, which allows much

higher bandwidth (i.e., higher-speed data trans-

mission) [8]. The ray confined to near the core

axis, corresponding to a lower-order mode,

travels a shorter geometrical length at a slower

light velocity along the path because of the higher

refractive index. The sinusoidal ray passing

through near the core-cladding boundary, consid-

ered to be a higher-order mode, travels a longer

geometrical length at a faster velocity along the

path, particularly in the lower refractive index

region far from the core axis. As a result, the

output times from the fiber end of rays passing

through the shorter geometrical length at the

slower velocity and through the longer geometri-

cal length at the faster velocity can be almost the

same with the optimum refractive index profile.

Thus, GI POFs can realize stable and reliable

high-speed communication due to the high band-

width. Moreover, GI POFs can have much larger

core diameters due to the inherent flexibility of

polymers. GI POFs allow rough connection and

easy handling, which dramatically reduces the

installation costs of networks, particularly in

LANs [9]. Therefore, GI POFs are attracting

a great deal of attention in consumer use because

of their user-friendly characteristics.

Attenuation

Attenuation of fibers, or transmission loss, is the

primary determinant of the maximum transmis-

sion distance of some optical communication

systems without amplifiers or repeaters, as well
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as the maximum output power from the light

source and the minimum receiver sensitivity.

Attenuation is basically caused by absorption,

scattering, and radiation of optical power. Atten-

uation is defined as the ratio of input and output

powers and is expressed by linearly adding

the losses due to the individual components in

units of dB [10]. Optical power decreases expo-

nentially with distance as light travels along

a fiber. Therefore, attenuation is discussed for

a given fiber length and is typically described in

dB/km:

a ¼ � 10

L
log10

Pout

Pin

� �
, (1)

a ¼ aa þ as þ ar, (2)

where a is the total attenuation, Pin is the input

optical power into the fiber, Pout is the output

optical power from the fiber, L is the fiber length,

and aa, as, and ar are the losses caused by absorp-
tion, scattering, and radiation, respectively. The

extrinsic factors of fiber attenuation, such as con-

taminations, refractive index perturbations,

chemical impurities, structural imperfections,

and geometrical fluctuations, are not discussed

here because the extrinsic attenuation strongly

depends on the fabrication method. Thus, intrin-

sic absorption and scattering are explained in this

section.

Absorption Loss

In general, materials absorb light at wavelengths

corresponding to the resonance frequencies of the

molecules. Intrinsic absorption losses in optical

fibers primarily originate from electronic transi-

tions in the ultraviolet wavelength region and

molecular vibrations in the near-infrared (IR)

wavelength region.

Absorption due to electronic transitions

between the different energy levels within the

materials is known as electronic transition

absorption. This light absorption occurs when a

photon excites an electron to a higher energy

level. Electronic transition absorption peaks

typically appear in the ultraviolet wavelength

region. The optical loss caused by electronic

transition absorption aet obeys Urbach’s

empirical rule [11]:

aet ¼ Aexp
B

l

� �
, (3)

where l is the wavelength of the light and A and

B are inherent constants of the materials. These

parameters have been empirically determined in

poly(methyl methacrylate) (PMMA), polystyrene

(PS), and polycarbonate (PC), which are typical

polymers for POFs [12]. Figure 3 shows the calcu-

lated electronic transition absorption losses for

PMMA, PS, and PC. The electronic transition

absorption loss of PMMA is remarkably small in

Polymer Optical Fiber,
Fig. 3 Calculated

electronic transition

absorption losses of

PMMA, PS, and PC
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the visible wavelength region, and negligible in

POF applications, because the loss decreases expo-

nentially with increasing wavelength. In contrast,

PS and PC exhibit relatively large electronic tran-

sition absorption losses because of the transition

from p to p* in the benzene rings.

Absorption in the wavelengths from the visi-

ble to near-IR regions is primarily caused

by harmonics and the couplings of vibrations of

chemical bonds. Vibrational absorptions of

carbon-hydrogen (CH) bonds strongly affect the

transmission losses of POFs in this wavelength

region. The effect of vibrational absorptions of

CH bonds can be reduced by replacing the hydro-

gen with a heavier atom X. The molecular vibra-

tional absorption loss amv due to the overtone

vibration of the CX bonds, based on the Morse

potential and Lambert-Beer law, is described by

amv ¼ 3:2� 108
r
M

NCX ECX
v

ECH
1

� �
, (4)

where r is the density, M is the molecular weight

of themonomer,NCX is the number of CX bonds in

the monomer unit, v is the vibrational quantum

number, and Ev
CX/E1

CH denotes the energy ratio of

the v-th vibration of the CX bond to the fundamen-

tal vibration of the CH bond [13]. Figure 4 shows

the calculated absorption losses caused by the

overtones of molecular vibrations of various CX

bonds, where the typical physical constants of

PMMA were adopted, and these parameters were

assumed to be unaffected by substituting deute-

rium (D), fluorine (F), and chlorine (Cl) for the

hydrogen. The absorption intensities decrease by

one order when increasing the v value by one. In

addition, the fundamental vibration wavelengths

shift to much longer wavelengths when heavier

atoms are substituted for the hydrogen. Therefore,

the effect of the vibrational absorption can be

dramatically reduced and become negligible in

the visible and IR regions by replacing the hydro-

gen with heavier atoms.

Scattering Loss

Scattering losses arise from refractive index var-

iations caused by microscopic heterogeneous

structures, such as fluctuations in material density

or composition. Refractive index variations

smaller than the wavelength induce Rayleigh

Polymer Optical Fiber, Fig. 4 Calculated absorption losses due to overtones of molecular vibrations of CH, CD, CF,

and CCl bonds. Inset shows the magnified wavelength range of interest
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scattering. The optical power attenuation due to

Rayleigh scattering aRs is described by

aRs ¼ 10log eð Þ 8p
3

3l4
n8p2ekBTfbT , (5)

where n is the refractive index, pe is the

photoelastic coefficient, kB is the Boltzmann con-

stant, bT is the isothermal compressibility of the

material, and Tf is not the actual temperature of

the material but the fictive temperature at

which the density fluctuations are frozen. Scat-

tering intensity is inversely proportional to the

fourth power of the wavelength; hence, the

Rayleigh scattering loss can be roughly estimated

by [9]

aRs lð Þ ¼ aRs l0ð Þ l0
l

� �4

: (6)

Thus, the scattering loss decreases dramatically

with increasing wavelength. In addition, a lower

refractive index or lower isothermal compressibil-

ity of a material also lead to lower scattering loss.

The inevitable scattering loss has been experimen-

tally analyzed, based on thermal fluctuation theory

derived by Einstein [14], for PMMA, PS, and

PC. Figure 5 shows the scattering losses of

PMMA, PS, and PC calculated using Eq. 6. The

scattering losses of PS and PC are much higher

than that of PMMA because of the optical anisot-

ropy of the benzene rings. The intrinsic scattering

loss of PMMA has only a slight influence on the

total attenuation in the visible and near-IR wave-

length regions, although extrinsic scattering

strongly affects the transmission loss in practice.

Bandwidth

The bandwidth, or transmission capacity, of

a fiber determines the maximum transmission

data rate or the maximum transmission distance.

Most optical fiber communication systems adopt

pulse modulation. If an input pulse waveform can

be detected without distortion at the other end of

the fiber, except for the decrease in optical power,

the maximum link length is limited by the fiber

attenuation. However, in addition to the optical

power attenuation, the output pulse is generally

broader in time than the input pulse. This pulse

broadening restricts the bandwidth of the fiber.

The bandwidth is determined by the impulse

response as follows [10]. Optical fibers are usu-

ally considered to be quasilinear systems, and

thus the output pulse is described by

pout tð Þ ¼ h tð Þ � pin tð Þ: (7)

The output pulse pout(t) from the fiber can be

calculated in the time domain through the convo-

lution (denoted by *) of the input pulse pin(t) and

the impulse response function h(t) of the fiber.

The Fourier transformation of Eq. 7 provides

Polymer Optical Fiber,
Fig. 5 Calculated

scattering losses of PMMA,

PS, and PC
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a simple expression for the product in the fre-

quency domain:

Pout fð Þ ¼ H fð ÞPin fð Þ, (8)

where H(f) is the power transfer function of the

fiber at the baseband frequency f. The power

transfer function defines the bandwidth of the

optical fiber as the lowest frequency at which

H(f) is reduced to half the value of that at

DC. The power transfer function is easily deter-

mined from the Fourier transform of the experi-

mentally measured input and output pulses in the

time domain or from the measurement of the

output power from the fiber in the frequency

domain from DC to the bandwidth frequency.

A higher bandwidth means less pulse broadening

and enables higher-speed data transmission. The

bandwidth limitation also largely determines the

maximum link length for a given data rate in

some MMF systems. The pulse broadening, the-

oretically proportional to the fiber length, is pri-

marily caused by two mechanisms of dispersion

in POFs. One is intermodal dispersion; the other

is intramodal dispersion. The rms width of the

impulse response s is calculated as

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2inter þ s2intra

q
, (9)

where sinter and sintra are the rms widths of the

pulse broadening induced by intermodal and

intramodal dispersions, respectively. Another

type of dispersion, called polarization mode dis-

persion, arises from the anisotropies of the struc-

ture and material, which result in slightly

different propagation constants for the two

orthogonal polarization modes. The effect of

polarization mode dispersion usually can be

ignored in MMFs. Therefore, this section

explains the intermodal and intramodal disper-

sions and the bandwidths of POFs.

Intermodal Dispersion

Intermodal dispersion, or modal dispersion, can

be briefly explained as follows (see also section

“Historical Background”). When an optical pulse

is input into a MMF, the optical power of the

pulse is generally distributed to large number

of the fiber modes. Different modes travel at

different propagation speeds along the fiber;

thus, different modes launched at the same time

reach the output end of the fiber at different times.

Therefore, the input pulse is broadened in time as

it travels along the MMF.

This pulse-broadening effect, well known as

modal dispersion, is significantly observed in SI

MMF. The modal dispersion is generally

a dominant factor of the pulse broadening in

MMFs. However, the modal dispersion can be

dramatically reduced by forming a near-parabolic

graded refractive index profile in the core region of

MMF. The refractive index distribution strongly

affects the bandwidth of MMF. The optimization

of the refractive index profile in GI MMFs is an

important issue for reducing the modal dispersion.

A power-law index profile approximation is

a well-known method for analyzing the optimum

profile of GI MMFs [3]. In the power-law profile

approximation, the refractive index distribution of

a GI MMF is described by

n rð Þ ¼ n1 1� 2D r
a

� �g� 	1
2 for 0 � r � a

n2 for r > a

(
,

(10)

where n(r) is the refractive index as a function of
radial distance r from the core center, n1 and n2
are the refractive indices of the core center and

the cladding, respectively, and a is the core

radius. The profile exponent g determines the

shape of the refractive index profile, and D is

the relative index difference, given by

D ¼ n21 � n22
2n21

: (11)

Equation 10 includes the SI profile when

g = 1.

An optimum profile exponent gopt, which min-

imizes the modal dispersion and the difference in

delay of all the modes and maximizes the band-

width, is expressed as follows based on the anal-

ysis of Maxwell’s equations:
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gopt ¼ 2þ e� D
4þ eð Þ 3þ eð Þ

5þ 2e
, (12)

e ¼ � 2n1
N1

l
D
dD
dl

, N1 ¼ n1 � l
dn1
dl

: (13)

Equation 12, in the absence of the wavelength

dependence of the refractive index of a material,

becomes the simple expression

gopt ¼ 2� 12

5
D: (14)

High bandwidth can be typically achieved

when the profile exponent g is approximately

2.0. However, the refractive indices of materials

generally depend on the wavelength, which

induces profile dispersion.

Profile dispersion is caused by the wavelength

dependence of the refractive index [3]. The pro-

file dispersion p is given by

p ¼ l
D

dD
dl

: (15)

The gopt value depends on the relative index

difference D, which is a function of the refractive
indices of the core and the cladding. These refrac-

tive indices are determined by the wavelength

and the dopant characteristics. If the polymer

matrix and dopant have an identical wavelength

dependence of the refractive index, the gopt value

obeys Eq. 14. However, the wavelength depen-

dence of the refractive index of the dopant is

generally different from that of the polymer

matrix; hence, the shape of the refractive index

profile depends on the wavelength. Therefore,

even if the optimum refractive index profile is

provided at a particular wavelength, this refrac-

tive index profile is different from the optimum

profile at another wavelength. The profile disper-

sion also depends on the wavelength of the light

signal. The effect of the profile dispersion can be

compensated for by the refractive index profile by

taking it into account, which is easily explained

by Eqs. 12, 13, and 15. Thus, the gopt value is

shifted by the profile dispersion. Consequently,

the intermodal dispersion can be minimized by

the optimum refractive index profile by taking the

profile dispersion into account. Then, intramodal

dispersion becomes important for achieving high

bandwidth. Additionally, SMFs exhibit even

higher bandwidths than GI MMFs because the

modal dispersion does not exist in principle;

thus, intramodal dispersion seriously restricts

the bandwidth of SMF [3].

Intramodal Dispersion

Intramodal dispersion, or chromatic dispersion, is

the pulse widening caused by the finite spectral

width of the light source. Intramodal dispersion

comprises material and waveguide dispersions.

Material dispersion is induced by the wave-

length dependence of the refractive index of the

core material [10]. The group velocity of a given

mode depends on the wavelength, and the output

pulse is thus broadened in time, even when opti-

cal signals with different wavelengths travel

along the same path. This effect is generally

much smaller than the modal dispersion in

MMFs; however, it is no longer negligible when

the modal dispersion is sufficiently suppressed.

Waveguide dispersion arises from the wave-

length dependence of the optical power distribu-

tion of a mode between the core and cladding.

Light at shorter wavelengths is more completely

confined to the core region, while light at longer

wavelengths is more distributed in the cladding.

Light at longer wavelengths has a greater portion

in the cladding and thus travels at higher propa-

gation speed because the refractive index of the

cladding is lower than that of the core, i.e., the

effective refractive index is lower.

Low Attenuation and High-Bandwidth
Polymer Optical Fiber

The attenuations of the first reported SI and GI

POFs were greater than 1,000 dB/km. The various

analyses of the intrinsic factors of fiber attenuation

described above revealed the theoretical limit of

transmission loss and clarified that such high

attenuations were not strongly affected by the

intrinsic factors, but were mainly induced by the

extrinsic factors, e.g., contaminations and
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structural imperfections. There are various reports

of further reductions in attenuation by substituting

heavier atoms for the hydrogen [15]. Figure 6

shows the measured attenuation spectra of GI

POFs based on PMMA, perdeuterated PMMA

(PMMA-d8), and a perfluorinated polymer that is

commercially available with a trade name of

CYTOP. The remarkable reductions in the trans-

mission losses of GI POFs were experimentally

observed because of the substitution of the hydro-

gen. The CYTOP-based GI POF exhibited

extremely low attenuation because of the low

absorption loss due to the absence of the CH

bond and the low scattering loss resulting from

the low refractive index as mentioned above,

although the extrinsic factors were still not entirely

eliminated.

Large number of modes, typically more than

tens of thousands, can propagate in POFs because

of the large cores. Therefore, decreasing the

modal dispersion has been a key issue in POFs.

The measured output pulses from PMMA-based

50-m SI and 100-m GI POFs under overfilled

mode launch conditions are shown in Fig. 7. In

the SI POF, the output pulse was significantly

broadened compared with the input pulse, and

the bandwidth was seriously restricted. The GI

POF was proposed to improve the bandwidth

Polymer Optical Fiber,
Fig. 6 Measured

attenuation spectra of

PMMA-, PMMA-d8-, and

CYTOP-based GI POFs

Polymer Optical Fiber, Fig. 7 Measured output pulse waveforms through 50-m SI and 100-m GI POFs under

overfilled mode launch conditions
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limitation induced by the large modal dispersion

of the SI POF [7], and the refractive index profile

can be precisely controlled for optimization [12].

The bandwidth of the GI POF was dramatically

enhanced to be several GHz for 100 m by the

precise control of the refractive index profile.

This is the effect of the decrease in the modal

dispersion primarily caused by the GI profile.

Further bandwidth improvement has been

investigated using perfluorinated polymers [16].

Perfluorinated polymers have valuable character-

istics of low material dispersions as well as low

transmission losses. Figure 8 shows the material

dispersions of PMMA, CYTOP, and silica calcu-

lated from the wavelength dependences of their

refractive indices. CYTOP has a material disper-

sion much smaller than PMMA and even lower

than silica, particularly in the wavelength region

from the visible to near-IR, which means that

CYTOP-based GI POFs with an optimum refrac-

tive index profile can realize a higher bandwidth

than silica-based GIMMFs. The CYTOP-based GI

POFs demonstrated 40 Gb/s and higher data trans-

missions over 100 m [17]. The material dispersion

curve of CYTOP was insensitive to the wave-

length, compared with silica and PMMA. Thus,

the bandwidth of CYTOP-based GI POFs is also

expected to be insensitive to the wavelength.

The wavelength dependences of the band-

widths of 100-m PMMA and CYTOP-based GI

POFs and silica-based GI MMF were theoreti-

cally estimated from their material dispersions,

as shown in Fig. 9, where the refractive index

profiles of all the fibers were optimized at

a wavelength of 850 nm and the rms spectral

width of the light source was assumed to be

1.0 nm. The wavelength dependence of the opti-

mum profile was small in CYTOP-based GI

POFs, as mentioned above, because CYTOP has

low material and profile dispersions. Therefore,

the CYTOP-based GI POF can maintain high-

bandwidth characteristics over a wider wave-

length range compared with silica-based GI

MMFs. Consequently, CYTOP-based GI POFs

can utilize various light sources with larger vari-

eties of wavelengths, and hence more channels

are available in wavelength division multiplexing

(WDM) systems, which indicates that CYTOP-

based GI POFs can realize higher data rate com-

munication systems.

Applications

Demand for optical fiber communications

substituting for electrical wiring is rapidly

increasing not only in long-haul networks but

also in short-reach networks such as LANs and

even interconnections. A bit rate greater than tens

of Gb/s will be required in these networks. GI

POFs are attracting a great deal of attention for

intrabuilding and interconnection networks

because of their high bandwidth, low bending

loss, high flexibility, and large core, which allows

Polymer Optical Fiber,
Fig. 8 Material

dispersions of PMMA,

CYTOP, and silica
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easy handling and rough connections and thus

enables easy installation of a high-speed network

at a low cost. In addition to the inherent flexibil-

ity, there is no fear of GI POFs causing human

injury, even if the GI POF is broken and the fiber

end is exposed. Silica fibers are easily broken by

physical contact, and the broken pieces are dan-

gerous because most broken silica glasses have

sharp edges. This is a great advantage of GI POFs

for consumer use. The GI POF is also expected to

be used even in automotive or aircraft networks

because the GI POF has no electromagnetic inter-

ference problems in principle and because the GI

POF is lighter in weight than a metal cable, which

leads to higher energy efficiency.

More realistic video image and more real-

feeling face-to-face communication requires

higher resolution, more natural color, and higher

frame rates. Thus, higher and higher data rate

transmission will become essential technology in

the near future. A video transmission in the format

of 8-K ultrahigh definition (8-K UHD) typically

requires a data rate greater than 100 Gb/s, which

means that more than ten conventional copper

cables are required because the bandwidth of the

copper cable is severely limited. A bundle of many

copper cables induces significant problems in

practical use because of the thick, stiff, and heavy

cable and the space-consuming interface. In con-

trast, the high-bandwidth GI POF is thin, flexible,

and lightweight, and the interface can be quite

compact, even if several GI POFs are packed into

a bundle. Thus, the GI POF allows easy handling

and rough connections.

Another advantage of theGI POF is observed in

radio over fiber (RoF), analog signal transmission.

Analog signals cannot be transmitted correctly

through the silica MMF because of some types of

noise. Analog video signal has been transmitted

through the GI POF and silicaMMFwith the same

optical transceivers. The received video image

through the silica MMF was too noisy to be

watched and enjoyed. In contrast, the clear video

image was observed through the GI POF.

These characteristics are great advantages of

the GI POF for interconnection, mounting design,

and consumer use. Low-loss and high-bandwidth

GI POFs will accelerate a remarkable paradigm

shift in network architecture and home appliances.

Related Entries

▶Light Scattering of Polymer

▶Optical Absorption of Polymers
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Synonyms

Polymer-supported reagents; Solid-supported

reagents

Definition

Polymer reagents are those which possess reac-

tive organic groups either covalently or ionically

bonded to a macromolecular support and used in

stoichiometric quantities to induce the chemical

reaction of an added substrate.

What Is the Polymer Reagent?

In a polymer reagent, reactive organic groups

are either covalently or ionically bonded to a

macromolecular support and used in stoichiomet-

ric quantities to achieve the chemical reaction

of an added substrate (Fig. 1) [1–3]. The use of

polymer reagents as well as polymer catalysts can

generally combine the benefits of solid-phase

chemistry with the advantages of solution-phase

synthesis. The polymer catalyst is a conventional

catalytic species attached to a macromolecular

support as described in the previous

topic. Polymer catalysts are generally used in

catalytic quantities relative to reaction substrates

and can often be reused many times. On the other

hand, the polymer reagents have been employed

as stoichiometric reagents. After the chemical

reaction using the reactive groups in the polymer

reagents, resulting by-products remain attached

to the insoluble polymer and can be removed

by simple filtration instead of standard workup

techniques. Some of these can be regenerated for

repeated use.

Starting with the introduction of solid-phase

peptide synthesis byMerrifield in 1963, insoluble

supports such as low cross-linked polystyrene

have been implemented in a wide range of

synthetic methodologies. The use of polymer

supports in organic synthesis has become

common practice, especially following the rapid

development of combinatory chemistry. The

increasing demands in the drug discovery process

have led to a shift in attention away from solid-

supported organic chemistry toward liquid-phase

parallel synthesis.

Despite the well-known advantage of insolu-

ble supports, there are several shortcomings in

the use of these resins due to the heterogeneous
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nature of the reaction conditions. By replacing

insoluble supports with soluble polymers,

reagents and catalysts attached to the soluble

polymers can have essentially the same reactivity

as their low-molecular-weight counterparts.

However, product purification is still facilitated

through application of macromolecular proper-

ties. Therefore, the use of soluble polymer-

supported reagents and catalysts has gained

significant attention as an alternative to

traditional solid-phase synthesis [4].

History

Merrifield first reported the concept of solid-

phase peptide synthesis using heterogeneous

chloromethylated polystyrene that was 2 % cross-

linked by divinylbenzene (Merrifield resin) in

1963. Merrifield peptide synthesis is the most

highly developed method of synthesis with solid

supports. Every step of the synthesis is carried out

in the same polymer. The basic steps are as follows

(Fig. 2). Step (1) an N-protected amino acid is

attached as an ester to a cross-linked polystyrene

support. Step (2) the protecting group is removed.

Step (3) an N-protected, activated amino acid is

coupled to the amino group of the polymer-bound

amino acid. Steps 2 and 3 are repeated with differ-

ent amino acids to produce a desired peptide

sequence. Step (4) the completed peptide is

cleaved from the polymer, deprotected, and

purified.

The key features of the Merrifield method that

have led to its widespread use are as follows. At

each stage of the synthesis, the polymer-bound

peptide can be separated from all other compo-

nents of the reaction mixture by filtration. This

makes possible the use of a large excess of the

soluble N-protected amino acid to drive each

coupling step to high conversion. In addition,

the method can be automated.

Advantage and Disadvantage

Most of the advantage and disadvantage of the

polymer reagents are overlapped with those of

polymer catalysts. The polymer-bound species,

i.e., reagents, catalysts, products, or by-products,

can be separated from the reaction mixture. Mac-

roscopic solids and gels can usually be separated

from liquids by simple filtration. Soluble polymers

and colloids can be separated from low-molecular-

weight compounds by ultrafiltration. Polymer-

supported reagents are potentially adaptable to

continuous flow processes, and features reduced

toxicity and odor of supported species compared

with low-molecular-weight species and chemical

differences, such as prolonged activity or altered

selectivity of a reagent, in supported form com-

pared with its soluble analog. However, main dis-

advantages of supported reagents are (1) higher

cost, (2) lower reactivity due to diffusional limita-

tions, (3) greater difficulty of analysis of the struc-

ture of the supported species and of impurities,

(4) inability to separate polymer-bound impurities,

and (5) lesser stability of organic supports than of

inorganic supports.

Considerable effort has been devoted to the

modification of polymeric reagents to give

chemoselectivities different from those of soluble

reagents. These modifications often depend upon

the reduced mobility of polymer-bound species

compared with low-molecular-weight species.

The regenerability and efficiency of polymer

usage are most important with polymer-support

reagents. Among the easily regenerated reagents

are those based on ion exchange resins, which

require only a treatment with an excess of the

ionic reactant for regeneration. For example,

the phosphine oxide by-products of Wittig reac-

tions can be regenerated to phosphines as

described below.

Preparation

The supports that Merrifield utilized for his early

work in solid-phase peptide synthesis were based

on 2 % divinylbenzene cross-linked polystyrenes

which require solvent swelling for reagents to

Polymer Reagents, Fig. 1 Reaction of polymer

reagents
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access internal functional groups. Polystyrene

is still one of the most popular polymeric

materials used due to its inexpensiveness, ready

availability, mechanical robustness, chemical

inertness, and facial functionalization. The

polymer is most commonly prepared by copoly-

merization with reactive monomers such as

chloromethylstyrene or bromomethylstyrene,

thus ensuring an even site distribution of the

functionalized sites within the polymer matrix.

The resins of high quality are normally employed

and the desired functional groups introduced by

using polymer reactions.

To improve the performance of polymer sup-

ports, many strategies have been developed.

Macroporous ion exchange type resins based on

polystyrene are also widely used. Cross-linkers

other than divinylbenzene are possible to modu-

late the physical and chemical properties of the

resins. Other polymers such as polyisobutylenes,

polynorbornenes, poly(ethylene glycol)s, and

polysiloxanes are also available [3].

Polymer Reagents,
Fig. 2 Basic steps of

Merrifield peptide

synthesis
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Examples

Several examples of the most useful and common

polymer reagents in organic synthesis are briefly

introduced.

In spite of the widespread application of the

Wittig reaction to olefin synthesis, a principal

disadvantage of this reaction is the difficulty of

separating the main product from the by-product,

triphenylphosphine oxide. However, by use of

the insoluble polymeric phosphine reagent, the

by-product remains attached to the polymer

after the reaction and is readily separated

from the desired product (Fig. 3). Moreover, the

polymeric phosphine oxide by-product can be

readily recycled and reused in further Wittig

reactions.

Insoluble polymer-bound carbodiimide deriv-

atives have been prepared and used as condensing

agents in the synthesis of peptides. Polymeric

carbodiimides have the advantage that the

by-product, urea, remains attached to the polymer

and can be readily converted back into the poly-

meric carbodiimide.

Polymer redox reagents were one of the earli-

est examples of polymeric reagents, because of

the relative difficulty in the preparation of redox

reagents and in working up of reaction mixtures.

Important polymeric redox reagents are

hydroquinone-quinone, thiol-disulfide, pyridine-

dihydropyridine, polymeric dyes, and polymeric

metal complex system.

Several functional polymers have been

reported for use in the acylation and alkylation

of different substrates. For example, an insoluble

polymer containing the anhydride functional

group was used for the conversion of an amine

or alcohol to amide or ester. The insolubility of

the resin-bound reagent can have the effect of

isolating the reactive groups on the polymer

from each other. The reactive carbanion

derivative of a bound ester is first generated,

and self-condensation with unreacted ester is

inhibited by the rigid matrix. The production of

these stable monoanions then allows reaction

with acyl or alkyl halides to give selectively

monoacetylated or monoalkylated products.

Related Entries

▶Cross-Linked Polymer Synthesis

▶ Polymer Catalysts

▶ Polymeric Drugs

▶ Polystyrene (PSt)
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Synonyms

Amphiphilic polymer; Polymeric surfactant;

Polysoap

Definition

Polymers having a surface-active nature.

Introduction

“Surfactant” is a coinage from “surface-active

agent.” The surfactant molecule consists of a

small, hydrophilic head group and a long, hydro-

phobic tail, whose shape is often compared to a

tadpole. The head is ionic or nonionic, and in

most cases the tail consists of hydrocarbons.

A surfactant is adsorbed at the air/water interface

when dissolved in water, which results in

decrease of surface tension of the solution and

foam formation. This nature is surface activity.

Surfactants form micelles in solution above the

critical micelle concentration (cmc). “Polymer

surfactant” is a surfactant that consists of polymer

both for head and tail groups (Fig. 1). They might

be a block copolymer or graft copolymer. The

polymer surfactant also forms micelles in solu-

tion above cmc. The polymer surfactant generally

has a much lower cmc than the low-molecular

weight surfactant, and its micelle (polymer

micelle) is very stable. The polymer micelle is

mostly a multimolecular micelle with some

aggregation number like the surfactant, but a

unimolecular micelle is possible when the hydro-

philic part is long enough. The polymer micelle is

attracting keen attention as a carrier in the drug

delivery system because of its high stability, suit-

able size, and lower cmc. Since not only the

hydrophobic tail but also the hydrophilic “head

group” is a polymer, a conformational change of

the hydrophilic head chain sometimes drastically

changes the micelle morphology, which can be

applied to stimuli-responsible self-assembling

systems.

Historical Background

It was in 1936 that H. Staudinger established the

existence of “polymer” as a high-molecular

weight molecule that consists of small “mono-

mers” connected by covalent bonds. The first

report on polymeric micelle might be that

in 1964 by Krause [1]. They prepared a

triblock copolymer of poly(methylmethacrylate)

(PMMA) and polystyrene (PS), i.e., PMMA-

b-PS-b-PMMA, and measured “molecular

weight” by light scattering in various solvents.

They observed an anomalously high molecular

weight for acetone and triethylbenzene as a

Polymer Surfactant,
Fig. 1 Low-molecular

weight surfactant and

polymeric surfactant

Polymer Surfactant 1917

P



solvent, while normal molecular weight was

found in butanone and toluene. Butanone and

toluene are good solvents both for PMMA and

PS. Acetone is a good solvent for PMMA but not

for PS, and triethylbenzene is a good solvent for

PS but not for PMMA. This nature results in

micelle and revise-micelle formation, respec-

tively. Recently, di- and triblock copolymers

consisting of poly(ethylene oxide) (PEO) and

poly(propylene oxide) (PPO), i.e., PEO-PPO and

PEO-PPO-PEO, with various block lengths and

block ratios have become commercially available,

which has contributed to fundamental study and

industrial applications of polymer micelle systems

[2]. Very recently, in addition to the living ionic

polymerization technique, development of living

radical polymerization techniques, such as an

atom transfer radical polymerization (ATRP) [3],

nitroxyl radical-mediated polymerization (NMP)

[4], and reversible addition fragmentation chain

transfer (RAFT) [5] polymerization techniques,

is utilized to prepare novel amphiphilic block

copolymers with various combinations of hydro-

philic and hydrophobic blocks with strictly con-

trolled molecular weight and distribution.

Examples and Applications

The cmc of surfactants is often estimated by sur-

face tension of the solution. The surface tension

decreases with increasing surfactant concentration

and then becomes constant. The concentration at

the bending point is cmc. However, the bending

point for polymeric surfactants is sometimes

unclear [6] (Fig. 2). Its origin has not been clari-

fied, but the first possibility is an impurity in the

polymer substance since it is generally difficult to

purify polymers compared to low-molecular

weight surfactants. The second possibility is the

molecular weight distribution of polymer surfac-

tant. The synthesized polymer surfactants are not

perfectly monodisperse but have a certain molec-

ular weight distribution. Since the cmc, i.e., the

bending point in surface tension, depends on

molecular weight, the mixture of different molec-

ular weight polymer surfactants gives an unclear

bending point.

Since the “head group” of the polymer surfac-

tant is also a long polymer chain, its conforma-

tional change sometimes causes a drastic change

of polymer micelle morphology. The micelle size

and shape, and also the aggregation number of the

micelle, follow the famous concept of the critical

packing parameter by Israelachvili [7]. This

behavior is the same as that of the

low-molecular weight surfactant. The micelle

size is governed by the balance of interfacial

tension of the core/solvent interface and the steric

repulsion between the head group chains. The

micelle shape depends on the relative size and

length of the head and tail groups: cone-like

molecules like spherical micelle formation and

cylindrical surfactants like lamellae or vesicle

formation. For the ionic polymeric surfactant,

whose head group is a polyelectrolyte, salt addi-

tion affects its conformation. Not only steric con-

formation but also inter- and intramolecular

electrostatic repulsion of polyelectrolyte contrib-

utes to a change in packing parameter. In some

cases, the shielding effect on electrostatic repul-

sion is dominant, and salt addition results in

spherical polymer micelle transfer to rodlike

micelles [8] (Fig. 3). However, in another case,

such as a weakly ionic polyelectrolyte head
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Polymer Surfactant, Fig. 2 Polymer concentration

dependence of surface tension of Pluronic polymer

in aqueous solution (Reprinted with permission from

Ref. [6]. Copyright (1997) American Chemical Society)
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chain, the spherical polymer micelle changed to a

smaller spherical micelle with smaller aggrega-

tion number due to the enhanced steric hindrance

between head chains, which is shrunken by the

electrostatic shielding effect of the added

salt [9]. The dominant factor might depend on

each system.

A famous application of polymer micelle is

the drug carrier in the drug delivery system. Since

PEO chain has high biocompatibility, Kataoka

et al. prepared diblock copolymer systems of

PEO with modified poly(amino acid) and applied

it as a drug carrier. Quite interesting is the size

effect they found [10]. The polymer micelle is

optimum in size as a drug carrier; a smaller

or larger micelle is inefficient as a carrier.

The advantage of polymer micelle in this system

is the stability of the micelle, and addition of PEO

for biocompatibility, and low cmc. Since the drug

carrier solution is diluted in the circulation in the

body, a low cmc is preferable.

An important factor for polymer micelle sys-

tems is the glass transition temperature (Tg) of

the hydrophobic block chain. For example, Tg of

PS is about 98 �C, which means PS in a glassy

state at room temperature. Hence, the polymeric

micelle having a PS hydrophobic core is also in a

glassy state at room temperature [11]. In surfac-

tant systems and also in most polymer surfactant

systems, the micelle and unimer in solution are in

dynamic equilibrium. The unimers (one-polymer

chains) go into the micelle, but another unimer in

the micelle comes out from the micelle into the

solvent. Since this dynamic equilibrium cannot

be established with the PS system, the polymer

micelle with a PS core at room temperature is not

in equilibrium. The size and shape can depend on

how it was prepared. Since the PS core is glassy,

no change in size or shape occurs even by salt

addition [11]. To obtain micelle in equilibrium in

such a case, a good solvent both for hydrophobic

and hydrophilic blocks should be used. In this

solvent, the polymer molecules are molecularly

dissolved (micelle aggregate is not formed).

Then, the solvent is changed to water

(or preferable solvent) very slowly by dialysis,

for example. This method is also used for drug

carrier preparation [12]. If the drug itself is

hydrophobic, the drug molecules are taken in

the micelle core in dialysis process (Fig. 4).

The PEO chain is biocompatible and also

thermosensitive. Many polymers have lower sol-

ubility at a higher temperature, and the most

famous example is poly(N-isopropylacrylamide)

(PNIPAm). PNIPAm is water soluble at room

temperature, but it has a transition point at about

34 �C, and it becomes hydrophobic (water insol-

uble) above it. Its water solution changes from

transparent to turbid at this transition tempera-

ture, called lower critical solution temperature

(LCST). By using this kind of functional poly-

mer, in other words stimuli-responsive polymers,

stimuli-sensitive polymer micelle systems can be

prepared. The block copolymer, consisting of an

Polymer Surfactant, Fig. 3 Sphere to rod transition of

ionic block copolymer in aqueous solution by salt addi-

tion. Small-angle neutron scattering (SANS) data

(Reprinted with permission from Ref. [8]. Copyright

(2007) American Chemical Society)
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ionic block and PNIPAm block, can be molecu-

larly dissolved in water at room temperature, but

it forms a polymeric micelle above 34 �C which

has a “hydrophobic” PNIPAm core [13]. Many

kinds of stimuli-responsive units or polymers can

be introduced into polymer micelle systems, such

as salt concentration, pH, and light irradiation.

A famous example is the “schizophrenic micelle”

system developed by S. Armes group

[14–16]. They introduced one or more stimuli-

responsive units in polymeric surfactant mole-

cules and prepared a system, which shows

micelle/unimer/reversed micelle transition by

stimuli. A micelle/unimer/reversed micelle

transition by only one parameter, i.e., pH, was

also shown to be feasible [16] (Fig. 5). By tuning

the block ratio of hydrophilic and hydrophobic

block in addition to introducing the responsive

unit, micelle/unimer/vesicle transition was

shown to be possible by changing the pH and

temperature [17] (Fig. 6). Needless to say, this

kind of responsibility is quite useful for drug

delivery application, since the drugs can be

released at the target position in the body only.

A very unique property of “polymeric surfac-

tant” was reported by Matsuoka et al. [13, 18].

The ionic amphiphilic diblock copolymers con-

sist of a polyelectrolyte block and hydrophobic

Polymer Surfactant,
Fig. 4 Schematic

representation of drug

loading in polymeric

micelles using the dialysis

method (From Ref. [12])

Polymer Surfactant, Fig. 5 pH-depended micelle/unimer/reverse micelle transition behavior of zwitterionic diblock

copolymer (Reprinted from Ref. [16] Copyright (2006), with permission from Elsevier)
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block and become non-surface active, i.e., the

surface tension of the solution does not decrease

and foam formation is not observed either, while

micelles are formed in solution due to its amphi-

philic nature. This means that this polymer does

not adsorb at the air/water interface; this property

is called “non-surface activity.” The origin of this

very unique character is, in principle, a kind of

polymer effect. Since the hydrophobic block is

ionic, an electrostatic repulsion from the

air/water interface due to an image charge effect

is so strong that the polymers can hardly adsorb at

the water surface. This effect destabilized the

adsorbed state. On the other hand, a very stable

polymer micelle is formed in the bulk solution. If

this micelle state is more stable than the adsorbed

state, which is destabilized by an image charge

effect, the molecules do not adsorb at the

air/water interface but form a micelle in solution,

which is non-surface activity itself.

Polymeric surfactants are also useful as an

emulsifier [19]. Graft-type polymeric surfactants

are often commercially used as an emulsifier in

the industrial field, such as cosmetics. Small sur-

factant molecules penetrate into the skin, but

polymeric surfactants do not since they are large

enough, which makes them safe in skin care.

Polymeric surfactant micelle particles with poly-

electrolyte corona can be applied to nano-reactor

since the corona has a very high ion density. Gold

nanoparticles can be efficiently synthesized in the

ionic corona due to the high concentration of

reactant, i.e., Au ions, which are concentrated in

the corona as a counterion of the micelle [20].

Related Entries

▶Block Copolymers

▶Molecular Self-Organization

▶ Polymer Brushes

▶ Polymeric Micelles

▶Rodlike Micelles

▶ Surfactant Assemblies (Micelles, Vesicles,

Emulsions, Films, etc.), an Overview
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Synonyms

1,3-Dipolar polycycloaddition; Polytriazole

Definition

The polymer synthesis via click reactions refers

to a kind of polymers that were synthesized by the

reactions enjoying such advantages as high effi-

ciency, mild reaction conditions, regioselectivity,

and functional tolerance. The representative

example is the polytriazoles synthesized by the

azide-alkyne click reaction, i.e., azide-alkyne

click polymerization (AACP).

Introduction

A chemist is born to create new artificial sub-

stances and useful processes using naturally

occurring substances. In the polymer research

field, the two most critical tasks are the explora-

tion of new types of monomers and development

of new polymerization reactions. Needless to
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say, without effective polymerization routes

being established, monomeric species cannot be

converted to polymeric products. It is well known

that most of the polymerizations, if not all,

are developed from organic reactions of small

molecules. The Cu(I)-catalyzed azide-alkyne

cycloaddition (CuAAC), the most known click

reaction and reported independently by Sharpless

and Meldal in 2002, was a near-perfect and effi-

cient reaction to produce solely 1,4-disubstituted

1,2,3-triazole derivatives [1, 2]. Thanks to its

high efficiency and orthogonality, the click reac-

tion has found wide applications in diverse areas

including in polymer and material sciences

[3–5]. With the efforts of polymer scientists

paid, functional polytriazoles with linear and

hyperbranched structures have been synthesized

by such a powerful reaction, and in turn the azide-

alkyne click polymerization was established.

Polytriazole Synthesis via Metal-Catalyzed

AACP

Besides the application of the CuAAC in the post-

functionalization of preformed polymers, the

polymer scientists have tried to use it to directly

synthesize polymers and foster it into a polymer-

ization reaction, i.e., click polymerization

[6]. Interestingly, the effort was first paid to syn-

thesize hyperbranched polytriazoles (hb-PTAs)
by the CuAAC. In 2004, Voit and coworkers

tried to prepare hb-PTAs by the polymerization

of 3,5-bis(propargyloxy)benzyl azide (1) medi-

ated by CuSO4 and sodium ascorbate (Fig. 1) [7].

Unfortunately, a rubbery substance precipitated

out from the reaction mixture, which was insolu-

ble in organic solvents probably due to the cross-

linking of the formed triazole rings with the cop-

per species. Although imperfect, this work is the

first attempt in the area of research on click poly-

merization. Subsequent experiments by others

showed that the “standard recipe” for the

CuAAC reaction is not suitable for the synthesis

of processible hb-PTAs. The alternative

approaches to provide soluble hb-PTAs are either

using organo-soluble Cu(I) catalyst, such as

Cu(PPh3)3Br, or minimizing the amount of

water used in the aqueous mixtures [6].

While the CuAAC produces solely

1,4-disubstituted 1,2,3-triazole derivative, ruthe-

nium complexes such as Cp*Ru(PPh3)2Cl

(Cp* = 1,2,3,4,5-pentamethylcyclopentadiene)

could efficiently catalyze azide-alkyne click

reaction to yield exclusively 1,5-disubstituted

1,2,3-triazole derivatives, which may exhibit dif-

ferent properties and thus provides a platform for

investigating their structure–property relation-

ships [8]. Attracted by these features, in 2008,

Tang and coworkers reported the first example

of Cp*Ru(PPh3)2Cl-catalyzed azide-alkyne click

polymerization of diazides 2 and triyne 3, from

which 1,5-regioregular hb-P4 with high molecu-

lar weights were produced in high yields

under mild conditions in short time (Fig. 2)

[9]. Furthermore, they found that [Cp*RuCl2]n,

the precursor of Cp*Ru(PPh3)2Cl, was also effec-

tive in catalyzing the AACP, which will greatly

popularize the application of Ru-catalyzed

AACP.

CuSO4/SA

DMF/H2O

1 Insoluble polymer

n

O

O
N3

O

O
N

N
N

Polymer Synthesis via Click Reactions, Fig. 1 Attempted synthesis of hyperbranched polytriazole (hb-PTA) by Cu(I)-
catalyzed click polymerization of 3,5-bis(propargyloxy)benzyl azide (1). SA ascorbic acid, DMF N,N-dimethylformamide
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After Voit’s attempt on hb-PTA synthesis,

researchers commenced preparing linear PTAs

using the click polymerization. The first report

along the line was on the synthesis of

nonconjugated PTAs. In 2004, Fokin, Finn, and

coworkers carried out the polymerization using

the bifunctional azides and alkynes as monomers

and CuSO4/sodium ascorbate as catalytic system in

1:1 t-BuOH/H2O. The dimethyl sulfoxide-soluble

PTAs were obtained (Fig. 3) [10]. From then on,

N+O O(CH2)m (CH2)mN3 N3

N

N
N N

NN
N N

N
N

O

O

m(H2C)

m(H2C)

O

O

O

O

(CH2)m

(CH2)m

(CH2)m

(CH2)m

N

N

N

N
N

N
N

NN

N

N

N

Cp*Ru(PPh3)2Cl

THF,60�C

2

3

hb-P4

Polymer Synthesis via
Click Reactions,
Fig. 2 Synthesis of hb-P4
by Cp*Ru(PPh3)2Cl-

catalyzed click

polymerization of diazides

2 and triyne 3

S

N
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N3

S

N

OO

S

N
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N N3

S

N

OO

NNNN

N

S

N

OO

N3 N3

n

+
sodium ascorbate (10%)

0.3 M in each monomer

t-BuOH/H2O (1:1), RT, 10h

CuSO4 5H2O (5%)

5 6

P7

n+1 n

Polymer Synthesis via
Click Reactions,
Fig. 3 Synthetic route to

polytriazoles P7 by the Cu

(I)-catalyzed azide-alkyne

click polymerization of

diazide 5 and diyne 6
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many efforts have been paid on the preparation of

functional linear PTAs, which have been found to

have wide applications in material and biological

sciences.

In general, the Cu(I) sources were either

generated in situ by the reduction of Cu

(II) in the presence of reducing agents or the

direct Cu(I) compounds or complexes. In 2013,

Bowman and coworkers reported another

Cu(I) generation approach [11]. The precursor

of catalytic system was CuCl2/1,1,4,7,7-

pentamethyldiethylenetriamine (PMDETA),

which could be reduced to Cu(I) species by visi-

ble light in the presence of a photoinitiator of bis

(2,4,6-trimethylbenzoyl)-phenylphosphine oxide

(Irgacure 819). Afterwards, they used this cata-

lyst generation strategy to perform the AACP in

bulk, and a highly cross-linked, high glass transi-

tion temperature polymer with extensive triazole

linkages was obtained frommultifunctional azide

and alkyne monomers.

Polytriazole Synthesis via Metal-Free AACP

Although the Cu(I)- and Ru(II)-catalyzed AACPs

are powerful in preparing functional PTAs with

linear and hyperbranched structures, the com-

plete removal of the metallic residues from the

products after reaction is difficult. It is well

known that the metallic residue is detrimental to

the electronic and optical properties of polymeric

materials and could cause cytotoxicity when used

in biological field, which will greatly limit their

applications in these areas.

To surmount this difficulty, Tang and

coworkers successfully developed a metal-free

click polymerization (MFCP) of activated alkyne

of bis(aroylacetylene) and diazide under mild

reaction conditions in 2006 [12]. Heating the

mixtures of bis(aroylacetylene)s and diazides in

polar solvents such as DMF/toluene at a moderate

temperature of 100 �C readily produced poly

(aroyltriazole)s (PATAs) with high molecular

weights [number-averaged molecular weight

(Mn) up to 13,350 with polydispersity (PDI)

of 2.0] and regioregularities [fraction of

1,4-disubstituted 1,2,3-triazoles (F1,4) in the

PATAs up to 92 %] in high yields (up to 98 %)

(Fig. 4). In addition, this MFCP propagated

smoothly without exclusion of moisture and

oxygen, which has greatly simplified the experi-

ment operation and is anticipated to widen its

applications. When they reported their work in

2007, they formally defined this azide-alkyne

polycycloaddition as “click polymerization” for

the first time.

The preparation of aroylacetylenes, however,

requires many reaction steps and involves the use

of reactive reagent and toxic heavy metal

oxidants under harsh reaction conditions. The

propiolates, in which the triple bond is adjacent

to an electron-withdrawing ester group, are struc-

turally similar to aroylacetylenes and anticipated

to be used as the monomer for MFCP. It is note-

worthy that the propiolates could be readily syn-

thesized from commercially available propiolic

acid and aromatic or aliphatic diols via a one-step

and one-pot esterification procedure under mild

reaction conditions. Katritzky and coworkers

reported the polymerization of propiolates and

azides in 2007 [13]. They carried out the polymer-

ization in bulk at elevated temperature but no

regioselectivity was available. This polymerization

remains silent until Qin, Tang, and coworkers

reinvestigated systematically in 2011 [14]. They

used the reaction conditions similar to those of the

MFCP of aroylacetylene and azide and found that

the results of polymerization of propiolates and

azides are indeed quite similar. Poly(aroxycarbo-

nyltriazole)s (PACTs) with high molecular

weights (Mn up to 14,900 with PDI of 1.58) and

n

PATA

bis(aroylacetylene) diazide

R'N3 N3+R

OO

R

OO

N
N N N N

N
R'

DMF/toluene 100 �C, 6h

n n

Polymer Synthesis via Click Reactions,
Fig. 4 General synthetic route to PATAs by metal-free

click polymerization of bis(aroylacetylene) and diazide

monomers
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regioregularities (F1,4 up to 90 %) could be

obtained in excellent yields (up to 99 %) (Fig. 5).

Furthermore, inspired by the fact that the acti-

vated alkynes could undergo theMFCP with azide

under mild reaction conditions, Qin, Tang,

and coworkers designed and synthesized an acti-

vated azide of 4,40-diazidoperfluorobenzophenone
and used it to react with alkynes without the addi-

tion of metallic species [15]. The polymerization

results showed that PTAswith high regioregularity

(F1,4 higher than 82 %) and satisfactory molecular

weights (Mn up to 11,500 with PDI of 2.95) could

be obtained in high yields (up to 95.1 %) (Fig. 6).

These results are also similar to those of the

MFCPs of activated alkynes and azides,

suggesting that it is another type of MFCP.

Property of Synthesized Polytriazoles

Thanks to the functional tolerance of AACP, a

wide variety of functional groups incorporated

in the azide and alkyne monomers could be

polymerized by this technique, which endows the

produced PTAswith unique chemical and physical

properties, such as photoluminescence,

chemosensing, fluorescent imaging, photonic pat-

terning, optical nonlinearity, photovoltaic effect,

light refractivity, and biological activity. These

functional properties have been well summarized

by Tang and coworkers in 2010 and 2012 [16, 17].

The recently reported application of AACP is

to prepare self-healing hyperbranched PATAs

[18]. As reported by Qin, Tang, and coworkers,

the MFCP of bis(aroylacetylene)s and triazole

readily furnished hyperbranched PATAs

(hb-P14 and hb-P15) with high molecular

weights (Mn up to 8,250 with PDI of 3.37) in

excellent yields (up to 97.6 %) (Fig. 7).

These polymers are processible and have excel-

lent film-forming ability. High-quality homoge-

neous films and sticks free from defects could be

obtained by casting. Thanks to the remaining azide

and aroylacetylene groups on the periphery of

hb-PATAs, the cut halves of their films and sticks

could be healed by stacking or pressing together at

elevated temperature (Fig. 8). Furthermore, the

self-healed materials show higher mechanical

strength than their pristine films or sticks. Since

they do not need the addition of other components

and could be simply triggered by heating, such

self-healing process is anticipated to be widely

applied in diverse areas.

Perspective

The past decade has witnessed the rapid growth

of AACPs, using which linear and hyperbranched

PTAs with versatile functional properties

were obtained. However, this area is still full of

challenges and opportunities. Designing and
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O

O

O
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O

O

O

O

N

N N

R''

N

N
N

n

100 �C, 24h

DMF/toluene

PACT

R''N3 N3n n

Polymer Synthesis via Click Reactions,
Fig. 5 General synthetic route to PACTs by metal-free

click polymerization of dipropiolate and diazide monomers
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synthesizing functional azide and alkyne mono-

mers, screening new catalysts with high effi-

ciency and regiospecificity, establishing new

types of click polymerization, and exploring

unique property and novel applications will be

the further directions and endeavors in this area.

It is believed that the AACP will be eventually

developed into a powerful and versatile tool for

the syntheses of new polymers with well-defined

molecular structures and advanced functional

properties.

Related Entries

▶Conjugated Polymer Synthesis

▶ Polymerization of Substituted Acetylenes

▶ Self-Healing Polymers
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Synonyms

Artificial vesicles; Nanocompartments; Polymer

hollow spheres; Polymersomes

Definition

Polymer vesicles, called polymersomes, are hol-

low spherical supramolecular assemblies com-

posed of an aqueous cavity surrounded by

a polymer membrane. Polymersomes are gener-

ated by self-assembly of amphiphilic copolymers

in dilute solutions.

Introduction

In nature, compartmentalization plays a funda-

mental role in supporting life processes, such as

metabolic reactions, transfer in/out of com-

pounds, and signaling. In this respect cells repre-

sent essential compartments both in terms of

complex processes taking place in situ and for
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exchange of compounds through their lipidic

membrane with embedded membrane proteins.

The simplest model to mimic the cell membrane

and its compartment topology is with lipid vesi-

cles, liposomes. Favored for their structural anal-

ogy to cell membranes, biocompatibility, and

biodegradability, liposomes were extensively

studied as carriers for therapeutic or diagnostic

purposes. However, the presence of membrane

defects which induce mechanic instability of lipo-

somes and undesired release of encapsulated com-

pounds required new solutions for more stable

compartments. Because the limitations of lipo-

somes are not entirely solved by covering them

with a polymer shell (e.g., using poly(ethylene

glycol), PEG, in so-called PEGylation), synthetic

analogues of liposomes were introduced. Com-

pared to liposomes, polymersomes have higher

mechanic stability, based on a thicker membrane

(3–5 nm compared to 7–20 nm, respectively). In

addition, their stability can be improved by cross-

linking the polymer membrane [1]. Polymersomes

can simultaneously encapsulate hydrophilic mol-

ecules in the aqueous cavity and hydrophobic

molecules within the membrane (Fig. 1). In addi-

tion, specific molecules can be conjugated to the

exterior surface to target the vesicles or to immo-

bilize them on solid support [2].

Properties of polymer vesicles, such as size,

stability, membrane thickness, flexibility, and

permeability, are significantly influenced by the

chemical nature of the copolymers. By an appro-

priate selection of the copolymer’s chemical

composition, molecular weight, polydispersity,

block length, and hydrophilic-to-hydrophobic

ratio, the characteristics of the self-assembled

assemblies, and in particular vesicles, can be

individually tuned for each individual applica-

tion. A particularly interesting strategy is to

design vesicle membranes based on stimuli-

responsive block copolymers because they

induce dramatic changes of properties in the pres-

ence of the specific stimulus. Stimuli-responsive

copolymers support development of vesicles able

to change “on demand,” with promising applica-

tions in nanomedicine. Polymersomes serve for

encapsulation/entrapment of active molecules

resulting in a variety of hybrid assemblies, such

as drug delivery systems, carriers for contrast

agents, nanoreactors, and artificial organelles [2].

Synthesis of Amphiphilic Block
Copolymers

Amphiphilic block copolymers (AmBPs) consist

of at least one hydrophilic and one hydrophobic

block sequentially connected by covalent bonds.

The resulting copolymer is composed of domains

with opposite affinities for an aqueous solution.

They self-assemble in solvents, which are

selective only for one of the constituent blocks

and can generate supramolecular assemblies with

a wide variety of architectures, such as micelles,

worms, tubes, or vesicles [3]. Depending on the

composition, molecular weight, and relative

length of the hydrophilic and hydrophobic blocks,

it is possible to favor the formation of assemblies

with a specific architecture or properties.

AmBPs are synthesized from a large variety of

monomers following several synthetic routes:

(i) a sequential controlled or living polymeriza-

tion [4], (ii) a simple coupling reaction of homo-

polymers (by click chemistry) [5], and (iii) two

consecutive polymerizations reactions, the first

reaction serving to produce a preformed polymer

used as macroinitiator for the second polymer

reaction with a different mechanism than the

first one [4].

Polymer Vesicles, Fig. 1 Schematic representation of

a polymersome (A) which can insert channel proteins or

biopores within the membrane (B); can encapsulate pro-

teins, enzymes, or mimics in the aqueous cavity (C); or can
be functionalized on its surface (D)
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(i) Living polymerization reactions (anionic

and cationic) are frequently used to synthe-

size AmBPs [4], in which the reactions

proceed in the absence of an irreversible

chain transfer and chain termination. How-

ever, both living polymerization methods

are significantly affected by the solvent

nature and the presence of water and

impurities and have limited applications

for the synthesis of copolymers with

functional groups as side chains. Therefore,

in order to synthesize AmBPs with hydro-

philic blocks having acidic or hydroxylic

functional groups as side chains, protected

monomers must be employed, which

require deprotection after polymerization.

Recent developments in controlled radical

polymerization (CRP) methods provide a

functional group side chain compatible

route to synthesize AmBPs. These methods

are less affected by the presence of impuri-

ties and provide conditions for a chain

growth based on a rapid and dynamic equi-

librium between dormant chains and propa-

gating radicals [4]. Poly(N-(3-aminopropyl)

methacrylamide hydrochloride)-b-poly

(N-isopropylacrylamide) (PAMPA-b-

PNIPAM), poly(styrene)-b-poly
(L-isocyanoalanine (2-thiophen-3-yl-ethyl)

amide) (PS-b-PIAT), and poly(acrylic

acid)-b-polystyrene-b-poly(4-vinyl pyri-

dine) (PAA-b-PS-b-P4VP) are examples of

AmBPs synthesized by CRP methods [6–8].

When these synthetic methods are used to

polymerize acidic monomers such as acrylic

acid, protected monomers are necessary.

(ii) Click chemistry methods allow the synthe-

sis of well-defined block copolymers with

a wide variety of functional groups as side

chains or end groups. The functional groups

of AmBPs can be quantitatively and selec-

tively modified by using relatively mild

conditions without any side reactions.

A variety of homopolymers can be coupled

by click chemoselective reactions between

their functional end groups such as (a) thiol-

ene/thiol-yne additions; (b) thiol–disulfide

exchange; (c) modification of epoxides,

anhydrides, oxazolines, and isocyanates by

reaction with amines/alcohols/thiols;

(d) Michael-type addition; (e) copper-

catalyzed azide alkyne cycloaddition;

(f) reaction of active esters with amines;

(g) modification of ketones and aldehydes

with amines/alkoxyamines/hydrazines; and

(h) Diels–Alder reactions [5]. Click chem-

istry methods represent relatively safe and

easy synthetic routes to create new AmBPs,

to improve their interaction with specific

molecules, and to bind specific molecules

(proteins, enzymes, DNA) [2]. However,

the use of click chemistry for synthesis of

AmBPs is limited when the homopolymers

have a different solubility in the selected

solvent and does not allow for precise

control of their molecular weight.

(iii) Polymerization method based on two

different consecutive polymerizations

reactions, where the first serves to produce

a preformed polymer used as macroinitiator

for the second reaction, is another method to

design vesicle-forming AmBPs [4]. The

end-group functionality of the macroinitiator

can be achieved by in situ modification or by

pretreatment of the prepolymer after the first

polymerization. This method is used to pro-

duce symmetric triblock copolymers, such as

poly(2-methyloxazoline)-b-poly(dimethylsil

oxane)-b-poly(2-methyloxazoline) (PMOXA-

b-PDMS-b-PMOXA) copolymers by starting

from bifunctional macroinitiators [7].

Examples of AmBPs

There are a large variety of vesicle-forming

AmBPs with linear, branch, graft, star, or den-

dritic structure, relevant examples are included in

Table 1 [6–8]. For example, polystyrene–poly

(propylene imine) dendrimer is able to

self-assemble and generate vesicles in aqueous

solutions [6]. By selecting the nature of the

constituent blocks, the resulting copolymer can

possess special properties, such as biodegradabil-

ity, biocompatibility, or stimuli responsiveness.

Stimuli-responsive AmBPs generate “smart”
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vesicles, which release the encapsulatedmolecules

“on demand,” when the stimulus is present

[6, 8]. Poly(butadiene)-b-poly(g-L-glutamic acid)

(PB-b-PGA) vesicles undergo reversible

coil–helix transition in response to pH changes [6],

while those based on PAMPA-b-PNIPAM are

temperature responsive, and those based on poly

(ethylene glycol)-SS-poly(propylene sulfide)

(PEG-SS-PPS) are sensitive to reducing environ-

ments [8]. An interesting strategy to improve prop-

erties is achieved when synthetic blocks are

coupled with natural ones, such as polypeptides,

nucleic acids, or polysaccharides [9]. In this

respect, poly(L-lysine)-b-poly(L-tyrosine) and

poly(L-glutamic acid)-b-poly(propylene oxide)-

b-poly(L-glutamic acid) are polypeptide-based

copolymers, which form polymersomes [9].

Preparation of Polymer Vesicles

The driving force of the self-assembly process is

the amphiphilic nature of the copolymers: the

hydrophobic domain aggregates, to minimize its

contact with water, while the hydrophilic

domains become hydrated and stabilize the

supramolecular assembly in solution.

In order to form vesicles (Fig. 2), an AmBP has

to adapt to a conical shape supporting the forma-

tion of a curved membrane [10]. An appropriate

balance of the hydrophobic and hydrophilic

forces, resulting from a hydrophobic fraction

of 10–35 wt% of the AmBP, favors polymersome

formation, while other hydrophobic-to-

hydrophilic ratios induce the formation of

micelles, worms, or mixtures [1]. In addition, the

solubility properties of AmBPs in water impose

a specific route to generate supramolecular assem-

blies, in particular vesicles. For example, poor

water soluble AmBPs are used to generate vesicles

in aqueous media, in the presence of detergents,

which stabilize the copolymers.

There are two main routes for vesicle forma-

tion: (i) dissolution of the AmBPs in water and

(ii) dissolution of the AmBPs in a solvent and

subsequent mixture with an excess of water.

(i) Dissolution of AmBPs inwater serves as basis

for three methods of polymersome prepara-

tion: direct dissolution method, film

rehydration method, and electroformation

method.

The easiest method for polymersome for-

mation is the direct dissolution method, in

which the polymer is directly mixed with an

aqueous solution, and agitated (shaking, stir-

ring, vortexing, or sonication) at a desired tem-

perature, 3D assemblies are formed indicated

by opaqueness in the solution. Film rehydra-

tion method for polymersome formation is

based on a temporarily dissolution of the

AmBPs in a solvent to produce a thin polymer

film upon evaporation, followed by the hydra-

tion of the film. This method generates high

polymer surface area for fast rehydration and

more controlled conditions for vesicle forma-

tion than the direct dissolution method [10].

Electroformation method consists of hydra-

tion of the polymer film in the presence of an

oscillating electric field, resulting in the

Polymer Vesicles,
Fig. 2 Schematic

representation of

a polymersome generated

by a triblock AmBP
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formation of vesicles with sizes in the mm
range (giant vesicles).

(ii) Solvent-assisted preparation methods for

polymersome formation are kinetic trapping,

thermodynamic trapping, and double

emulsion. They require a solvent capable of

dissolving the polymer and which is miscible

with water. These methods allow the use of

a large variety of AmBPs but have drawbacks

of the organic solvent being difficult to

remove completely, interacting with the

formed membrane, and denaturation of sensi-

tive molecules such as proteins, enzymes, or

siRNA [10, 11].

Kinetic trapping is a preparation method

in which a polymer solution is injected into

an excess of water, inducing a fast phase

inversion. Thermodynamic trapping is

a preparation method in which an excess of

water is slowly added to the polymer solu-

tion, enabling the system to equilibrate [10].

A slightly different approach is the

formation of double emulsions in which an

aqueous solution containing the molecules

intended to be encapsulated inside the vesi-

cle is emulsified with a nonmiscible organic

phase that contains the polymer. The oil

phase is dispersed in a second aqueous

medium by stirring or centrifugation, so that

the solution is included into an oil drop,which

serves for droplet formation, in a second

aqueous phase. This method is used to create

giant vesicles and offers the advantage of

a very high encapsulation efficiency [11].

The removal of the remaining organic sol-

vents is achieved through reduced pressure

or, more efficiently, through dialysis.

The specificity of the preparation method influ-

ences the size of polymersomes and the encapsu-

lation efficiency of the molecules in the aqueous

cavity of the vesicles [2, 10]. Independent of the

preparation method, the solutions containing

polymersomes require to be “purified” by remov-

ing solvents, detergents, unencapsulated mole-

cules, and other 3D assemblies, such as micelles,

worms, or larger aggregates. The purification of

the polymersome solution is usually achieved

through size exclusion [10] or dialysis, the latter

being better suited for solvent residues and deter-

gents [12]. The control of the vesicle size and the

removal of aggregates also represent an important

step and are achieved by repeated extrusion

through a filter [10] or by sonication [1].

Stability and Permeability of Polymer

Vesicles

AmBPs self-assemble and form membranes that

are thicker (10–25 nm thickness) than lipidic

membranes (to 3–5 nm) [13] and are usually

less permeable. The stability of polymersomes

depends on the strength of the hydrophobic inter-

actions between the hydrophobic segments inside

the membrane. High temperature, the presence of

solvents and detergents, or a broad size distribu-

tion of the AmBPs decreases the interactions,

resulting in a lower mechanical stability of the

membrane. A balance between the flexibility of

the membrane, which allows an insertion of bio-

molecules without denaturation, and the stability

of the membrane must be achieved [3]. The gela-

tion of the aqueous content of vesicles by in situ

polymerization is a method to increase the stabil-

ity of the vesicles but has to be carefully consid-

ered when biomolecules are intended to be

encapsulated inside the aqueous cavity in order

to not affect their structure or biologic activity

[13]. A more common approach for stabilization

of vesicles is cross-linking of the membrane by

polymerization of hydrophobic monomers

inserted in the membrane. However, addition of

monomers can affect the membrane, and the rad-

ical polymerization used for cross-linking can

induce aggregation of vesicles [10]. The best

way to stabilize vesicles is direct cross-linking

of AmBPs, by polymerization of existing molec-

ular groups, alkene groups, for example.

The permeability of vesicle membranes is

important when transportation of molecules

through the membrane is required, such as when

polymersomes serve as compartments for the

design of nanoreactors and artificial organelles.

The vesicle membrane is rendered permeable

by (i) using a specific chemical composition

of AmBPs, (ii) chemical modification of the

membrane, or (iii) insertion of channel

1934 Polymer Vesicles



proteins. For example, PS-b-PIAT copolymers

form porous membranes [13], while PMOXA-

b-PDMS-b-PMOXA membranes, known as

highly impermeable except to oxygen species,

are permeabilized by an elegant method based

on insertion of channel proteins [3]. Various

channel proteins have been successfully inserted

in PMOXA-b-PDMS-b-PMOXA membranes

and supported a rapid transport of substrates

into the membrane or products involved in in

situ enzymatic reactions out of the membrane.

An alternative method to create defects in an

impermeable membrane is based on the insertion

of specific molecular groups that are degraded in

particular conditions. Inserted hydrophilic photo-

sensitizers on the surface of the vesicles disrupt

the membrane upon irradiation [13]. The effect

can be tuned by adjusting the concentration of the

photosensitizer. Larger defects can be produced

in the membrane of polymersomes by washing

out domains of “sacrificial” AmBPs [10] or lipids

[13], which are specially inserted for permeabi-

lization of the membrane. These defects destabi-

lize the membrane, and by carefully controlling

the conditions, the vesicles preserve their overall

spherical architecture. Also, the insertion of

pH-sensitive groups (e.g., 2-(diethylamino)ethyl

methacrylate) in the hydrophobic domain of the

membrane induces a pH-dependent swelling,

which destabilize the membrane and increase its

permeability [13]. The pH responsiveness of one

of the polymer domains can be used to

completely disintegrate the membrane when

an “on demand” release of the encapsulated com-

pound is intended. Stimuli responsiveness of

polymersome membrane represents a smart

approach to release the encapsulated compounds

in desired conditions provided by the presence of

a specific, or combination of, stimulus (physical,

chemical, enzymatic).

Functionalization of the Surface of Polymer

Vesicles

When the intended use of polymersomes includes

targeting approaches or immobilization on sur-

faces, it is necessary that their external surface

contains specific molecular groups. The

functionalization of polymersomes with exposed

functional groups can be achieved either prior to

vesicle formation by using AmBPs with the

corresponding functional groups or by modifica-

tion of the polymersomes via click chemistry.

The two main risks regarding polymersome

functionalization are unintended interactions of

the functional groups and their deep insertion into

the membrane due to hydrophobicity making

them inaccessible [10, 14]. There are a large vari-

ety of possible functional groups and related reac-

tions, which can be used to decorate

a polymersome surface for each desired applica-

tion. For example, a selective and robust reaction

(in pH ranging from 4 to 12) is alkyne–azide

cycloaddition, often regarded as the archetype

of a click reaction. It has the advantage that the

terminal bromine groups can be directly

substituted by azides for AmBPs synthesized by

ATRP [14].

Molecular recognition interactions, based on

specific molecule pairs, as, for example, biotin/

streptavidin or antigen–antibody, represent an

elegant way to be used for targeting or immobi-

lization of polymersomes [2, 3]. In order to spe-

cifically interact with the target cell, polymer

vesicles are functionalized with specific mole-

cules, such as RGD-peptides (integrin binding),

folic acid [14], or polyguanylic acid [1].

Methods of Vesicle Characterization

3D supramolecular assemblies, and in particular

polymersomes, are characterized by various scat-

tering methods combined with microscopy

methods (Fig. 3).

By measuring scattering properties of supra-

molecular assemblies, it is possible to establish

their size, size distribution, morphology, and crit-

ical aggregation concentration. Light scattering

method (LS) is applied when the size of assem-

blies, in particular vesicles, ranges from 100 nm

up to several mm. In dynamic light scattering

(DLS), fluctuations in the scattered light intensity

on the microsecond time scale appear because of

the diffusion of assemblies in a solution. Hydro-

dynamic radius of assemblies (Rh) is obtained

by using Stokes–Einstein equation with an
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angle-dependent apparent diffusion coefficient

(Dapp) and by extrapolation to zero concentration

and zero momentum transfer [3]. Weight-average

molecular weight (Mw), z-average radius of gyra-

tion (Rg), and the second viral coefficient (A2)

are evaluated from static light scattering

experiment (SLS). A2 gives information about

particle–particle and particle–solvent interactions

[3], while the ratio Rg/Rh, (r-parameter) indicates

the morphology of the assembly. Theoretically,

for thin vesicles r = 1.0, for homogeneous hard

balls r = 0.779, and for polymers in extended

conformations r > 1 [3]. The experimental

values obtained for r-parameter allow identifying

the formation of vesicles in a solution upon the

self-assembly process. LS is a fast and precise

technique but present [3].

Light scattering method is used in combination

with the electrophoretic mobility of assemblies to

obtain the zeta potential of vesicles [15]. In addi-

tion, stopped-flow spectroscopy serves to study the

permeability of the vesicle membrane or the kinet-

ics of vesicle formation [16].

If a solution contains assemblies with a size

from few nm up to 100 nm, small-angle X-ray

(SAXS), wide-angle X-ray (WAXS), or small-

angle neutron (SANS) scattering methods can

be applied to characterize them. SAXS is applied

to very dilute solutions, where the distances

between particles are much higher than their size,

and allows the characterization of both polydis-

perse and monodisperse assemblies. For monodis-

perse assemblies, SAXS provide information

about their shape, aggregation number, and inner

structure. However, monodispersity of the assem-

blies has to be proven by other methods [17].

SANS is a very useful tool for the investigation

of the native structure of assemblies and interac-

tion parameters. Unlike SAXS, SANS is very

sensitive toward light elements and allows

a more detailed investigation based on isotope

labeling [17].

For direct visualization of supramolecular

assemblies generated by self-assembly, in partic-

ular the formation of vesicles, various micros-

copy methods are used and the appropriate

method selection depends on the assembly size

or the structural details to be evaluated. Micros-

copy methods allow the estimation of morphol-

ogy, size, and homogeneity of the supramolecular

assemblies and represent a complementary proof

of vesicle formation. In the case of giant vesicles

with diameters above 1 mm, optical microscopy is

a very simple and fast method that can be used to

characterize them in solution. However, it has

limited magnification, resolution, and contrast

compared to electron microscopy [12, 15].

Polymersomes with sizes in the nanometer

range are studied by electron microscopy. Trans-

mission electron microscopy (TEM) provides

a high-resolution (<1 nm) image of a specimen

(Fig. 4). This technique is based on the interac-

tion of a high-energy electron beam, which

passes through the sample containing the assem-

blies. However, the high vacuum and the dried

state of the sample, which are necessary for TEM,

might affect the vesicles morphology in case of

instable polymer membranes. Cryogenic TEM

(cryo-TEM) serves for the investigation of vesi-

cles in their natural hydrated state and enables the

study of micellar polymorphism, spontaneous

formation of vesicles, and their transition to

lamellar or multilamellar structures [12].

Direct visualization of polymer vesicles with

sizes large enough to be visualized by optical

microscopy can be analyzed by fluorescence

microscopy if the vesicle membrane is labeled

with a fluorescent dye. This method has several

advantages, such as high sensitivity, ability to

distinguish specific nonfluorescent regions which

are appropriately labeled, and the possibility of

Polymer Vesicles, Fig. 3 The most commonly applied

methods of characterization for polymer vesicles
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multiple labeling for visualization of individual

molecules [12]. However, this technique has dis-

advantages of limited resolution (>0.2 mm),

a decrease of the fluorescent intensity of dyes

due to photo-bleaching, and the possible genera-

tion of reactive chemical species under illumina-

tion which promote a phototoxic effect [3].

A particular type of fluorescence microscopy is

laser scanning confocal microscopy (LSCM),

which allows obtaining images with a high

resolution and contrast due to the reduction of

the background fluorescence and an improved

signal-to-noise ratio [12].

Fluorescence correlation spectroscopy (FCS) is

based on a special fluctuation correlation approach,

in which the laser-induced fluorescence of the

excited fluorescent molecules that pass through

a very small probe volume is auto-correlated in

time to give information about the diffusion times

of the molecules. The diffusion times, which are

proportional to the RH of the fluorescent molecules,

provide information about interactions of the

fluorescent molecules with larger target molecules,

including formation of vesicles or encapsulation

inside their cavity [18]. Fluorescence cross-

correlation spectroscopy (FCCS) expands the FCS

method by introducing two differently labeled par-

ticles, which provide a positive cross-correlation

readout when bound to each other or located in

the same carrier, thus diffusing through the confo-

cal volume in a synchronized way. In contrast, the

probability of simultaneous movement of freely

diffusing fluorophores is so small that it can be

neglected. The method is used for simultaneous

characterization of vesicles and encapsulated com-

pounds or for dynamic co-localization of different

molecular in vesicles [19].

Scanning tunneling microscopy (STM) can be

performed on conducting substrates and atomic

force microscopy (AFM) on both conducting

and nonconducting substrates to obtain images

with a few Å resolution. These techniques have

been applied to investigate polymer vesicles

immobilized on a solid support [12].

Pulse gradient spin-echo NMRmethod (PGSE

NMR) has been proposed to establish the size and

size distribution of polymer vesicles and give

information regarding the presence of interac-

tion/aggregation phenomena [20].

Conclusion and Outlook

Polymer vesicles, as robust and straightforward

produced compartments, can be modulated and

easily control the sizes and assembly properties.

Because of their diverse applications, polymer

vesicles represent ideal candidates for applica-

tions in medicine, catalysis, environmental sci-

ences, or food sciences. The large variety of

AmBP supports the generation of polymer vesi-

cles with a desired size, permeability, or

responsitivity. These assemblies can be

advanced further through the combination of

polymersomes with active compounds, such as

enzymes, proteins, DNA, and mimics, in order to

Polymer Vesicles, Fig. 4 Microscopy images of polymer

vesicles. (a) TEM and (b) cryo-TEM images of PDMS-

PMOXA-OH polymer vesicles, (c) LCSM micrograph of

giant polymersomes of PEG-PLA in the presence of Nile

red (Reprinted with permission from reference [12],

Copyright 2005 Elsevier)
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design active systems, such as nanoreactors and

artificial organelles. Polymersomes are necessary

to shield the biomolecules and prevent their deg-

radation by harmful environmental conditions to

maintain the active component’s specific activity,

such the production of drugs, the detoxification of

reactive oxygen species, and sensing of a specific

molecule. These systems are gaining popularity

today in various research fields and lead to the

development new strategies for delivery of

assemblies at a nanometer scale.

Related Entries

▶Micelles and Vesicles

▶ Self-Assembly of Hyperbranched Polymers

▶ Stimuli-responsive Polymers
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Definition

Polymer-based sensors are macromolecules that

show a measureable change in a property in

response to a stimulus in their environment,

such as a particular molecule.

Introduction

Chemical and biological sensors work by

interacting with analytes in their environment,

which results in a change in an observable prop-

erty to indicate the presence of a particular ana-

lyte. A general scheme for a sensor is illustrated

in Fig. 1. The receptor interacts with an analyte

through, for example, non-covalent binding or a

chemical reaction. This event triggers a response

in the reporter, which shows an observable

physical change. This change is often in the

optoelectronic properties of the sensor, such as

its absorbance or emission of light or conductiv-

ity. Critical performance metrics for sensors

are sensitivity, which indicates the smallest

concentration that the sensor can detect, and selec-

tivity, which is the extent to which a sensor can

determine a particular analyte without interference

from other components in the environment.

Chemical and biological sensors often have

polymers as active components in their design.

Polymers present a number of advantages to the

design of sensors. Although every polymeriza-

tion reaction has its own limitations with respect

to, for example, functional group tolerance,

polymerization reactions are highly modular.

Different chemical structures are readily incor-

porated as pendant side chains on polymerizable

moieties such as acrylates. Even if performing

a polymerization reaction with a desired

side-chain structure is not possible, a variety of

post-polymerization modification strategies using

reactive polymer intermediates can yield the

desired structure [1]. In addition, multiple chemi-

cal functionalities are often readily incorporated

into polymeric structures by combining different

monomers in the same polymerization reaction,

including in the synthesis of polymers with well-

defined architectures, such as block copolymers

and gradient copolymers [2]. Finally, some poly-

mer nanoparticle sensors have embedded small

molecules that act as the reporter or receptor.

This entry focuses on nanoparticles consisting

primarily of an organic polymer, in which the

structure(s) of the polymer provides the receptor,

the reporter, or both. Therefore, this entry does not

include polymer nanoparticles where the polymer

functions only as a structural component and not as

the receptor or reporter. Polymer nanoparticles

have sizes on the order of single digits to hundreds

of nanometers. An important advantage of

nanoparticles in sensing applications is their high

surface area-to-volume ratio, whichmaximizes the

receptor-environment interface. This approach

also minimizes the amount of material required

to perform a desired analysis, which can be impor-

tant in biological applications due to any potential

cytotoxicity.

Polymer Nanoparticle Properties and
Design

Polymer nanoparticle sensors can bemade of insu-

lating polymers or conjugated polymers (Fig. 2).

Insulating polymers consist of a polymer backbone

that contains only single bonds. The polymer back-

bone of a conjugated polymer, however, comprises

alternating double or triple bonds, which result in

Polymer-Based Sensors, Fig. 1 An example of a general sensor design. This example uses non-covalent binding of

a receptor with an analyte; analyte-sensor interactions can also include the making or breaking of covalent bonds
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delocalization of electron density throughout the

main chain of the polymer. This structural feature

also allows many of these polymers to have con-

ductivities that are larger in magnitude than

nonconjugated polymers.

The physical properties of the polymers often

dictate what type of detection method is used for

the sensor. The innate conductivity of conjugated

polymers makes them well suited for transistor-

based detectors, which measure changes in con-

ductivity. On the other hand, insulating polymers

do not conduct electricity well enough to be used

with these types of detectors. Another detection

method measures changes in optical properties of

the sensor. Both conjugated and insulating poly-

mers can be amenable to this type of detection.

Exciton and charge-carrier mobility of conju-

gated polymers can also result in large degrees

of amplification, for example, of fluorescence

quenching or energy transfer [3]. In addition,

the main chains of conjugated polymers are chro-

mophores, often resulting in materials that absorb

and emit light efficiently.

Because of this feature, conjugated polymer

nanoparticles (CPNs) have a high chromophore

density [4]. Although these nanoparticles typi-

cally have a low quantum yield of fluorescence

and a short fluorescence lifetime, they also often

absorb light with large extinction coefficients in

the visible range [5]. These features make CPNs

attractive for sensing applications because the

polymer backbone can provide structural support

for the nanoparticle while also functioning as the

reporter for the sensor. This dual purpose of

structure and function is especially important

since size is always a concern when working on

the nanoscale.

In addition to the design of the main chains of

polymers, the design of receptors on sensing

materials, which are often pendant groups as

polymer side chains, is also critical to their func-

tion. These receptors contain chemical groups

that selectively bind to or react with specific

analytes. The size and frequency of the side

chain is an important consideration when design-

ing polymer nanoparticles. If the side chain is too

Polymer-Based Sensors,
Fig. 2 Examples of

conjugated and insulating

polymers used in polymer

nanoparticles
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large or if it is used too frequently along the

polymer backbone, it can inhibit either the poly-

merization reaction or the aggregation and col-

lapse of the polymer into a nanoparticle. One way

to avoid this complication is to have the reporter

added after the nanoparticle is formed through

surface modification. This can be achieved by

modifying functionality present on the polymer

chains on the surface of the nanoparticles or

encapsulating the nanoparticles in a readily mod-

ified material. This encapsulation is often done

using silica because of its ubiquity and facile

modification strategies [6]. However, any encap-

sulation has the inherent drawback of increasing

the size of the nanoparticle. Most silica encapsu-

lations add at least 2–5 nm to the diameter of the

nanoparticle, although achieving uniform thin

encapsulations is difficult when the coating is

less than 5 nm [7].

Nanoparticle Fabrication

Polymer nanoparticles are typically made by one

of two methods: precipitation or microemulsion.

A cartoon illustrating the general procedures can

be seen in Fig. 3. Generally, the precipitation

method has lower yields than the microemulsion

method, but produces smaller nanoparticles. The

precipitation method involves dissolving the poly-

mer in a small amount of solvent. This solution is

then quickly added to a poor solvent. The excess of

poor solvent present causes the polymer to form

solid precipitates. Several tactics facilitate making

small nanoparticles: one method involves using

the poor solvent in much larger volume and that

the polymer solution is dilute. Studies have shown

that the size of the resulting nanoparticles can be

altered by modulating the concentration of the

polymeric solution [8]. Another commonly

used technique is to sonicate the solution

during the mixing of polymer solution with the

poor solvent. The ultrasonic treatment helps

facilitate small particle formation by disrupting

the interactions between individual polymer

chains.

The microemulsion method involves creating

nanospheres of hydrophobic solvent in an aqueous

environment containing surfactant. One

microemulsion technique involves carrying out

the polymerization reaction inside the

nanospheres, which utilizes a hydrophobic solvent,

water, a surfactant, and the reagents necessary for

the polymerization. These solvents and reagents

can then be mixed, and the solution is then soni-

cated to form nanospheres that act as nanoscale

Polymer-Based Sensors, Fig. 3 Precipitation (top) and microemulsion (bottom) methods
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reactors for the many different types of polymeri-

zation used [9]. Recent work has shown that this

approach can even be used for living radical poly-

merizations in aqueous dispersions [10]. The poly-

mers then form within the confined spheres,

making polymer nanoparticles in the process.

An advantage of this approach is that the

polydispersity of the polymer chains can be low,

giving a relatively homogenous sample of

nanoparticles [11]. The second microemulsion

method utilizes a previously synthesized polymer

dissolved in a hydrophobic solvent, water, and

a surfactant. Upon formation of the nanospheres,

the polymer chains are forced into a small

spherical space where they aggregate. The solvent

is then evaporated to form new polymer

nanoparticles. Dynamic light scattering and trans-

mission electron microscopy are generally useful

techniques for characterizing the sizes of polymer

nanoparticles.

Signal Transduction Methods and
Examples

A number of transduction mechanisms for optical

sensing with polymers exist. One type of sensor

relies on photoinduced electron transfer (PET)

[12] between the receptor and the reporter. Once

the receptor binds or reacts with the analyte, there

is a chemical change that alters the PET. This

change in PET is usually seen as a change in

emission intensity.

D!hu D� (1)

D� þ A �����!
Electron

Transfer
Dþ� þ A�� (2)

PET often occurs as a form of luminescence

quenching that, once disrupted, allows for a large

increase in fluorescence intensity. A good example

of this pathway is a mercury (II) sensor that

incorporated the luminescent metal terbium into

a coordination polymer nanoparticle that utilized

PET to quench the luminescence of terbium. How-

ever, the polymer was also able to coordinate

mercury (II), which then disrupted the PET and

allowed the terbium to emit (Fig. 4) [13].

Another type of sensing pathway relies on fluo-

rescence resonance energy transfer (FRET), which

differs from PET in that it is a form of energy

transfer instead of electron transfer [12, 14].

Dþ A!hu D� þ A �����!
Energy

Transfer
Dþ A� (3)

The excited donor (D*) transfers energy to the

acceptor (A) through a nonradiative dipole-dipole

interaction. A good example of this pathway can

be seen in a polymer nanoparticle pH sensor

(Fig. 5) [15]. The nanoparticle was made of poly

(phenylene-ethynylene)/polystyrene blend which

was covalently linked to the fluorescent dye fluo-

rescein, the fluorescence intensity of which

changes based on the pH of its environment.

Polymer-Based Sensors, Fig. 4 Terbium-based polymer nanoparticle for detecting Hg2+ by PET mechanism

(Reprinted with permission from Tan et al. [13]. Copyright (2012) American Chemical Society)
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An interesting aspect of this sensor is that it is

ratiometric, which indicates that there are two

distinct signals that can be detected from the sen-

sor, and that the ratio of intensity of these signals is

the observable change the sensor relies upon. This

property is useful because it is internally

referenced, which makes it much easier to obtain

quantitative data from the sensor. In this case, the

fluorescein acts as the receptor and the reporter,

while poly(phenylene-ethynylene) acts as

a second, constant signal.

Biological Applications

Polymer nanoparticles are often used as sensors or

probes to help study complex biological systems.

One important characteristic is that the

nanoparticles can be small, which is important in

cells because it is desirable to have a probe that can

pass easily from the body through the renal arteries

[5]. Another reason why size is important is that

the probe should not sterically disrupt the interac-

tion that is being visualized. Encapsulating poly-

mer nanoparticles in a more inert material, like

silica, can decrease cytotoxicity and can allow

further functionalization through surface modifi-

cation. For biological applications it is important

that the nanoparticles be water dispersible to pre-

vent nanoparticle aggregation. Attaching hydro-

philic side chains to typically hydrophobic

conjugated polymers can lead to realization of

this goal with CPNs. Another advantage of CPNs

is that they can be used for two-photon fluores-

cence imaging [16], which can be used for real-

time three-dimensional imaging of living tissue

with a depth of 1mmdue to its use of near-infrared

light which is absorbed less by biological tissues

than visible light [17, 18]. The effectiveness of

two-photon fluorescence imaging depends on the

two-photon excitation cross section of the probe

used, and if the two-photon excitation cross section

is low, a much more powerful laser is needed.

Conventional fluorescent dyes have a two-photon

excitation cross section on the scale of 1,000 s of

Goeppert-Mayer units (GM), while conjugated

polymer nanoparticles have been shown to have

two-photon excitation cross sections up to

200,000 GM [19].

Related Entries

▶Biosensing Materials

▶Chemical Sensor
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Polymeric Coatings to Fight
Biofouling

Jens Friedrichs and Carsten Werner

Leibniz Institute of Polymer Research Dresden,

Dresden, Germany

Synonyms

Antifouling coatings

Definition

Biofouling, the undesired accumulation of bio-

mass on man-made surfaces, can be avoided by

polymer-based surface coatings.

Biofouling

Biofouling – the accumulation and growth of

communities of organisms on natural or artificial

surfaces in contact with aerial or saline

environments – can have severe negative conse-

quences in a multitude of fields including indus-

trial processes (e.g., food processing, textile, pulp

and paper manufacturing) and medicine (e.g.,

nosocomial infections) and on seawater-

contacting equipment (e.g., pipelines, cooling

and filtration systems, fishing nets, ship hulls,

and bridge pillars).

Biofilm Formation and Consequences of
Biofouling

Biofouling is a complex process that, in most

cases, can be described by a basic sequence of

events. Firstly, the rapid adsorption of organic

molecules (mainly proteins and polysaccharides)

forms a conditioning film depending on the sur-

face properties and the environmental conditions.

This is quickly followed by the development of a

microbial biofilm, which essentially involves

(1) the attachment of bacteria cells (and diatoms),

(2) the growth and multiplication of the attached

cells, (3) the formation of mature colonies, and

(4) cell detachment. In marine and freshwater

environments, the microbial biofilms themselves

influence the subsequent colonization with more

complex organisms (e.g., algae spores and pro-

tozoa) by facilitating or inhibiting settlement.

The final stage of fouling is characterized by the

growth of macroalgae and the settlement and

growth of larger marine invertebrates [1, 2].

Marine and freshwater biofouling is undesir-

able for many reasons. Microbial biofilms can

cause local fluctuations in the concentration of

various chemical species, such as oxygen and
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metal ions, thus accelerating the corrosion of the

metal substrata. The metabolic process or prod-

ucts (e.g., sulfides) may also be corrosive to steel

surfaces. Biofouling can increase the roughness

on ship hulls, resulting in a greater hydrodynamic

drag. The resulting increases in fuel consumption

and maintenance costs (such as dry dock

cleaning, paint removal, and repainting) cost the

US Navy alone more than one billion dollars per

annum. In addition to economic losses, a serious

threat associated with marine biofouling is the

global, distributive spread of invasive species

that endanger local biodiversity [3, 4].

The process of biofouling results from both

physical and biochemical phenomena at material

interfaces. The physical interactions are

governed by factors such as electrostatic forces

and water flow and lead to the formation of the

conditioning biofilm and adsorption of microor-

ganisms. The biochemically triggered phenom-

ena include migration and secondary adhesion of

microorganisms, the formation of biofilms, and

the attachment and growth of macrofoulers.

Whereas physical interactions are usually revers-

ible, biochemical reactions are effectively irre-

versible. Thus, successful inhibition of the

physical interactions could constrain the later

biochemically controlled phenomena.

Biocides to Avoid Biofouling

Classical chemical strategies to reduce marine

biofouling are based on the release of biocides.

Some of the most successful paints used to pro-

tect marine vessels are based on tributyltin

(TBT). In these types of paints, the biocide is

embedded in a polymer matrix (such as vinyl

and epoxy) that erodes in water. Consequently,

when the coating is immersed in seawater, the

TBT dissolves leaving a multiporous structure

behind. Seawater then permeates into the film

more deeply allowing more biocide to dissolve

in the water. However, at some stage, the leached

layer becomes less accessible to water, and the

rate of TBT release falls below a minimum value

required for antifouling. To circumvent this prob-

lem, a TBT-self-polishing copolymer (SPC)

technology was developed. TBT-SPC paints are

based on acrylic polymers (usually methyl meth-

acrylate) with TBT groups bound to the polymer

backbone by an ester. This linkage is easily

hydrolyzed in slightly alkaline environments

such as seawater. This results in cleavage of the

TBT portion from the copolymer releasing the

biocides into the water. Once many TBT portions

have been cleaved, the partially reacted, brittle,

polymer backbone can be easily washed off by

the moving seawater, which exposes a fresh coat-

ing surface [2].

Being highly effective, TBT was found to

have a harmful impact on the environment

because it accumulates in nontarget species caus-

ing malformations and other disorders. A global

ban on the use of TBT is now in effect due to its

negative ecological side effects. Similarly, the

use of booster biocides (pesticides and herbi-

cides), which are incorporated into cooper-

based antifouling systems, is also under scrutiny

due to their toxic effects on the environment. The

environmental concerns associated with the use

of leachable biocides have propelled efforts to

develop nontoxic antifouling coatings [2].

A variety of non-biocidal antifouling methods

have been developed including electric currents,

acoustic vibrations, piezoelectric coatings, bub-

ble curtains, ultraviolet radiation, magnetic

fields, heating, and cryogenic treatments. All of

these are either only effective in the short term, or

species specific, or impractical to handle and

apply [5].

Nontoxic, Polymer-Based Approaches to
Fight Biofouling

In recent years, with advances in macromolecular

synthesis and surface engineering techniques,

polymer-based coatings have been designed and

explored to resist the attachment of biofouling

species (non-fouling surfaces) or allow for easy

removal of adherent layers (foul-release sur-

faces). Settlement and adhesion of marine organ-

isms on these polymer surfaces were shown to be

affected by chemical, topographic, and biological

cues. However, a set of basic physical and
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chemical polymer properties were identified as

necessary to produce an adhesion-resistant sur-

face [6]:

• A flexible, linear backbone that introduces no

undesirable interactions

• A sufficient number of surface-active groups,

which are free to move to the surface and there

impart a surface energy within a desired range

• A low elastic modulus

• A surface that is smooth at the molecular level

to avoid infiltration of a biological adhesive

leading to mechanical interlocking

• High molecular mobility in the backbone and

surface-active side chains

• A thickness, which controls the fracture

mechanics of the interface

Fouling-Release Coatings

Polymer-based coatings that fulfill many of the

above given requirements are fouling-release

(FR) coatings, which do not inhibit settlement

but, instead, allow for easy removal of attached

biofoulers. At present, commercially available,

hydrophobic, FR coatings comprise two families

of materials: fluoropolymers and silicones.

Fluoropolymers provide nonporous, low surface

free energy surfaces with good nonstick charac-

teristics, while silicones improve the nonstick

efficiency of fluoropolymers [7]. Polydimethyl-

siloxane (PDMS)-based FR coatings are mostly

used because of their low surface energy and low

micro-roughness. The silicone additives incorpo-

rated into PDMS coatings migrate to the coating

surface and create a weakly bound surface layer

that further enhances FR properties. FR coatings

are primarily suitable for applications that feature

high flow rates (fast traveling ships), and even

then, fouling through slimes prevails, often

necessitating underwater cleaning. This excludes

them for use in many contexts, including static

structures or aquaculture and slow-moving recre-

ational and coastal commercial vessels. Further-

more, currently available foul-release coatings

are relatively expensive, are easily damaged,

and have poor mechanical properties [8].

Topography Effects

In addition to surface chemistry approaches, sur-

face topography has also been shown to be effec-

tive in avoiding macrofouling on a larger scale.

Settlement studies and field observations

revealed that the attachment of a wide range of

cells and organisms, including bacteria, algal

spores, and invertebrate larvae, is sensitive to

both the size and periodicity of the surface topog-

raphy. It has been demonstrated that green algae

spores are very selective in settlement behavior

on engineered PDMS microtopographies such as

the Sharklet AFTM, which is a patterned PDMS

surface inspired by shark skin. Various studies

show that spores prefer to settle on surfaces that

provide a topography with dimensions similar to

the maximum width of the free-swimming spore

body. Although the antifouling potential of

microtopographical surfaces has been demon-

strated beyond question, the underlying mecha-

nisms responsible for reduced fouling remain

largely unresolved.

Hydrophilic Coatings

Other polymer-based antifouling technologies rely

on hydrophilic coatings. Demonstrating low

polymer–water interfacial energy levels, these

materials show resistance to protein adsorption

and cell adhesion. Moreover, the related coatings

exhibit low friction and are often considered to be

superior to hydrophobic surfaces with respect to

bacterial attachment and biofilm formation. In par-

ticular, polyethylene glycol (PEG) is a widely

used, non-fouling polymer coating because it is

nontoxic and considered biocompatible. PEG

chains resist protein adsorption via two distinct

effects: steric repulsion due to chain compression

and a “barrier” created by structured water associ-

ated with the PEG chains. PEG has thus been used

extensively for the preparation of non-fouling sur-

faces. In addition, it has been suggested that PEG

chains can maintain the bioactivity of conjugated,

bioactive molecules [9]. Therefore, many research

groups have adopted PEG as a non-fouling spacer

polymer for the immobilization of biomolecules
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on surfaces. Different architectures of PEGylated

surfaces – linear (brushes), branched (comblike

polymers with PEGylated side chains), and

hyperbranched (dendrimer) – have been shown

to be effective. A recent advance in hydrophilic

PEGylated coatings uses bio-inspired

polymers prepared from methoxy-terminated

PEG and the adhesive amino acid L-3,4-

dihydroxy-phenylalaine.

Most PEG-modified surfaces are prepared

using a “grafting to” strategy, which has the dis-

advantage that the grafting density is limited by

steric restrictions and thus insufficient to achieve

antifouling properties. Many researchers have

therefore adopted “grafting from” strategies,

such as surface-initiated, atom transfer, radical

polymerization, for preparing polymer brushes

with non-fouling properties. A fundamental dis-

advantage of PEG is its poor stability as the

polymer readily undergoes oxidative degrada-

tion, especially at elevated temperatures.

A range of bacteria can also metabolize PEG

chains, primarily with the help of alcohol dehy-

drogenase enzymes. Long-term studies have

repeatedly shown that PEG coatings fail to

remain protein resistant over extended periods

of time. Other hydrophilic, nonionic polymers

were reported to be suitable coating

materials for non-fouling surfaces, including

dextran, polyacrylamide, poly(vinylpyrrolidone),

or poly-2-methyl-2-oxazoline [10, 11].

Amphiphilic Surfaces

A recent trend in designing experimental coatings

for antifouling purposes is to create surfaces with

compositional (chemical) heterogeneity at the

nanoscale through the thermodynamically driven

phase segregation of polymer assemblies,

followed by cross-linking in situ. For that pur-

pose, amphiphilic copolymers are considered

suitable as they consist of at least two constitu-

ents of different chemical nature, having both

hydrophilic and hydrophobic components. The

related coating designs may be based on blends

of immiscible polymers or contrasting chemis-

tries of block copolymers. The general aim is to

combine the nonpolar, low surface energy, low

modulus properties of hydrophobic components

to reduce polar and hydrogen-bonding interac-

tions with the bioadhesives used by fouling

organisms with the protein repellence properties

of the hydrophilic components. The resulting

chemical “ambiguity,” expressed in terms of

amphiphilic nanodomains on the surface, may

lower both entropic and enthalpic contributions

to the adsorption proteins and glycoprotein

bioadhesives. It was speculated that the protein

resistance of nanopatterned, amphiphilic diblock

copolymers results from the intrinsic high density

of surface interfacial boundaries [12, 13].

Zwitterionic Surfaces

Inspired by the non-fouling properties of blood

cells, polymers have also been studied as

non-fouling surfaces that incorporate zwitter-

ionic molecules, which are electrically neutral

but carry positive and negative charges such as

phosphatidylcholines. Zwitterionic materials

deterred protein surface adsorption and were

observed to be more stable than PEG-based coat-

ings when trialed in marine applications. The

zwitterionic structures on the surface create a

strong, electrostatically induced hydration layer,

contributing to superhydrophilic properties, with

enhanced resistance to protein adsorption. The

attachment of organisms was reported to be sig-

nificantly reduced by weakened interactions

between secreted bioadhesives from fouling

organisms and the surface. Bioassays investigat-

ing such surfaces showed nearly complete inhi-

bition of green algae spore settlement and

reduced diatom attachment, as well as marked

resistance to settlement of larger marine inverte-

brates [11, 12].

Hydrogels

Hydrogels (cross-linked polymer networks that

swell in the presence of water) are especially

interesting for non-fouling applications as they

permit the combination of hydrophilic

Polymeric Coatings to Fight Biofouling 1947

P



characteristics with a tunable elastic modulus. As

a prominent example, poly(hydroxyethyl meth-

acrylate) hydrogels have been widely studied for

the reduction of biofouling. However, without the

addition of biocides, the coatings demonstrated

rather poor antifouling properties. In other stud-

ies, a number of different hydrogels including

alginate, chitosan, poly(vinyl alcohol), and aga-

rose hydrogels were evaluated in laboratory tests

with barnacles and marine bacteria. It was con-

cluded that all tested hydrogels had lower settle-

ment than polystyrene surfaces and that the

differences between the gels were due to inherent

chemical differences in the polymer network

rather than the variation of modulus and hydro-

philicity. Despite the promising results, funda-

mental challenges for the application of

hydrogel-based coatings concern their long-term

stability and mechanical properties [14].

Enzymes for Antifouling

An alternative approach to reducing adhesion of

fouling organisms uses enzymes incorporated

into coatings. Interest in the potential of enzymes

as antifouling agents has been active for the past

20 years and is well represented in the patent

literature [15]. The environmental and economi-

cal friendliness and the high substrate specificity

of enzymes enable the generation of highly effec-

tive antibacterial surfaces, for example, for food

packaging applications. More recently, enzymes

have also been actively investigated and used as

therapeutic agents to eliminate pathogenic

biofilms in medicine. Major enzymatic antifoul-

ing mechanisms include:

• Cell lysis through the degradation of cell

membrane components

• Degradation of compounds anchoring cells to

the surface (1) of adhesives produced during

settlement and anchorage and (2) of the extra-

cellular matrix secreted by proliferating

adhered organisms

• Disruption of intercellular communication

(quorum sensing, i.e., bacterial cell–cell

communication)

• Degradation of environmental substances

(1) that are fundamental for the survival of

the fouling organism or (2) generating anti-

fouling compounds

Immobilized enzymes were reported to be

active over a broader range of environmental

conditions (pH, temperature) than free enzymes

and characterized by a higher stability upon stor-

age. Enzyme inhibition by substrates, reaction

products, or any other components present in

the environment may also be minimized through

immobilization. The advantages associated with

using immobilized enzymes for antifouling pur-

poses include the localization of the enzyme

where needed, i.e., at the coating–fouler inter-

face, improving efficacy and the decrease of

safety and environmental concerns because

enzymes are confined to the coating surface and

not released into the environment.

Enzyme immobilization methods described in

the literature include adsorption, covalent bonding,

cross-linking, graft copolymerization, and entrap-

ment, and several different variations based on the

combination of these methods have been devel-

oped. The increasing knowledge on the structure

and catalytic mechanism of different enzymes

increasingly allows for the application of molecu-

lar simulations for the rational development of

immobilization methods [16]. Although physical

adsorption and entrapment are the simplest

methods for enzyme immobilization, these fre-

quently result in enzyme leaching from the sur-

face, low stability, and poor performance.

Covalent immobilization typically yields systems

with improved stability and with minimal enzyme

leaching into the aqueous media. Covalent immo-

bilization can be beneficial when envisaging appli-

cations in aqueous environments and when

denaturing factors exist because the formation of

multiple covalent bonds between the enzyme and

carrier reduces conformational flexibility and ther-

mal vibrations preventing enzyme denaturation

and unfolding. A disadvantage associated with

covalent binding is the chemical modification of

the enzyme. Enzyme activity and stability can,

however, be enhanced using site-directed immobi-

lization schemes, which were reported to be
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advantageous when comparedwith random immo-

bilization strategies in several studies [17].

The number of investigations on the potential

use of enzymes as antifouling agents has progres-

sively increased over the past few years. Envis-

aging industrial applications, enzymes are

economically viable and more advantageous

than conventional biocides because they are cur-

rently available at affordable prices and are

biodegradable.

As a recent example, a well-defined model

systemwas developed to investigate the influence

of immobilized subtilisin A on the adhesion of

major marine foulers [18, 19]. The model system

is based on reactive maleic anhydride

(MA) copolymers covalently attached as

nanometer-thick films to amino-functionalized

surfaces. The system enables the covalent attach-

ment of biomolecules through the high reactivity

of the anhydride moieties toward primary amines

[19]. By tuning the film preparation conditions

and through the selection of the comonomer

and molecular weight, the physicochemical

properties of the MA copolymer films can be

varied over a wide range. The use of reactive

polymer surfaces with tunable physicochemical

properties enabled investigation into the influ-

ence of the polymer substrate characteristics on

the amount, activity, and antifouling properties

of the immobilized enzyme [18, 19]. Purified

subtilisin A was used to avoid spurious effects

caused by stabilizers and preservatives usually

present in commercial crude preparations.

The immobilization of subtilisin A onto highly

swelling, poly(ethylene-alt-maleic anhydride)

copolymer films was found to be advantageous

because it permitted higher enzyme loading and

activity compared with enzyme immobilization

onto the compact hydrophobic poly(octadecene-

alt-maleic anhydride) copolymer films [19]. Stud-

ies evaluating the effects of immobilized subtili-

sin A on the initial steps of settlement and

adhesion of marine bacteria, green algae spores,

diatoms, and larger marine invertebrates revealed

that the adhesion strength decreased in the pres-

ence of the active enzyme [18, 20]. In addition, a

higher antifouling efficacy was observed for the

immobilized enzyme when compared with

similar amounts of free enzyme indicating the

importance of enzyme localization at the

cell–coating interface [18].

Related Entries

▶Biobased Polymers
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Synonyms

Macromolecular therapeutics; Polymer–drug

conjugates; Polymeric nanomedicines

Definition

Nanosized water-soluble polymer

(macromolecular) compounds with therapeutic

activity; the major subgroup are polymer–drug

conjugates.

Historical Background

Polymer compounds are widely used in medicine

in many forms and combinations. This entry

focuses on water-soluble polymers with biologi-

cal activity and water-soluble polymer–drug con-

jugates. Water-soluble polymers may possess

intrinsic biological activity that relates to their

structure, molecular weight, charge density,

charge distribution, conformation, and

stability [1]. Macromolecules such as dextran,

poly(N-vinylpyrrolidone), and hydroxyethyl

starch have been used as blood plasma expanders

to restore the blood volume following trauma or

shock. Poly(2-vinylpyridine-N-oxide) has dem-

onstrated activity against silicosis; its effect has

been explained by the adsorption of the weakly

basic polymer on the weakly acidic surface of

silica. Polyelectrolytes stimulate interferon pro-

duction in cells and living organisms. Stereo-

chemistry has an impact on activity; isotactic

poly(acrylic acid) possesses antiviral properties,

whereas atactic poly(acrylic acid) does not [2].

A much wider use of water-soluble polymers

has been to facilitate the delivery of drugs to

diseased tissue by employing nanosized

polymer–drug conjugates. The first polymer–drug

conjugate has been prepared by Jatzkewitz who

attached mescaline to polyvinylpyrrolidone via

a glycylleucine spacer 60 years ago [3]. Mathé

and coworkers pioneered conjugation of drugs to

antibodies initiating targeted drug delivery [4].

The entry will focus on polymer–drug conjugates

in general and polymer–anticancer drug

conjugates in particular.

Biological Rationale

The major rationale for the use of water-soluble

polymers as carriers of anticancer drugs is based

on the mechanism of cell entry [5, 6]. Although

the majority of low-molecular-weight drugs enter

cells by diffusion across the plasma membrane,

the entry of macromolecules is restricted to endo-

cytosis. Macromolecules captured by this mech-

anism are usually channeled to the lysosomal

compartment of the cell.
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Targeting moieties, complementary to cell

surface receptors, incorporated into the macro-

molecular structure render the macromolecule

biorecognizable by a subset of (diseased) cells.

This provides a mechanism to enhance the accu-

mulation of drugs at target tissue. For efficiency,

targetable polymer–drug conjugates should be

biorecognizable at two levels: at the plasma

membrane, eliciting selective recognition and

internalization by a subset of target cells, and

intracellularly, where lysosomal enzymes induce

the release of drug from the carrier. The latter is

a prerequisite for transport of the drug across the

lysosomal membrane into the cytoplasm and

translocation into the organelle decisive for bio-

logical activity (Fig. 1).

Design Principles

Polymer carriers need to be nontoxic and

nonantigenic and possess a structure that provides

drug attachment/release sites; they should be

degradable or have a molecular weight below

Polymeric Drugs, Fig. 1 (a) Typical structure of

a targetable water-soluble polymer–drug conjugate.

A drug is bound to the N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer backbone via

a spacer that is stable in the bloodstream but susceptible

to enzymatically catalyzed hydrolysis in the lysosomal

compartment of the cell. To achieve targeting a targeting

moiety (antibody, antibody fragment, peptide, or saccha-

ride) is attached to the backbone. Optionally, the conju-

gates contain a subcellular targeting moiety that directs

the drug to a specific subcellular organelle. (b) Internali-
zation of polymer–drug conjugates by endocytosis. The

ultimate localization of the conjugate is the secondary

lysosome
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the renal threshold (about 50 kDa for neutral

hydrophilic random coils) to permit elimination

via glomerular filtration. Frequently used carriers

are poly[N-(2-hydroxypropyl)methacrylamide]

(polyHPMA), poly(glutamic acid), poly(ethylene

glycol) (PEG), dextran, and a,b-poly
(2-hydroxyethyl)-D,L-aspartamide (Fig. 2).

Polymer–drug linkages need to be stable

in the bloodstream and interstitial space but

be susceptible to hydrolysis in the lysosomes.

Due to a lower pH (�5) in the lysosomes, the

bond between drug and polymer might be

degradable by chemical (Fig. 3a) or enzymati-

cally catalyzed (Fig. 3b) hydrolysis. In conjugate

A the drug (doxorubicin) is bound via a hydrazone

bond that is stable at neutral pH (bloodstream) but

hydrolyzes at acidic conditions (in late endosomes

and lysosomes). There are numerous enzymes in

the lysosomes, and the spacers connecting the

polymer carrier and drug need to be designed to

match the selected enzyme’s active site.

A frequently used spacer is the GFLG

tetrapeptide; it fits into the active site of cathepsin

B (Fig. 3b) [6].

Binding drugs to polymeric carriers generally

results in a decrease of adverse effects, improved

pharmacokinetics, and modulation of the cell sig-

naling and apoptotic pathways and has a potential

to overcome multidrug resistance [6]. For exam-

ple, doxorubicin (DOX) possesses serious

cardiotoxicity; its maximum tolerated dose

(MTD) in humans is 60–80 mg/m2, whereas the

MTD of HPMA copolymer–DOX conjugate in

clinical trials was 320 mg/m2 (in DOX equivalent)

mainly due to less effective accumulation

and endocytosis of macromolecules in heart

tissue [7].

Active targeting. The incorporation of cancer

cell-specific ligands, such as carbohydrates,

lectins, antibodies, antibody fragments, and pep-

tides, results in enhanced uptake of

polymer–drug conjugates by cancer cells through

cell surface biorecognition followed by receptor-

mediated endocytosis [5, 6]. A comparison of the

efficacy of an antibody-targeted and nontargeted

conjugate is shown in Fig. 4. Human ovarian

carcinoma OVCAR-3 xenografts were treated

with OV-TL16 antibody (complementary to

CD47)-targeted HPMA copolymer–drug (DOX

and mesochlorin e6 (Mce6)) conjugates. Follow-

ing the internalization of the conjugates into can-

cer cells, DOX will be released in the lysosomes

Polymeric Drugs, Fig. 2 Structures of representative polymer–drug carriers
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Polymeric Drugs, Fig. 3 Structure of the HPMA
copolymer–doxorubicin (DOX) conjugates with different

spacers. (a) Spacer hydrolytically cleavable in the

endosomes/lysosomes; (b) spacer (Gly–Phe–Leu–Gly)

cleavable by lysosomal enzyme cathepsin. (b) The

amide bond originating in the terminal glycine is cleaved

resulting in the release of (unmodified) drug (DOX)

Polymeric Drugs, Fig. 4 Efficacy of combination che-

motherapy and photodynamic therapy of human ovarian

carcinoma OVCAR-3 xenografts in nude mice with

nontargeted and OV-TL16 antibody-targeted conjugates.

Therapeutic efficacy of a combination therapy of HPMA

copolymer-bound mesochlorin e6 (Mce6) and doxorubicin

(DOX) targeted with OV-TL16 antibodies was compared

with nontargeted combination chemotherapy and

photodynamic therapy and nontreated controls. Equiva-

lent doses of targeted combination therapy enhanced the

tumor-suppressive effect as compared to nontargeted

combination therapy. Dose administered: 2.2 mg/kg

DOX equivalent and 1.5 mg/kg Mce6 equivalent. Irradia-

tion for photodynamic therapy: 650 nm, 200 mW/cm2,

18 h after administration (Adapted with permission from

Ref. [8])
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by cathepsin B-catalyzed hydrolysis, translocate

into the cytoplasm, and ultimately enter nucleus

where it will intercalate into DNA. Mce6 is a

photosensitizer that is not active without light.

Following irradiation with light that matches its

absorption spectrum, the photosensitizer is

excited and transfers energy to molecular oxy-

gen. The produced singlet oxygen is a very reac-

tive species toxic to biological systems including

cells.

Subcellular targeting. The activity of many

drugs depends on their subcellular location;

some drugs benefit from mitochondrial location

and others from reaching the nucleus. Efforts are

underway to evaluate conjugates that combine

tumor and subcellular organelle targeting. For

example, mitochondrial targeting can be

achieved by exploiting the negative mitochon-

drial potential and use of positively charged

triphenylphosphonium ions as mitochondrial

targeting agents [9]. This concept may be used

both in vitro and in vivo.

Passive targeting. The solid tumor vasculature

is leaky and permits the extravasation of

polymer–drug conjugates. The accumulation of

polymers and polymer–drug conjugates in tumor

tissue is molecular weight dependent. The

higher the molecular weight, the higher the

accumulation in the tumor with concomitant

increase in therapeutic efficacy. This phenomenon,

the enhanced permeability and retention (EPR)

effect (Fig. 5a), is the predominant mechanism by

which soluble macromolecular anticancer drugs

exhibit their therapeutic effect on solid tumors. It

is attributed to high vascular density of the tumor,

increased permeability of tumor vessels, defective

tumor vasculature, and malfunctioning or

suppressed lymphatic drainage in the tumor

interstitium [10].

Consequently, molecular weight (Mw) and

molecular weight distribution are important fac-

tors in the design of effective polymer–drug con-

jugates. The renal threshold limits the molecular

weight of the first generation (nondegradable)

polymeric carriers to below 50 kDa; this lowers

the retention time of the conjugate in the circula-

tion resulting in suboptimal tumor accumulation

with simultaneous decrease in pharmaceutical

efficiency. Higher-molecular-weight drug car-

riers with a nondegradable backbone deposit

and accumulate in various organs, impairing bio-

compatibility. To overcome this dilemma, back-

bone degradable, long-circulating polymer

carriers have been designed. These are high-

molecular-weight, linear polymeric carriers

containing enzymatically degradable bonds in

the (linear) polymer backbone (Fig. 5b)

[11, 12]. Their synthesis was facilitated by recent

developments in living radical polymerization

and bioconjugation via click reactions.

Compared with current polymer-based

anticancer drug delivery systems, the distinct

features of the new design (second-generation

conjugates) are (a) longer intravascular half-life

and higher accumulation in tumor tissue due to

the EPR effect and (b) substantially augmented

efficacy due to increased drug concentration in

tumor tissue. The enhanced efficacy of the new

backbone degradable HPMA copolymer–drug

conjugates was demonstrated on ovarian

cancer xenografts in mice [13, 14] and in a rat

osteoporosis model [15]. A comparison of

first-generation HPMA copolymer conjugates

(P-GEM; containing nondegradable low-

molecular-weight polymer backbones) with

second-generation conjugates (diblock 2P-GEM

and multiblock mP-GEMHPMA copolymer con-

jugates containing degradable bonds in the poly-

mer backbone) is shown in Fig. 5c.

Clinical developments. Numerous water-

soluble polymer–drug conjugates have been

evaluated in clinical trials [16]: HPMA

copolymer–DOX, galactosamine-targeted HPMA

copolymer–DOX, HPMA copolymer–platinates,

PEG–camptothecin, PEG-SN38, carboxymethyl

dextran–exatecan (a camptothecin analog),

cyclodextrin-based polymer–camptothecin, and

poly(glutamic acid)-taxol. The poly(glutamic

acid)-taxol conjugate was evaluated in Phase III

clinical trials and the other conjugates in Phase

I and/or Phase II clinical trials. When compared

to corresponding low-molecular-weight drugs,

clinical trials with polymer conjugates demon-

strated decreased adverse effects, improved phar-

macokinetics, improved patient compliance, and

ease of drug administration [17, 18].
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Polymeric Drugs, Fig. 5 Rationale for the design

of long-circulating backbone degradable (second-

generation) conjugates. (a) Schematic of the enhanced

permeability and retention (EPR) effect. (b) Schematic

structure of backbone degradable (second-generation)

polymer–drug conjugates. (c) In vivo antitumor

activity against A2780 human ovarian xenografts in

nude mice. Comparison of backbone degradable long-

circulating (second-generation) diblock HPMA

copolymer–gemcitabine conjugate (2P-GEM) and

multiblock HPMA copolymer–gemcitabine conjugate

(mP-GEM) with low-molecular-weight (first-generation)

HPMA copolymer–gemcitabine conjugate (P-GEM)

(Unpublished data from Kopeček laboratory)
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Polymeric Drugs, Fig. 6 Rationale of “drug-free poly-

mer therapeutics.” (a) Two nanoconjugates induce apo-

ptosis of B cells by cross-linking of the CD20 antigens that

is mediated by extracellular hybridization of complemen-

tary morpholino oligonucleotides (MORF1-MORF2). (b)
Therapeutic efficacy of the nanomedicine against sys-

temic lymphoma in SCID mice. Four million of Raji

B cells were injected via tail vein on day 0; incidence of

hind-limb paralysis or survival of mice was monitored

until day 125. One-dose treatment on day 1; three-dose

treatment on days 1, 3, and 5. PBS, mice injected with PBS

(n = 8); Cons �1, consecutive treatment of Fab’-MORF1

and P-MORF2/v10, 1-dose (n = 7); Prem �1, premixture

of Fab’-MORF1 and P-MORF2/v10, 1-dose (n= 7); Cons

(1:5) �1, consecutive treatment, MORF1:MORF2 = 1:5,

1-dose (n= 6); Cons�3, 3 doses of consecutive treatment

(n= 7); Prem�3, 3 doses of premixture (n= 7); 1F5mAb

�3, three doses of 1F5mAb (n = 7). The paralysis-free

survival of mice is presented in a Kaplan–Meier plot.

Numbers of long-term survivors in each group are indi-

cated (if any). Statistics: p< 0.05, ***p< 0.0001, n.s.: no

significant difference (Adapted with permission from Ref.

[20], Copyright 2014 American Chemical Society)
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Example of a New Paradigm in
Polymeric Drug Design

Recently, a new B-cell apoptosis induction system

was proposed which avoids the use of

low-molecular-weight drugs. The rationale is

based on the observation that cross-linking of

non-internalizing CD20 receptor on B-cell surface

initiates apoptosis. The system is composed of

a pair of complementary coiled-coil peptides or

oligonucleotides, Fab’ fragment of the 1F5 anti-

CD20 antibody, and HPMA copolymer [19, 20].

One peptide or oligonucleotide is conjugated to the

Fab’ fragment, and the complementary one is con-

jugated in multiple grafts to polyHPMA. The expo-

sure of CD20+ Raji B cells to Fab’–peptide1 or

Fab’–oligonucleotide1 conjugate results in the dec-

oration of the cell surface with multiple copies of

peptide1 or oligonucleotide1 via antigen–antibody

fragment biorecognition. Further exposure of the

decorated cells to HPMA copolymer grafted with

multiple copies of peptide2 or oligonucleotide2 pro-

duces dimerization on the cell surface. This second

biorecognition event induces cross-linking of CD20

receptors and triggered apoptosis of B cells in vitro

and in vivo. The morpholino oligonucleotide base

system is depicted in Fig. 6.

Future Directions

There are two main approaches to advance the

field of polymer drugs [17]: (a) improvements of

the current design including design of conjugates

for the treatment of noncancerous diseases,

development of combination therapy with

polymer–drug conjugates, identification of

novel targeting strategies, improvement in sub-

cellular targeting, and the perfection of backbone

degradable, long-circulating polymer–drug con-

jugates and (b) the design of new paradigms in

polymer therapeutics as shown above. Both

approaches possess the potential to create more

efficient conjugates. In addition, future develop-

ments will be greatly supported by results from

advanced imaging techniques that permit

noninvasive monitoring of the fate of conjugates

in vivo. The level of our knowledge suggests that

polymeric drugs will be widely used in the clinics

within the next decade.

Related Entries

▶Controlled Release

▶Drug and Gene Delivery Using Hyperbranched

Polymers

▶ Polymeric Micelles

▶ Stimuli-Responsive Bioconjugate
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Synonyms

Block copolymer micelle; Polymer micelle;

Polymeric micelle

Definition

Polymeric micelles are the core-shell-type nano-

particle formed through the self-assembly of

block copolymers or graft copolymers in the

selective solvents. Typical polymeric micelles

have a spherical shape and the size is in the

range of 10–100 nm. Compared with surfactant

micelles, polymeric micelles show much higher

thermodynamic and kinetic stabilities.

Introduction

Amphiphilic block copolymers and graft copoly-

mers in the selective solvents spontaneously form

supramolecular assemblies with spherical, cylindri-

cal, and vesicular morphologies [1, 2]. The size and

morphology of supramolecular assemblies criti-

cally depend on the chemical structures and com-

positions of the constituent block copolymers.

Living polymerization is often applied for the syn-

thesis of block copolymers with a narrowmolecular

weight distribution. Among such assemblies, spher-

ical micelles with a characteristic core-shell struc-

ture are termed “polymeric micelles” (Fig. 1) and

have been extensively studied so far. Polymeric

micelles can be formed by various driving forces,

such as hydrophobic interaction, p-p interaction,

electrostatic interaction, and polymer-metal com-

plex formation [3, 4]. Compared with surfactant

micelles, polymeric micelles exhibit distinctive

properties such as low criticalmicelle concentration

(CMC), glass state (solid) core, and kinetic stability.

Also, polymeric micelles are covered with a high

density of shell-forming polymers, providing excel-

lent colloidal stability and reduced interaction with

other molecules. These properties of polymeric

micelles allow their applications in various fields

including biomedical applications [5]. Especially,

the utility of polymeric micelles as drug vehicles

has been widely accepted as described later.

Physicochemical Properties

Polymeric micelles typically have the core-shell

structure in the size range of 10–100 nm.

1958 Polymeric Micelles



The driving force for micelle formation is the

minimization of interfacial free energy of block

copolymers with a large solubility difference.

The shell-forming polymers are densely packed

on the surface of polymeric micelles; therefore,

the conformation of the shell-forming polymers

is shifted from the “mushroom” structure to the

extended, “brush”-like structure. The high surface

coverage of the micelle with flexible polymers

provides excellent colloidal stability regardless of

their concentrations and media.

The physicochemical properties of polymeric

micelles rely on several factors, including the

properties of the core-forming segments such as

hydrophobicity, the glass transition temperature

(Tg), the degree of crystallinity, the secondary

structure such as a-helix, and the length and

ratio of each segment of block copolymers

[3]. Also, the interaction between the core-

forming segments and the loaded substances in

the core affect the properties of polymeric

micelles. For example, the complexation between

platinum and polycarboxylate allows the forma-

tion of extremely stable polymeric micelles

[3, 4]. Although individual polymers in the

micelle are in dynamic equilibrium, polymeric

micelles show high thermodynamic and kinetic

stability. It is known that micelles have a critical

micelle concentration (CMC) below which only

unimers exist but above which both micelles and

unimers are present. In general, polymeric

micelles have a CMC value of 10�6–10�7 M

[6, 7], which is 1,000-fold lower than that of

surfactant micelles (10�3–10�4 M). Even when

highly diluted below the CMC, polymeric

micelles show slower dissociation into unimers

(kinetic stability) due to the integrated molecular

effect and entangling of the micelle core-forming

polymers [7].

As an example, the physicochemical property

of polymeric micelles from poly(ethylene glycol)-

block-poly(D,L-lactide) (PEG-b-PDLLA) copoly-

mers is described [6]. PEG-b-PDLLA (MwPEG,

5,700; MwPDLLA, 5,400) were self-assembled

into narrowly distributed micelles with 35 nm

by dialysis or ultrasonication-aided dispersion

method. Note that the Tg of PDLLA segment

is 42 �C. At the temperature above Tg, the CMC

increased with the temperature according to the

equation, DG0 � RTln(CMC), where G0 and

R are the Gibbs standard free energy and the uni-

versal gas constant, respectively. This may be

attributed to the temperature-dependent increase

in the chain mobility of PDLLA segment in the

micellar core. On the other hand, when the tem-

perature is below Tg, the CMC was constant

(6.0 � 10�7 M) regardless of the temperature.

Furthermore, the polymer exchange rate between

the micelles was accelerated by increasing the

temperature from 25 �C to 40 �C. Thus, the char-
acteristics of the core-forming polymers greatly

affect the physicochemical property of polymeric

micelles.

Biomedical Applications

Polymeric micelles have been receiving growing

attentions in the biomedical fields, especially the

application for drug delivery [8]. The paradigm

of applying polymeric micelles for drug delivery

was proposed by Ringsdorf in the early 1980s [9].

The utility of polymeric micelles as drug vehicles

has been demonstrated in the late 1980s by

Polymeric Micelles,
Fig. 1 Formation of

polymeric micelles through

the self-assembly of

precisely synthesized block

copolymers
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Kataoka [10] and Kabanov [11]. Polymeric

micelles can encapsulate a variety of bioactive

compounds such as hydrophobic substance,

metal complexes, and nucleic acids, overcoming

their poor solubility and degradation/inactiva-

tion. Easy and efficient drug loading without

chemical modification is also advantageous in

comparison with other drug vehicles. For exam-

ple, hydrophobic drugs can be incorporated into

polymeric micelles by the dialysis method or the

oil in water (o/w) emulsion method, providing the

loading capacity around 20 % [3]. On the other

hand, the shell of hydrophilic polymers protects

polymeric micelles from unwanted interaction

with biological components. Note that poly(eth-

ylene glycol) (PEG) is the most widely used as

shell-forming polymers due to the flexibility with

high degree of hydration, nontoxicity and less

immunogenicity, and approval for intravenous

administration by the Food and Drug Adminis-

tration (FDA) [12]. After systemic administra-

tion, polymeric micelles can avoid the

glomerular excretion in kidneys and recognition

by reticuloendothelial system (RES) located in

the liver, spleen, and lungs, achieving prolonged

blood circulation with the half-life of several

hours to 24 h (stealth property). Worth mention-

ing is that the high drug loading as aforemen-

tioned might not affect the biodistribution of

polymeric micelles due to the segregated core-

shell structure and compacted inner core. For the

tumor targeting, the long-circulating micelles

show preferential accumulation in solid tumors

due to the leaky vasculature in the tumor tissue

and impaired lymphatic drainage, which was

termed the enhanced permeability and retention

(EPR) effect proposed by Maeda and Matsumura

[13]. As a result, polymeric micelles have been

demonstrated to enhance the potency of

antitumor agents in various tumor models

[14, 15]. As an example, the plasma concentra-

tion and tissue distribution of polymeric micelles

conjugating adriamycin (ADR) via an acid-labile

linker are shown in Fig. 2. Micellar ADR showed

prolonged circulation, achieving 15-fold greater

than the area under the concentration curve

(AUC) compared with free ADR. Owing to the

EPR effect, micellar ADR showed significantly

higher tumor accumulation compared with free

ADR (AUCmicelle/AUCADR = 4.2) (Fig. 2). Nev-

ertheless, micellar ADR accumulated to a lesser

extent in normal tissues including the heart, kid-

neys, and spleen, excepting some accumulation

in liver due to its fenestrated endothelia in

sinusoid (Fig. 2). As a result, micellar ADR

exhibited approximately fourfold higher maxi-

mum tolerated dose and remarkably higher

antitumor activity against several solid

tumor models than free ADR. Currently, the

micellar formulation conjugating an epimer of

ADR, epirubicin, via an acid-labile linker

(NC-6300/K-912 in Table 1) is under phase I clin-

ical study. Table 1 summarizes micellar

formulation of antitumor agents that are under

the clinical study or have been approved for the

clinical use.

Engineering and chemical modification of the

constituent block copolymers allow the construc-

tion of more sophisticated drug nanocarriers:

polymeric micelles with smart functionalities

(Fig. 3) [17]. The introduction of targetable

ligands such as antibody (fragments) and

peptides onto the micellar surface enables

targeting specific cells (function to reach desir-

able site in body). After reaching the target tissue,

polymeric micelles can be endowed with the

function to operate the cells, which comprises

three multiple processes: (1) sensing (detecting

specific environments such as pH, redox poten-

tial, and enzymatic reactions), (2) processing

(modulating their properties and functions), and

(3) operation (properly performing the desired

tasks in a spatiotemporally controlled manner).

This function is important for organelle-specific

delivery of bioactive agents such as nucleic

acids and photosensitizers. On the other hand,

the integration of imaging components such

as fluorescent probes, paramagnetic contrast

agents, and radioactive substances can

visualize the localization and functions of

polymeric micelles (function to visualize).

Such visible drug vehicles can be used for

monitoring the disease progression and therapeu-

tic response in a noninvasive manner. Further-

more, polymeric micelles can encapsulate

sensitizers responding to external stimuli such

1960 Polymeric Micelles
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as light, ultrasound, and neutron beam,

achieving their specific accumulation in the

target tissues or cells. The combination of medi-

cal devices and sensitizer delivery can achieve

minimally invasive surgery (function to respond

to external stimuli). Thus, multifunctional

polymeric micelles are expected to realize

effective but less toxic treatment against intrac-

table diseases and improve the patients’ quality

of life (QOL).

Polymeric Micelles, Table 1 Clinical status of polymeric micelles for cancer therapy

Identity Drug Type of carrier Status

Genexol-PM Paclitaxel Polymeric micelle from PEG-b-poly(D,L-lactide) Approved

NK105 Paclitaxel PEG-b-polyaspartate modified with 4-phenyl-butanol Phase III

NC-6004 Cisplatin Polymer-metal complex micelle from PEG-b-poly(L-glutamic acid) Phase III

NK012 SN-38 PEG-b-poly(L-glutamic acid)-drug conjugate Phase II

NC-4016 DACHPt Polymer-metal complex micelle from PEG-b-poly(L-glutamic acid) Phase I

NC-6300/K-912 Epirubicin PEG-b-polyaspartate-drug conjugate (pH sensitive) Phase I

SP1049C Doxorubicin P-glycoprotein-targeting pluronic micelles Phase II

CALAA-01 siRNA PEGylated cyclodextrin-based cationic polymer Phase I/II

BIND-014 Docetaxel Polymeric micelle targeting prostate-specific membrane antigen Phase I

Polymeric Micelles, Fig. 3 Multifunctional polymeric micelles as a versatile platform for diagnosis and pinpoint

therapy (Reprinted from Ref. [14])
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Summary

Polymeric micelles are versatile nanoparticles,

of which the size, morphology, and physicochem-

ical properties can be controlled by the

chemical structures of constituent block copoly-

mers. Recent advances in precision chain

polymerization including atom transfer radical

polymerization (ATRP) and reversible addition-

fragmentation chain-transfer (RAFT) polymeriza-

tion allow the synthesis of various kinds of

block copolymers with precise chain length

and site-controlled functional groups. The finely

engineered block copolymers are useful for

the construction of polymeric micelles with

smart functionalities such as the stimuli

responsibility and specific molecule recognition

ability. Such functional polymeric micelles

have great potentials in biomedical applications.

In particular, polymeric micelles can be a

platform for molecular imaging and pinpoint

drug delivery.
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Synonyms

Polymerization of acetylene derivatives

Definition

Polymerization is a group of reactions that

provide high-molecular-weight polymers from

usually low-molecular-weight monomers.

Substituted acetylenes are acetylene derivatives

which possess one or two groups on either or both

sides of the acetylenic moiety. The polymeriza-

tion of substituted acetylenes proceeds via the

simultaneous cleavage of the triple bond and

linkage formation between monomer molecules.

The formed polymers possess alternating

carbon–carbon double bonds along the main

chain and various side groups and exhibit inter-

esting photoelectronic properties based on the

conjugated structure.

Introduction

The polymerization of acetylene and its

derivatives in the presence of suitable transition-

metal catalysts provides high-molecular-weight

(MW) polymers (Fig. 1). The monomers include

acetylene, mono- and disubstituted acetylenes, and

a,o-diynes. The polymers possess carbon–carbon

alternating double bonds along the main chain

and are expected to exhibit unique properties

such as metallic conductivity based on the conju-

gated structure of the main chain. For more details

of the polymerization and polymer properties of

substituted acetylenes, the readers are encouraged

to refer to monographs and review articles [1–3].

Natta and coworkers polymerized acetylene

for the first time in 1958 by using a Ti-based

catalyst. This polymerization proceeds by the

insertion mechanism like the polymerization of

olefins. Because of the lack of processability

and stability, early studies on polyacetylenes

were motivated only by theoretical and spectro-

scopic interests. In 1977, Shirakawa, Heeger, and

MacDiamid discovered metallic conductivity of

doped polyacetylene [4–6]. This discovery

greatly stimulated polyacetylene chemistry, and

now polyacetylene is recognized as one of the

most important conjugated polymers. Many pub-

lications are now available about the chemistry

and physics of polyacetylene itself.

The introduction of various side groups into

polyacetylene has been attempted to change

and/or improve its stability, solubility, process-

ability, and functionalities. Early attempts led to

the conclusion that only sterically unhindered

monosubstituted acetylenes are polymerizable

with Ziegler-type catalysts. Conventional ionic

and radical initiators lack the ability to

provide high-MW polymers from substituted

acetylenes. The first successful polymerization

of a substituted acetylene was achieved in 1974;

group 6 transition metals were quite active for the

polymerization of phenylacetylene (PA) to

provide polymers with MWs over 104. Since

then, promoted by the development of various

effective transition-metal catalysts, a variety of

polymers (called substituted polyacetylenes)

have been successfully synthesized from

substituted acetylenes. Acetylenic monomers

that undergo polymerization with transition-

metal catalysts cover a wide range from

unsubstituted to mono- and disubstituted mono-

mers and further a,o-diynes as well as from

hydrocarbon-based monomers to heteroatom-

containing ones (Table 1). The synthesis of

various substituted polyacetylenes orients the

development of novel polymers displaying

unique properties such as conductivity,

nonlinear optical properties, magnetic

properties, gas permeability, photo- and electro-

luminescent properties, and so on, which are not

accessible with the corresponding vinyl

polymers.

1964 Polymerization of Substituted Acetylenes



Table 2 lists transition-metal catalysts used for

the polymerization of acetylenic monomers. It is

noted that transitionmetals of various groups in the

periodic table are useful. Typical metals in the

catalysts include Ti, Nb, Ta, Mo, W, Fe, and Rh,

although other metals such as Ru, Ir, Ni, and

Pd have also been employed. The kind of mono-

mers polymerizable with a particular catalyst is

rather restricted; e.g., diphenylacetylenes are

polymerizable only with Ta catalysts, while

monosubstituted acetylenes with polar groups are

polymerizable only with Rh catalysts. Hence it is

important to recognize the characteristic of each

catalyst. Two kinds of reaction mechanisms

participate depending on the polymerization cata-

lysts. One is the metathesis mechanism where the

active species are metal carbenes, namely, species

having a metal–carbon double bond, and the other

is the insertion mechanism in which the active

species are alkylmetals, namely, species having

a metal–carbon single bond. Themetathesis mech-

anism proceeds when Nb, Ta, Mo, andW catalysts

are used, whereas the insertion mechanism holds

with Ti, Fe, and Rh catalysts. The alternating

HC CR CH C

R

CC

R'

RC CR'

R

HC CH CH CH

n

n

n

nXX

(1)

(2)

(3)

(4)
X

Polymerization of
Substituted Acetylenes,
Fig. 1 Polymerization of

acetylenes

Polymerization of Substituted Acetylenes, Table 1 Examples of polymerizable acetylenic monomers

Unsubstituted Monosubstituted Disubstituted a,o-Diyne

Hydrocarbon acetylenes HC	CH HC 	 C-n-Bu MeC 	 C-n-C5H11

HC 	 C-t-Bu CMeC

CHC C C -t-Bu

PhPh

Heteroatom-containing

acetylenes

HC 	 C CO2-n-Bu Cl C=C-n-C6H13

EtO2CCO2Et

C CH2NHC-s-Bu*

O

HC CClC

C
Me3Si

HC

MeC 	 CSiMe3

Si
PhPh

C
CF3

HC
C C SiMe3
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double bond structure is formed by both polymer-

ization mechanisms, and so it is rather difficult to

distinguish the polymerization mechanism from

the polymer structure.

Polymerization of Acetylene and Its
Derivatives

Polymerization of Acetylene

Polymerization of acetylene was first achieved by

Natta and his coworkers using a Ti-based cata-

lyst. At present, polyacetylene membrane can be

directly obtained by the polymerization using

Ti(O-n-Bu)4–Et3Al. This is called the Shirakawa

method, which features high catalyst concentra-

tions. Typical polymerization conditions are as

follows: [Ti(O-n-Bu)4] = 0.25 M, [Et3Al] = 1.0

M in toluene, –78 �C, 500–600 mmHg acetylene

pressure. Since the discovery of the metallic con-

ductivity of doped polyacetylene in 1977,

a tremendous amount of research has been done

not only about polyacetylene but also about var-

ious conjugated polymers. In general, conjugated

polymers intrinsically possess electric conductiv-

ity, and so they are called synthetic metals.

Naarmann et al. have reported a method of prepar-

ing a highly conducting polyacetylene, in which

the catalyst solution is aged in silicone oil at a

temperature as high as 120 �C. Akagi et al. have
synthesized helical polymers in chiral nematic

liquid crystal media, which were prepared by

adding chiral dopants to phenylcyclohexyl-based

binary nematic liquid crystals, and observed very

clear twisted fibrils of polyacetylene by scanning

electron micrography.

Polymerization of Monosubstituted

Acetylenes

Typical examples of the polymerization of

monosubstituted acetylenes are shown in Table 3.

Mo, W, and Rh catalysts, all of which involve

transition metals, are particularly effective.

Whereas Mo and W catalysts are sensitive to

polar groups in the monomer, Rh catalysts are

tolerant to such groups. In the same way, polar

solvents can be used only with Rh catalysts and

not with Mo andW catalysts. Another point is that

Mo and W catalysts are effective to various steri-

cally crowded monomers, while Rh catalysts are

useful to rather restricted kinds of monomers

including phenylacetylenes, alkyl propiolates,

and N-propargylamides. In some cases, Fe and

Pd complexes are also useful. It is noted that not

only sterically unhindered monomers but also very

crowded ones afford high-MW polymers with

W and Mo catalysts. Typical monosubstituted

acetylene monomers such as aliphatic acetylenes,

ring-substituted phenylacetylenes, and other

arylacetylenes are discussed below.

Aliphatic Acetylenes. Aliphatic terminal acet-

ylenes with prim- and sec-alkyl groups provide

orange to yellow, high-MW polymers when poly-

merized with iron alkanoate–organoaluminum

catalysts. On the other hand, tert-alkylacetylenes,
which are sterically very crowded, can be

Polymerization of Substituted Acetylenes, Table 2 Typical catalysts for the polymerization of acetylenes

Group 4 5 6 8–10

Catalyst Ti

(O-n-Bu)4
–Et3Al

NbCl5, TaCl5 MoCl5–n-Bu4Sn,
WCl6–Ph4Sn

Fe(acac)3–Et3Al

(Monomera) (HC 	 CH) (RC 	 CR0) (HC 	 CR, RC 	 CR0) (HC 	 CR)

TaCl5–n-Bu4Sn M(CO)6–CCl4–hn
(M = Mo, W)

[(nbd)RhCl]2

(PhC 	 CC6H4-

p-X)
(HC 	 CR, ClC 	 CR) (HC 	 CPh,

HC 	 CCO2R)

(RO)2Mo(=NAr) = CH-

t-Bu
(nbd)Rh+BPh4

–

((HC 	 CCH2)2C(CO2Et)2) (HC 	 CCH2NHCOR)

Mechanism Insertion Metathesis Metathesis Insertion

aHC 	 CR and RC 	 CR0 denote mono- and disubstituted acetylenes, respectively
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polymerized byMo andW catalysts, and the MW

of the polymers reaches several 100,000.

Examples of the polymerizations of

heteroatom-containing acetylenes have been

increasing. The heteroatoms include Si, halo-

gens, O, S, and N. In particular, Si and F endow

the polymers with unique properties and func-

tions, and they are unlikely to deactivate

polymerization catalysts. Hence the synthesis of

Si- and F-containing polyacetylenes has been

examined particularly extensively. For instance,

(trimethylsilyl)acetylene is polymerizable with

W catalysts, but the product polymer is partly

insoluble in any solvent. (Perfluoroalkyl)acety-

lenes yield white polymers soluble only in

fluorine-containing solvents.

Recently, many monomers containing ether,

ester, amide, carbamate, and sulfamide groups

have successfully been polymerized by using

Rh catalysts, mostly [(nbd)RhCl]2 and (nbd)

Rh+BPh4
–. While Rh catalysts are able to poly-

merize monomers having the OH group, the

COOH group is known to terminate the

Rh-catalyzed polymerization. Late transition

metals such as Ru, Rh, and Pd are not oxophilic,

and so they are useful as catalysts for the poly-

merization of highly polar monomers. If highly

active Ru and Pd catalysts are developed, they

will be very useful.

Phenylacetylene and Its Ring-Substituted
Derivatives. The typical catalysts for the poly-

merization of phenylacetylene include W, Rh,

and Fe catalysts. W catalysts produce an

auburn polymer having trans-rich structure;

WCl6–Ph4Sn is highly active, while W

(CO)6–CCl4–hn is useful to achieve high MW

(number-average MW: Mn � 1 � 105). The

polymerization by Rh catalysts proceeds in alco-

hols and amines to form a yellow polymer.

A feature of Rh catalysts is high tolerance to

polar groups, and hence, they are useful to poly-

merize various phenylacetylenes having polar

groups (e.g., ether, ester, amine, carbazole,

imine, nitrile, azobenzene, nitro groups) at para

position, resulting in the formation of high-MW

poly(phenylacetylenes). Another feature of Rh

catalysts is that they give poly(phenylacetylene)

whose MW reaches up to a few 100,000.

When Fe(acac)3–Et3Al is used, the poly

(phenylacetylene) formed is insoluble in any

solvent and has the cis-cisoidal structure.

An interesting trend has been observed so far

in the polymerization of ortho-substituted

phenylacetylenes by W and Mo catalysts:

Polymerization of Substituted Acetylenes,
Table 3 Polymerization of monosubstituted acetylenes

Monomer Catalyst
MW
103

(a) Monosubstituted hydrocarbon acetylenes/W, Mo

catalysts

HC 	 C-n-Bu WCl2(OC6H4-

o,o-Me2)4

170 (Mn)

HC 	 C-t-Bu MoCl5 33 (Mn)

HC 	 CPh WCl6–Ph4Sn 15 (Mn)

HC 	 CPh W

(CO)6–CCl4–hn
80 (Mn)

HC 	 CC6H2-o,
o-Me2-p-t-Bu

W

(CO)6–CCl4–hn
2,600

(Mw)

(b) Monosubstituted heteroatom-containing acetylenes/

W, Mo catalysts

HC 	 CCH(SiMe3)-

n-C5H11

MoCl5–Et3SiH 4500

(Mw)

HC 	 CC6H4-o-SiMe3 W

(CO)6–CCl4–hn
3,400

(Mw)

HC 	 CC6H4-

o-GeMe3

WCl6 690

(Mw)

HC 	 CC6H4-o-CF3 W

(CO)6–CCl4–hn
1,600

(Mw)

HC 	 CC6F4-n-Bu WCl6–Ph4Sn 220

(Mw)

HC 	 C-a-thiophene WCl6–n-Bu4Sn 20 (Mn)

HC 	 CCH2NH2 Mo

(OEt)5–EtAlCl2

insoluble

HC 	 CCH2Cl MoCl5 ��
(c) Monosubstituted acetylenes/Rh, Pd catalysts

HC 	 CPh RhCl3–LiBH4 5 (Mn)

HC 	 CPh (cod.

RhCl)2–NaOH

10 (Mw)

HC 	 CPh (nbd.

RhCl)2–Et3N

1000

(Mw)

HC 	 CH (cod.

RhCl)2–NaOEt

insoluble

HC 	 CC6H4-p-SiMe3 (nbd.RhCl)2 120

(Mw)

HC 	 CCO2-n-Bu (nbd.RhCl)2 84 (Mw)

HC 	 CCH2NHCH2Ph [Rh.cod.

chel]+X–
4 (Mn)

HC 	 CCH2OH PdCl2 insoluble
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Phenylacetylene itself does not produce very

high-MW polymer with W and Mo

catalysts (MW < 105). On the other hand,

phenylacetylenes having bulky CF3 and Me3Si

groups at ortho position provide in high yields

polymers whose weight-average MW (Mw) is as

high as about one million (High MW around one

million is usually determined by light scattering

which provides the Mw value.). Thus, the steric

effect of the ortho substituents greatly affects the

polymerizability and the polymer MW of

phenylacetylenes, while the electronic effect

hardly influences them. For a similar steric rea-

son, (p-t-butyl-o,o-dimethylphenyl)acetylene, an

ortho-dimethyl-substituted phenylacetylene, also

polymerizes into a high-MW polymer with

W and Mo catalysts. Unlike W and Mo catalysts,

Rh catalysts are not suited to ortho-substituted

phenylacetylenes because Rh catalysts are rather

sensitive to the steric effect.

Other Arylacetylenes. Various polymers have

been prepared from monosubstituted acetylenes

having condensed aromatic rings instead of phe-

nyl group. Such condensed aromatic rings

include naphthyl, anthryl phenanthryl, fluorenyl,

pyrenyl, and so on. These monomers polymerize

with W, Mo, and Rh catalysts, where the polymer

yield usually decreases in the order of W, Mo,

and Rh. The cis content of the polymers increases

in the order of W < Mo < Rh, and the polymer

solubility decreases in this order. Both 1- and

2-naphthylacetylens polymerize in high yields

with W catalysts. 9-Anthrylacetylene polymer-

izes with W catalysts into a polymer insoluble

in any solvents. However, if a long

n-hexoxycarbonyl group is introduced at the

10 position, the formed polymer becomes solu-

ble. This polymer has a dark purple color. 1- and

2-Anthrylacetylens are sterically less hindered,

and the formed polymers are solvent soluble.

These polymers having condensed aromatic

rings are generally colored deeply (dark brown

to dark purple) and show third-order nonlinear

optical properties.

Polymerization of Disubstituted Acetylenes

In general, disubstituted acetylenes are sterically

more crowded than their monosubstituted

counterparts, and consequently, efficient cata-

lysts for their polymerization are restricted virtu-

ally to group 5 and 6 transition-metal catalysts;

Rh catalysts are not effective at all. Among disub-

stituted acetylenes, those with less steric hin-

drance polymerize with Mo and W catalysts and

tend to give cyclotrimers with Nb and Ta cata-

lysts. On the other hand, sterically crowded

disubstituted acetylenes do not polymerize with

Mo or W catalysts, but do polymerize with Nb

and Ta catalysts. The polymers from disubsti-

tuted acetylenes having two identical groups or

two groups of similar sizes are generally insolu-

ble in any solvent. Most polymers from disubsti-

tuted acetylenes are colorless, though some

aromatic polymers are colored yellow. Table 4

lists typical examples of the polymerization of

disubstituted acetylenes.

Aliphatic, Monoaromatic, and Heteroatom-

Containing Acetylenes. 2-Alkynes (e.g., 2-

octyne), which are sterically not very crowded,

polymerize with Mo catalysts to give polymers

with MW over one million. For these monomers,

Polymerization of Substituted Acetylenes,
Table 4 Polymerization of disubstituted acetylenes

Monomer Catalyst
Mw

103

(a) Disubstituted acetylenes/W, Mo catalysts

MeC 	 C-n-Pr MoCl5 1,100

ClC 	 C-n-C6H13 MoCl5–n-Bu4Sn 1,100

ClC 	 CPh MoCl5–n-Bu4Sn 690

MeC 	 CS-n-Bu MoCl5–Ph3SiH 180

MeSC 	 C-n-C6H13 MoCl5–Ph3SiH 130

(b) Hydrocarbon acetylenes/Nb, Ta catalysts

n-Pr-C 	 C-n-Pr NbCl5 Insoluble

PhC 	 CMe TaCl5–n-Bu4Sn 1,500

PhC 	 C-n-C6H13 TaCl5–n-Bu4Sn 1,100

PhC 	 CPh TaCl5–n-Bu4Sn Insoluble

PhC 	 CC6H4-p-t-Bu TaCl5–n-Bu4Sn 3,600

PhC 	 CC6H4-p-n-Bu TaCl5–n-Bu4Sn 1,100

(c) Heteroatom-containing acetylenes/Nb, Ta catalysts

MeC 	 CSiMe3 TaCl5 730

MeC 	 CSiMe3 NbCl5 220

MeC 	 CSiMe3 TaCl5–Ph3Bi 4,000

MeC 	 CGeMe3 TaCl5 >100

PhC 	 CC6H4-

p-SiMe3

TaCl5–n-Bu4Sn 2,200

PhC 	 CC6H4-p-OPh TaCl5–n-Bu4Sn 1,700

1968 Polymerization of Substituted Acetylenes



W and Nb catalysts are less active, and Ta

catalysts yield only cyclotrimers. Symmetrical

dialkylacetylenes (e.g., 4-octyne) are slightly

more crowded, and consequently Nb, Ta, and

W catalysts exhibit high activity, while Mo cata-

lysts are not active. Since 1-phenyl-1-alkynes

(e.g., 1-phenyl-1-propyne) exhibit even larger ste-

ric effects, Nb and Ta catalysts produce polymers

having MW of 1 � 105–1 � 106. In contrast,

W catalysts yield only oligomers of MW lower

than 1 � 104, and Mo catalysts are inactive.

Regarding heteroatom-containing acetylenes,

1-trimethylsilyl-1-propyne (TMSP), sterically

highly crowded Si-containing acetylene, poly-

merizes with Nb and Ta catalysts, but does not

with Mo or W catalysts. The MW of the formed

polymer is around one million, and still it is quite

soluble in common solvents such as toluene and

chloroform to give a free-standing membrane by

solution casting. The MW of the polymer

obtained with TaCl5–Ph3Bi reaches four million,

which is among the highest for all the substituted

polyacetylenes. 1-(Trimethylgermyl)-1-propyne

polymerizes in a similar way to TMSP. Poly

(TMSP) is famous as one of the most

gas-permeable polymers [7, 8]. For reviews of

substituted polyacetylenes as gas-permeable

membranes, see references [9–12].

Cl-containing monomers afford high-MW

polymers only with Mo catalysts. For instance,

the polymerizations of 1-chloro-1-octyne and

1-chloro-2-phenylacetylene are catalyzed by

MoCl5–n-Bu4Sn to give polymers whose MW

exceeds 105. It appears that the electron-

withdrawing chlorine atom plays some role in

the inertness of these monomers to Nb, Ta, and

W catalysts. Mo catalysts are uniquely effective

in the polymerization of S-containing disubsti-

tuted acetylenes. Though there is a possibility

that S as well as O in the monomer deactivates

group 5 and 6 transition-metal catalysts, the

basicity of S is weakened by the conjugation

with the triple bond, resulting in the lower coor-

dinating ability to the propagating species.

Diphenylacetylene and Its Derivatives.
Diphenylacetylene itself forms a polymer in the

presence of TaCl5–n-Bu4Sn. The formed polymer

possesses a very high thermal stability, but is

insoluble in any solvent. Regarding polymer solu-

bility, there is a tendency that polyacetylenes hav-

ing two identical alkyl groups in the repeat unit are

insoluble in any solvents, whereas polyacetylenes

having methyl and a long alkyl group are soluble

in various solvents. By analogy, one can hypothe-

size that para- or meta-substituted diphenyla-

cetylenes provide soluble polymers.

In fact, soluble, high-MW polymers can

be obtained from many diphenylacetylenes

having substituents. For instance, 1-phenyl-2-

[(p-trimethylsilyl)phenyl]acetylene polymerizes

with TaCl5–cocatalyst in high yield. The polymer

thus obtained is totally soluble in toluene

and CHCl3, and its MW is as high as about

two million. In contrast, TaCl5 alone and

NbCl5–cocatalyst are ineffective to this monomer

unlike 1-(trimethylsilyl)-1-propyne. The

diphenylacetylenes with m-Me3Si, m-Me3Ge,

p-t-Bu, and p-n-Bu groups polymerize similarly,

leading to totally soluble, high-MW polymers.

Poly[1-phenyl-2-[(p-trimethylsilyl)phenyl]acety

lene] is interesting as a gas separation membrane

material because of high thermal stability and

high gas permeability.

Since only Ta and Nb catalysts, which are not

tolerant to polar groups, are available for the

polymerization of disubstituted acetylenes, it is

generally difficult to synthesize disubstituted

acetylene polymers having highly polar substitu-

ents such as hydroxy group. The method of syn-

thesizing poly[1-phenyl-2-(p-hydroxyphenyl)

acetylene] has been developed; namely, this

polymer is obtained by the polymerization of

1-phenyl-2-(p-siloxyphenyl)acetylene and the

subsequent acid-catalyzed deprotection reaction.

Living and Stereospecific
Polymerizations

Polymerization with Metal Halide-Based
Metathesis Catalysts [13]. The general formula

of metal halide-based living polymerization cata-

lysts is expressed as MOnClm–cocatalyst–ROH

(M = Mo or W, n = 0 or 1, m = 5 or 4).

The most important feature of these catalysts is

easiness in preparation, while it is a weak point
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that the initiation efficiency of these catalysts is not

quantitative. A typical living polymerization by

metal halide-based catalysts has been achieved

with 1-chloro-1-octyne as a monomer and using

MoOCl4–n-Bu4Sn–EtOH (1 in Table 5) as a cata-

lyst. Specifically, poly(1-chloro-1-octyne) with nar-

row molecular weight distribution (MWD) (Mw/

Mn < 1.2) is obtained, and the living nature is

confirmed by the linear dependence of MW on

monomer conversion and by the successful initia-

tion of the polymerization of second-charged

monomers with the living prepolymer.

The ternary MoOCl4–n-Bu4Sn–EtOH catalyst

induces living polymerization of not only

1-choro-1-alkynes but also phenylacetylenes

with bulky ortho substituents. The presence of

bulky ortho substituents (e.g., CF3, SiMe3,

GeMe3, etc.) is essential to achieve excellent

living polymerization, which is probably because

ortho substituents are able to sterically preclude

chain transfer and termination. Stereospecific liv-

ing polymerization of tert-butylacetylene is pos-

sible with MoOCl4–n-Bu4Sn–EtOH, which gives

a polymer with a narrow MWD. The nuclear

magnetic resonance (NMR) spectrum of the

formed polymer has shown that the cis content

of main chain double bond reaches 97 % for

poly(tert-butylacetylene) prepared at �30 �C.
By the sequential living polymerization using

the MoOCl4–n-Bu4Sn–EtOH catalyst, diblock

Polymerization of Substituted Acetylenes, Table 5 Living polymerization of substituted acetylenes

Monomer Catalysta
Mw

Mn

ClC 	 C-n-C6H13 1 1.13

HC 	 CC6H4-o-CF3 1 1.06

HC 	 CC6H4-o-SiMe3 1 1.07

HC 	 C-t-Bub 1 1.12

MeC 	 CMe 2 1.03

(HC 	 CCH2)2C(CO2Et)2 3 ~1.20

HC 	 CC6H4-o-SiMe3 4 1.05

HC 	 CPhc 5 1.05

HC 	 CPhd 6 1.12

a

Mo CH-t -Bu

N

Mo CH-CMe2Ph

N
(CF3)2MeCO

(CF3)2CHO

Ta

(CF3)2CHO

MoOCl4–n-Bu4Sn–EtOH (1:1:1)

(CF3)2MeCO

1
3

py

2

3

65

4

AdN

O

Rh
P(C6H4-p-F)3

Ph Ph

Ph Ph3P
Ph3PRh

PPh3

Ph Ph

Ph
F

F
F F

bStereoregular (cis 97 %) living polymer formed
cStereoregular (all-cis) living polymer (Mn 25,000) formed
dStereoregular (all-cis) high-molecular-weight (Mn 401,000) living polymer formed
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copolymers with very narrow MWD are selec-

tively formed from any combinations of two

monomers among 1-chloro-1-octyne, o-Me3Si-

phenylacetylene, and o-CF3-phenylacetylene

irrespective of the order of monomer addition.

Further, this catalyst enables to produce ABC-

and ABA-type triblock copolymers from these

three monomers.

Polymerization with Single-Component Metal
Carbene Catalysts [14]. A Ta carbene complex

(2 in Table 5) is the first example of single-

component metathesis catalyst that induces the

living polymerization of substituted acetylene,

and the monomer used is 2-butyne. The initiation

efficiency is quantitative, and the living end can be

capped with aromatic aldehydes. Since polymers

from symmetric acetylenes are generally insoluble,

soluble poly(2-butyne) is accessible only when the

degree of polymerization is suppressed below 200.

Mo carbene catalysts have been synthesized

and proven to elegantly induce living cyclopoly-

merization of 1,6-heptadiynes. Mo carbenes

ligated by bulky imido and alkoxy groups are

effective (e.g., 3 in Table 5). The ability of the

Mo carbenes to tolerate polar functional groups

permits living polymerization of functionalized

monomers containing ester, sulfonic ester, and

siloxy groups. Endcapping of the polymers is

readily accomplished using aromatic aldehydes

including p-N,N-dimethylaminobenzaldehyde

and p-cyanobenzaldehyde.

Ring-substituted phenylacetylenes have been

adopted in the Mo carbene-initiated polymeriza-

tion, leading to a finding that well-defined

polymers are readily obtained with Mo carbenes

ligated by less bulky alkoxy groups (e.g., 4 in

Table 5). Like metal halide-induced living

polymerizations, bulky ring substituents at the

ortho position are required for controlled polymer-

ization. The most characteristic point of the Mo

carbene-catalyzed polymerization system is that

all the steps including initiation and propagation

can be readily monitored by an NMR technique

thanks to the quantitative initiation.

Polymerization with Rh Catalysts.
A vinylrhodium complex (5 in Table 5) for the

living polymerization of phenylacetylenes has

been prepared, isolated, and fully characterized

by X-ray analysis. Catalyst 5 polymerizes

phenylacetylene and its para-substituted

analogues to give living polymers (e.g., Mn

25 000; Mw/Mn = 1.05) with quantitative initia-

tion efficiency. Living polymerization is also pos-

sible even in the presence ofwater. The isolation of

5 is not necessary, and the complex formed in situ

by the reaction of [(nbd)RhCl]2 with LiCPh =
CPh2 and Ph3P induces living polymerization in

quantitative initiation efficiency. A remarkable fea-

ture of this polymerization system is the ability to

introduce functional groups at the initiation terminal.

For example, living poly(phenylacetylene) bearing

a terminal hydroxyl group is readily obtained by the

polymerization with a three-component catalyst,

comprising [(nbd)RhCl]2, LiCPh = C(Ph)(C6H4-

p-OSiCH3-t-Bu), and Ph3P, followed by the

desilylation of the formed polymer. Polymerization

of b-propiolactone with the terminal phenoxide

anion of this polymer gives a new block copolymer

of phenylacetylene with b-propiolactone.
Highly active Rh-based living polymerization

catalysts have been developed, which enable the

synthesis of poly(phenylacetylene) with high MW

and narrow MWDs (e.g., Mn = 195,000,

Mw/Mn = 1.06). For instance, a Rh-based ternary

catalyst system composed of [(tfb)RhCl]2 (tfb,

tetrafluorobenzobarrelene), Ph2C = C(Ph)Li, and

Ph3P (1:5:10) induces the living polymerization of

phenylacetylene with virtually 100 % initiation

efficiency. Furthermore, a well-defined

vinylrhodium complex [(tfb)Rh-{�C(Ph) =
CPh2}(Ph3P)] (6 in Table 5) also polymerizes

phenylacetylene in a living fashion with quantita-

tive initiation efficiency in the presence of at least

five equiv. of Ph3P to Rh. The livingness of these

polymerizations is confirmed by multistage poly-

merization, first-order linear plot, and effect of

initial monomer concentration on MW and

MWD, and their initiation efficiencies are practi-

cally quantitative. A salient feature of catalyst 6 is

high activity even at a very low concentration

([M]0/[Rh] = 4000, [Rh] = 0.125 mM) to

quantitatively afford a high-MW polymer

(Mn = 401 000) having enough narrow MWD

(Mw/Mn = 1.12). The formed polymer possesses

highly stereoregular cis-transoidal main chain

(cis content = 99 %).
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Summary

The development of various transition-metal

catalysts, including metathesis catalysts (W, Mo,

Ta, and Nb) and Rh catalysts, has enabled the

polymerizations of a variety of substituted acety-

lenes, i.e., aliphatic, aromatic, and heteroatom-

containing monomers, and acetylene itself with

respect to the kind of monomer and mono-

and disubstituted acetylene derivatives with

respect to the number of substituents. Typical

polymerizable monosubstituted acetylenes include

tert-butylacetylene, phenylacetylene, alkyl

propiolates, N-propargylamides, etc. Sterically

demanding tert-butylacetylene polymerizes with

Mo and W catalysts; phenylacetylene with W,

Mo, and Rh catalysts; and polar group-containing

alkyl propiolates and N-propargylamides with Rh

catalysts. Typical polymerizable disubstituted

acetylenes include 1-chloro-1-octyne, 2-octyne,

1-phenyl-1-propyne, 1-(trimethylsilyl)-1-propyne,

diphenylacetylenes, etc. Sterically rather

uncrowded 1-chloro-1-octyne and 2-octyne poly-

merize effectively with Mo catalysts, 1-phenyl-1-

propyne and 1-(trimethylsilyl)-1-propyne with Nb

and Ta catalysts, and highly crowded diphenyla-

cetylenes only with Ta catalysts. The polymers

formed from these monomers possess high MWs

and are composed of carbon–carbon alternating

double bonds along the main chain and various

side groups. They exhibit unique and interesting

properties based on the conjugated structure, such

as semiconductivity, photoluminescence, electro-

luminescence, electrochromism, and energy

migration and transfer.
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BLG NCA g-Benzyl-L-glutamate

NCA

PBLG Poly(g-benzyl-
L-glutamate)

PBLA Poly(b-benzyl-L-aspartate)
ROP Ring-opening

polymerization

TCF Trichloromethyl

chloroformate

Cl content Chlorine content

BuNH2 n-Butylamine

MWD Molecular weight

distribution

Synonyms

4-Alkyl-1,3-oxazolidine�2,5-dione; Leuchs’

anhydride; a-Amino acid N-carboxy anhydride:

amino acid NCA; NCA

Definition

The polymerization of a-amino acid N-carboxy

anhydrides (amino acid NCAs) is suitable for

the synthesis of high molecular weight polypep-

tides with narrow molecular weight distribution.

The polymerization is largely affected by the

amino acid NCA purity and a moisture contami-

nation in the reaction system. Amino acid NCAs

are generally synthesized by the reaction of

corresponding amino acids with phosgene or its

derivatives.

Introduction

The first paper on the synthesis of glycine NCA

was presented by Herman Leuchs in 1906 [1].

After about four decades, it was known that

a-amino acid NCAs were useful monomers for

the preparation of polypeptides. The polymeriza-

tions of NCAs were studied actively during

the 1950s–1980s and used widely for the prepa-

ration of polypeptides with high molecular

weight, at present [2]. The obtained oligo- or

polypeptides are useful for simple models of pro-

teins. The ring-opening polymerization of amino

acid NCAs is generally initiated by bases and

always accompanied by a release of CO2. When

a mixture of several kinds of amino acid NCAs is

polymerized at once, random copolymers

containing each amino acid residue are easily

obtained.

The NCA polymerization initiated by bases or

other initiators is generally considered a living

polymerization, which is useful for the prepara-

tion of block polypeptides; when the complete

polymerization of the first amino acid NCA is

followed by the addition of the second NCA, the

block polypeptide containing the two amino acid

residues is obtained.

Amino Acids and Amino Acid NCAs

Amino acids are organic compounds having both

amino and carboxyl groups, in a broad sense. In

a-amino acids, they are attached to the first (a-)
carbon atom; the generic formula is CHR(NH2)

COOH in most cases, where R is an organic

substituent known as a “side chain.” Amino

acids have optical isomers, L-forms and

D-forms. In particular, 20 kinds of L-forms of

a-amino acids are important for protein compo-

nents in the organism.

a-Amino acid N-carboxy anhydrides are

1,3-oxazolidine-2,5-dione (glycine NCA) and

4-alkyl-1,3-oxazolidine-2,5-diones and abbrevi-

ated as a-amino acid NCAs, Leuchs’

anhydrides, or NCAs. L-Alanine and L-alanine

NCA ((S)-4-methyl-1,3-oxazolidine-2,5-dione or

(S)-4-methyl-2,5-oxazolidinedione) are given in

Fig. 1. The term NCA is usually used to refer to

a-amino acid NCA (although NCAs of b-amino

acids, etc. are also possible). a-Amino acid NCA is

abbreviated as amino acidNCAorNCA, hereafter.

Amino acidNCA crystals are soluble in water very

easily but converted to original amino acids,

accompanying with a release of CO2. When

amino acid NCA crystals absorb moisture in air,

their polymerization is initiated at the crystal

surface.
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Synthesis of Amino Acid NCAs

Amino acid NCAs are colorless and transparent

crystals. Figure 2 gives a photograph of g-benzyl-
L-glutamate NCA (BLG NCA). They are pre-

pared by the reaction of a-amino acids with

phosgene or phosgene derivatives such as

trichloromethyl chloroformate (TCF) and

triphosgene (bis(trichloromethyl) carbonate)

[3, 4] or the reaction with phosphorus tribromide

[5, 6]. Triphosgene crystals are convenient

because of the easy handling. The novel prepara-

tion method of some amino acid NCAs without

phosgene derivatives was presented in a recent

literature [7]. Synthesized amino acid NCA

crystals are purified by the recrystallization in a

mixture of solvent and precipitant. The recrystal-

lization must be repeated about ten times in order

to obtain extra-pure NCA crystals. The NCA

purity should be determined by an exact analysis

mentioned below. The NCA stored in a freezer

should be purified just before use.

An Example of Preparation of Amino

Acid NCAs

Finely ground g-benzyl-L-glutamate (BLG)

(10.0 g; 42.1 mmole) crystals are dispersed in

tetrahydrofuran (THF: 200 ml) in a round-bottom

flask. The suspension is heated at around 70 �C
and stirred under reflux for 1 h. On the other hand,

triphosgene crystals (4.60 g, 15.5 mmole) are

dissolved in THF (200 ml) in another round-

bottom flask, and the mixture is stirred for 1 h at

5–10 �C. The BLG suspension in THF is added to

the triphosgene solution in THF in three steps,

and the mixture is stirred for 2–5 h at 40–50 �C.
When the reaction mixture becomes semitrans-

parent, the reaction is almost finished. The reac-

tion mixture is concentrated under reduced

pressure until the volume becomes about

0–50 ml. When hexane (100–150 ml) is poured

into the mixture, BLGNCA crystals precipitate at

the bottom. After decanting the upper portion of

the mixture, the mixture is dried under reduced

pressure at 30–40 �C. Then, ethyl acetate

(100 ml) is added in the flask to dissolve the

NCA crystals. The solution is put in an Erlen-

meyer flask, and hexane (200–300 ml) is added in

it. BLG NCA crystals precipitate in the mixture.

The yield is about 70 % at this stage. After the

NCA crystals are collected by a glass filter, they

are purified by the crystallization in ethyl acetate

(solvent) and hexane (precipitant). These purifi-

cation processes must be carried out in a dry box

at low temperature. The recrystallization must be

repeated several times until NCA crystals are

purified as described below.

Other amino acid NCAs are prepared similarly

to the above method. But, the yield of each amino

acid NCA is different. For instance, the synthesis

of glycine NCA using triphosgene gives a low

yield.

Polymerization of
a-Amino Acid N-Carboxy
Anhydride,
Fig. 1 L-Alanine (left) and
L-alanine NCA (right)

Polymerization of a-Amino Acid N-Carboxy Anhy-
dride, Fig. 2 Photograph of BLG NCA crystals
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Purification of Amino Acid NCAs

The polymerization of amino acid NCAs is

extremely affected by the purity of the NCAs.

However, it seems that most of the recent

research papers do not describe the NCA purity.

It was recommended in literatures that NCA crys-

tals with Cl content less than 0.01 wt% should be

used for the polymerization [8, 9]. This chloride

content is a target value till now.

When amino acid NCAs are synthesized by

phosgenation, several amino acid chlorides are

formed as by-products [5]. Thus, the purity of

amino acid NCAs is estimated by the Cl content,

which has been determined by titration methods

or elemental analysis. However, it is difficult to

determine the Cl content below about 0.05 wt%

by these methods. The titration methods give

very low Cl content (sometimes, zero), even if

the NCA contains chlorine over 0.1 wt%. An ion

chromatography is an effective way for determin-

ing the exact Cl content as described below. The

recrystallization must be repeated about ten times

in order to obtain BLG NCA crystals with Cl

content less than 0.01 wt%. The relation between

the Cl content in BLG NCA crystals and the

number of recrystallization is given in Fig. 3 [10].

In general, pure NCA crystals are transparent

and noncolored. Colored NCA crystals must be

more purified. Purified NCA crystals must be

stored in a freezer at about �20 �C, being soaked

in a mixture of ethyl acetate and hexane in an

Erlenmeyer flask. This flask containing the puri-

fied crystals is taken out from the freezer and is

allowed to stand for a while until it is warmed to

room temperature. The NCA crystals are filtered

off, and the collected crystals are dissolved in

warm ethyl acetate at 30–40 �C. The ethyl acetate
solution of the purified to some extent becomes a

little turbid, because the surface of well-purified

NCA crystals is polymerized slightly by moisture

in air during the purification process. The turbid

material in the NCA solution in ethyl acetate

must be removed by filtration, anytime.

Conversely, if NCA crystals are not purified suf-

ficiently, the solution in ethyl acetate becomes

clear, suggesting that some impurities disturb

the formation of the polymer on their surfaces.

The NCA crystals must be always purified just

before use for the polymerization. Sufficiently

purified NCA crystals cannot be saved at a dry

state even in a freezer because polymerization

would spontaneously take place. If NCA crystals

contain a lot of impurities and are not purified

well, it is possible to store the dried crystals over

P2O5. Such NCA crystals are stable and not poly-

merized by moisture in air. However, when such

NCA crystals are used for polymerization,

the results give many misunderstandings and

resultant polypeptides may contain compounds

harmful to the organisms. The importance is the

accurate estimation of the purity of NCAs, as

described below.

Determination of Purity of Amino Acid NCAs

An exact purity of NCA is determined by a com-

bination of an oxygen flask combustion method

and an ion chromatography. Dried NCA crystals

(e.g., 0.1–0.2 g) are burned in an oxygen flask

containing water (30 ml) according to a usual

oxygen flask combustion technique. The Cl con-

tent in the aqueous solution is analyzed by a usual

ion chromatography.

Polymerization

It is important to use amino acidNCAswith a high

purity and avoid pre-polymerization before use.
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The NCA polymerization is usually initiated by

nucleophiles and bases. The bases are amines,

pyridine, sodium methoxide, lithium bromide,

sodium hydroxide, sodium borohydride, etc. The

polymerization of amino acid NCAs initiated

by bases has been extensively studied, and the

reaction mechanisms are presented [2, 10–12].

In addition, metal salts and covalent metal

compounds were used as initiators [2, 5].

There are three types of polymerizations: solu-

tion, precipitation-state (heterogeneous system),

and solid-state polymerizations. In general,

amino acid NCAs are easily soluble in normal

organic solvents, but simple polypeptides such as

polyglycine, poly(L-alanine), poly(L-valine),

poly(L-leucine), and poly(L-phenylalanine) are

not soluble in them. Therefore, the true solution

polymerization of these amino acid NCAs is

impossible. Thus, these NCAs are polymerized

in a heterogeneous system, in which NCAs are

soluble but growing polymers are precipitated.

Thus, the polymerization occurs between

dissolved NCAs and precipitated polymer.

The following matters are important for carry-

ing out the polymerization of amino acid NCAs.

1. Using sufficiently purified amino acid NCA

crystals; if the NCA crystals contain impuri-

ties to some extent, the initiators would be

deactivated by the impurities.

2. Checking the purity of amino acid NCA crys-

tals by an accurate analytical technique; if this

process is not performed carefully, incorrect

results would be obtained. All kinetic experi-

ments should be made by using the NCAs

which are just crystallized.

3. Avoiding the moisture contamination into

amino acid NCA crystals, initiators, solvents,

and reaction containers.

4. NCA crystals should be purified just before use;

if NCA crystals coated with a slight amount of

the preformed poly(amino acid) are used, the

polymer can initiate the polymerization.

Solution Polymerization

NCAs of amino acid derivatives such as

BLG, g-alkyl-L-glutamate (ALG), b-benzyl-
L-aspartate (BLA), b-alkyl-L-aspartate (ALA),

e-carbobenzoxy- L-lysine, and L-sarcosine are

polymerized in solutions of aprotic solvents,

because the resulting polypeptides are soluble in

them. Especially, the polymerization of BLG

NCA has been researched widely to consider the

polymerization mechanism, and the characteriza-

tion methods of PBLG have been developed well.

Primary or tertiary amines are very useful for

the initiation of the NCA polymerization. Poly-

peptides with broad MWD have been obtained in

the amine-initiated NCA polymerization in many

researches [8, 9, 13]. However, it is possible to

obtain the polypeptides with narrow MWD when

the polymerization is carried out by using suffi-

ciently purified NCAs under strict conditions.

The polymerization mechanisms initiated by a

primary amine or a tertiary amine were investi-

gated in the 1950s. The mechanisms have been

studied thereafter. Several questions are men-

tioned, but no other mechanisms are presented

at present.

The purity of amino acid NCAs is very impor-

tant to practice the living polymerization of

NCAs in solutions. Figure 4 shows the effect of

the Cl content in BLG NCA crystals on the poly-

merization initiated by butylamine in dioxane

[10]. When NCA crystals containing much
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Polymerization of a-Amino Acid N-Carboxy Anhy-
dride, Fig. 4 Polymerization of two BLG NCAs having

different chlorine contents (close circles, 0.034 %, and

open circles, 0.051%), initiated by butylamine in dioxane.

[NCA]/[I] = 200, temp. = 30 �C
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amount of impurities are used, the polymeriza-

tion is not initiated for several days.

A Primary Amine Initiation: Nucleophilic

Addition Mechanism

The polymerization of amino acid NCAs initiated

by a primary amine such as butylamine,

hexylamine, and benzylamine has been consid-

ered to follow “the nucleophilic addition

mechanism.” The mechanism is given in Fig. 5.

A primary amine R0NH2 attacks C5 of NCA

I nucleophilically, and intermediate II is formed.

Compound II gives compound III through ring

opening. Compound III discharges CO2 and gives

compound IV which has an amino group. The

amino group in IV attacks another NCA, and the

resultant amine reacts with other NCAs one after

another. The reaction of (1) is mostly considered

as a rate-determining step. Because each amine

initiator gives one polypeptide, the polymeriza-

tion is considered as a kind of living polymeriza-

tion; polypeptides with narrow MWD (Mw/Mn ’
1.0) should be obtained. The initiation step

(1) must be faster than the growing step (4).

The use of sterically unhindered primary

aliphatic amines is preferable for this.

The solution polymerization of BLG NCA

initiated by a primary amine has been investigated

by many researchers, but poly(g-benzyl-
L-glutamate) (PBLG)with wideMWDwasmostly

obtained [8, 9, 11]. In order to explain these

results, side reactions such as the attack to C2 by

the terminal amine and the intramolecular

cyclization of propagating polypeptides were

considered to interfere with the formation of poly-

peptides with narrow MWD, and they are till now

believed true [2, 6, 11, 12]. However, it was

possible to obtain PBLG with very narrow MWD

(Mw/Mn ’ 1.04) when the polymerization of well-

purified BLG NCA was initiated by butylamine in

the solution of dioxane, DMF, or dichloromethane,

avoiding the pre-polymerization caused by mois-

ture contamination [14]. However, the molecular

weight of PBLG obtained in the solution polymer-

ization initiated by a primary amine is limited up to

around 40,000. In order to explain this upper

limitation of the molecular weight, the following

hypothesis was proposed. When PBLG molecules
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grow to some extent, the basicity of the NH2 end

group becomesweak and the reactivity is decreased

[15]. But this explanation is suspicious, because the

solid-state polymerization of BLG NCA initiated

by butylamine gave polypeptides having much

higher molecular weight than the solution reaction,

as described below. When the polymerization of

BLG NCA proceeds to some extent in solutions,

the growing PBLG molecules are known to make

aggregations or gels in the solutions. It is consid-

ered that the NH2 end groups are included in the

aggregates and their reactivity would be lost.

Strong Base Initiator

Strong bases such as sodium methoxide and

sodiumhydroxide initiate the NCA polymerization

similarly to primary amines. Because these bases

are used as aqueous or methanol solutions, the

solvents should initiate the NCA polymerization

together with added initiators. Thus, the control of

the polymerization by these initiators is difficult.

Activated Monomer Mechanism

The solution polymerization of amino acid NCAs

initiated by tertiary amines such as pyridine

and triethylamine (TEA) gives polypeptides

with much higher molecular weight than that

initiated by primary amines. The mechanism is

called as “activated monomer mechanism”

shown in Fig. 6 [11, 15]. At the beginning, a

base draws out H at the N3 position of NCA I,

and anion V and Base-H+ are formed. Anion

V attacks another NCA to form compound VI,

which reacts with Base-H+ and gives compound

VII, accompanied with a release of CO2. Com-

pound VII reacts with another NCA anion V to

form compound VIII as given in (8) similarly to

the reaction (6). Compound VIII reacts with

Base-H+, releasing CO2, and gives compound

IX as shown in (9), similarly to (7). Compound

IX continuously reacts with NCA anion V, and

polypeptide chains grow as given in (10).

As N-substituted amino acid NCAs such as

L-sarcosine NCA is not polymerized by tertiary

amines, it is proved that the existence of the

H atom at the N3 position of NCA is necessary

for the polymer growing according to this mech-

anism [16]. It was reported that the NCA poly-

merizations initiated by tertiary amines produce

polypeptides with high molecular weight and

wide MWD [11, 15]. Such polypeptides have

been obtained by many researchers, but these

results cannot be explained by the mechanism

given in Fig. 6. “High molecular weight” and

“broad MWD” seem to be inconsistent with each

other. The formation of polypeptides with broad

MWD is mostly caused by multiple kinds of initi-

ations, propagations, or terminations. However,

polypeptides (PBLG) with high molecular weight

and narrow MWD were obtained in the solution

polymerization of BLG NCA initiated by TEA

[14]. This fact suggests that the polymerization

was made by only one initiation.

The activated monomer mechanism is not

always believed true by all researchers, but alterna-

tive mechanisms are not proposed. The solid-state

polymerization of BLGNCA initiated by TEAwas

not so reactive as compared with that initiated by a

primary amine. This suggests that the initiation

mechanisms by primary and tertiary amines

are different from each other. The degree of poly-

merization (DPn) of obtained PBLG does not coin-

cide with the molar ratio, [BLGNCA]/[TEA].

Further investigations are necessary for the clarifi-

cation of the mechanism.

Some Organometallic Initiators

Organometallic complexes such as [(Ph3P)2Ni

(cyclooctadiene)], [(CH3)3P)4Co], etc. (general

formula, (L)nM; L = ligand, M = metal) were

presented as initiators to give a living polymeri-

zation, which is useful for a well-defined block

copolypeptide preparation [2, 12, 13]. However,

the molecular weights of resultant polypeptides

are not controlled well by the molar ratio, [NCA]/

[metal]. Further investigations are expected

to be made in extremely impurity-free environ-

ments using well-purified NCAs. On the

other hand, rare earth metal complexes are

presented as initiators to give polypeptides with
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narrow MWD [2]. It is said that the preparation

and the use of both of these metal compounds

require a considerable experience. In addition,

the resultant polypeptides inevitably have metal

elements at the molecular end. This might be

sometimes a serious problem for using the poly-

peptides in organisms, as biopolymers.

Solid-State Polymerization of Amino Acid

NCAs

When amino acid crystals are put in a nonpolar

organic liquid such as hexane or heptane, which is

a non-solvent for them, and then a primary amine

is added into this mixture, the polymerization

is initiated at the crystal surface. The polymeriza-

tion of some NCA crystals proceeded to about

100 % conversion in the solid state (crystalline

state) by increasing the reaction temperature to

over 40–50 �C. While PBLG with the molecular

weight of 40,000–50,000 is generally obtained in

the solution polymerization initiated by a primary

amine, the solid-state polymerization gives PBLG

with the molecular weight over 130,000 and with

the rather narrow MWD, ca. Mw/Mn = 1.2–1.5.

This fact suggests that the reactivity of NH2 end

groups of growing polypeptides is not decreased

even when the polymer molecules grow longer

(see “Solution Polymerization”). This solid-state

polymerization is available for every amino acid

NCA whose corresponding polypeptide is not

soluble in general organic solvents. Polyglycine,

poly(L-alanine), poly(L-valine), poly(L-leucine),

etc. can be obtained by the solid-state polymeriza-

tion of each NCA initiated by n-butylamine. The

solid-state reactivity of each amino acid NCA

depends on its crystal structure, which affects

also the structure of the resulting polypeptides

[17]. Thus, the solid-state polymerization of

amino acid NCAs is considered as a new-type

topochemical polymerization. The solid-state

polymerization should be carried out using well-

purified NCA crystals, because the impurity effect

is larger than that in the solution polymerization.

Polymerization of Racemic Amino Acid NCAs

When DL-amino acids (racemic amino acids) are

reacted with phosgene, the corresponding

DL-amino acid NCA crystals are not always

synthesized. Although crystalline products are

obtained, they are sometimes mixtures of L- and

D-enantiomeric crystals and sometimes single

crystals in which L- and D-amino acid NCA mol-

ecules are aligned regularly. For instance, when

g-benzyl-DL-glutamate is reacted with phosgene,

a mixture of BLG and BDG NCA crystals is

obtained. In general, the solution polymerization

of the mixture of the D- and L-forms is not so

reactive because of the steric hindrance in the

reaction between the D- and L-forms. On the

other hand, the crystal structure is very important

for the solid-state polymerization of racemic

amino acid NCAs. The crystal structure of

DL-phenylalanine NCA prepared from racemic

phenylalanine with phosgene is given in Fig. 7,

where the hydrogen bonds are given by dashed

lines [18, 19]. Therein, the solid-state polymeri-

zation initiated by n-butylamine was very reac-

tive, probably caused by the suitable molecular

alignment in the crystal structure.

Polymerization in the Precipitation State

Amino acid NCAs dissolve easily in acetonitrile,

but the corresponding polypeptides are insoluble

in it. When a primary amine is added into an

amino acid NCA solution in acetonitrile, the

polymerization is initiated and the resulting poly-

peptide precipitates soon. Further polymerization

proceeds between the precipitated polymer and

the dissolved NCAs, in a heterogeneous system.

The reactivities of amino acid NCAs are very

different from each other. This reaction is very

convenient for almost all of amino acid NCAs.

There are several references which report the

high polymerizability of some amino acid

NCAs in acetonitrile [20, 21]. However, when

the polymerization of several well-purified NCA

crystals was carried out in acetonitrile using

n-butylamine initiator, avoiding strictly the

moisture contamination into the polymerization

system, the polymer conversion became very low

[17, 22].

Determination of Molecular Weight and

MWD of Polypeptides

The NCAs of g- or b-esters of L-glutamic or

L-aspartic acids are extensively used because the
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corresponding polypeptides are soluble in normal

organic solvents. Especially, the polymerization

of BLG NCA has been studied by many

researchers because of the easy characterization

of PBLG. A gel permeation chromatography

(GPC) is useful for the estimation of the MWD

of PBLG. Refractive index (RI), light scattering

(LS), and viscosity detectors are used for the

GPC. It is preferable to use these detectors at

the same time. When only one of these detectors

is used, it sometimes gives a misunderstanding

that polypeptides with narrow MWDs are

obtained.

Viscosity measurement and light-scattering

methods in place of the GPC are useful for

many kinds of polypeptides, because strong acid

solvents such as dichloroacetic acid (DCA) and

trifluoroacetic acid (TFA) are available.

A mixture of DCA and methanesulfonic acid is

used as a solvent for poly(L-phenylalanine). The

GPC of polypeptide solutions in strong acids is

impossible at present.

A MALDI-TOFMS (matrix-assisted laser

desorption/ionization-time of flight mass spec-

trometry) is very often used for the measurement

of molecular weight and MWD of polypeptides.

But, several polypeptides seem to be decomposed

in the course of the measurement, and only

polymer fragments are observed. Fundamentally,

MALDI-TOFMS is an unsuitable tool to evaluate

the average molecular weight and MWD of

polydisperse polymers, because the easiness of

ionization for the mass spectrometry is dependent

on the molecular weight and the terminal groups.

It is necessary that the GPC result coincides with

the MALDI-TOFMS result.
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Synonyms

Polymer synthesis; Polymerization

Definition

Polymerization reactions mean the synthetic

chemistry or methodology to prepare large

molecular weight products (polymers) from

small molecular weight substances (monomers).

Introduction

It is no wonder that a large number of polymers

ranging from biological to non-biological mate-

rials very much contribute to us. Biological poly-

mers are naturally occurring as exemplified by

proteins, (deoxy)ribonucleic acids, and polysac-

charides that form the basis of life. Biological

polymers are highly important; however, this

essay deals with non-biological synthetic poly-

mers used for plastics, rubbers, fibers, and resins.

These polymeric materials are indispensable for
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the mankind living in the real world. For more

than a century, new polymerization reactions

have been developing as a technique for

obtaining new (nano)materials [1]. From the

mechanistic viewpoint, the polymerization

reactions can be roughly divided into two types

known as the chain-growth polymerization and

step-growth polymerization. In the former

polymerization process, polymers are generally

produced by the successive addition of mono-

mers to the chain end and the repeating unit is

equivalent to the monomer. The chain-growth

polymerization can therefore be called the

addition polymerization. The chain-growth poly-

merization is further classified, based on the

nature or structure of chain carrier usually at

the polymer termini, into free radical, ionic,

and coordination polymerization. Not only com-

pounds bearing the carbon–carbon double bond

called vinyl monomers but also those including

the cyclic structure can polymerize via the

ring-opening mechanism. These polymerization

reactions are surveyed in the first part. On the

other hand, in the step-growth polymerization,

polymers are normally formed by the stepwise

reaction of functional groups. Except for some

special cases, monomers are consumed in

the very early stage of the polymerization and

the polymer molecular weight becomes large

with increasing the reaction time. Linear

polymers having functional groups such as ester

and amide in the main chain are obtained from

the stoichiometric amounts of bifunctional mono-

mers. The step-growth polymerization reaction

is further classified, based on the reaction mecha-

nism, into condensation polymerization (or termed

polycondensation) and polyaddition. These

polymerization reactions are surveyed in the

second part.

Free Radical Polymerization

The polymerization reaction where the chain

carriers are carbon radicals with one unpaired

electron is defined as free radical polymerization.

The nomenclature “free radical” drives from the

fact that the carbon radical bears no counterparts

around them. Free radicals can be generated from

the thermal and photochemical decomposition

of unstable compounds called an initiator.

The most heavily used initiators are organic

peroxide [2] or azo compounds [3] containing

the oxygen–oxygen (O—O) single bond and

nitrogen–nitrogen (N═N) double bond, respec-

tively. The application of external stimuli induces

the homolytic cleavage to afford a radical species

that is capable of reacting with the double bond

of monomers (initiation). Radicals are also

generated by the one-electron transfer reaction

between the electron-rich compounds and

electron-deficient ones, which is referred to as

the redox system. The successive addition of

monomers then takes place in a very short time

giving rise to long polymer chains (propagation)

[4]. The common monomer structures attacked

by radicals are monosubstituted vinyl compounds

CH2═CHX and 1,1-disubstituted derivatives

CH2═CXY. On the other hand, 1,2-disubstituted

vinyl compounds CHX═CHY hardly polymerize

owing to the steric hindrance. Finally, two carbon

radicals at the polymer termini react to annihilate

each other to form one polymer chain

(recombination) or two polymer chains

(disproportionation), which corresponds to the

termination of the polymerization reaction. Thus

the concentration of radical species should be

decreased to obtain high molecular weight poly-

mers. The free radical is highly reactive, and the

chain transfers to initiator, monomer, polymer,

and solvent are possible side reactions to interrupt

the formation of long polymer chain. Recently,

controlled/living radical polymerizations were

keenly investigated to afford well-defined poly-

mer architecture [5].

Ionic Polymerization

The polymerization reaction where the chain car-

riers are ionic species is defined as ionic poly-

merization, and those carrying the carbenium ion

and carbanion at the polymer termini are called

cationic and anionic polymerizations, respec-

tively. The biggest difference with the free radi-

cal polymerization is that counter ions are located
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near the propagating end, with the formation of

ion pair, during the polymerization reaction. The

structure of ion pair depends on the dielectric

constant of solvents, which influences the poly-

merization rate and stereo structure of resulting

polymers. The solvent-separated ion pair is prob-

able in highly polar solvents, while the contact

ion pair is conceivable in less polar solvents.

Monomers with the conjugated system that can

stabilize the carbon radical by the resonance

effect are possible candidates for the free radical

polymerization, whereas the types of monomers

susceptible to the ionic polymerization are

closely related to the polarity factor [6]. Namely,

monomers with the electron-donating substituent

on the double bond form a stable carbenium ion,

and their polymerizations proceed by the cationic

mechanism. The representative monomers are

isobutylene, styrene, and vinyl ethers [7]. Typical

catalysts or initiators for the cationic polymeriza-

tion are Lewis acids in combination with water,

alcohol, and halides. Brönsted acids are also

applicable, but the hydrogen halides tend to give

the 1:1 adducts rather than polymers. In contrast

to free radical polymerization, the termination

reaction between two growing polymer chains

in ionic polymerization does not occur essen-

tially. Unimolecular side reactions such as the

proton transfer to monomer and the b-proton
abstraction from carbenium ion compete with

the propagation, which makes the precision cat-

ionic polymerization difficult. But in many cases,

quasiliving cationic polymerizations were

reported by designing proper polymerization

conditions [8]. As the electron-withdrawing

substituent can stabilize carbanion, conjugated

olefinic monomers bearing halide, ester, and

nitrile groups can polymerize by the anionic

mechanism. The representative monomers

are vinylidene chloride, (meth)acrylic esters,

and acrylonitrile [9]. Although styrene and

1,3-butadiene have no electron-withdrawing sub-

stituent on the double bond, they are also com-

mon monomers for the anionic polymerization

due to the resonance stabilization of carbanion.

The anionic polymerizations of these monomers

are initiated by organometallic compounds, for

example, organolithium and organomagnesium

reagents. For special monomers with the highly

electrophilic character, water or moisture in air

has enough activity to initiate the anionic poly-

merization. Of particular importance is that the

anionic polymerizations of carefully purified

monomers in the strictly dehydrated and deoxy-

genated media do not suffer from chain termina-

tion and transfer reactions. These polymerization

systems are defined as living anionic polymeri-

zation [10, 11], which is useful for obtaining

block copolymers by the sequential addition of

two or more types of monomers.

Coordination Polymerization

In the early 1950s, the breakthrough in the poly-

merization of ethylene and propylene caused the

dramatic change in the commercial production of

polymers thereof. Ziegler found that the polymer-

ization catalyst generated in situ from titanium

tetrachloride with triethylaluminum enables the

ambient-pressure polymerization of ethylene

[12]. In contrast to branched polyethylene syn-

thesized by the radical process at the high pres-

sure and high temperature, linear high-density

polyethylene (HDPE) can be obtained. Soon

after the discovery of Ziegler, Natta succeeded

in the polymerization of propylene by using the

improved catalyst, which is prepared from tita-

nium trichloride and diethylaluminum chloride

[13]. The most important point is that the stereo-

regular polymerization occurs to give isotactic

polypropylene having the high melting tempera-

ture. The Nobel Prize in chemistry was given for

their outstanding contribution in the polymer

science. Since the coordination of monomers to

the vacant site of the metal complexes is essential

for the propagation, these polymerizations are

defined as coordination polymerization. The suc-

cessive insertion of monomers between the tran-

sition metal and polymer chain is the propagating

step of the polymerization reaction. So-called

“Ziegler-Natta catalyst” is heterogeneous, and

the polymerization surely proceeds at the surface

of insoluble solid catalyst. On the other hand,

various soluble single-site catalysts have been

developed for the early and rate transition metal
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complexes [14]. Zirconocene-based catalysts are

effective for the stereoregular polymerization of

propylene and styrene. Some palladium com-

plexes can bring about the polymerization of not

only hydrocarbon monomers but also polar

monomers like acrylic esters.

Ring-Opening Polymerization

Many polymers are synthesized from monomers

having the cyclic structures by the chain-growth

mechanism. Since the addition followed by the

ring opening of monomers constitutes the propa-

gation step of polymerization, the corresponding

reaction is defined as ring-opening polymeriza-

tion. The typical monomers are lactone (ester),

lactam (amide), cyclic ether, cyclic anhydride,

and N-carboxyanhydride of amino acids

[15]. The availability and polymerizability of

cyclic monomers are strongly dependent on the

ring size and the kind of hetero atom as the ring

member, and the driving force of the reaction

is the relief of ring strain. The ring-opening

polymerization proceeds mostly by the cationic

and anionic initiators to give industrially

important polyesters, polyamides, polyethers,

and polycarbonates. Namely, the ring-opening

polymerizations of these monomers give poly-

mers including hetero atoms in their main chains,

which grant various physical properties to the

polymer. The polymer with the similar repeating

unit may be obtained by the condensation poly-

merization, while the ring-opening polymeriza-

tion does not require the stoichiometric feed of

a bifunctional monomer combination. The con-

trols of molecular weight and molecular weight

distribution are often possible under the

optimized polymerization conditions. Cyclic

monomers having the exocyclic double bond

undergo the ring-opening polymerization by

radical initiators [16]. In order to prevent the

concurrent vinyl polymerization, the ring strain

and the radical stabilizing group in the cyclic

skeleton should be introduced. On the other

hand, cyclic monomers having the endocyclic

double bond polymerize by the transition metal

catalysts in the ring-opening metathesis mecha-

nism where the chain carrier is a metal carbene

complex bearing the metal–carbon double bond

[17]. Grubbs developed the first-generation

ruthenium carbene complex and thereafter

superior carbene complexes with the higher

polymerization activity, and the functional

group tolerability were investigated [18].

Condensation Polymerization
(Polycondensation)

The polymerization reaction, in which low

molecular weight compounds are eliminated by

the reaction between functional groups, is defined

as condensation polymerization. The most com-

mon reaction utilizes the chemistry of carbonyl

groups in carboxylic acid and their derivatives

(acid chloride, anhydride, ester, and so forth).

Due to the electron negativity of the oxygen

atom, many nucleophiles Y are susceptible to

attack the carbonyl carbon in R–CO–X followed

by the elimination of X as the leaving group to

give R–CO–Y. The representative nucleophiles

may be alcohol and amine. The reactivity of

R–CO–X with Y is dependent on X and particu-

larly Y. The direct reactions of carboxylic acids

with alcohol and amine under harsh conditions

(high temperature and high vacuum) provide

polyesters and polyamides, respectively. One

important example is the synthesis of poly

(hexamethylene adipamide) (66-Nylon), where

the hexamethylene diamine salt of adipic acid is

heated over the melting temperature while evac-

uating the reaction mixture to remove water

[19]. The stoichiometry of two functional groups

is ensured by purifying the salt by recrystalliza-

tion. The reactions of acid chloride and anhydride

with amine take place under mild conditions

(room temperature and ambient pressure) as

a result of the high reactivity of carbonyl group.

The polymerization of hexamethylene diamine

dissolved in organic phase with adipic acid chlo-

ride in alkaline aqueous phase rapidly occurs at

the oil/water interface known as the interfacial

polycondensation [20]. The obtained 66-Nylon
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can be pulled off as the fibrous form. Since the

stoichiometry of two functional groups is

established at the interface, high molecular weight

polyamide can be obtained without strictly

controlling the molar equivalence of monomers.

Polyaddition

When one functional group attacks another to

make a new covalent bond without loss of any

small molecules in the stepwise mechanism, the

corresponding polymerization reaction is defined

as polyaddition. Similar to the condensation

polymerization, the nucleophilic addition of alco-

hol and amine may be the elementary step of the

polyaddition. On the other hand, commonly used

electrophiles include the vinyl group in acrylates

and the carbonyl group in isocyanates. The suc-

cessive additions of the C═C double bond are

well known as vinyl polymerization that is sur-

veyed in the first part of this essay; however, this

is not the necessary case. If the equimolar amount

of diamine and diacrylate is heated, the Michael

addition occurs to produce polymers bearing the

amino and ester units in the main chain. Another

popular example is the synthesis of polyurethane,

where an equimolar amount of diol and

diisocyanate is reacted in the presence of

dibutyltin dilaurate as the catalyst. The free rad-

ical addition of dithiol toward olefinic double

bond also proceeds in the polyaddition mecha-

nism to give polymers bearing the sulfide unit in

the main chain.

Related Entries

▶Anionic Addition Polymerization (Fundamental)

▶Anionic Ring-Opening Polymerization

▶CationicAddition Polymerization (Fundamental)

▶Cationic Ring-Opening Polymerization

▶Coordination Polymerization (Olefin and

Diene)

▶Coordination Polymerization (Styrene and

Polar Vinyl Monomers)

▶ Free-Radical Addition Polymerization

(Fundamental)

▶ Free-Radical Ring-Opening Polymerization

▶Ring-Opening Metathesis Polymerization
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Synonyms

Polymeric supercapacitors; Polymers for battery

electrodes; Polymers for electrochemical capaci-

tors; Polymers for energy storage

Definition

Polymers for charge storage: polymers that can

be used to store energy for use in batteries or

electrochemical capacitors.

Introduction

Current and emerging electronic devices have

exacerbated the need for improvements in high-

performance charge storage devices (CSDs).

While traditional CSDs have relied on inorganic

materials, such as metals and metal oxides [1],

researchers are turning more and more to organic

polymers for their charge storage ability

[2]. Electroactive polymers (EAPs) rely on oxi-

dation and reduction (redox) processes to store

and release charge. These polymers can be used

to store energy in batteries as well as in electro-

chemical capacitors. The advantages of EAPs in

CSDs include high conductivity, mechanical

flexibility, chemical stability, raw material avail-

ability, ease of manufacturing, low cost, and

reduced environmental impact [2]. There have

been several recent reviews on the use of EAPs

for charge storage applications [1–11].

Electroactive polymers, also known as inher-

ently or intrinsically conductive polymers, con-

sist of alternating double and single bonds. The

removal of an electron (oxidation, also known as

p-doping) results in a resonance-stabilized, posi-

tively charged polymer (Fig. 1). Conversely, the

addition of an electron (reduction, also known

as n-doping) results in a resonance-stabilized,

negatively charged polymer (Fig. 1). The reso-

nance delocalization of the resultant positive or

negative charge results in conductivities as high

as 104 S cm�1 [3], although values of 10� to

102 S cm�1 are more readily achievable. Both

oxidation and reduction processes are theoreti-

cally reversible, so that the redox processes can

be used repeatedly to store/release electrons. In

practice, the reversibility of these processes

depends on numerous factors, including polymer

structure, device design, and solvent/electrolyte

choice [2]. Redox processes in EAPs result

in remarkable changes in properties of EAPs,

including conductivity, color, volume, perme-

ability, and reactivity. These redox-controllable

properties have led to investigation of EAPs for

use in a wide range of applications including

electrochromics, sensors, actuators, and charge

storage [3].

Polymers most commonly investigated for

use in CSDs include polyacetylene (PAc),

polythiophene (PT), poly(3,4-ethylene-

dioxythiophene) (PEDOT), polypyrrole (PPy),

polyaniline (PANI), poly-p-phenylene (PPP),

and their derivatives (Fig. 2) [2, 4]. These and

other polymers have found use in electrolytic

capacitors, fuel cell catalyst support, secondary

batteries, and electrochemical capacitors [4].

This entry is focused on the use of EAPs as the

primary method of charge storage, e.g., in sec-

ondary batteries and electrochemical capacitors.

The configuration of EAP-based batteries and

electrochemical capacitors is shown in Fig. 3.

Both devices are comprised of charge collection

plates, an anode, a cathode, an electrolyte, and an
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optional porous separator, which allows ion and

electron flow across the device while preventing

short circuits [2]. Charge collection plates are

typically thin metal films. A wide range of sepa-

rator materials has been investigated; suitable

materials are electronically insulating, mechani-

cally robust, chemically resistant, and readily

wetted by electrolyte [12]. EAPs can be used as

the anode and/or the cathode, either as films or as

powders, with inorganic or carbonaceous mate-

rials often added for improved performance.

By convention, a battery electrode is charac-

terized based on the electrochemical process

(oxidation or reduction) that occurs during

discharging. This is contrary to the terminology

used in electrochemical capacitors, in which

electrodes are characterized based on the electro-

chemical process (oxidation or reduction) that

occurs during charging [13]. Thus an EAP that

undergoes p-doping/reneutralization is consid-

ered to be the cathode when it is used as an

electrode in an EAP-based battery, but it is

considered to be the anode when it is used in

an EAP-based electrochemical capacitor. This

disparity has caused considerable confusion.
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− ne−
+ ne−

− ne−

+
X
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X
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p-doped neutral n-doped
X = S, NH, O 

Polymers for Charge Storage, Fig. 1 Oxidation and reduction processes in EAPs such as the polyheterocycles shown

here result in p-doped and n-doped polymers, respectively, and provide opportunity for charge storage

Polymers for Charge Storage, Fig. 2 Common EAPs

investigated for use in charge storage devices include

(from left to right) polyacetylene (PAc), polythiophene

(PT), poly(3,4-ethylenedioxythiophene) (PEDOT),
polypyrrole (PPy), polyaniline (PANI), poly-p-phenylene
(PPP), and their derivatives

Polymers for Charge Storage, Fig. 3 Batteries and

electrochemical capacitors share the same general com-

ponents: charge collectors, an anode, a cathode, an elec-

trolyte, and a physical separator
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The effectiveness of CSDs is evaluated based

on energy content and discharge rate. The energy

content of a CSD can be related in terms of

specific energy (also known as gravimetric

energy density, measured in watt-hours per

kilogram) and energy density (also known as

volumetric energy density, measured in watt-

hours per liter). Discharge rates of CSDs are

measured in terms of specific power (also

known as gravimetric power density, measured

in Watts per kilogram) or power density (also

known as volumetric power density, measured

in Watts per liter). Ragone plots, in which

specific power is plotted versus specific energy,

are commonly used to characterize individual

devices as well as to illustrate how the different

types of charge storage devices compare. In Fig. 4,

a Ragone plot reveals the differences between

different types of devices: traditional capacitors

store relatively little energy (i.e., have lower spe-

cific energy) compared to batteries, but batteries

discharge much more slowly (i.e., have higher

specific energy) than traditional capacitors [1].

Intermediate to these two technologies are the

electrochemical capacitors (also known as

supercapacitors).

In addition to energy content and discharge

rate, there are several other useful parameters to

consider when evaluating polymers for use in

CSDs. Charge density (the amount of energy

stored in the polymer, given as amp-hours per

kilogram) and self-discharge rate (percentage

loss in capacity per unit time) are also important

considerations. Coulombic efficiency and

voltage efficiency provide information about the

percentage of total charge or voltage available.

Cycle life – the number of cycles a device can be

used before a certain percentage of capacity is

lost – is an extremely important parameter

for rechargeable devices. Finally, open-circuit

voltage (OCV, the voltage loss across the device

when no external current flows) and equivalent

series resistance (ESR, the resistance the device

exhibits to current flow) are important device

parameters [2]. Additionally, electrochemical

capacitors are evaluated based on their capacity

(in Coulombs) and their specific capacitance

(in Farads per gram or Farads per cubic

centimeter).

Batteries

Background: Batteries can be primary (single

use) or secondary (rechargeable); EAPs are used

predominantly in secondary batteries due to the

ease with which they can be repeatedly

discharged and recharged [2]. EAPs can be used

either as the anode or as the cathode in secondary

batteries. A mixture of electronic and ionic
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conductivity is observed using electrochemical

impedance spectroscopy [2]. Likely applications

of EAP batteries include portable consumer elec-

tronics (such as cellular telephones and hearing

aids), military devices (such as GPS locators and

night vision goggles), and electric vehicles

(including commercial automobiles as well as

unmanned aerial vehicles) [6]. For all of these

applications, polymer research is focused primar-

ily on increasing power densities relative to con-

ventional lithium ion and metal hydride batteries.

While p-doped polymers can often undergo

hundreds of thousands or even millions of charg-

ing/discharging processes with little loss in

capacity, n-doped polymers usually undergo

significant degradation in only a few cycles [2].

This degradation is usually attributed to the poor

stability of carbanions formed during n-doping.

For this reason, EAPs are typically used as the

cathodes, while metals such as Li, Na, Mg, and

Zn are used as the anodes [13]. Critical perfor-

mance metrics for secondary batteries are charge

densities in excess of 200 Ah kg�1, outputs

greater than 2 V, and a minimum of 500–1,000

charge–discharge cycles [7].

Electrolytes: Lithium salts, such as LiClO4,

LiAsF6, LiBF4, LiSO2CF3, LiN(SO2CF3)2, and

LiPF6, are commonly used as battery electrolytes

in solvents including water, propylene carbonate,

ethylene carbonate, and ethers [14]. Battery elec-

trolytes can be aqueous (in the case of PANI or

PPy cathodes) or organic (in the case of PAc,

PANI, PPy, PT, and PPP), with organic electro-

lytes needed when lithium anodes are used [2].

A thorough review of organic battery electrolytes

is available [14]. Due to undesirable side

reactions, batteries using aqueous electrolytes

are generally limited to OCVs of 1–2 V, while

organic electrolytes may allowOCVs in excess of

4 V. Ionic liquid electrolytes (organic salts that

are liquid at room temperature) are a promising

alternative shown to significantly enhance device

stability [8].

Polyacetylene: Polyacetylene was exten-

sively studied in early battery work, most often

with lithium used as the anode. Charge density as

high as 300 Ah kg�1 and specific energy as high

as 175 Wh kg�1 were reported with OCV as high

as 3.9 V, but poor stability and processing issues

proved insurmountable [2, 7].

Polyaniline: Polyaniline is a promising

alternative to polyacetylene, because PANI is

a relatively stable polymer suitable for use in

aqueous or organic batteries. Using a lithium

anode and organic electrolyte, OCVs of 3.0 and

4.0 V can be achieved. Much lower OCVs

(1.0–1.5 V) are achieved when using zinc anodes,

but these allow the use of environmentally

preferable aqueous acid electrolytes [2]. Charge

densities reach 150 Ah kg�1, and energy densities

are as high as 350 Wh kg�1 [2]. The primary

limitation of PANI batteries appears to be their

cycling stability, which appears to be limited to

500 charge–discharge cycles [7]. Lithium–PANI

batteries were marketed by Seiko–Bridgestone

from 1987 until 1992, when sales were

discontinued [15].

Polypyrrole: Polypyrrole cathodes can utilize

aqueous or organic electrolytes; OCVs are gen-

erally between 3.0 and 4.0 V with organic elec-

trolytes [13]. Charge densities up to 170 Ah kg�1

and energy densities up to 350 Wh kg�1 have

been reported, with moderate improvements in

performance seen when metal oxide or carbona-

ceous nanoparticles are added [2]. While the

above performance is similar to PANI cathodes,

cycle life of PPy cathodes is often significantly

shorter, with less than 60 charge–discharge

cycles attainable in many cases [7].

Polythiophene: Polythiophene and poly

(3-alkylthiophene) cathodes have been exten-

sively studied for use in secondary batteries,

with organic electrolytes and lithium anodes

used almost exclusively. Performance is some-

what less satisfactory than PANI and PPy; charge

densities as high as 100 Ah kg�1, energy densities

as high as 325 Wh kg�1, and OCVs as high as

4.2 V have been reported [2]. The composites of

polythiophenes with carbonaceous or metal oxide

nanoparticles are very promising, improving per-

formance significantly [2, 13]. The cycle life of

polythiophene cathodes is one driving force for

continued research in these materials; hundreds

or thousands of charge–discharge cycles are

attainable in many cases [7]. Attempts to improve

performance have largely focused on fused
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thiophene derivatives; in addition to improved

cathode performance, these polymers are also

promising polymeric alternatives to battery

anodes [2].

Poly(p-phenylene): Poly(p-phenylene) is not

as highly electroactive as PANI, PPy, or PT, but it

appears to be a reasonably good cathode material

in alkali metal batteries. Its promising perfor-

mance has been attributed to its crystallinity and

resemblance to graphite [2]. When PPP is used as

a cathode with lithium anodes, charge densities of

140 Ah kg�1 and energy densities of 300Wh kg-1

have been reported; addition of carbonaceous

nanoparticles improves performance slightly

[2]. Research into PPP battery materials has not

been as extensive as other EAP batteries. As with

PT and PPy, the complete insolubility of PPP

limits processing possibilities, but in contrast to

PT and PPy, addition of solubilizing substituents

to PPP significantly detracts from performance.

Future of EAP Batteries:While many of the

polymers mentioned above are promising

anode materials, improvements to cycle life are

badly needed. It appears that modifications to

electrolyte [8] and to electrode morphology [9]

may provide the necessary improvements.

Researchers are also working to improve stability

of n-doped polymers; advances in this area could

lead to EAP battery anodes and ultimately to

lightweight, flexible, all-polymer batteries [2].

Electrochemical Capacitors

Background: There are twomain types of capac-

itors. While double layer capacitors rely on

electrostatic effects to store charge at a surface,

electrochemical capacitors (also known as

supercapacitors, ultracapacitors, or redox capac-

itors) use redox processes to chemically store

charge. Electrochemical capacitors have tradi-

tionally used inorganic oxides (such as ruthenium

oxide) or carbonaceous materials to store charge.

Because the charge is stored on or near the

surface of the particles, the capacity in these

electrochemical capacitors is surface area lim-

ited; the maximum specific capacitance reported

for a metal oxide electrochemical capacitor is

720 F g�1 (RuO2), which is an order of magnitude

higher than that reported for carbonaceous mate-

rials [2, 10, 11]. When electroactive polymers are

used instead of metal oxides to store charge, the

entire volume of the polymer should be available

to store charge, with typical doping levels of

one charge for every 2–5 repeat units [2, 7].

Additionally, EAPs are an attractive alternative

to metal oxides due to EAPs’ high charge densi-

ties and lower costs [6].

Electroactive polymer-based electrochemical

capacitors (EPECs) have been studied exten-

sively since the 1980s; Rudge and coworkers

published an early review in which they charac-

terized the different types of EPECs [16]. EPECs

are described based on the type of polymer redox

process occurring at each electrode [2, 16].

In a Type I EPEC, the same p-doping polymer

is used on both electrodes, while in a Type II

EPEC, different p-doping polymers are used at

each electrode. A Type III EPEC uses one poly-

mer that p-dopes at the anode and n-dopes at the

cathode, and a Type IV EPEC uses a p-doping

polymer at the anode and a different, n-doping

polymer at the cathode. While Type I and II

EPECs are typically quite stable with thousands

to millions of cycles possible, Type III and IV

EPECs are significantly less stable due to the

relative instability of most n-doped polymers.

However, Type III and IV EPECs are desirable

due to their hypothetically much higher capacity,

power density, energy density, and energy stored,

as can be seen in Table 1 [2].Most EPEC research

has focused on the p-doping processes of

polypyrrole, polythiophene, polyaniline, and

their derivatives; research into n-doping poly-

mers for use in Type III and Type IV EPECs

has explored much more complex polymer struc-

tures in an attempt to stabilize the negative

charges [2].

While critical performance metrics for batte-

ries are well established, the same cannot be said

for EPECs. In fact, performance results are not

even reported consistently from research group to

research group. The parameters that may or may

not be reported include specific capacitance,

charge density, energy density, output voltage,

and cycle life; while some groups include only
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the mass of the active polymer in their calcula-

tions, others report the mass of the total device,

leading to orders of magnitude difference in

results [2, 6]! A need for standardization is

certainly in order. One target that must be met

in order to make EPECs a viable alternative to

metal oxide electrochemical capacitors is a

specific capacity higher than that of RuO2

(720 F g�1) [2]. Also, EPECs must be stable for

a minimum of 1,000 cycles (though 100,000

cycles would be more desirable).

Electrolytes: The electrolytes commonly

used in batteries may be used in EPECs, but

additional electrolytes not suitable for batteries

may be used with EPECs. Ammonium and

tetraalkylammonium cations often replace the

lithium cations used in batteries [10], and ionic

liquid electrolytes have recently been shown to

improve cycling stability [8]. Most EPECs utilize

organic solvents in their electrolyte formulations

due to the increased output voltages, although

aqueous electrolytes have been used in some

cases [10].

EPEC Anodes: Polythiophenes, polypyrroles,

polyanilines, and their derivatives have been

extensively investigated for use as EPEC anodes.

Typical specific capacitances for Type I EPECs

prepared using these polymers can be seen in

Fig. 5, along with the specific capacitances for

carbonaceous, EAP-composite, and metal oxide

electrodes. Note that, while PANI EPECs have

much higher specific capacitances than other

Type I EPECs or carbonaceous electrodes, they

are still considerably lower than those of the best

RuO2 electrodes. Cycle life of EPECs is typically

poor unless ionic liquid electrolytes are used [8].

EPEC Cathodes: Most of the n-doping poly-

mers investigated for use in Type III and Type IV

Polymers for Charge Storage, Table 1 Hypothetical EPEC performance (of a 1 kg device containing 100 g EAP) [2]

EPEC

type

Capacity

(C)

Average current density

(mA cm�2)

Average power density

(W kg�1)

Energy stored

(kJ kg�1)

I 7,500 0.50 125 1.9

II 11,250 0.75 280 4.2

III/IV 15,000 1.0 3,500 52

Polymers for Charge
Storage, Fig. 5 Typical

specific capacitances for

different electrochemical

capacitor materials

(Adapted from Snook

et al. [6], with permission

from Elsevier)
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EPECs are polythiophene derivatives. When

electron-withdrawing groups are used pendant

to the polymer backbone [16], electrodes are

relatively stable but are poorly conductive in the

n-doped state, so power densities are low [2, 6].

A more promising approach to enhancing the

stability of n-doped polymers appears to be

reducing bandgap, which increases intrinsic

charge carrier densities and therefore increases

stability in the n-doped state [2]. This approach

often involves incorporation of conjugated

nitrogen-containing heterocycles, which have

high electron affinities. Enhanced stability (over

10,000 cycles) and reasonable energy and power

densities were obtained using this strategy, and

polymer morphology was found to have

a significant impact on performance [17].

Composite Electrodes and Hybrid Devices:

Combining an EAP with carbonaceous materials

(including activated carbon, carbon nanotubes,

and graphene) has been shown to significantly

enhance specific power relative to double layer

capacitors due to the lower equivalent series

resistance [2], and stability and conductivity of

the composite electrodes are improved over EAP

electrodes. Unless the second component in the

composite is RuO2, specific capacitances are

generally below 500 F g�1 [6]. One promising

composite combines polypyrrole with iron oxide,

yielding an inexpensive electrode with specific

capacitance of 400 F g�1 [6]. Hybrid devices use

a p-doping EAP as the anode in combination with

a carbonaceous cathode. This relatively inexpen-

sive approach eliminates instability issues asso-

ciated with n-doping polymer-based cathodes

and yields moderate specific capacitances

(380 F g�1) [2].

Future of EPECs: There are several good

options for EPEC anodes based on polyaniline

and polythiophene derivatives and composites; at

current performance levels, these polymers will

only be competitive with RuO2 if cost and envi-

ronmental impact significantly outweigh perfor-

mance. In order to maximize stability,

electrolytes must be carefully chosen. It appears

that the highest potential to impact EPEC perfor-

mance lies in the development of stable n-doping

polymers for use as EPEC cathodes.

Conclusions

A wide variety of EAPs are promising for use as

charge storage materials. The most reasonable use

of these materials at present is as p-doping mate-

rials for battery cathodes or electrochemical capac-

itor anodes. Performance improvements are often

possible bymodification of electrolyte ormorphol-

ogy or by forming polymeric nanocomposites

incorporating electroactive nanoparticles. Further

developments are needed before n-doping EAPs

can be used as battery anodes or electrochemical

capacitor cathodes. Until stable n-doping EAPs

are available, non-polymeric electrodes used in

conjunction with stable p-doping EAPs are

a reasonable alternative.

Related Entries

▶Conducting Polymers

▶Conjugated Polymer Synthesis

▶Electroresponsive Polymer

▶ Polyaniline
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Synonyms

Solid polymer electrolyte; Polymer electrolyte

membrane

Definition

Ion conducting polymer based membranes are

used as electrode separators in polymer electro-

lyte membrane fuel cells.

Introduction

During the last decades, fuel cells have received

increasing attention for their potential to convert

chemically bound energy directly into electrical

energy with limited environmental impact.

Of the different types of fuel cells, systems with

polymer-based electrolytes are of special interest

for certain applications due to their relatively

simple and compact design and high power den-

sities. On the fundamental level, they are further

classified according to the nature of ionic-

conducting species in the polymer-based electro-

lyte, i.e., acidic (proton conducting) or alkaline

(hydroxide ion conducting) membranes. The type

of electrolytes is of importance since it deter-

mines the electrochemistry at electrodes as well

as the selection of materials for the system com-

ponents and ultimately the operating conditions

with respect to, e.g., temperature and humidifica-

tion requirements. Many different types of fuels,

such as hydrogen or methanol, have been consid-

ered depending on the type of fuel cell. Hydrogen

can be easily oxidized to water and is the ideal

fuel for such systems. Cells with acidic and alka-

line electrolyte membranes are schematically

illustrated in Fig. 1.

The requirements that the membrane has to

fulfill are determined by the particular applica-

tion and normally include high ionic conductiv-

ity, negligible electronic conductivity, low fuel

and oxidant permeability, compatibility with

other cell components, goodmechanical strength,

and long-term stability. Cost and environmental

impact of manufacturing are also factors that

need careful consideration.

The gas diffusion electrodes, usually made of

a nonwoven carbon substrate with a layer of

nanocrystalline platinum particles supported on

high-surface-area carbon, are pressed directly to

each side of the membrane to form an integral
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unit called a membrane electrode assembly

(MEA). At the anode hydrogen is catalytically

oxidized to release electrons that are passed

through an external circuit to the cathode, pro-

ducing the desired electrical work on the way.

The reversible cell voltage for a fuel cell operated

with hydrogen as fuel and oxygen as oxidant is

1.23 V under standard conditions, but due to the

electrode irreversibility and gas permeation

through the electrolyte, the practical cell voltage

is significantly lower.

Types of Polymers and Scopes of This
Entry

Polymer electrolyte membranes (PEM)s for fuel

cells were first developed by Grubb and Niedrach

[1] at General Electric (GE) in the earlier 1960s.

The earliest membrane was based on a poly

(phenolformaldehyde sulfonic acid) resin as pre-

pared by condensation of phenolsulfonic acid and

formaldehyde. This type of membrane was brit-

tle, cracked when dried, and rapidly hydrolyzed.

The first successful membrane was made of poly

(styrenesulfonic acid) (PSSA), which showed

a lifetime of about 200 h at 60 �C. By cross-

linking styrene-divinylbenzene into an inert

fluorocarbon matrix, the sulfonated polymer

membranes exhibited acceptable strength in

both the wet and the dry state. The membranes

were used in several Gemini space missions in the

1960s. This type of membrane, however, suffers

from short lifetimes because of its limited oxida-

tive stability. Breakthroughs were achieved with

fluorinated polymers, which were adapted

as membranes for fuel cells powering the

Biosatellite mission in later 1960s and led to

the renaissance of the polymer fuel cells from

the 1980s [2].

This entry is started with a general description

of perfluorinated as well as partially fluorinated

polymers due to their historical and current

importance. Aromatic polymers have been suc-

cessfully explored in the last decades and are

therefore described in some detail. To tailor

the membrane properties and performance, com-

posite membranes represent an effective

approach. The newest development in this field

is anion-conducting membranes, which is the last

topic in the discussion. The status of the

polymer membranes and their associated fuel

cell technologies a thereafter discussed, followed

by conclusive remarks.

Fluorinated Polymers

Poly(Perfluorosulfonic Acid)

After the pioneering work with membranes based

on sulfonated polystyrene, the development of

fuel cells with acidic polymer-based electrolytes

was intensified in the late 1960s when the first

poly(perfluorosulfonic acid) (PFSA) membranes

were launched by DuPont under the trade name

Nafion® [3]; see Fig. 2. The PFSA membranes

Polymers for Fuel Cells,
Fig. 1 Schematic

illustration of fuel cells

with acidic (left) and basic

(right) polymer-based

electrolytes
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comprise a group of cation-exchange materials

that consist of a perfluorinated backbone with

perfluorinated side chains containing terminal

sulfonic acid groups. The development of fuel

cell systems based on PFSA membranes has

been further intensified during the last decades

to a stage where the technology now has reached

the commercial market.

The acidic side chain is the key to proton

conduction, but the protons cannot just jump

from one acidic site to another. The proton trans-

port is facilitated by water molecules and the

membrane must therefore be highly hydrated.

During the hydration of PFSA membranes, the

hydrophobic perfluorinated polymer backbones

aggregate in regions with varying degrees of

crystallinity providing the mechanical strength,

whereas the hydrophilic acidic groups form

water-filled percolating ionic domains with

extreme local acidity providing pathways for pro-

ton conduction with water molecules as charge

carriers [4]. However, several different models

for the nano-morphology of PFSA membranes

have been proposed mainly based on X-ray and

neutron scattering techniques [5]. A schematic

idealized illustration of the nanostructure of

a hydrated PFSA membrane is depicted in Fig. 3.

Since the proton conduction in such materials

is water mediated it is strongly dependent on the

water content of the membrane, often normalized

as the degree of hydration, l, defined as the num-

ber of water molecules per sulfonic acid group.

Under optimal conditions when the water content

in the membrane is high (l > 15) and at temper-

atures around 80 �C, the conductivity of PFSA

membranes can reach above 0.1 S cm�1, which

allows for low ohmic losses in the fuel cell. The

proton conductivity of PFSA materials at

a certain degree of hydration generally increases

with increasing concentration of sulfonic acid

groups, often referred to as the ion-exchange

capacity (IEC), defined as mmol acid equivalents

per gram of polymer, or the equivalent weight

(EW), defined as the average molecular weight of

the polymer per mole sulfonic acid moieties.

However, increasing the IEC or decreasing the

EW results in enhanced water uptake, extensive

volume swelling, and decreased mechanical

strength. Ultimately it may lead to a complete

dissolution of the membrane in water. Thus,

a compromise between high IEC and good

mechanical properties in the hydrated state has

to be established, and typically for Nafion®mem-

branes, the EW is around 1,100 g eq.�1.

The poly(perfluorosulfonic acid)s are copoly-

mers synthesized from tetrafluoroethylene (TFE)

and a perfluorinated monomer containing the sul-

fonic acid functionality. The structure of the latter

monomer can vary and determines the length of

the sulfonic acid-terminated side chains, and the

ratio between the two comonomers determines

the equivalent weight of the resulting polymer.

The synthetic strategy for Nafion® is schemati-

cally illustrated in Fig. 4.

Today, a wide range of different PFSA mate-

rials prepared by different synthetic approaches

Polymers for Fuel Cells, Fig. 2 The chemical structure

of Nafion®

Polymers for Fuel Cells, Fig. 3 Two-dimensional sche-

matic illustration of the percolation in a hydrated PFSA

membrane. The grey strands represent the hydrophobic

polymer backbones, while the blue and red circles repre-

sent water molecules and sulfonic acid groups,

respectively
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are available from various suppliers including

Solvay Specialty Polymers (Aquivion®), 3 M™,

Asahi Glass (Flemion®), Asahi Kasei

(Aciplex®), and FuMA-Tech (fumion® F). The

so-called short side chain PFSA materials, such

as Aquivion® (Fig. 5), have been found to per-

form better in fuel cells than the conventional

Nafion® membranes due to a favorable combina-

tion of low EW (790–900 g eq.�1) and good

dimensional stability.

PFSA materials are available commercially in

the form of melt-extruded membranes and as

dispersions in mixtures of water and low

alcohols often used for electrode preparation

and for membrane recasting. The recast mem-

branes generally require annealing at elevated

temperatures and pressures to develop the

crystalline regions that provide the mechanical

strength in the hydrated state. Recasting and

annealing of PFSA membranes are preferably

done using the neutral salt form of the

polymer (e.g., sodium or potassium) to avoid

partial decomposition and discoloration of the

membranes at elevated temperatures in the dry

state.

Partially Fluorinated Polymers

Radiation grafting is a versatile process offering

the possibility to introduce acidic functionalities

on activated sites in preformed polymer films.

This technique has been implemented on a

large number of different base materials of

which some partially fluorinated polymers such

as poly(ethylene-alt-tetrafluoroethylene) (ETFE)
and polyvinylidene fluoride (PVDF), as schemat-

ically illustrated in Fig. 6, are among the more

promising [6].

Radiation-graftedmembranes can for example

be produced using a roll-to-roll process in which

the base film is irradiated to generate radicals

and brought in contact with the monomer.

Sulfonic acid functionalities can subsequently

be introduced by employing a sulfonated mono-

mer or through post-sulfonation of, e.g., styrene-

grafted polymers. Employing radiation-grafted

membranes based on ETFE, encouraging fuel

cell test results have been demonstrated by

Polymers for Fuel Cells,
Fig. 4 Schematic

illustration of the synthesis

of Nafion®

Polymers for Fuel Cells,
Fig. 5 The chemical

structure of Aquivion®

Polymers for Fuel Cells, Fig. 6 Chemical structure of

radiation-grafted sulfonated polymers with ETFE (left)
and PVDF (right) as base polymers
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Ballard Power Systems showing performance

comparable to that of Nafion®-based fuel cells.

Aromatic Polymers

Sulfonated Polymers

The development of novel cation-exchange mate-

rials based on alternative hydrocarbon polymers

functionalized with pendant acidic groups is

mainly motivated by a considerable potential

cost reduction [7, 8]. The high chemical stability

of the PFSA membranes is connected to the

perfluorinated structure. Alternatively, stability

can be provided by an aromatic structure. Chem-

ically the C–F bonds have a bond strength of

about 485 kJ mol�1, the C–H bonds of the ben-

zene ring of around 435 kJ mol�1, and the ali-

phatic C–H bonds of typically about

350 kJ mol�1. Just like for the PFSA materials

or the partially fluorinated sulfonated polymers,

the proton transport in such electrolyte systems is

water mediated, which implies that careful con-

trol of the hydration characteristics is required.

Among the more studied systems are sulfonic

acid-functionalized aromatic homopolymers, sta-

tistical copolymers, block copolymers, and

microblock copolymers such as poly(arylene

ether)s, as exemplified schematically in Fig. 7.

The hydrophobicity of the polymer backbone

and the acidity of the sulfonic acid groups in the

non-perfluorinated materials are considerably

lower than that of the PFSA polymers. One of

the greatest challenges of this approach is thus to

obtain a good hydrophobic/hydrophilic nano-

structure in which protons can be effectively

conducted [9]. This has been extensively

addressed by investigating the structure-

properties relationship of a large number of aro-

matic polymers and different structure deriva-

tives with different sulfonation patterns and

compositions of hydrophilic and hydrophobic

blocks [10, 11].

The most common way to introduce sulfonic

acid functionalities on the polymer backbones is

through post-sulfonation by electrophilic aro-

matic sulfonation using sulfuric acid, oleum,

chlorosulfonic acid, or sulfur trioxide complexes

as reagents. However, this methodology is not

regiospecific and gives limited control on the

degree of sulfonation, which is of importance

for the optimization of the hydrophilic/hydropho-

bic properties and thus the nanostructure and

percolation during hydration. Alternatively

sulfonated poly(arylene ether)s can be obtained

by carrying out the polymerization from

sulfonated monomers allowing for precise con-

trol of the degree of sulfonation and for introduc-

ing the sulfonic acid groups on electron-deficient

positions in the aromatic backbone which cannot

be sulfonated through electrophilic aromatic

sulfonation. Commercially, sulfonated poly

(arylene ether ketone)s are available in the form

of membranes and as dispersions from, e.g.,

FuMA-Tech (fumion® P, K, and E). Compared

with the PFSA materials which have

Polymers for Fuel Cells, Fig. 7 The chemical structure of a number of sulfonated polymers based on different poly

(arylene ether)s
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ion-exchange capacities typically around

0.9–1.0 meq g�1, the ion-exchange capacity of

the sulfonated poly(arylene ether)s is often

considerably higher (2–5 meq g�1) in order to

obtain proton conductivity reaching above

0.01 S cm�1.

Polybenzimidazoles are another family of aro-

matic engineering plastics that can be sulfonated to

give materials with water-mediated proton con-

ductivity [12]. Most work has been done on poly

[2,20-m-(phenylene)-5,50-bibenzimidazole] (PBI)

as shown in Fig. 8. PBI can be sulfonated through

N-functionalization by treating the polymer with

a strong non-nucleophilic base such as an alkali

metal hydride and subsequently reacted with

a sulfonated alkyl or aryl halide through a substi-

tution reaction. Alternatively PBI can be

sulfonated through doping with sulfuric acid or

oleum after membrane casting followed by heat

treatment at 450–600 �C for 30–120 s to give

a zwitterionic polymer, also commonly referred

to as stabilized PBI.

Other sulfonated aromatic polymers have

been considered, such as sulfonated polyimide

copolymers as schematically illustrated in Fig. 8

or sulfonated poly(phenylene oxide)s, poly(phe-

nyl quinoxaline)s, and poly(phosphazene)s.

A limited number of reports on polymers with

protogenic moieties other than sulfonic acid, e.g.,

phosphinic acid, phosphonic acid, and sulfone

imides, are also available in the literature.

Acid-Doped Polymers

From kinetic and system engineering points of

view and with respect to the fuel impurity toler-

ance of the catalysts, it has been recognized that it

would be strongly desirable to increase the fuel

cell operating temperature to 120–200 �C
[13]. This has triggered the development of

polymer-based membrane materials in which

the proton transport is not water mediated. One

approach that was proposed nearly 20 years ago

was to replace water as the proton solvent by

phosphoric acid, which has good thermal stability

and low vapor pressure at elevated temperatures

and shows the highest intrinsic proton conductiv-

ity of any known species. A large number of

phosphoric acid-imbibed membrane materials

based on different polymers have been proposed

throughout the years [8, 14–16]. However, mem-

branes based on different structure derivatives in

the polybenzimidazole family of materials and

certain pyridine-containing aromatic polyethers

(Fig. 9) are among the more promising and

well-studied systems and selected as electrolytes

for the high-temperature MEAs produced by,

e.g., Danish Power Systems and Advent Technol-

ogies, respectively.

The common feature is that the polymers con-

tain moieties with Brønsted base functionalities,

making them hydrophilic in nature and giving

them a high affinity for the doping acid. In such

materials the protons are mainly conducted by

Polymers for Fuel Cells,
Fig. 8 Chemical structure

of N-sulfonated PBI (top),
zwitterionic sulfonated PBI

(middle), and a sulfonated

polyimide copolymer

(bottom)
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structural diffusion in a dynamic hydrogen bond

network by the Grotthuss mechanism. Thus, no

significant net movement of acid molecules occur

which is a prerequisite for being able to avoid

acid management systems. The proton conduc-

tivity of such materials is highly dependent on the

acid content of the membrane, which in analogy

with the degree of hydration for the cation-

exchange membranes often is normalized as the

acid doping level (ADL) defined as the number of

phosphoric acid molecules per polymer repeat

unit. At a given temperature and relative humid-

ity, the proton conductivity generally increases

with increasing acid content in the membrane.

For example, for membranes in the polybenzi-

midazole family, the anhydrous proton conduc-

tivity at around 150 �C increases from about 0.03

to 0.09 S cm�1 when the ADL increases from

about 6 to 11. The presence of small amounts of

water in the phosphoric acid-doped polymer

matrix considerably improves the proton trans-

port which means that the conductivity is further

increased by humidification. With an extreme

ADL of above 30, the conductivity can reach

above 0.2 S cm�1, which is nearly half of that

for pure phosphoric acid under similar condi-

tions. However, due to the strong plasticizing

effect of the acid dopant, an increasing ADL has

a severe negative impact on the mechanical prop-

erties of the membrane. Thus, a compromise

between proton conductivity and mechanical

strength generally has to be made, and much

effort has been devoted to improve the mechani-

cal properties at high ADLs by, e.g., increasing

the linear molecular weight of the polymer or

through different cross-linking concepts. Another

approach that has been extensively investigated is

binary PBI-based systems prepared by introduc-

ing a secondary sulfonic acid-functionalized

polymeric component. In this type of acid-base

blend membranes, ionic cross-links are devel-

oped between the two polymers to give a material

with strong resistance to swelling in phosphoric

acid as well as improved mechanical stability and

sometimes improved chemical resistance.

The first synthetic route for PBI as reported in

the early 1960s was based on a two-step

procedure in which a pre-polymer was first

prepared by heating an equimolar mixture of

3,30-diaminobenzidine and diphenyl isophthalate

at 270 �C for 1.5 h and subsequently

further condensed at 360 �C for 1 h. Today,

PBI is most often synthesized by homogeneous

solution polymerization from equimolar

mixtures of 3,30-diaminobenzidine (freebase or

tetrahydrochloride salt) with isophthalic acid or

terephthalic acid in polyphosphoric acid (PPA)

as the polycondensation solvent at 170–200 �C
to give mPBI or pPBI, respectively, as shown

in Fig. 10.

After cooling, the crude mixture is poured into

water and the precipitated polymer is extensively

washed with an aqueous base and water.

After drying the polymer can be dissolved in a

polar aprotic solvent (often with the

addition of a small amount of LiCl as stabilizer)

such as N,N-dimethylacetamide (DMAc),

N,N-dimethylformamide (DMF), N-methyl-2-

pyrrolidone (NMP), or dimethylsulfoxide

(DMSO) from which membranes can be cast by

solvent evaporation. After treatment in hot water

in order to wash out eventual impurities,

Polymers for Fuel Cells, Fig. 9 Chemical structure of poly(2,20(m-phenylene)-5,50bibenzimidazole) (top) and of

a pyridine-containing aromatic poly(arylene ether sulfone) copolymer (bottom)

2000 Polymers for Fuel Cells



stabilizers, and solvent residuals, the membranes

are imbibed with phosphoric acid in aqueous

solutions of different concentrations at different

temperatures and for different durations, which

are the primary parameters to control the ADL.

Alternatively the homogenous crude mixture can

be tape cast directly followed by hydrolysis of the

polyphosphoric acid in an atmosphere with care-

fully controlled temperature and humidity

[17]. The polyphosphoric acid, which is a good

solvent for PBI, is thus converted through hydro-

lysis into orthophosphoric acid in which the

polymer is less soluble to form gel membranes

with ADLs above 30.

Composite Systems

Regardless of which subtype of polymers used

for the membrane electrolyte, much work has

been devoted to the development of composite

systems aiming at improving the physicochemi-

cal properties of the membranes and ultimately

the in situ fuel cell performance [18]. The most

widely studied secondary components are

inorganic hygroscopic oxides such as silica,

titania, zirconia, and alumina or bifunctional

hygroscopic inorganic materials with intrinsic

proton conductivity such as zirconium phos-

phates, heteropolyacids, or sulfonated silica or

titania. For the sulfonated polymers, this has

mainly targeted improved hydration characteris-

tics and mechanical properties of the membranes

allowing for operation at slightly elevated tem-

peratures. For direct methanol fuel cells, the high

methanol permeability through the sulfonated

polymer membranes is causing voltage losses

and poor fuel utilization, but the permeation rate

can be reduced by introducing a secondary com-

ponent in the polymer matrix. Composite mem-

branes with a secondary component for pure

mechanical reinforcement, such as porous

polytetrafluoroethylene-reinforced PFSA from

Gore Fuel Cell Technologies, have proved prom-

ising with respect to both performance and fuel

cell durability. Similarly, composite electrolyte

systems with similar types of secondary compo-

nents have been thoroughly investigated for

acid-doped membranes for operation at elevated

temperatures aiming at improving mechanical

properties and reducing the proton transport

resistance.

Polymers for Alkaline Fuel Cells

Even though the fuel cells based on cation-

exchange polymers (especially PFSA) in general

show superior performance in terms of power

density, their widespread commercial competi-

tiveness is constrained by their dependence on

noble metals as catalyst materials. On the other

hand, the alkaline fuel cell (AFC) using aqueous

KOH as electrolyte (the first type of fuel cells

used in NASA Apollo space programs in 1950s)

can be constructed as a completely noble metal-

free power system. One of the main drawbacks of

the AFC is that the liquid KOH is very sensitive

to the presence of CO2 from either fuel or air,

leading to precipitation of crystalline potassium

carbonate and therefore blocking the porous

electrode structure. In alkaline anion-exchange

membranes, no mobile cations (e.g., K+) are

present, eliminating the formation of crystal

Polymers for Fuel Cells,
Fig. 10 Synthetic route for

mPBI by homogeneous

solution polymerization
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carbonates, though the carbonation still may

result in decreased conductivity of the mem-

brane. This has resulted in a dramatically

increased interest in developing polymers for

alkaline fuel cell electrolytes during the last few

years [19]. Several different anion-exchange

groups, as exemplified in Fig. 11, can be tethered

to a polymer backbone to give anion-exchange

polymers.

Quaternary ammonium-functionalized poly-

mers have been known since the early 1960s,

and in the membrane form they are widely used

as anion conductors in different electrodialysis

processes. In the hydroxide form they generally

show stability limitations, and the principal deg-

radation mechanism is directly connected to the

pronounced nucleophilicity of the hydroxide ion.

The use of a polymer backbone with good alkali

resistance, such as members in the polysulfone

family of materials, limits the rate of chain

scission. However, the quaternary ammonium

groups are prone to attack by the hydroxide ions

causing different degradation and rearrangement

reactions, and much effort is currently devoted

to the development of polymers with anion-

exchange moieties that are stable at high pH

[20, 21]. Quaternary ammonium groups can be

readily introduced onto aromatic polymers such

as poly(arylene ether sulfone)s as shown in

Fig. 12 through chloromethylation followed by

amination with a tertiary alkyl or aryl amine

to give the chloride salt of the ionomer, which

subsequently can be converted into the hydroxide

form by treatment with a dilute aqueous hydrox-

ide salt solution.

In analogy with the cation-exchange mate-

rials, the hydroxide ion conductivity mechanism

in anion-exchange membranes is water mediated

and thus strongly dependent on the water content

of the membrane. However, little is known about

the morphology of anion-exchange membranes

on the microscopic level and on the structure-

conductivity relationship.

An alternative approach to obtain a polymer-

based material with hydroxide ion conductivity is

to imbibe a neutral polymer matrix with an aqueous

hydroxide salt. Generally the polymers used for this

purpose contain Brønsted base functionalities such
as oxygen, nitrogen, or sulfur that interact with the

cation of the hydroxide salt. The polymers in this

class of materials, e.g., polyethylene oxide (PEO),

chitosan, and polyvinyl alcohol (PVA) (Fig. 13),

often referred to as ion-solvating polymers, are

generally water soluble to some extent.

When imbibed with potassium hydroxide

(KOH), the ion conductivity is strongly depen-

dent on the concentration of the aqueous base in

the membrane. The ion-solvating polymers are

however known to exhibit stability limitations

in the presence of hydroxide salts, and under

normal fuel cell operating conditions, the ohmic

resistance is gradually increased due to

a continuous leaching of the dopant.

Fuel Cell Applications

For fuel cells the conductivity of the membrane

has to be higher than about 10�2 S cm�1 to get

reasonable in situ area-specific resistances of

Polymers for Fuel Cells, Fig. 11 Chemical structure of

ammonium, phosphonium, and sulfonium anion-

exchange moieties

Polymers for Fuel Cells, Fig. 12 Chemical structure of

a quaternary ammonium-functionalized poly(phenylene

ether sulfone)

Polymers for Fuel Cells, Fig. 13 Chemical structure of

polyethylene oxide (left), chitosan (center), and polyvinyl
alcohol (right)
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0.1–0.3 O cm2 with practical membrane thick-

nesses of 40–150 mm. As previously discussed,

the proton transport through the membranes

based on sulfonated polymers is water mediated

which limits the fuel cell operating temperature

to about 80 �C unless the system is pressurized to

keep the membrane well hydrated. On the other

hand, fuel cells based on phosphoric acid-doped

membranes can operate under anhydrous condi-

tions at temperatures up to at least 180 �C.
Due to the high capital cost of the polymer-

based fuel cell technology, the long-term durabil-

ity is, however, the most critical factor and

lifetimes of many thousands of hours are

normally required [22]. Many different degrada-

tion modes connected to different cell compo-

nents simultaneously occur. The polymer-based

electrolytes are exposed to harsh conditions

during fuel cell operation, such as aggressive

radicals, voltage gradients, and temperature and

humidity cycling, which gradually damages the

functionality of the membranes and may ulti-

mately lead to cracks and pinholes. For the acid-

doped membrane electrolytes, the acid loss can

be fatal since it gradually increases the ohmic

resistance in the cell. Depending on the operating

conditions and how the end of life is defined,

lifetimes ranging from a few thousands of hours

up to 60,000 h have been reported for PFSA-

based systems. Similarly, lifetimes exceeding

10,000 h have been reported for high-temperature

PEMFCs based on phosphoric acid-doped

membranes. Alkaline fuel cells based on anion-

exchange membranes are still in an early

development phase, and only a limited number

of lifetime studies are available in the literature

and lifetimes exceeding 100 h are rare. In general

and irrespective of the type of membrane electro-

lyte, the longest lifetimes have been reported for

fuel cells operating at a continuous and relatively

low current load and at temperatures well below

the maximum rated temperatures.

Conclusive Remarks

Fuel cells with polymer-based electrolytes repre-

sent an attractive approach to obtain compact fuel

cell systems with high power density. A large

number of polymers have been considered as

base materials for the membranes. In membranes

containing protogenic groups such as sulfonic acid

moieties, the proton transport is water mediated

which limits the operating temperature to about

80 �C. Among the polymer membranes of this

subtype, poly(perfluorosulfonic acid) membranes

are the most well-studied materials showing supe-

rior characteristics in terms of proton conductivity

and chemical resistance. Sulfonated polymers

based on partially fluorinated or aromatic poly-

mers are also under active development as cheaper

alternatives to the PFSAmaterials, but facing chal-

lenges with respect to the formation of pathways

through which protons effectively can be

conducted in the hydrated state. For fuel cells

operating in the 100–200 �C range, phosphoric

acid-imbibed membranes based on aromatic nitro-

gen heterocyclic polymers, especially in the

polybenzimidazole and poly(arylene ether) fami-

lies of materials, are of particular interest.

On one hand, an attractive approach which

could potentially allow for a completely noble

metal-free system is to use anion-exchange mem-

branes as electrolytes in alkaline fuel cells. This

concept is still in an early development phase and

facing great challenges with respect to long-term

durability. The proton exchange membrane fuel

cell technology, on the other hand, has reached

a certain degree of maturity. Research efforts are

currently devoted to further improvement of the

performance and durability and to reduction of

the cost, for example through the development of

new membranes and electrocatalysts, which is

expected to dramatically improve the viability

and competitiveness of the technology.
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Synonyms

Hybrid nonlinear optics; Organic nonlinear

optics

Definition

Nonlinear optics refers to the nonlinear optical

response (nonlinear changes in the index of refrac-

tion or absorption) arising from the interaction of

quasi-delocalized electrons with applied electric

fields. Nonlinear optical polymers are macromolec-

ular materials with extended p-electron segments.

Principles

The interaction of applied electric fields (both

electric fields of frequencies from dc (0 Hz)
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to terahertz (THz) applied through electrode

structures and the electric field component of

electromagnetic radiation including radiation at

infrared and optical frequencies) can result in the

perturbation of the charge distribution of mate-

rials, including the electron distribution of conju-

gated p-electron containing macromolecular

materials. The effect of such interaction on both

the (molecular) dipole moment (mi(E)) and the

macroscopic induced polarization (Pi(E)) can be

represented by a power series expansion in terms

of the applied electric fields [1–8]:

mi Eð Þ ¼mi 0ð Þ þ aijEj þ bijkEjEk

þ gijklEjEkEl þ . . .

Pi Eð Þ ¼ Pi 0ð Þ þ w 1ð Þ
ijEj þ w 2ð Þ

ijkEjEk

þ w 3ð Þ
ijklEjEkElþ

where mi(0) is the dipole moment of the ith mol-

ecule in the absence of applied electric fields, aij
is the molecular polarizability, bijk is the molec-

ular first hyperpolarizability, gijkl is the molecular

second hyperpolarizability, Pi(0) is the macro-

scopic polarization in the absence of applied

electric fields, w(1)ij is the linear optical suscepti-
bility, w(2)ijk is the second-order nonlinear optical
susceptibility, w(3)ijkl is the third-order nonlinear

optical susceptibility, and the indices i, j, k,

l denote various components of the associated

vectors and tensors. Note that each of the applied

electric fields can, in general, be of the same or

different frequencies. For weak electromagnetic

fields, the electronic response of the material will

be linear and can be described by absorption (the

imaginary component of w(1)) and the index of

refraction (the real component of w(1)) of the

material. The index of refraction is defined as

the ratio of the speed of light in vacuo divided

to the speed of light in the material. The real and

imaginary components of the linear susceptibility

are related by the Kramers-Kronig relationship.

When stronger fields are applied, the higher-

order (nonlinear) terms of the above equations

can no longer be ignored, and both second-order

(b and w(2)) and third-order (g and w(3)) effects

can be observed and exploited for a variety of

technological applications. There are many sub-

tleties to the definition and discussion of

nonlinear optical effects, and the reader is

referred elsewhere for more detailed insight into

nomenclature and computational conventions

[1–9]. With this caveat, it can be noted that the

second-order term in the above power series

expansion can give rise to the linear electro-

optic (EO or Pockels) effect, second harmonic

generation (SHG) or frequency doubling,

difference frequency generation (DFG),

sum-frequency generation (SFG), optical rectifi-

cation (OR), and optical parametric generation

and oscillation (OPG and OPO). In like manner,

the third-order term can give rise to the optical

Kerr effect (OKE), degenerate four-wave mixing

(DFWM) where the input and output frequencies

are the same, third harmonic generation (THG) or

frequency tripling, four-wave mixing (FWM)

where the input and output frequencies are

different, sum-frequency generation (SFG),

and the quadratic electro-optic (QEO) effect. As

with linear susceptibility, real (voltage-

dependent index of refraction changes) and

imaginary (nonlinear absorption) components

exist for the second- and third-order nonlinear

susceptibilities.

Technological Applications

Applications of second-order optical nonlinearity

normally exploit the real component, while both

real and imaginary components of third-order

nonlinear optical activity are exploited. For exam-

ple, the real component of w(3) is used for switching
or modulation of an optical beam by application of

a second intense (control) optical beam (the optical

Kerr effect), while the imaginary component of w(3)

is used for sensor protection exploiting reverse

saturable absorption. Technological interest in

p-electron organic macromolecular materials

derives from several of their properties. First of

all, conjugated p-electrons exhibit intrinsic femto-

second timescale response to time-varying electri-

cal fields resulting in the potential for device

bandwidths as high as tens of terahertz (THz).
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Second, macromolecular organic nonlinear optical

materials are amenable to a wide range of

processing options including spin casting of thin

films, vapor deposition of thin films, control of

chromophore order (including acentric order) by

electric field (including laser-assisted electric

field) poling, sequential-synthesis/self-assembly

of thin films, reactive ion etching, e-beam etching,

laser lithography, and soft lithography techniques

[6, 8, 10]. Conformal and flexible devices can be

fabricated by lift-off techniques [11]. Organic mac-

romolecular materials are also compatible with

integration for a wide range of materials including

metals, metal oxides, semiconductors, and a variety

of other macromolecular materials. The relatively

low dielectric constants of organic materials can be

advantageous for sensor applications (e.g., detec-

tion of electromagnetic fields or phenomena that

influence the index of refraction). A final substan-

tial advantage of organic nonlinear optical mate-

rials is the potential for very large optical

nonlinearities by design of the molecular compo-

nents. Such design can also be used to control

processability, optical loss, dielectric permittivity,

thermal stability, and photostability [6, 7, 12].

Second-Order Nonlinear Optical
Materials

The realization of nonzero second-order optical

nonlinearity requires noncentrosymmetric sym-

metry at both the molecular and macroscopic

material levels. Thus, many active second-order

nonlinear optical materials are prepared from

dipolar chromophores by incorporating the chro-

mophores into macromolecular (dendrimer, poly-

mer) matrices and electric field poling such

materials near their glass transition temperature.

Second-order nonlinear optical chromophores

commonly consist of an electron-rich donor

connected to an electron-deficient acceptor

through a p-electron bridge. Figure 1 illustrates

a chromophore based on common features

including an amine donor, an isophorone

(cyclohexylene)-protected polyene bridge, and

a tricyanovinylfuran acceptor. Although many

other donors, acceptors, and bridges have been

explored, chromophores such as shown in Fig. 1

yield among the highest reported molecular first

hyperpolarizabilities leading ultimately to mate-

rial electro-optic activity 3–15 times higher than

O
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Polymers for Nonlinear Optics, Fig. 1 A representa-

tive second-order nonlinear optical chromophore is

shown illustrating a core, which consists of an

amine donor and tricyanovinylfuran (TCF-CF3) acceptor

connected by an isophorone-protected polyene

bridge. Arene/perfluoroarene (quadrupolar interaction

moieties – shown) or coumarin (dipolar interaction

moieties – not shown) can be added to control

chromophore organization [6, 7] and processability

[13]. The 2,5-positions of the cyclohexene (isophorone)-

protected bridge can be modified to control chromophore

association and organization preventing excitonic interac-

tions and enhancing poling efficiency. The ends and

waists of chromophores can be further modified for incor-

poration of chromophores into polymers and dendrimers

and to incorporate moieties that permit cross-linking [12]
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that of lithium niobate. Nonlinear optical behav-

ior can be viewed as an applied electric field

changing the mixing of neutral (as shown) and

charge separated or zwitterionic (where the donor

gives up an electron to the acceptor) limiting

electronic structures in the ground state of the

chromophore. Chromophores such as those illus-

trated in Fig. 1, where the neutral form dominates

the ground state, are referred to as neutral ground

state (NGS) chromophores, and a positive b value
is observed for such chromophores. Chromo-

phores where the charge-separated (zwitterionic,

ZGS) form dominates the ground state are char-

acterized by negative b values. The basic (core)

chromophore structure of Fig. 1 can be modified

with moieties that give rise to intermolecular

dipolar and quadrupolar interactions that enhance

poling efficiency and poling-induced electro-

optic activity [6, 7]. Modification of the funda-

mental chromophore structure can also be used to

inhibit unwanted excitonic interactions and the

optical loss associated with such interactions.

Modifications can also be used to introduce moi-

eties permitting cross-linking (lattice hardening)

by Diels-Alder chemistry [12].

Third-Order Nonlinear Optical Materials

Third-order nonlinear optical materials do not

require noncentrosymmetric order but are also

composed of chromophores containing donor,

acceptor, and p-electron bridge regions.

The symmetry is now quadrupolar rather

than dipolar, e.g., donor-bridge-donor, acceptor-

bridge-acceptor, donor-bridge-acceptor-bridge-

donor, or acceptor-bridge-donor-bridge-acceptor.

Third-order chromophores are often charged so

that a counterion is required [14]. Third-order

chromophores based on polyene bridges

frequently yield negative g values. Such chromo-

phores can also yield real to imaginary g ratios that
are greater than 1, which are important for optical

switching and control applications. Modifications

of the third-order chromophores, including the

2,5-positions of the isophorone-protected polyene

structure, can also be employed to control chromo-

phore association and cross-linking.

Devices and Device Performance

One of the most common devices utilizing

nonlinear optical materials is the Mach-Zehnder

interferometer, which consists of Y branches at

the input and output that split optical transmis-

sion in a waveguide into two arms at the input of

the device and then recombine that transmission

into a single arm at the output. An applied electric

field is used to change the charge distribution

(index of refraction) of the waveguide material

in one arm of the Mach-Zehnder interferometer,

and this, in turn, changes the interference of the

two optical beams at the output of the device.

This device is used to transduce electrical signals

onto an optical transmission (using second-order

materials) or to control and encode an optical

beam with a signal carried on a second high-

power optical beam (using third-order materials).

The control signal is thus transduced onto the

output as an amplitude modulation. The voltage

required to produce full-wave modulation (a 180�

phase shift in one arm) for Mach-Zehnder wave-

guides utilizing second-order nonlinear optical

materials is

Vp ¼ lh= n3r33LG
� �

where l is the optical wavelength, h is the sepa-

ration of drive electrodes, n is the index of refrac-

tion, r33 is the principal element of the material

electro-optic tensor, L is the length of the elec-

trode (optical/electric field interaction length),

and G is the optical/electric field modal overlap

integral. For electrically poled polymer nonlinear

optical materials, r33 = Nbzzz(e, o) < cos3y >

g(e, n) where N is the chromophore number den-

sity, bzzz(e, o) is the principal element of the

molecular first hyperpolarizability tensor,

<cos3y> is the acentric order parameter, and g

(e, n) is the modified Lorentz-Onsager factor. The

parameters e, o, and n are, respectively, the

dielectric permittivity, optical frequency, and

index of refraction. Improvement of r33 permits

shorter device lengths (L), which is important for

high-density integration of electronics and pho-

tonics. Shorter device lengths also reduce optical
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propagation loss and ultimately total optical

insertion loss. In turn, r33 can be improved by

improving N, bzzz(e, o), and/or <cos3y>.

Throughout the 1990s and to 2004, all-organic

(organic cladding, organic nonlinear optical core,

organic cladding) waveguide Mach-Zehnder

devices were fabricated. Since 2004 most device

research has focused on silicon-organic hybrid

(SOH) devices fabricated by integrating organic

electro-optic materials with silicon photonic

(including slotted) waveguides [14–16]. Such

devices benefit from the concentration of electro-

magnetic (optical) fields associated with the high

index of refraction of silicon. For some second-

order nonlinear optical applications (e.g., electro-

optic modulators), waveguide devices as small as

1 mm in length have been driven by 0.5 V (180�

phase shift with application of 0.5 V). For elec-

tronic digital signal transduction onto optical

transmissions, SOH devices permit information

processing with energy efficiency as low as

0.6 femtojoule (fJ)/bit. Modulation bandwidths

in excess of 100 GHz and 100 Gbit/s have been

demonstrated for analog and digital signals using

second-order organic nonlinear optical materials

[15]. Another application of second-order optical

nonlinearity that has received considerable atten-

tion is terahertz (THz) generation and detection

for THz imaging and spectroscopy. Bandwidths

to 30 THz have been demonstrated. For third-

order nonlinear optical materials, a 4 mm long

silicon-organic hybrid (SOH) device yielded

a nonlinearity coefficient of 10�5 W�1 km�1

and all-optical information processing

(demultiplexing) at 170 Gbit/s [16]. Modulation

bandwidths to tens of THz have been demon-

strated. Second-order organic nonlinear optical

materials have been used to fabricate Mach-

Zehnder modulators, phase modulators, direc-

tional couplers, spatial light modulators, A/D

converters, optical gyroscopes, high bandwidth/

high stability oscillators, acoustic spectrum ana-

lyzers, reconfigurable optical add/drop multi-

plexers (ROADMs), phased array radar, and

a variety of sensors as well as THz devices

noted above. Third-order materials have largely

been used to fabricate devices for sensor protec-

tion and optical modulation.

Commercialization

The commercialization of second-order nonlinear

optical materials is relatively immature; however,

companies such as GigOptix/Lumera, Omega

Optics, Lightwave Logic, Soluxra, and Rainbow

Photonics continue to pursue some research and

development and commercialization. Research

and development efforts exist at a number of larger

corporations including Boeing and Intel.

Lockheed-Martin has a long tradition of research

involving organic electro-optics. Research is

increasingly focused on SOH technology. Com-

mercial electro-optics continues to be dominated

by devices based on lithium niobate, although

there is increasing interest in silicon modulators.

There do not appear to be any current efforts

to commercialize third-order organic nonlinear

optical materials.

Related Entries

▶Electroresponsive Polymer

▶Low-Bandgap Polymers

▶Molecular Self-Organization

▶Nano-/Microfabrication

▶Optical Absorption of Polymers

▶ Photonic Crystal

▶Refractive Index

▶ Supramolecular Polymers (Coordination

Bonds)

References

1. Ostroverkhova O (2013) Handbook of organic mate-

rials for optical and (opto)electronic devices: proper-

ties and applications. Woodhead, Cambridge, UK

2. Nalwa HS, Miyata S (1996) Nonlinear optics of

organic molecules and polymers. CRC Press, Boca

Raton

3. Dalton LR (2002) Nonlinear optical polymeric mate-

rials: from chromophore design to commercial appli-

cations. Adv Polym Sci 158:1–86

4. Herman W, Foulger S (2010) Organic thin films for

photonics applications. ACS Symposium Series,

Washington, DC

5. Sun SS, Dalton LR (2008) Introduction in organic

opto-electronic materials. CRC Press, Boca Raton

2008 Polymers for Nonlinear Optics

http://dx.doi.org/10.1007/978-3-642-29648-2_210
http://dx.doi.org/10.1007/978-3-642-29648-2_5
http://dx.doi.org/10.1007/978-3-642-29648-2_152
http://dx.doi.org/10.1007/978-3-642-29648-2_108
http://dx.doi.org/10.1007/978-3-642-29648-2_118
http://dx.doi.org/10.1007/978-3-642-29648-2_163
http://dx.doi.org/10.1007/978-3-642-29648-2_166
http://dx.doi.org/10.1007/978-3-642-29648-2_97
http://dx.doi.org/10.1007/978-3-642-29648-2_97


6. Dalton LR, Sullivan PA, Bale BH (2010) Electric

field poled organic electro-optic materials: state of

the art and future prospects. Chem Rev 110:25–55.

doi:10.1021/cr9000428

7. Dalton LR, Benight SJ, Johnson LE, Knorr DB Jr,

Kosilkin I, Eichinger BE, Robinson BH, Jen A,

Overney R (2011) Systematic nano-engineering of

soft matter organic electro-optic materials. Chem

Mater 23:430–445. doi:10.1021/cm102166

8. Chen A, Murphy E (2011) Broadband optical modu-

lators: science, technology, and applications. Taylor

& Francis, New York

9. Leuthoid J, Freude W, Brosi JM, Baets R, Dumon P,

Biaggio I, ScimecaML, Diederich F, Frank B, Koos C

(2009) Silicon organic hybrid technology – a platform

for practical nonlinear optics. Proc IEEE

97:1304–1316. doi:10.1109/JPROC.2009.2016849

10. Huang Y, Paloczi GT, Yariv A, Zhang C, Dalton LR

(2004) Fabrication and replication of polymer inte-

grated optical devices using electron-beam lithogra-

phy and soft lithography. J Phys Chem

B 108:8606–8613. doi10.1021/jp049724d

11. Song HC, Oh MC, Ahn SW, Steier WH, Fetterman

HR, Zhang C (2003) Flexible low-voltage electro-

optic polymer modulators. Appl Phys Lett

82:4432–4435. doi:10.1063/1.1586474

12. Shi Z, Luo J, Huang S, Polishak BM, ZhouXH, Liff S,

Younkin TR, Block BA, Jen AKY (2011) Tuning the

kinetics and energetics of Diels-Alder cycloaddition

reactions to improve poling efficiency and thermal

stability of high-temperature cross-linked electro-

optic polymers. J Mater Chem 22:951–959.

doi:10.1039/c1jm14254b

13. Knorr DB Jr, Benight SJ, Krajina B, Zhang C, Dalton

LR, Overney RM (2012) Nanoscale phase analysis of

molecular cooperativity and thermal transitions in

dendritic nonlinear optical glasses. J Phys Chem

B 116:13793–13805

14. Li Z, Liu Y, KimH, Hales JM, Jang SH, Luo J, Baehr-

Jones T, Hochberg M, Marder SR, Perry JW, Jen

AKY (2012) High-optical-quality blends of anionic

polymethine salts and polycarbonate with enhanced

third-order non-linearities for silicon-organic hybrid

devices. Adv Mater 24:OP326–OP340. doi:10.1002/

adma.201202325

15. Korn D, Palmer R, Yu H, Schindler PC, Alloatti L,

Baier M, Schmogrow R, Bogaerts W, Selvaraja SK,

Lepage G, Pantouvaki M, Wouters JMD, Verheyen P,

Van Campenhout J, Chen B, Baets R, Absil P, Dinu R,

Koos C, Freude W, Leuthold J (2013) Silicon-organic

hybrid (SOH) IQ modulator using the linear electro-

optic effect for transmitting 16QAM at 112 Gbit/s. Opt

Express 21:13219–13227. doi:10.1364/OE.21.013219

16. Koos C, Vorreau P, Vallaitis T, Dumon P,

Bogaerts W, Baets R, Essembeson B, Biagglo I,

Michinobu T, Diederich F, Freude W, Leuthold J

(2009) All-optical high-speed signal processing with

silicon-organic hybrid slot waveguides. Nat Photon-

ics 3:216–219. doi10.1038/nphoton.2009.25

Polymers for Organic Spintronics

Dali Sun and Z. Valy Vardeny

Department of Physics and Astronomy,

University of Utah, Salt Lake City, UT, USA

Synonyms

Organic spin valves; Spin pumping

Definitions

Polymers used in the field of spintronics, which

include injection, control, manipulation, and

detection of spin-polarized electrons.

Introduction

Organic materials are promising for spintronics

applications mainly because of the expected long

spin relaxation time of spin-polarized electrons

[1]. Also the organic material flexibility, low cost

production, and unlimited versatility of chemical

synthesis make organic spintronics a promising

alternative to conventional inorganic spintronics.

Spin-polarized transport characterized by giant

magnetoresistance (GMR) was first demonstrated

in fabricated organic spin valves in 2004 [2],

with potential spintronics applications in mag-

netic random access memory. This achievement

has triggered plentiful of additional experiments

using various organic spintronics devices,

with the aim to demonstrate spin-aligned

electron injection from metallic ferromagnet

(FM) electrodes into organic semiconductors

and control of electroluminescence intensity by

external magnetic field [3]. This entry reviews the

state-of-the-art organic spintronics devices.

The GMR concept may be readily demon-

strated by analyzing one of the generic spintronics

devices, namely, the organic spin valve (OSV) [2]

(Fig. 1). TheOSVdevice consists of a nonmagnetic

spacer sandwiched between two FM materials

Polymers for Organic Spintronics 2009

P



(FM1 and FM2) [4, 5]. A charge electron or hole

(carrier) injected from FM1 with the spin sense

aligned parallel to the magnetization direction of

FM2 experiences low resistance; this is the “par-

allel” alignment. In contrast, for the “antiparallel”

configuration, where the injected carrier spin sense

is aligned opposite to the FM2 magnetization

direction, it experiences high resistance. The

switch from low resistance to high resistance

(and vice versa) is induced by sweeping an exter-

nal magnetic field,B upward (and downward), and

led to the original name of this device (Fig. 2a). In

OSV devices the nonmagnetic spacer is a pristine

organic semiconductor that may be a polymer; see

Fig. 1 for the device operation.

The organic spacer in the OSV devices ought

to preserve the spin polarization of the injected

carrier for long distances, and thus the carrier’s

spin relaxation time should be long. Organic

semiconductors are composed of light elements

that have weak spin-orbit interaction; conse-

quently they possess relatively long spin relaxa-

tion times [1]. Indeed, GMR has been measured

in OSV devices based on small molecule and

polymer spacers, both as thick films and thin

tunnel junctions [2, 3, 5]. For example, by

inserting a buffer layer of cobalt nanodots

between the top FM electrode and organic spacer,

300 % GMR was observed in Alq3-based OSV

devices [6]. Although the hyperfine interaction

(HFI) has been thought to play an important role

in organic magnetotransport, only recently its

important role in spintronics was demonstrated

by more direct experimental evidence [7]. For

example, if the HFI constant, a, determines the

spin-lattice relaxation time, TSL, of the injected

carriers, and consequently also their spin

diffusion length in OSV devices, then the device

performance may be enhanced simply by manip-

ulating the nuclear spins of the organic spacer

atoms. Moreover, the HFI may also play an

important role in other organic magneto-

electronic devices such as two-terminal devices

and other spin response processes such as opti-

cally detected magnetic resonance in organic

semiconductor films [7].

“Isotope Exchange” for Improving
Organic Spin-Related Organic Devices

The role of the HFI in various organic spin-

related or magneto-electronic devices and films

was clearly demonstrated by replacing all

strongly coupled hydrogen atoms (1H, nuclear

spin I = ½) in the organic p-conjugated polymer

poly(dioctyloxy) phenyl vinylene (DOO-PPV)

spacer (dubbed here H-polymer), with deuterium

atoms (2H, I = 1) (hereafter D-polymer) having

much smaller a, namely, a(D)= a(H)/6.5 [7]; this
replacement is known as isotope exchange.

The injected spin-aligned carriers in magneto-

electronic devices need to preserve their spin

sense upon reaching the opposite electrode [5].

Since the charge (and spin) transport occurs in

polymers mainly by diffusion [8], it is clear that

the spin diffusion length, lS, would determine the

device performance. Therefore, to improve the

spin-related device “figure of merit,” there is the

need to optimize lS in the organic material

interlayer. In reality lS is determined by the

carrier diffusion constant, D and TSL, where

lS = (DTSL)
1/2, and therefore longer TSL leads

to larger lS. This was in fact verified by the

isotope exchange of DOO-PPV polymers [7].

The H- and D-polymer films were sandwiched

between two FM electrodes with different coer-

cive fields, Bc. These were LSMO and Co thin

films, with low-temperature coercive fields Bc1

4mT and Bc2
 10mT, respectively, and nominal

Polymers for Organic Spintronics, Fig. 1 The OSV

architecture. FM1 and FM2 are ferromagnetic electrodes

with different coercive fields. OSC is the organic semi-

conductor interlayer
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(literature) “spin injection polarization degree”

P1 
 95 % and P2 of ~35 %. Since Bc1 6¼ Bc2,

then it was possible [7] to switch the relative

magnetization directions of the FM electrodes

from parallel (P) to antiparallel (AP) alignment

(and vice versa), upon sweeping the external

magnetic field, B (Fig. 2a, b), where the device

resistance, R, is dependent on the relative mag-

netization orientations. When R(AP) > R(P), the
maximum MR value, [DR/R]max (or MRSV), is

given by the ratio [R(AP)–R(P)]/R(P) in %.

According to a modified Jullière formula [9],

MRSV depends on the spin polarization of the

FM electrodes P1 and P2 by the relation

Polymers for Organic Spintronics, Fig. 2 Isotope
dependence of magnetoresistance (MR) in organic spin
valves based on DOO-PPV polymers. (a, b) MR loop of

LSMO (200 nm)/DOO-PPV (25 nm)/Co (15 nm) spin-

valve device measured at T = 10 K and V = 10 mV,

based on (a) H- and (b) D-polymers. The polymer repeat

units are shown in the corresponding insets in the panels.

The black (red) curve denotes MR measurements made

while decreasing (increasing) B. The nominal resistance is

�200 and �170 kO, respectively, for the H- and

D-polymer OSVs. The antiparallel (AP) and parallel (P)
configurations of the FM magnetization orientations are

shown in the insets at low and high B, respectively. The
lines through the data points are simulations [7]. (c) The

maximumMRvalue (MRSV) of OSV devices fabricated in

a similar way to those shown in (a) and (b) (with d= 35�
5 nm), as a function of the applied bias voltage, V, mea-

sured at T= 10 K; note the logarithmic y-scale. Inset: The
same data plotted on a log-log scale showing the isotope-

dependent power law behavior. (d) Normalized MRSV of

OSVs similar to those shown in (a–c) as a function of

temperature, measured at V= 80 mV. (e) MRSV of D- and

H-polymer OSVs (similar to those shown in (a–d) of

various experimentally determined thicknesses,

d measured at T = 10 K and V = 80 mV). The lines are

fits, where MRSV(d) = 6.7 % exp(–d/ls), with spin diffu-

sion lengths, ls(D)= 49 nm and ls(H)= 16 nm (Based on

Ref. [7])
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DR
R

jmax ¼ 2P1P2exp �d=lSð Þ
1� P1P2exp �d=lSð Þ (1)

In Eq. 1 d is the organic interlayer thickness.

The MR(B) response in OSV was measured to

register the MRSV value in OSVs based on

the two polymers at various bias voltages,

V (Fig. 2d), and temperatures, T (Fig. 2e), using

the same LSMO substrate [7]; this was possible

since the LSMO substrate is relatively stable in

air, and its spin injection properties were found to

be robust.

Figure 2a, b shows representative MR(B)

responses for two similar OSV devices

(d � 25 nm) based on H- and D-polymers at

T = 10 K and V = 10 mV [7]. As is clearly

seen, the devices based on the D-polymer have

much largerMRSV values than those based on the

H-polymer. This holds true for similar devices at

all V, T, and d (Fig. 2c–e). The improved mag-

netic properties of OSVs based on the D-polymer

may be explained using Eq. 1 by a larger lS.
Indeed, the major difference between the injected

spin ½ carriers in D- and H-polymers is their spin

relaxation time, TSL, which was shown to be

much longer in the D-polymer using optically

detected magnetic resonance experiments [7].

Fig. 2e shows the MR(B) response of OSV

devices having various d but otherwise the same

LSMO substrate, which were measured at the

same temperature and bias voltage. From the

exponential MRmax(d) dependence, lS could

be extracted. The obtained spin diffusion

length values were lS(D) = 49 nm, whereas

lS(H) = 16 nm [7], in excellent agreement with

the increase in TSL measured using optically

detected magnetic resonance performed on the

two polymers. Based on these results, it was

concluded that the improved spin transport in

the organic layer is the main advantage of the

D-polymers to form more efficient OSVs. Thus,

the use of deuterated organic semiconductors as

the device interlayer, both as evaporated small

molecules and spin-cast polymers, should

substantially improve the OSV device figure of

merit.

Spin OLEDs

Using D-DOOPPV as the organic spacer material

in order to increase the spin diffusion length and

LiF-covered Co film as the cathode in order to

reduce the voltage needed for bipolar injection,

a spin-OLED device was fabricated which

showed ~1 % hysteretic MEL(B) response at

low temperatures [10]. The operation of the spin

OLED is determined not only by spin injection

into and diffusion through the active organic

interlayer but also by the dependence of the elec-

troluminescence (EL) emission intensity on the

electron and hole spin polarization. The EL emit-

ted from the spin OLED, similar to that of an

ordinary polymer-based OLED, results from the

recombination of singlet excitons [11]. In turn,

singlet excitons are generated from the injected

spin ½ electrons and holes that are paired in

a spin singlet configuration [10]. Therefore, the

singlet exciton density, and consequently also the

EL emission intensity, depends on the spin polar-

ization of the injected carriers, resulting in

magneto-EL (MEL) spin-valve effect. Further-

more, in some OLEDs where both EL emission

and longer wavelength electro-phosphorescence

emissions are substantial, the spin-OLED device

might be used to modulate the device emission

color.

One of the major obstacles in realizing a spin-

OLED device is the bias voltage needed to gen-

erate EL emission [10]. Typical OSV response is

limited to low bias voltage (<1 V), whereas for

efficient EL emission much higher bias voltage

is required (>10 V for Alq3 based OSV) [2]. In

fact, this is one of the main reasons why spin-

OLED devices could not be realized until 2012,

when Co/LiF FM electrode was used to

reduce the bias voltage needed for “double

injection” [10].

The structure of the successful spin-OLED

device was in the form of LSMO/D-DOOPPV
(d)/LiF(d’)/Co/Al. The turn-on voltage Vo for

substantial EL in the fabricated devices

was Vo ~ 3.5 V, compared to Vo ~ 10 V on

the same organic interlayer but without the LiF
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layer. With this spin-OLED configuration,

a maximum of 1 % change in MEL was obtained

at low temperature [10]. This shows that deuter-

ated polymers may serve as the active interlayer

in spin OLEDs and other spin-related magneto-

electronic devices, so the “isotope exchange”

H with D is important for organic

spintronics [12].
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Synonyms

Acceptor; Bulk heterojunction; Conjugated poly-

mers; Donor; Energy conversion; Low-bandgap

polymers; Organic photovoltaics; Polymer solar

cells

Definition

PCE ¼ Voc � Jsc � FF

Pin

,

where PCE is power conversion efficiency, Voc is

open circuit voltage, Jsc is short circuit current

density, FF is fill factor, and Pin is input power

(Fig. 1a).

Introduction

The total amount of solar radiation absorbed by the

Earth is around 120,000 terawatts (TW) per year,

which is 9,000 times more energy than the world-

wide consumption in 1 year (13 TW) [1]. Thus it

has been widely recognized that solar energy is the

key to solving future energy crisis. Several

approaches have been developed to utilize solar

energy, such as solar fuels, solar thermal energy,

and solar cells. Among those, solar cell is the most

mature technology which converts solar energy

directly into electricity. However, commercially

available solar cells composed of crystalline sili-

con are not cost-effective and limit the application

of this technology. To reduce the cost, extensive

research efforts have been focused on developing

Polymers for Solar Cells 2013
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semiconducting organic polymer materials for

solar cell application in the last decade [2, 3].

Organic solar cells exhibit the potential advantages

in preparing lightweight, flexible devices through

roll to roll solution process at a low cost. The

state-of-the-art organic bulk heterojunction (BHJ)

polymer solar cells composed of polymer donor

and fullerene acceptor have recently reached

power conversion efficiency (Fig. 1a) over 9 % in

a single-junction structure [4] and over 10 %

in tandem cells [5]. This entry discusses the

development of the state-of-the-art polymers used

for highly efficient organic solar cells.

Mechanism of Photovoltaic Effect in
OPV Solar Cells and Required Design
Rules for Polymer Solar Cells

The typical device structure of a

polymer–fullerene solar cell is illustrated in

Fig. 1b. ITO is transparent indium tin oxide

and serves as anode; PEDOT:PSS is poly

(3,4-ethylenedioxythiophene)-polystyrene sulfo-

nate and works as anode buffer layer. Al is metal

cathode. There are inverted solar cells with

different architecture of devices. For example,

MoO3 could serve as anode buffer layer, and

gold or silver works as anode, while TiO2 plays

the role of cathode buffer layer with ITO being the

cathode in inverted solar cells [6]. The simplified

operation mechanism of the state-of-the-art poly-

mer BHJ organic solar cells is shown in Fig. 2,

which contains several steps. First of all, photo-

generated excitons are formed after light absorp-

tion in the active layer materials; the excitons

could then diffuse to the interface of donor and

acceptor where charge-transfer takes place and

results in the formation of a charge-transfer com-

plex, driven by the offset of LUMO (lowest unoc-

cupied molecular orbital) energy levels between

donor and acceptor. Finally, the separated holes

and electrons will be further dissociated thermally

andmove towards two electrodes and be collected.

In order to achieve a high power conversion

efficient (PCE), each step mentioned above needs

to be highly efficient and the whole process opti-

mized synergistically. Current research efforts

have identified that fullerene derivatives, such

as [6,6]-phenyl-C61-butyric acid methyl ester

(PC60BM) or [6,6]-phenyl-C71-butyric acid

methyl ester (PC70BM), are very effective as

electron acceptors in most of the polymer solar

cells to date. The key bottleneck of materials is

the organic or polymeric semiconductors as

donor materials. After extensive research activi-

ties in the past years, the following design rules

for the development of promising donor polymer

materials can be extracted [7]:

1. Donor materials should exhibit high efficiency

in light harvest and absorb most of the solar

+J

active layer

ba

Polymer/PCBM

ITO Glass

e−

e−

PEDOT:PSS

AI

PCE = 
Voc × Jsc × FF

Pin

−J

−V +V

Voc
Jm

Vm

Jsc
FF = 

Jm × Vm

Jsc × Voc

Simple Device structure

Polymers for Solar Cells, Fig. 1 (a) Typical

current–voltage characteristics in a solar cell with illus-

tration of important parameters: PCE is power conversion

efficiency, Voc is open circuit voltage, Jsc is short circuit

current density, FF is fill factor, Pin is input power, Vm and

Jm are the voltage and current at maximum power point.

(b) Structure of polymer–fullerene BHJ solar cell
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energy in solar spectrum. The maximum den-

sity of solar photon flux is around 700 nm. The

absorption of the donor materials must cover

this region. Thus, it is crucial to develop

low-bandgap polymers with high absorption

coefficient in the red to near-infrared region

for increased Jsc.

2. The LUMO energy level offset between donor

and acceptor needs to be sufficient for exciton

dissociation, and the minimum value is gener-

ally around 0.3–0.6 eV.

3. The Voc of the device is known to be correlated

to the difference between HOMO (highest

occupied molecular orbital) energy level of

the donor and LUMO energy level of the

acceptor. Since PCE is proportional to the

product of Voc and Jsc, it is important to attain

a balance between pursing a narrow bandgap

donor for improved Jsc and a deep-lying

HOMO energy level for improved Voc while

keeping enough driving force for charge

dissociation.

4. The donor materials should exhibit high

hole mobility (10�4 cm2/Vs or higher) to

facilitate hole transport in the active layer and

reduce charge recombination after charge

dissociation.

5. The donor polymers should exhibit good

solubility in organic solvents like chloroben-

zene and dichlorobenzene for solution

processing. Good miscibility with PCBM is

also required to form an interpenetrating

nanoscale morphology in the BHJ active

layer for efficient charge separation and

transport.

Low-Bandgap Polymers for Polymer
Solar Cells

Poly(3-Hexylthiophene) (P3HT)

P3HT is one of the most widely studied polymer

materials for organic solar cells in the past several

years. The molecular structure of P3HT and

PCBM is shown in Fig. 3. The state-of-the-art

PCEs of P3HT-based solar cells have reached

5 % in a single-junction cell with PCBM

[8]. The PCE values of OPV solar cell based on

P3HT can be further improved by using different

fullerene derivatives [9]. Several key parameters

which have large influences on the performance

of P3HT-based solar cells such as regioregularity,

molecular weight, and film morphology are

discussed below.

Polymers for Solar Cells, Fig. 2 Simplified operating mechanism of polymer (D)–fullerene (A) solar cells
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Regioregularity (RR) of P3HT is defined as the

percentage of the monomers that adopt head to tail

configuration. Increase in regioregularity of P3HT

leads to threefold effects for pristine P3HT film:

(1) redshift of the absorption of the film,

(2) increase in solid-state absorption coefficient,

and (3) enhanced crystallinity and facilitated

charge transport. However, P3HT with RR values

at 91 % could exhibit similar or even better PCE

than those with RR values at 96 % [10]. Thus,

maximizing RR values could not definitely lead

to best performance for P3HT solar cells when

PCBM is present simultaneously.

The molecular weight of P3HT also affects the

absorption and transport properties significantly.

It has been reported that P3HT with a molecular

weight less than 10 kDa is unable to harvest

photons and transport charges effectively [11].

Molecular weight strongly influences the molec-

ular packing of P3HT backbone. High molecular

weight results in high hole mobility and thus high

photovoltaic performance to a certain point. Fur-

ther increasing the molecular weight could cause

distortion of the backbone due to tangled side

chains and result in decreased charge transport

and inferior PCEs.

The ideal morphology of BHJ solar cells is

recognized as a bicontinuous interpenetrating

network formed between donor and acceptor.

To ensure a maximum interface area for exciton

dissociation and charge transport, the domain

sizes of both components should be around

10–20 nm, which is twice the exciton diffusion

length (5–10 nm). Several methods have been

used to control the morphology of P3HT:PCBM

films, such as thermal annealing, solvent

annealing, and the use of small amount of addi-

tives. These methods could be applied to other

polymer:PCBM system as well.

Before thermal annealing, P3HT:PCBM

active layer usually consists of different phases,

both amorphous and semicrystalline with large

phase separation. Thermal annealing could create

crystalline domains from the amorphous phase

with optimized sizes. The condition for thermal

annealing will depend on the materials used, the

ratio of the blend, and the solvents used.

The rate of evaporation of the solvents

depends on the nature of the solvents used and

has a huge effect on film morphology. Low boil-

ing point solvents will lead to rapid evaporation

and poor crystallization of P3HT since self-

organization of P3HT occurs during the spin

cast process when the solvents evaporate. The

so-called solvent annealing is a technique that

keeps the spin-casted films under a relatively

long contact with the solvent vapor. This proce-

dure would allow slow evaporation rate of the

solvent during the preparation process and help

to control the separation of domains and crystal-

lization of the components, it has been proved to

be an effective method to optimize the morphol-

ogy of P3HT films.

The use of additives is a useful strategy to

control the morphology of the composite films

for highly efficient organic solar cells. Additives

should have higher boiling point than the princi-

pal solvent and better solubility for PCBM than

the donor polymers. Under this guidance, the

morphology of the active layer could be con-

trolled during the evaporation process since

PCBM will precipitate out slower than donor

materials.

Polythieno[3,4-b]-Thiophene/

Benzodithiophene (PTB) Series Polymers

As discussed above, in order to achieve a high

PCE, a synergistic approached is needed for

material design and synthesis. Two strategies

are developed to synthesize new polymers with

S

O

PC71BM

O

n
P3HT

Polymers for Solar Cells, Fig. 3 Chemical structures of

P3HT and PCBM
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low energy bandgaps: (1) The first strategy is the

donor–acceptor approach that combines both

electron-rich and electron-deficient units into

one polymer backbone via a cross-coupling reac-

tion to tune the HOMO and LUMO energy levels

of the resulting copolymers. The HOMO energy

level of the copolymer is similar to the HOMO

energy level of the electron-donating unit, while

the LUMO energy level of the copolymer is close

to the LUMO energy level of the electron-

accepting unit. (2) The second strategy is the

quinoidal structures. Certain monomers will pre-

fer to exhibit quinoidal structures in delocalized

states, leading to narrow energy bandgaps.

A good example of the second strategy is the

PTB series polymers developed in the Yu group

[12–14]. The structures of PTB polymers are

listed in Fig. 4. The polymer system is composed

of benzodithiophene and thieno[3,4-b]thiophene

(TT) units. The TT units are well known to exist

in a certain degree of quinoidal structure. Indeed,

these polymers exhibited almost ideal bandgap

around 1.6–1.8 eV. The solar cell parameters of

all PTB series polymers with PC60BM and

PC70BM are summarized in Table 1. Particularly,

by mixing PTB7 with PC70BM, a PCE of 7.4 %

was achieved, and this was the first polymer solar

cell device which showed a PCE value higher

than 7 %. Compared to P3HT, the absorption of

PTB series polymers was extended to 700 nm due

to the control of bandgap around 1.7 eV; this

ensures efficient absorption of high energy pho-

tons in the solar spectrum. Solubility of the poly-

mers and miscibility with PCBM could be

controlled by introducing proper side chains to

the polymer backbone. The extended p system in

the benzodithiophene unit also enables good p–p
stacking with a shorter distance between different

polymer backbones and results in high hole

mobilities. From the solar cell results of PTB

series polymers, it is found that the alkoxy-

substituted PTB3 shows deeper HOMO and

LUMO energy levels compared with alkyl-

substituted PTB2 and this leads to increase in

Voc from 0.60 to 0.72 eV. The introduction of

fluorine atom in thienothiophene unit also helps

to decrease the HOMO and LUMO energy levels

and shows increased Voc from 0.66 to 0.74 eV

(from PTB5 to PTB4). More systematic studies

of this system revealed the important role of dipo-

lar change between excited state and ground state

of repeating units on charge separation, thus the
Polymers for Solar Cells, Fig. 4 Chemical structures of

PTB series polymers

Polymers for Solar Cells, Table 1 Energy levels and solar cell parameters of PTB/PCBM solar cells

Polymer blend EHOMO (eV) ELUMO (eV) Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

PTB1/PC60BM �4.90 �3.20 12.5 0.58 65.4 4.8

PTB1/PC70BM 15.5 0.58 62.3 5.6

PTB2/PC60BM �4.94 �3.22 12.8 0.60 66.3 5.1

PTB3/PC60BM �5.04 �3.29 13.9 0.72 58.5 5.9

PTB4/PC60BM �5.12 �3.31 13.0 0.74 61.4 6.1

PTB4/PC70BM 14.8 0.70 64.6 7.1

PTB5/PC60BM �5.01 �3.24 10.7 0.66 58.0 4.1

PTB6/PC60BM �5.01 �3.17 7.74 0.62 47.0 2.3

PTB7/PC60BM �5.15 �3.31 14.50 0.74 68.97 7.4
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solar energy conversion efficiency [15, 16]. These

polymer solar cells can be further optimized with

formulation in device architecture.

Other State-of-the-Art Low-Bandgap
Donor–Acceptor-Type Copolymers

In addition to PTB series polymers, many other

low-bandgap polymers have been synthesized

with the attempt to lower HOMO energy levels

while maintaining enough driving force for charge

dissociation. Several other highly efficient solar

cell systems with PCE values larger than 7 % are

summarized below. The structures of the polymer

P1–P7 are listed in Fig. 5. For a better understand-

ing, the donor unit of the copolymer is kept left in

the structure, while the acceptor unit is kept right.

The ladder-type polymer P1 composed of the

5-ring dithieno[2,3-d:20,30-d0]benzo[1,2-b:4,5-b0]
dithiophene and benzodithiophene as the building

blocks shows an extended p conjugated system

compared to PTB series polymers, which helps to

lower the positive charge density and exciton bind-

ing energy. By using proper side chains in the

polymer to optimize the miscibility with
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PC70BM, a PCE of 7.6 % was achieved, with a Voc

at 0.89 V, a Jsc at 13.0 mA/cm2, and a FF at 0.65

[17]. Another 7-ring ladder-type donor

indacenodithieno[3,2-b]thiophene unit was

copolymerized with 5,6-difluorobenzothiadiazole

unit. The two F atoms on benzothiadiazole unit

lower the HOMO energy level without changing

the absorption properties. The long conjugated

backbone ensures planarity and good holemobility

for polymer P2. A PCE of 7.03 is achieved without

any additive or thermal annealing [18]. A similar

acceptor unit with two alkylated thienyl

units attached to 5,6-difluorobenzothiadiazole

was copolymerized with benzodithiophene.

The corresponding polymer P3 shows a high Voc

at 0.91 V, a Jsc at 12.9 mA/cm2, and a FF at 0.61,

resulting in a PCE of 7.2 % [19]. The low-bandgap

polymer P4 based on benzodithiophene and thieno

[3,4-c]pyrrole-4,6 dione unit gives a PCE at 7.5 %

whenmixed with PC70BM. Further optimization is

achieved by changing the linear side chains in the

polymer backbone which impact the polymer self-

assembling in thin films. A similar polymer P5

with N-C7H15 chain in thieno[3,4-c]pyrrole-4,6

dione unit leads to a PCE of 8.5 %, with a Voc at

0.97 V, a Jsc at 12.6 mA/cm2, and a FF at 0.70

[20]. The dithienosilole unit is also used to replace

the benzodithiophene unit for high-performance

solar cells. P6 is synthesized with a low-bandgap

(1.73 eV) and deep HOMO energy level and gives

a PCE of 7.3 %, with a Voc at 0.88 V, a Jsc of

12.2 mA/cm2, and a FF of 0.68 [21]. P6 could be

furthermodified by introducingGe atom to replace

Si atom in the dithienosilole unit. Incorporation of

Ge atom increases the HOMO energy level of

50 mV and extends the absorption to 735 nm. P7

yields an average PCE of 7.3 % when mixed with

PC70BM in an inverted solar cell structure [22].

Conclusion

Although the current state-of-the-art polymer

solar cells have reached a promising performance

with PCEs close to 10 %, real commercialization

of this technique is still not ready yet. Further

material development is still essential to achieve

higher PCEs. The several design rules we

mentioned above should be satisfied for the next

generation of polymer solar cells, such as broad

absorption of the polymer which covers the

maximum solar spectra, high hole mobility,

and appropriate energy level alignments with

PCBM. In addition to that, long-term stability

and large area device production of the solar

cells are two important issues that need to be

addressed.
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Synonyms

Organic field-effect transistor; Organic semicon-

ductor; Plastic electronics

Definition

Polymer: A polymer is a macromolecule with

high molecular mass and composed of the repeti-

tion of structural units of significantly lowermolec-

ular weights. Polymers often possess very different

chemical and physical properties compared to the

smaller molecules they are composed of.

Transistor: A transistor is a semiconducting

device that is used to switch and amplify electronic

signals. The electric current flows between two

electrodes, source and drain, and is controlled by

an electric field applied to a third electrode, the gate.

Historical Background

The field-effect transistor principle was first

patented in 1925 by Julius Edgar Lilienfeld, but

it would take nearly another quarter of a century

until the first working field-effect transistor (FET)

based on a germanium crystal was built at Bell

Laboratories in 1948 by William Shockley, John

Bardeen, and Walter Brattain. Since its discovery,

2020 Polymers for Transistors



the transistor has progressed immensely, and

although the first devices were built out of scien-

tific curiosity and for research purposes, electrical

engineers quickly discovered their potential to

switch and amplify electronic signals. Nowadays

transistors are an essential building block of a -

technology-based society, and none of the com-

mon electronic devices such as computers or cell

phones would be possible without transistors.

Transistors are fabricated from semiconduct-

ing material, and historically inorganic semicon-

ductors such as germanium and silicon have been

used, while for some specialized applications

semiconducting alloys such as gallium arsenide

can be employed. Nevertheless, the production of

electronic grade inorganic semiconductors is

energy demanding with severe environmental

hazards due to toxic by-products. Besides the

costly production, inorganic semiconductors are

often brittle and incompatible with flexible sub-

strates, except if performance and material crys-

tallinity are sacrificed in favor of substrate

compatibility. Amorphous silicon (a-Si) is such

an example and can be processed at low temper-

atures on plastic substrates, but its electron

mobility of ~1 cm2/Vs is significantly lower

than that achieved with crystalline silicon

(>50 cm2/Vs). Organic semiconductors are

a new class of materials that emerged during the

last two decades, and they are addressing some

drawbacks usually encountered with inorganic

semiconductors. Organic materials can be

cheaply processed from solution-based deposi-

tion techniques such as inkjet or roll-to-roll print-

ing, which allows large area production and most

importantly makes the processing on flexible sub-

strates possible, thus opening the possibility for

new application, such as flexible displays, smart

fabrics, transparent electronics, etc. [1–3].

Device Architecture and Operating
Principles

Organic field-effect transistors (OFET) use

organic semiconductors in the device channel

instead of inorganic silicon/germanium. The

scope of organic semiconductors comprises both

small molecule and polymer semiconductors, but

this entry will focus exclusively on the applica-

tions of polymeric materials. Field-effect transis-

tors are operated via the application of an electric

field that causes the accumulation of charges at

the dielectric/semiconductor interface, and the

flow of those charges is controlled by the appli-

cation of a potential between two electrodes,

source and drain. There are four different OFET

architectures (depicted in Fig. 1) to sandwich the

Polymers for Transistors,
Fig. 1 Schematic

representation of the

different OFET

architectures; (a) bottom-

gate, top-contact, (b)
bottom-gate, bottom-

contact, (c) top-gate,
top-contact, and (d)
top-gate, bottom-contact
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polymer semiconductor between the gate/dielec-

tric and the electrodes. The kind of architecture

used in device fabrication is rather important

because it will have an influence not only on the

complexity of the manufacturing process but ulti-

mately also on the device performance and

characteristics.

When the gate voltage (VG) is set to zero,

a negligible current flows between the source

and the drain electrodes, and the transistor is in

the “OFF” state (Fig. 2a). By applying a negative

bias to the gate electrode, a hole accumulation

layer is created at the p-type semiconductor/

dielectric interface, but there is still no current

(ISD) across the channel (Fig. 2b). Only when

a negative voltage is applied to the drain elec-

trode (VD) that a current starts to flow between

source and drain electrodes, and the transistor is

switched “ON” (Fig. 2c). As long as the VD is less

negative than the VG, the transistor is in a linear

regime, but once the VD equals and exceeds the

VG, the transistor enters its saturation regime, and

the channel “pinches off,” which means that the

channel current (ISD) saturates and becomes inde-

pendent of the VD (Fig. 2d).

Important transistor parameters, such as

mobility (m), threshold voltage (VT), and on-off

ratios (Ion/Ioff), can be extracted from the transfer

and output curves. Typical examples of such

curves are shown in Fig. 3. One of the most

important parameters of organic semiconductors

is the charge carrier mobility, which is the rela-

tionship between the carrier speed in the semi-

conductor and the applied field. The mobility can

be mathematically described as follows:

m VGð Þ ¼ @ISD
@VG

L

WCi

1

VG � VTð Þ

where Ci is the capacitance per unit area of the gate

dielectric, L is the length, and W is the width of the

channel. In other words, themobility depends on the

conductivity, the device geometry, and the applied

voltages. One has to be careful though when apply-

ing variousmodels derived from inorganic semicon-

ductor physics to organic semiconducting devices.

Polymers for Transistors, Fig. 2 Schematic representation of the hole transport in a bottom-gate, bottom-contact

OFET at different gate (VG) and drain voltages (VD)
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Semiconducting Polymer
Requirements [4]

Polymers are mainly composed of sp3-hybridized
carbon atoms, which are linked together by local-

ized s-bonds. These bonds assure the molecule’s

integrity, but the localized electrons within the

bond cannot contribute to the electric conductiv-

ity without causing the molecule’s breakup.

Therefore purely s-bonded polymers like poly-

ethylene or polyvinyl chloride are extraordinary

electric insulators.

Conjugated polymers on the other hand are

mainly composed of sp2-hybridized carbons.

Contrary to the tetrahedral geometry of an sp3-

hybridized carbon, the sp2 carbon possesses three
sp2 orbitals with a planar trigonal geometry and

an out of plane pz orbital, perpendicular to the

plane containing the three sp2 orbitals. While the

electrons in the sp2 orbitals can form s-bonds, the
electrons in the pz orbitals are available to form

p-bonds and to delocalize via conjugation over

neighboring p-bonds, thus ensuring the electrical
conductivity of p-conjugated polymers without

causing the disintegration of the molecule.

The electron delocalization along the polymer

backbone not only is responsible for the electric

conductivity of the polymer but also defines the

optical properties of the polymer. Both frontier

energy levels, the highest occupied molecular

orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO), depend on the

distance the p-electrons can delocalize over,

the effective conjugation length. The effective

conjugation length is the maximal overlap of pz
orbitals along the conjugated polymer backbone

and depends besides many factors on the

degree of polymerization [5]. Whereas a single

thiophene unit shows discrete energy levels, the

covalent coupling of several p-bonds leads to

orbital interactions, which cause a splitting in

the HOMO and LUMO energy levels [6]. With

increasing conjugation length the difference

between HOMO and LUMO energies narrows,

until the system reaches saturation by forming

continues band structures. The chain length

from which this saturation is observed depends

on the nature of the monomers, but usually

a bandgap saturation is observed from 10 to

15 repeating units.

For OFET applications, the frontier energy

levels play a very important role for various rea-

sons. First the accessibility of either HOMO or

LUMO defines the very nature of the

Polymers for Transistors, Fig. 3 Schematic showing

typical transfer characteristics (left) and output curves

(right) of an OFET. Some important transistor parameters

such as threshold voltage (VT), off-current, or pinch-off

point are highlighted for clarity
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semiconductor, n-type or p-type. In the case

where electrons can be injected into the LUMO,

the semiconductor is said to be n-type, meaning

that the charge carriers are electrons. On the other

hand, if positive holes can be readily injected into

the HOMO, the polymer is a p-type semiconduc-

tor, meaning that the charge carriers are holes.

More recently a series of materials have emerged

that allow both hole and electron injections into

the corresponding orbitals; those materials are

considered ambipolar and the charge carriers are

either holes or electrons. A second important

property dictated by the HOMO energy levels is

the polymer stability under ambient conditions,

which affects device lifetime and performance. It

is generally accepted that a HOMO energy level

below �4.9 eV is needed to prevent polymer

oxidation in the presence of both oxygen and

water. The frontier energy levels are intrinsic

properties of the semiconducting material and

can be engineered to meet certain criteria by

molecular design of the polymer backbone [7].

Another important parameter to consider

when designing semiconducting materials for

OFET applications is the processability. In order

to fully exploit the solution processability of

polymer semiconductors, polymers should be

soluble in a variety of organic solvents, in order

to be formulated into inks with different viscosi-

ties and to accommodate a large variety of

printing techniques. Solution viscosity is often

controlled by either the concentration or the

molecular weight of the polymer; the higher the

molecular weight, the more viscous the resulting

polymer formulation will be, but at the same time

the overall solubility of the polymer decreases.

To counterbalance this effect and to increase

solubility, alkyl side chains of various length

and nature can be attached to the conjugated

polymer backbone [8, 9]. Besides the conjugated

backbone, the choice of the proper alkyl side

chain is essential to insure high performance in

OFETs. Not only are the side chains responsible

for the solubility and processability of the mate-

rial, but they play a crucial role in the film-

forming dynamics as well. The formation of

a conducting channel at the semiconductor/

dielectric interface is a prerequisite in order to

operate a transistor, and therefore it is essential to

gain control over the film-forming physics at this

barrier. To ensure the formation of a continuous

high-quality polymer film in which the

conducting channel can form, the polymer

backbone should adopt some kind of order.

This can be achieved by the formation of well

interconnected crystalline domains or by the

formation of strong p-p interactions between

adjacent polymer chains. For a long time, the

formation of edge-on lamellar stacking was con-

sidered crucial to achieve high mobilities, but

recent research indicates that this simplified idea

is not entirely true and that it is nevertheless

possible to achieve high carrier mobilities in

more face-on materials where the length scale

of ordering is also much smaller [10].

One way to achieve strong p-p interactions is to

stiffen the polymer backbone and to minimize the

torsion angle between the different monomer

units. A large torsion angle between aromatic

building blocks limits effective electron delocali-

zation and not only leads to higher bandgap values

due to a reduced conjugation length but also hin-

ders the material to p-stack. Several synthetic

methods, other than changing the aromatic build-

ing blocks, allow reducing the torsion angles in the

conjugated polymer backbone. The regioregular

placement of alkyl chains on a polythiophene poly-

mer backbone, for example, has been found to

reduce the steric hindrance between neighboring

alkyl chains, thus allowing a more planar arrange-

ment of the backbone. Fortunately the synthetic

possibilities are not limited to alkyl chain chemis-

try; other possibilities to minimize torsional disor-

der along the polymer backbone are to bridge

neighboring aromatic cores with covalent bonds

and to introduce non-covalent interactions, such as

hydrogen bonding, to render the rotation more

difficult and less favorable [11, 12].

Thiophene-Based Polymers

Electron-rich polythiophenes were first synthesized

in the early 1980s, but due to their poor solubility,

chemists quickly shifted their interest to the much

more soluble poly-3-alkylthiophenes (P3ATs).
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The facile synthesis and good solubility of

alkylated polythiophenes are responsible for the

popularity of these materials, and it is not surpris-

ing that to this date P3ATs are among the

most studied semiconducting polymers [13].

Given the asymmetric nature of the

3-alkylthiophene monomer, one has to distinguish

between three different coupling possibilities

at the a-positions, summarized in Fig. 4.

The introduction of “head-to-head” (HH) and

“tail-to-tail” (TT) coupling into the polymer back-

bone can lead to significant backbone twisting

and hinders p-p stacking. “Head-to-tail” (HT)

coupling on the other hand prevents backbone

twisting by minimizing steric hindrance between

the alkyl side chains, which leads to a planar back-

bone and causes the polymer to self-organize into

supramolecular structures.

In order to achieve high hole mobilities in poly

(3-alkylthiophenes), it is essential to minimize

miscouplings along the polymer chain, which in

return allows the polymer to self-assemble into

a lamellar structure [14]. This particular organi-

zation leads to very strong p-p interactions and

large crystalline domains, hence enabling

two-dimensional charge transport in the plane of

the substrate. Lamellar order however is not the

only criteria to be met to achieve high carrier

mobilities in poly(3-alkylthiophenes); it is

equally important to ensure good interconnectiv-

ity between the different crystalline domains.

Low molecular weight poly(3-hexylthiophene)

(P3HT) has been shown to be particularly sensi-

tive to processing conditions and depending on

the film morphology hole mobilities fluctuate

between 10�5 and 10�3 cm2/Vs. High molecular

weight P3HT on the other hand was found to be

less dependent on processing conditions, leading

not only to higher but also to a narrower spread of

hole mobilities between 0.01 and 0.1 cm2/Vs.

Even though the low molecular weight P3HT is

more crystalline than the higher molecular

weight one, the lack of interconnectivity between

the crystalline domains made the polymer

extremely dependent on processing conditions

and was identified as one of the limiting factors

for hole mobilities [15]. Subsequently research

groups tried to improve the hole mobilities of

P3HT by substituting the hexyl side chains for

longer linear (octyl and dodecyl) ones to improve

crystallinity and interconnectivity, but no higher

mobilities than for P3HT could be achieved.

One of the possible reasons for this might be

that in case of long alkyl side chains, the

backbone crystallization has to compete with

the side chain crystallization, which could lead

to badly aligned crystalline domains and more

grain boundaries, whose presence can be detri-

mental for charge transport. Even though P3ATs

achieve decent hole mobilities in OFET devices,

their extensive use as semiconductor is limited by

their high-lying HOMO energy level around

�4.8 eV. Due to the high-lying HOMO, P3ATs

run the risk of electrochemical oxidation under

ambient operating conditions, which would

significantly lower the device lifetimes.

By decreasing the alkyl chain density on the

polymer backbone, theHOMO energy level can be

lowered compared to P3HT, which should

increase the stability of the polymer towards

oxidation, while maintaining the solution process-

ability at the same time. One such example would
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Polymers for Transistors,
Fig. 4 Possible

regiochemistry for

3-alkylthiophenes; the red
arrows highlight the
s-bonds along which

significant torsional twist

can be expected due to

steric hindrance between

alkyl chains
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be polyquaterthiophene (PQT-C12), which similar

toP3HT self-assembles into highly ordered lamel-

lar p-stacks (Fig. 5). In OFET devices, hole mobil-

ities around 0.2 cm2/Vs could be achieved after the

PQT-C12 was annealed at 120–140
�C [16].

Another strategy to lower the HOMO energy

level is to introduce more aromatic building

blocks with higher aromatic resonance stabiliza-

tion into the polymer backbone. McCulloch

et al. synthesized PBTTT, a thiophene-based

polymer that incorporates the aromatic and

planar thieno[3,2-b]thiophene into the backbone

[17]. The aromatic thienothiophene moiety in

PBTTT has a larger resonance stabilization

energy than the thiophene rings in P3HT and

PQT-C12, reflected in a reduced electron delo-

calization along the polymer backbone, and as

a consequence lowers the HOMO energy level

of PBTTT to �5.1 eV. Such a low HOMO level

makes PBTTT less susceptible to oxidation by

water or oxygen, which is a necessity to guaran-

tee long-term device stability under ambient

operating conditions. Additionally the lower

alkyl chain density per unit length in the polymer

backbone allows PBTTT to interdigitate with the

alkyl chains of adjacent polymer chains in order

to self-assemble into highly ordered three-

dimensional crystalline domains oriented normal

to the substrate. Furthermore, PBTTT is a liquid-

crystalline polymer, which is an interesting

physical property for semiconducting polymers

because the crystalline-to-liquid-crystalline

phase transition can be exploited during thermal

annealing steps to reduce structural defects in

crystalline domains without causing an isotropic

melt of the material. Depending on the processing

conditions, hole mobilities between 0.2 and

1.0 cm2/Vs could be achieved with PBTTT.

All thiophene-based semiconducting poly-

mers have a range of desirable features for

transistor applications, notably their tendency to

self-assemble and to form large highly ordered

crystalline domains. The electron-rich character

of thiophenes however limits their application

areas because of their limited oxidative stability.

A different approach is to copolymerize electron-

rich donor units with more electron-poor

accepting units. By alternating electron donating

and withdrawing building blocks in the polymer

backbone, the bond lengths are no longer evenly

distributed along the backbone, which leads to

a reduction of the bandgap due to orbital mixing.

Furthermore the use of two different monomers

allows chemists to combine various monomers

together and to adjust the opto-electric properties

of the polymers for specific applications. During

the last decade, a plethora of monomers and

polymers has been developed. To discuss each

material separately is beyond the scope of this

entry, and the focus will be put only on a small

selection of classes of donor-acceptor polymers

for transistor applications.

Cyclopentadithiophene (CPDT)- and
Indacenodithiophene (IDT)-Based
Polymers

One possibility to promote high mobility in poly-

mer semiconductors is to fuse the coplanarity of

the polymer backbone to minimize conforma-

tional, and thus energetic, disorder. Prominent

approaches consist of bridging otherwise flexible

p-conjugated systems with s-bonds, thus

creating rigid rodlike building blocks, which

allow better electron delocalization, stronger
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intermolecular interactions, and lower bandgaps.

Two of the most prominent examples of this class

of monomers are cyclopentadithiophene (CPDT)

and indacenodithiophene (IDT); the chemical

structures are depicted in Fig. 6. CPDT

copolymerized with the benzo[c][1,2,5]

thiadiazole (BT) was first introduced in 2006.

Initial hole mobilities were rather low

(1.5 � 10�2 cm2/Vs) compared to polythiophene

polymers; this was believed to be caused by the

lack of macroscopic order in this new class of

materials. After the substitution of the branched

2-ethylhexyl side chains on the CPDT unit for

long linear hexadecyl chains, the hole mobility

could be significantly increased to 0.17 cm2/Vs

even though no evidence could be found for long-

range order in the polymer film [18]. Through

careful optimization of processing conditions,

the hole mobility of CPDT-BT could be gradu-

ally increased above unity, and more recently

impressive carrier mobilities of 5.5 cm2/Vs were

reported for single fibers of CPDT-BT [19].

Zhang et al. elongated the CPDT motif even

further by adding a benzene ring to the fused

donor system [20]. The new indacenodithiophene

(IDT) system has a planar and rigid structure,

which should lower energetic disorder when

incorporated into polymer backbones, thus

promoting good carrier transport. When

copolymerized with the electron-poor BT unit,

a polymer is obtained which does not exhibit

long-range order; however, hole mobilities in

the range of 0.8–1.2 cm2/Vs were obtained in

BC-TG transistors. Because of its low-lying

HOMO energy level (�5.4 eV), IDT-BT shows

excellent ambient stability and the on-off cur-

rents remain nearly unchanged after the device

was operated in air during 1,000 h. Detailed mor-

phological studies on IDT-BT revealed the lack

of long-range order and crystallinity that previ-

ously were considered requirements to achieve

high charge carrier mobilities in polymer semi-

conductors. At present it is believed that in the

absence of macroscopic order, the charge trans-

port along the polymer backbone is of utmost

importance and that the rigid backbone of IDT

polymers provides an optimal platform to allow

high charge mobility in OFET devices [10].

Diketopyrrolopyrrole (DPP)-Based
Ambipolar Polymers

Diketopyrrolopyrrole (DPP)-based structures

were initially developed in the 1980s as high-

performance dyes for industrial applications.

With two electron-withdrawing lactam units,

however, the planar DPP core is an excellent

candidate to be used in donor-acceptor

low-bandgap polymers [21, 22]. Initially, the

DPP core was flanked with phenyl rings, but the

increased backbone twist caused by steric hin-

drance between the phenyl andDPP units limited

carrier mobilities to around 10�4 cm2/Vs.

A breakthrough for DPP-based polymers in

OFET devices came with the introduction of

thienyl flanking groups. Being smaller in size

than benzene, the backbone twisting between

the five-membered thiophene ring and the DPP

chromophore could be significantly reduced.

More recently crystal structures of DPP mole-

cules revealed favorable H-bonding interactions

(depicted in Fig. 7) between the b-hydrogen on

the thiophene ring and the lactam oxygen on the

DPP core. These attractive interactions further

contribute to the planarization of the

p-conjugated system. Once the torsional twist in

DPP-based polymers was reduced, the carrier

mobilities soared, as evidenced by comparing

DPPP-2T and DPPT-2T. DPPT-2T has

shown impressively high hole mobilities of

~1.6 cm2/Vs, which is comparable to mobilities
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Fig. 6 Two examples of

donor-acceptor polymers

based on fused conjugated

building blocks
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measured in amorphous silicon, whereas the

hole mobility in DPPP-2T never exceeded

0.04 cm2/Vs. Furthermore, the electron mobility

of the phenyl DPP was negligible, whereas elec-

tron mobilities of 0.18 cm2/Vs could be achieved

with the thiophene counterpart. DPP-based poly-

mers often show ambipolar characteristics, and it

is speculated that this desirable feature is in rela-

tion with the strong electron-withdrawing car-

bonyl groups on the DPP chromophore,

resulting in a delocalized and low-lying LUMO

(lowest unoccupied molecular orbital) energy

level on the one hand and the low-bandgap of

DPP polymers, maintaining the HOMO energy

level reasonably high, on the other hand. The

combination of these two features allows the

efficient injection of both holes and electrons

into the polymer.

Due to the high performances achieved with

DPPT-based polymers, the electron-deficient

DPP core has stimulated the interest of the sci-

entific community, and a large variety of deriva-

tives have been synthesized since. Some of the

most important and highest performing examples

are presented in Fig. 8.

The polymerization of DPPT with thieno

[3,2-b]thiophene (TT) leads to a further stiffen-

ing of the backbone compared to DPPT-2T.

After high-temperature thermal annealing at

320 �C, balanced hole and electron mobilities

exceeding 1 cm2/Vs were achieved in BC-TG

device architectures [23]. The higher annealing

temperature had a much bigger effect on the

electron mobility, which suggests that electron-

trapping impurities are only evacuated from the

semiconducting film at elevated temperatures.

One way to modulate the n-type mobility is to

lower the LUMO of the semiconductor, in order

to be more accessible for reduction, thus facili-

tating electron injection. The substitution of the

sulfur heteroatom in the thiophene ring for sele-

nium has been found to be an efficient way of

influencing the LUMO energy level because the

nature of the heteroatom contributes significantly

to the LUMO wave function. A selenophene-

based DPP analogue was synthesized and intro-

duced successfully into a polymer, DPPSe-Se

[24]. Compared to the thiophene-based analogue,

which showed unbalanced ambipolarity, bal-

anced ambipolar characteristics with mobilities

around 0.1 cm2/Vs could be obtained with

DPPSe-Se after modest thermal annealing. It is

noteworthy that these balanced carrier mobilities

were obtained in a BG-BC device architecture,

which is more practical and easier to fabricate

than the BC-TG one.

Bronstein and co-workers designed yet

another DPP derivative by flanking the
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electron-deficient core with thieno[3,2-b]thio-
phene [25]. The elongated TT unit allows stiff-

ening the conjugated backbone further and

extends the HOMO wave function distribution

along the polymer backbone. Copolymerized

with thiophene, DPPTT-T achieved outstanding

hole mobilities of up to 1.95 cm2/Vs in TG-BC

transistors without the need for high-temperature

annealing. Interestingly, DPPTT-T exhibited no

crystallinity or macroscopic order, which again

supports the idea that backbone rigidity plays

a very important role in order to achieve high

carrier mobilities and can no longer be neglected

when designing new semiconducting polymers.

n-Type Polymers Based on Rylene
Diimides

Rylene diimides are a very valuable class of semi-

conducting materials often used in n-type channel

transistors [26, 27]. Similar to the aforementioned

DPP unit, rylene diimide systems contain two

electron-withdrawing imide functionalities located

on the periphery of naphthalene or larger deriva-

tives. The chemical robustness of rylene deriva-

tives and the strong electron-withdrawing imides

make rylene diimides excellent candidates for sta-

ble n-type transistors.

In Fig. 9, two of the most prominent rylene-

based polymers are depicted. As mentioned pre-

viously, the electron-withdrawing character of

the four carbonyl groups on the rylene core

lowers the LUMO significantly (�4 eV), which

makes those materials suitable for charge

injection from electrodes with high-lying work

functions, such as gold. In addition the low-lying

HOMO levels of PDI-2T (�5.6 eV) and NDI-2T

(�5.4 eV) should provide the materials with

excellent stability towards ambient oxidation.

Initial device performance did not quite demon-

strate the high expectations, and electron mobil-

ities in the range of 10�2 to 10�3 cm2/Vs were

measured for both polymers. However when

operated in air, NDI-2T maintained its carrier

mobility, while the PDI-2T mobility dropped by

more than one order of magnitude. After optimi-

zation, the electron mobilities could be

dramatically increased, and NDI-2T achieved

electron mobilities of 0.85 cm2/Vs under

ambient operating conditions [28]. Contrary to

DPP-based materials, it was not possible to

achieve well-balanced ambipolar charge trans-

port with rylene-based polymers, and to date the

highest hole mobility achieved with NDI-2T is

0.1 cm2/Vs. Rivnay and co-workers investigated

the molecular packing of NDI-2T, and a similar

microstructure to IDT-BT was observed with no

evidence of a highly ordered microstructure

[29]. Even though rylene diimide-containing

polymers do not yet achieve the high and bal-

anced ambipolar charge transport of DPP-based

materials, their high oxidative stability makes

them excellent candidates for air-stable OFETs

with improved operating lifetimes.

Conclusion

With ongoing research, the field of semiconduct-

ing polymers is slowly shifting from highly

ordered polymers such as P3HT or PBTTT to

short contact donor-acceptor polymers. This new

class of materials has been proven to be less
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sensitive to processing conditions while still

maintaining high carrier mobilities. In addition,

the molecular design made it possible to specifi-

cally tailor polymers for either p- or n-type

charge transport. All these new insights into

structure–property relationships and the more

sophisticated processing conditions make the

fabrication of fully printed electronics, based on

polymers, no longer wishful thinking but an

achievable goal for the near future.

Related Entries

▶Conducting Polymers

▶Conjugated Polymer Synthesis

▶ Poly(thiophene)s
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Synonyms

Plant oil-based polymers; Vegetable oil-based

polymers

Definition

Polymers from plant oils are macromolecules

obtained by using plant oils as starting materials.

Acrylates and epoxides for cured polymers and

polyols for polyurethanes are typical derivatives

of plant oils, which can be used for various indus-

trial applications.

Introduction

Worldwide potential demands for replacing

petroleum-derived raw materials with renewable

plant-based ones in production of polymeric

materials are quite significant in the social and

environmental viewpoints. The use of

bioresources as starting substrates for polymeric

materials would help halt greenhouse warming

and contribute to global sustainability without the

depletion of scarce fossil resources. Among

bioresources, plant (vegetable) oils are expected

as an ideal alternative chemical feedstock [1, 2].

Plant oils are one of the cheapest resources in

abundance from various oilseeds. They are

mainly used for food and feed, and about 15 %

are converted into industrial products for various

applications.

Plant oils are triglycerides, fatty acid esters of

glycerol. Their composition (chain length and

number of double bonds of fatty acids) depends

on plant species (Table 1). The C=C double

bonds of fatty acids can be used for polymeriza-

tion; however, their reactivity is low owing to the

internal olefin structure and the allylic structure is

not suitable for radical polymerizations. Further-

more, the aliphatic chain of the products cannot

provide sufficient rigidity and strength for some

applications. An alkyd resin, a polyester modified

by unsaturated fatty acid, is one of the oldest

polymers based on plant oils [3]. The commercial

production began in 1993 at General Electric. It is

mainly used in the field of coatings and printing

inks.

Various types of polymers from plant oils

were reported [4–8]. For development of poly-

meric materials from plant oils, the modification

of the C=C double bond into more reactive func-

tional groups has been extensively studied. Oxi-

dations, C–C bond-forming additions to the C=C

double bond, and metathesis reactions are typical

methods of the modification of plant oils.

Polymeric Materials from Epoxidized
Plant Oils

Epoxidized plant oils, which are prepared from

hydroperoxides, hydrogen peroxide, or molecular

oxygen with different catalysts, were polymer-

ized by using hardeners such as amines and acid

anhydrides or thermally latent cationic catalysts.

Epoxidized soybean oil (ESO) and epoxidized

linseed oil (ELO) are commercially available as

stabilizer for processing of poly(vinyl chloride).

To improve properties of the polymers from

epoxidized plant oils, various approaches have

been investigated [9].

Silane coupling agents having reactive cyclic

ether groups were used for preparation of bio-based

nanocomposites (Fig. 1). The curing of epoxidized

plant oils with 3-glycidoxypropyltrimethoxysilane

(GPTMS) using thermally latent cationic catalyst
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produced transparent nanocomposites, in which

both oxirane groups of epoxidized plant oils and

GPTMSwere copolymerized to produce an organic

polymer matrix, simultaneously forming a silica

network [1]. The nanocomposite showed excellent

film properties; the hardness and mechanical

strength were improved by incorporating the silica

network into the organic polymer matrix and the

good flexibility was observed. The dynamic visco-

elasticity analysis showed reinforcement effect by

the inorganic network.

Clays (montmorillonites) are one of the most

popular additives for improvement of mechanical

and thermal properties of polymers. ESO was

subjected to intercalation into an organically

modified clay, followed by an acid-catalyzed cur-

ing of the epoxy-containing triglyceride, leading

to production of bio-based nanocomposites

(Fig. 2). The dynamic viscoelasticity analysis

exhibited the significant reinforcement effect by

the addition of the clay. The composite showed

improved barrier property for water vapor.

Polymers from Plant Oils, Table 1 Composition of fatty acids of typical plant oils

Fatty acid

Stearic Oleic Linoleic Linolenic

Other(18:00) (18:01) (18:02) (18:03)

Soybean oil 2�7 20�35 50�57 3�8 5�13

Palm oil 3�7 37�50 7�11 36�51

Rapeseed oil 1�3 46�59 21�32 9�16 4�12

Sunflower oil 2�5 15�35 50�75 0�1 3�8

Linseed oil 2�5 20�35 5�20 30�58 4�12

Corn oil 2�5 25�45 40�60 0�3 7�14

Rise oil 1�3 35�50 25�40 0�1 11�24

Olive oil 1�3 70�85 4�12 0�1 8�19
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Cellulose is one of the most popular fillers for

polymers. However, hydrophilic cellulose is

often difficult to combine hydrophobic polymers

in nanometer levels. Thus, porous materials or

nonwoven mats of cellulose were used for prep-

aration of composites of cellulose and oil poly-

mers. It was reported that a biocomposite of the

oil-based network polymer and cellulose fiber

was prepared by the acid-catalyzed curing of

ESO in the presence of the microfibrillated cellu-

lose (MFC) sheet (nonwoven mat). The large

improvement of mechanical and thermal proper-

ties of the ESO polymer was achieved by using

MFC as filler. Ultrafine fibers of poly(lactic acid)

obtained by electrospinning were also used for

preparation of a biocomposite of polyESO. Plant

oil-based elastomers were prepared by the curing

of ESO in the presence of rosin derivatives. The

brittle property of polyESO was significantly

improved by these additives.

The products obtained from epoxidized plant

oils and hardeners such as amines and acid anhy-

drides often showed improved properties in com-

parison with those of polymers by cationic curing

of epoxidized plant oils. The curing with

decamethylene diamine gave the bio-based elas-

tomer. Crosslinking of epoxidized plant oils and

diglycidyl ether of bisphenol F with an anhydride

curing agent produced the bio-based polymer

with high Izod impact strength and fracture

toughness. ELO was crosslinked by a dimer

acid from natural oils. The dimer acid has long

alkane chains (C36), which improved themechan-

ical properties of the polymer from ELO.

Epoxidized plant oils were easily converted to

acylate plant oils by the reaction with acrylic

acid. This acylate was subjected to the photopoly-

merization, yielding the crosslinked polymer.

Additionally, thermosetting of the plant

oil-based acrylate and conventional vinyl mono-

mers afforded the crosslinked polymers. Epoxi-

dized plant oil was partially modified by acrylic

acid, which was used as comonomer for roof

coating (Fig. 3); the residual epoxy group was

slowly cured after the coating on roof. Click

reaction was also used for curing of plant oils.

Alkynated and azidated soybean oils were pre-

pared from ESO, and these compounds were

reacted by using copper as catalyst.

Vernonia oil, a naturally occurring epoxy-

containing triglyceride, was used for preparation

of bio-based crosslinked materials. This oil was

cured by a cationic initiator in the presence of a

copolymer of glycidyl methacrylate and styrene

to give the crosslinked film with high-gloss

surface.

Polymers from
Plant Oils,
Fig. 2 Nanocomposite of

clay and plant oil-based

polymer
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Polyols from Plant Oils

Polyols are essential substrates for polyurethane

production. Castor oil and its derivatives as well

as derivatives of soybean oil are commercially

available as polyol for industrial applications of

polyurethanes [10, 11].

Castor oil ismainly composed of ricinoleic acid

bearing a secondary hydroxyl group and glycerol.

Castor oil is produced primarily in India and clas-

sified as non-edible oil due to the nauseant prop-

erties. Various industrial applications of castor

oil and its derivatives have been developed. Castor

oil is used as polyol for polyurethanes, which

have wide acceptance in automotive, building,

and furniture industries. Sebacic acid and

11-aminoundecanoic acid are industrially pro-

duced by pyrolysis of castor oil (and the following

derivatization). These compounds afford

engineering bio-nylons (typically, nylon 610 and

nylon 11) with goodmechanical and thermal prop-

erties. Various polyesters were synthesized from

ricinoleic acid and its derivatives for applications

of coatings and biodegradablematerials. Branched

poly(lactic acid) was prepared by the polymeriza-

tion of lactide in the presence of castor oil. The

product was used as polyol for bio-based polyure-

thane form (Fig. 4).

Polyols based on various plant oils were

developed. One synthetic route was the reaction

of epoxidized plant oil with alcohol. Polyols from

canola, mid-oleic sunflower, soybean, linseed,

sunflower, and corn were prepared and used for

the preparation of bio-based polyurethanes.

Polyol from soybean is commercialized,

which is prepared via transesterification with

methanol and the subsequent formylation and

hydrogenation.

OH

Bio-based Material

Petroleum-based Material

Biomass Epoxy
from Plant Oil

B•E

B•E

B•E B•E

Acrylic Polyol

Polymers from
Plant Oils,
Fig. 3 Molecular design of

plant oil-based coating

for roof

Polymers from
Plant Oils, Fig. 4 Photo

of castor oil-based

polyurethane form
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Polymers with Large Spin-Orbit
Coupling

C. X. Sheng and Z. Valy Vardeny

Department of Physics and Astronomy,

University of Utah, Salt Lake City, UT, USA

Synonyms

Organic spintronics; Phosphorescence

Definition

Polymers that have large spin-orbit coupling due

to embedded heavy atoms and thus show strong

phosphorescence.

Introduction

The dynamics of spin singlet and triplet excitons

in p-conjugated polymers define their perfor-

mance as optically active layer in organic light-

emitting diodes (OLEDs) and organic photovol-

taic (OPV) cells. As an example, if both triplet

and singlet excitons can be used in OLEDs to

convert electrical energy to electroluminescence

(EL) emission, then the fraction of excitons that

potentially can emit light may reach 100 % [1].

Similarly in OPV based on donor/acceptor (D–A)

blends, the photogenerated singlet exciton in the

polymer donor domains may recombine before

reaching the D–A interface, because of its rela-

tively short lifetime (~100 ps). In contrast,

because of the much longer lifetime (~5 ms), trip-
let excitons could reach the D–A interface with

larger probability and thus could potentially be

the answer to this loss mechanism [2]. Therefore,

both OLED and OPV technologies may substan-

tially benefit from the proper use of the spin

triplet states. Alas, because the spin-orbit cou-

pling (SOC) in polymers is typically very weak

(<5 Gauss), triplet excitons cannot be efficiently

photogenerated via intersystem crossing (ISC) in

most donor polymers for OPV enhancement and,
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similarly, cannot efficiently emit light in OLEDs.

The SOC however can be enhanced by embed-

ding heavy atoms such as platinum (Pt) in the

polymer backbone chains.

Recently a series of polymers and oligomers in

which platinum (Pt) atoms are inserted in the

organic polymer’s building blocks have been

synthesized [3, 4]. The Pt atom has large SOC

and thus increases the effective SOC of the poly-

mer chain. In fact, the Pt atoms may be inserted

into the polymer chain with variable inter-Pt dis-

tance (i.e., between adjacent intrachain Pt atoms),

and this tunes the effective SOC of the polymers

[5, 6]. Such enhanced SOC, in turn, may increase

the ISC rate from the singlet to the triplet mani-

fold, which would make triplet excitons more

viable for OPV applications. In addition, the

enhanced SOCmay also trigger substantive phos-

phorescence (PH) emission from the lowest trip-

let state [3–6], and thus the emission spectrum

from such semiconductor polymers may contain

both fluorescence (FL) and PH bands (Fig. 1). In

fact, these two bands span the visible spectral

range and therefore may potentially be used in

designing “white” electroluminescence emission

from the same polymer in OLEDs (dubbed

WOLED), with internal quantum efficiency

approaching 100 % [7].

These beneficial triplet characteristic proper-

ties are the main reason that a variety of

Pt-containing polymers have been synthesized

and studied. Most of these studies however have

been focused on the photophysics of the triplet

excitons [3–6]. Importantly, the dynamics of the

internal conversion and ISC processes have been

only recently elucidated [6], and the metal-to-

ligand charge transfer (MLCT) state, which has

been studied extensively in organometal com-

plexes, has been addressed in Pt-containing poly-

mers. In a recent work [6], a broad arsenal of

linear and nonlinear optical (NLO) spectros-

copies has been applied to two Pt-containing

polymers with different p-conjugated spacer

unit length between the nearest intrachain Pt

atoms, which controls the spin dynamics of

excited states, namely, the timescales of the ISC

process in this class of materials. It was found that

the ISC time in these Pt-polymers is very short, of

the order of 2 ps depending on the intrachain

Pt-atom occurrence in the polymer chain. The

ISC rate, in turn, also determines the relative

strength of the respective FL and PH emission

Polymers with Large
Spin-Orbit Coupling,
Fig. 1 (a): Schematic

structure of Pt-1 and Pt-3

polymers, where the spacer

between adjacent Pt atoms

varies from one to three

benzene rings, respectively

[6]. (b) The steady-state
emission spectra of Pt-1

(green) and Pt-3 (red)
polymer films; the

absorption spectrum (blue)
is also shown. Two

emission bands are

apparent, fluorescence

(FL) at high energy and

phosphorescence (PH) at

low energy
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bands, and therefore, the emission color of the

potential WOLED based on these polymers may

be controlled by synthetic means mainly because

the SOC in the polymers can be readily tuned.

Pt-Polymer Synthesis

Transition metals such as Pt are elements that

have filled or partially filled d-orbitals and are

found in a wide variety of oxidation states. Dative

covalent bonds can be formed between central

metal atoms and ligands, and the bonding geom-

etry depends on the oxidation state of the metal

[8, 9]. Pt(II) forms square planar complexes

where the five degenerate d-orbitals of the metal

ion have their degeneracy lifted by the Coulomb

interactions with the ligand orbitals. It was found

[10] that the conjugation could extend through the

Pt atom, as a result of mixing between the frontier

orbitals of the metal and the conjugated ligands.

The extent of mixing depends on the overlap

between the ligand and metal orbitals and thus

may vary from ligand to ligand. Since Pt

(II) takes a square planar configuration and forms

stable bonds with ethynylenes, it is possible to

synthesize organometallic polymers of the struc-

ture shown in Fig. 1 [11]. The two conjugated

phosphine ligands allow for solubility, whereas

the two conjugated ligands that consist of the

ethynylene groups are bridged by a conjugated

spacer, R, from the backbone of the polymer

(Fig. 2). A more elaborate scheme as well as

alternative schemes that have been recently tried

have led to the synthesis of Pt-3, where a spacer of

three benzene rings was inserted between two

adjacent Pt-polymers. This polymer shows both

fluorescence (FL) and phosphorescence

(PH) bands (Fig. 1) [6].

Polarization Properties of the
Phosphorescence Emission Band

The triplet exciton is composed of three spin

sublevels that can be reached by resonant absorp-

tion or are unequally populated in thermal equi-

librium. These properties may polarize the PH

emission band from the Pt-polymers. For exam-

ple their strong SOC makes it possible to obtain

circularly polarized PH emission if excited

by circularly polarized excitation. Figure 1 illus-

trates that the Pt-polymers show two PL emission

bands; these are FL with emission from the low-

est singlet exciton and PH with emission from the

lowest triplet excitons. The relative intensities

and spectral positions of these two bands can be

tuned by the spacer group between two adjacent

intrachain Pt atoms. The FL band cannot be

polarized because it originates from singlet exci-

tons. In contrast, the PH band may be polarized if

excited with circularly polarized light [12], espe-

cially under the influence of a strong magnetic

field.

Pt

Pt Cl

PtR R
n

Pt

P(C2H5)3

P(C2H5)3 P(C2H5)3

P(C2H5)3

P(C2H5)3

P(C2H5)3

Pt ClCl

P(C4H9)3

P(C4H9)3

P(C4H9)3

P(C4H9)3

HC C R C CH

Polymers with Large
Spin-Orbit Coupling,
Fig. 2 An outline of the

synthesis process of

Pt-containing ethynylene

monomers and polymers

from organic ligands with

spacer group, R
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There are two methods by which spin-aligned

triplet excitons may be photogenerated by circu-

larly polarized optical absorption. The Pt-1 poly-

mer is special because the order of the excited

states is reversed, namely, the metal-to-ligand

charge transfer (MLCT) state of the d-electrons
of the Pt atoms lies lower than the p–p* singlet

excited state [6]. In this case resonant excitation

with circularly polarized light into the polymer

absorption edge may preserve the spin sense and

lead to circularly polarized PH emission.

The second method is resonant excitation into the

lowest lying triplet exciton using circularly polar-

ized pump. Since the lowest triplet exciton in these

polymers emits PH, the absorption into this state is

also allowed. This was recently shown in Pt-1,

where a weak absorption band was obtained at

the 0–0 PH emission band, and the PH excitation

spectrum showed a band at this photon energy [5].

In addition, there is another method to get

circularly polarized PH emission without using

circularly polarized pump excitation. Following

excitation over the optical gap using unpolarized

or linearly polarized light, triplet excitons are

formed in the Pt-polymers in record time. Since

the spin relaxation time in these polymers is

much shorter that the triplet lifetime, then

the triplet sublevel population reaches thermal

equilibrium, where the three spin sublevels are

populated by a Boltzmann distribution. Because

the three spin sublevels possess different degree

of emitting circularly polarized light, the thermal

equilibrium reached at zero magnetic field may

induce circularly polarized PH emission. In

a strong magnetic field, the three spin sublevels

are simply m = 1, 0, and �1, of which circularly

polarized emission is, respectively, clockwise,

linear, and anticlockwise. Under these condi-

tions, the strength of the circularly polarized PH

emission changes linearly of the magnetic field

and then saturates at large field compared to the

triplet zero-field splitting parameters.

In summary, because of the strong SOC of the

Pt-polymers, the ISC rate is large, phosphorescence

emission is substantive, and OLED based on these

polymers may show white electroluminescence

based on the two emission bands, namely, fluores-

cence (FL) and phosphorescence (PH) bands.

In addition circularly polarized emission peculiar

to other p-conjugated polymers may be also

obtained with the Pt-polymers.

Related Entries

▶Conjugated Polymer Synthesis
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Synonyms

Aromatic polymers; Conjugated polymers;

Rigid-rod polymers

Definition

The phenylene units in polyphenylenes (PP) are

connected to one another through carbon-carbon

single bonds resulting in linear polymers comprised

of carbon and hydrogen atoms only (Fig. 1). No

functional groups such as esters or amides are in

between the phenylenes (or benzene-diyls) as is the

case in the perhaps more common aromatic poly-

esters, polyamides, and the like. The hexagonal

phenylene units can in principle be connected in

1,2-fashion (ortho), 1,3-fashion (meta), or

1,4-fashion (para) leading to the corresponding

poly(ortho-, meta-, or para-phenylene)s.

Mixtures thereof can also be realized like in the

poly(meta-para-phenylene), 1, shown in Fig. 1 [1].
By far the largest attention received the

poly(para-phenylene)s (PPP), which is the reason

why this article concentrates on them. Because of

their straight main chain, parent PPP and its man-

ifold laterally substituted derivatives such as the

hexyl chain-decorated polymer 2 [2] are often

viewed as prototype rigid-rod polymers. This sug-

gests self-assembly (mesophase) behavior as

a possible field of application. PPPs are also of

interest because of the potential conjugation

between consecutive repeat units (RUs), the mag-

nitude of which depends of the dihedral angle

between consecutive phenylenes. This in turn

depends on the substituents on the backbone and

the conditions under which the polymer is investi-

gated (e.g., solution or bulk). Sterically demanding

substituents increase the dihedral angle and thus

decrease conjugation, while clips between consec-

utive phenylene rings, forcing them into a coplanar

conformation, can give rise to maximum conjuga-

tion. The conjugated nature of PPPs results in attrac-

tive optoelectronic propertieswhich is nicely shown

by the partially bridged polyfluorenes (PF) [3] and

the completely bridged ladder-type structures such

as 3 (see below) [4]. PPs are a special case of

polyarylenes in which the RUs can in principal be

any aromatic moiety including hetaromatics.

History

There are a number of early attempts towards

synthesis of PPs with the three different linkage

motifs. Three of them shall be discussed a bit

further. Kovacic published a direct method in

which benzene was polymerized with Friedel-

Crafts catalysts under oxidative conditions

[5]. While this chemistry was particularly easy to

perform, the obtained products were insoluble and

intractable and their structure was irregular.

Ballard and his coworkers from the former ICI in

England devised a precursor or indirect route to

high molar mass PP but failed to obtain a product

with one kind of linkage only (preferably 1,4).

Rather 1,2-linkages also occurred to a sizeable

degree. Later, Grubbs solved the issue of stereo-

regularityof theprecursor polymer [6].Yamamoto,

finally, applied Kumada’s transition metal-

mediated cross-coupling chemistry in the

presence of metallic magnesium mainly to

1,4-dihalobenzenes to arrive at parent PPP [7].

This resulted in the first structurally defined repre-

sentative of the PP family with a specific

1,4-connectivity with, however, rather limited

molar mass. The growing polymer chains early

on “realize” their restricted conformational space

and also their rigid-rod character and therefore

precipitate out of solution already after about
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10–15 RUs. Nevertheless, because of its

regioregularity this work is to be considered

a milestone in PP synthesis. It should be noted

that the Yamamoto route very much like

Kovacic’s method is a direct approach to PPs. As

will be seen, the best method presently available

also starts from benzene derivatives which are

coupled to one another directly.

Conjugated polymers were a very hot topic in

the 1980s when it was discovered that

polyacetylene (PA) upon oxidation or reduction

(“doping”) turns into a highly electrically

conductingmaterial [8].DopedPA showsmetallike

conductivity and normalized by weight can

reach conductivities competitive tometallic copper.

This discovery stimulated major efforts also into

other hydrocarbon conjugated polymers. Interest-

ingly, Kovacic PP exhibits the same main charac-

teristics in terms of conductivity upon oxidation as

PA despite its ill-defined chemical structure,

although the conductivities are much lower. This

was part of themotivation forwhat in retrospect can

be considered the next important milestone in PPP

synthesis: the application of the Nobel Prize-

winning Suzuki-Miyaura cross-coupling (SMCC)

[9] to bifunctional aromatic monomers carrying

solubilizing flexible chains. This development

took place in the late 1980s at the Max-Planck-

Institute for Polymer Research in Mainz, Germany,

and led to the first high molar mass, yet soluble and

processable PPPs (next chapter) [10].

Synthesis

A good direct synthesis of PPPs needs to consider
two key issues: the intrinsically low solubility of

rigid rods and an as high as possible conversion

per bond formation step. Otherwise high molar

masses will not be accessible because either the

growing polymer precipitates prematurely, which

suppresses further growth, or Carothers equation

[11] shows its power, and only short chains are

produced because of the statistical nature of this

step-growth polymerization. In the late 1980s, it

was already known what to do to increase the

1
2

1

3

1 4

1,2-PP 1,3-PP

1,4-PP or PPP

C6H13

n

2

R R

n

PF, R: e.g. alkyl

R R R

R

R

R
3, R: e.g. alkyl, para-alkylphenylene

n

H13C6

OC4H9

OC4H9

OC4H9

n
1

Polyphenylenes, Fig. 1 Chemical structures of PPs

with 1,2-, 1,3-, and 1,4-connectivity and two

particular PPs, one with two different connectivities,

1; and another which is strictly 1,4-connected but

is decorated with two flexible alkyl chains at every

RU, 2. Two important derivatives of PP, the

polyfluorenes (PF) and the ladder polymers 3, are also

given
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solubility of otherwise insoluble materials [12]:

The attachment of flexible chains increases the

entropy when going into solution, and at the same

time disturbs the packing in the solid state

disfavoring crystallization. Equipped with this

knowledge and the then still recent SMCC of

bromobenzene with benzene boronic acid to

give biphenyl in a yield of 99 % (!) [13]

made Rehahn et al. to try the chemistry shown

in Fig. 2 [2]. They combined AAmonomer 3with

BB monomer 4 and, in fact, obtained polymer

5 which turned out to be fully soluble (even) in

chloroform at room temperature, an unheard of

property of a rigid rod at that time. They also

tried the AB approach with similar success.

Because the catalyst used had commercial grade

quality, the molar mass did not exceed 20–30 kDa

at that time, which however was vastly improved

by using highly pure Pd complexes instead. This

discovery of what now is known as Suzuki

polycondensation (SPC) [10] has led to hundreds

of publications and countless patents. Even tech-

nical scale syntheses based on microreactor tech-

nology have been developed using this powerful

polymerization.

Figure 2 does not specify the nature of the

functional group in monomers (Met and X) in

order to make clear that SPC is not the only

transition metal-mediated cross-coupling poly-

condensation which can in principle be used.

While X is always a leaving group such as bro-

mide or chloride and triflate for all methods, the

nature of the metal has also been varied and

decides over how the method is called. In SPC it

is always a boron-based group (boron is not

a metal but rather a metalloid), whereby boronic

acid pinacol ester is often applied for simplicity

of purification of the monomers carrying this

group. However, for example, Kumada, Negishi,

and Stille chemistry where Mg, Zn, and Sn,

C XX CMet Met

Met

C C

CX C CC
n

CCC C
n

+

AA/BB approach

AB approach

AA/BB approach : Example

AA-Monomer

AA-Monomer

BB-Monomer

[cat]
Base

[cat]
Base

(HO)2B B(OH)2

C6H13

C6H13

C6H13

C6H13

Br Br+
n

3 4 5

Polyphenylenes, Fig. 2 The two main synthetic

approaches: the AA/BB case using two monomers with

complementary functional groups and the AB case using

one monomer only which carries the two complementary

functional groups at the same time. For the AA/BB

approach, a concrete example is also shown. Note the

flexible hexyl chains that serve to mediate sufficient sol-

ubility both to keep the growing chain in solution and to

obtain processable materials. Met metal cations such as

Mg2+ and Zn2+ or boronic acids/boronic acid esters,

X leaving groups such as halides and triflates, [cat] tran-
sition metal (0) complexes such as Pd
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respectively, take the role of boron have also been

employed. In most cases, SPC seems to be supe-

rior in terms of achievable molar mass.

Extremely high molar masses in the range of

a 10E6 Da have been claimed for this method in

the patent literature [10]. Note that Yokozawa

and Kiriy collected evidence that in certain

cases SPC may proceed according to a chain-

growth process [14, 15].

Applications

PPs in all their forms and variants found wide-

spread applications [10]. They range from tough,

amorphous (transparent) films, which are com-

petitive to commercial polycarbonate [1], to blue

emitters in polymer-based organic light-emitting

diodes (OLEDs), where certain representatives

even reached commercial relevance [16, 17].

A comprehensive and recent review on this rather

important field of electroluminescence of PPs and

related conjugated polymers is available in Ref.

[18]. Particularly for the use of PPs (here PFs) in

electro-optical devices, it was of crucial impor-

tance to master synthesis to the degree that

defects are suppressed. Otherwise they can

dominate the performance in a detrimental way

[19]. PPPs and other conjugated polymers were

also investigated for photonic applications, e.g.,

in semiconducting polymer lasers [20]. Finally

their interesting lyotropic behavior leading to

anisotropic micelles shall be mentioned as well

as the fact that charged versions served as study

objects for how rigid polyelectrolytes order them-

selves in solution, and a few studies dealt with

aspects such as molecular reinforcement [10].

Related Entries

▶Chain-Growth Condensation Polymerization

▶Conducting Polymers

▶Conjugated Polymer Synthesis

▶Ladder-Type Polymers

▶ Polymerization Reactions (Overview)
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Synonyms

Polypropene; Poly(propene), PP

Definition

Polypropylene (PP), which is prepared by poly-

merization of propylene, forms transparent and

translucent crystalline plastics, thermoplastic

resins, and heat-resistant compounds. The poly-

mer properties highly depend on the tacticities

(isotactic, syndiotactic, and atactic).

Introduction

Polypropylene (PP) is one of commodity plastics

(e.g., polyethylene, polystyrene, acrylonitrile

butadiene styrene resin, polyvinyl chloride, and

polymethyl methacrylate) (Fig. 1) [1, 2]. The his-

tory of polypropylene began in 1954whenGerman

chemist Karl Rehn and Italian chemist Giulio

Natta first polymerized propylene. PP is prepared

with an organometallic olefin polymerization

catalyst. A certain type of organometallic olefin

polymerization catalysts with bulky ligands yields

crystalline isotactic and syndiotactic PP. Atactic

PP materials with amorphous structures, which are

prepared by organometallic catalyst without

stereoregularity capability, are used as additive

molding agents because they have excellent

solubility, adherence, printing capabilities, and

gas barriers. Although the properties of atactic PP

materials are similar to those of polyethylene (PE),

PP has higher heat resistance and mechanical

strength, improving the stretching property and

resistance to fatigue. Isotactic and syndiotactic

PP materials are used in films, sundry goods,

automotive products, industrial products, and tex-

tiles. In addition, propylene is polymerized with

olefin derivatives (e.g., ethylene, hexane, etc.) to

produce an elastic propylene copolymer.

Chemical Structure and Physics

Tacticity (Stereoregularity)

Tacticity is an important concept to understand

the relation between the chemical structure and

physical properties. The orientation of each

methyl group relative to the methyl groups in

neighboring monomer units greatly influences

the crystalline properties of PP. PP has an asym-

metric carbon atom, which determines the abso-

lute configuration of the polymer structure. This

stereoregularity is called “tacticity.” Isotactic,

syndiotactic, and atactic structures of PP are pre-

pared by coordination polymerization. In isotac-

tic polymers, all the substituents are located on

the same side of the polymer backbone. Specifi-

cally, the methyl groups of the PP side chain are

oriented in the same direction. The absolute con-

figuration of propylene units in isotactic PP is the

same, whereas, in syndiotactic polymers the
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absolute configuration of the asymmetric carbon

atom is alternatively arranged in along the chain.

In atactic polymers, the substituent groups are

arranged randomly along the chain (Fig. 2). The

tacticity can be determined using 13C-NMR

(nuclear magnetic resonance) to analyze the

meso (the same orientation of the methyl group

in neighbor units) and racemo (opposite orienta-

tion of the methyl group in neighbor units) ratio

along the chain. Ziegler–Natta catalysis produces

isotactic PP, while radical polymerization yields

atactic PP. Isotactic polymers are usually semi-

crystalline and often form a helix configuration.

Physical Properties

The physical properties of PP greatly differ in

tacticity. Isotactic and syndiotactic PP is semi-

crystalline and forms a helix configuration. How-

ever, atactic PP does not form a crystalline

structure. The crystal structure of isotactic PP

forms a 3/1 helix, forming a (monoclinic system),

b, g, and smectic systems. The crystal structure of

syndiotactic PP forms a 2/1 helix based on an

orthorhombic system.

The melting point of PP varies in accordance

with the tacticity. In particular, the melting point

and glass-transition point of isotactic PP are

160–166 �C and �20 �C, respectively, which

depend on the molar fraction of the meso ratio.

However, perfectly isotactic PP exhibit 176 �C
and –10 �C, respectively. An increase in the ratio
of the meso, diad, and triad of PP increases the

melting point [3].

Chemical Properties

PP shows chemical resistance; it is not deteriorated

by acid, base, hot water, oil, etc. On the other hand,

PP without an antioxidant is relatively oxidized by

oxygen in air. The generated third carbon radical

reacts with oxygen to produce hydroperoxide,

which deteriorates via a chain reaction. At a high

temperature, PP is easily oxidized during the mold

process. The main chain of PP deteriorates by UV

light irradiation under sunlight. To improve the

anti-weatherability, benzophenone, benzotriazole,

and carbon black are added as UV absorbents.

Preparation of Polypropylene

Radical polymerization of propylene does not give

high-molecular-weight PP because the hydrogen

at the allyl position has a high reactivity. More-

over, PP prepared by radical polymerization forms

an atactic polymer with a low molecular weight.

The coordination polymerization plays an

Polypropylene,
Fig. 1 Chemical structure

of commodity plastics
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important role in realizing industrially useful iso-

tactic and syndiotactic PP [3].

Polypropylene Prepared by the Ziegler–Natta

Catalyst

In 1953, Karl Ziegler found an excellent polymer-

ization catalyst for ethylene by mixing TiCl4 and

AlR3 (trialkyl aluminum) [4]. The mixture forms

TiCl3, which is the real catalytic species. On the

other hand, a mixed catalyst is unsuited for the

polymerization of propylene to prepare higher

atactic PP due to the multi-binding sites of the

monomer. In 1954, Giulio Natta from Italy and

Karl Rehn from Germany found that a mixture of

TiCl3 and AlR2Cl (dialkyl aluminum) exhibits

a high polymerization activity to produce isotactic

PP [5]. A mixture of halides of transition metals to

prepare polymers from a-olefins (1-alkenes) is

called Ziegler–Natta catalysts. Early transition

metals (e.g., titanium, chromium, vanadium, and

zirconium) are used as olefin polymerization

catalysts, but these catalytic systems require the

addition of organic derivatives of nontransition

metals, particularly alkyl aluminum compounds

as cocatalysts. Ziegler and Natta were awarded

the Nobel Prize in Chemistry in 1963.

The Ziegler–Natta catalysts are categorized as

either heterogeneous-supported catalysts or homo-

geneous catalysts. TiCl4 with terephthalic esters as

a Lewis base-supported MgCl2 shows a high poly-

merization activity in heterogeneous-supported cat-

alysts. The catalyst with phthalic ester as a Lewis

base instead of a benzoic acid derivative exhibits

a high polymerization activity (600–1,300 kg/g)

and a high isotacticity (97 %) [6, 7].

Polypropylene Prepared by Metallocene

Catalysts

Metallocene catalyst is one of the important poly-

merization catalysts in the homogeneous olefin

Polypropylene, Fig. 2 Tacticity of poly(propylene)
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polymerization catalyst [8, 9]. A metallocene cat-

alyst is composed of a metallocene consisting of

two cyclopentadienyl anions (Cp, which is

C5H5
-) bound to a transition metal center and

methyl aluminoxane (MAO). Unlike heteroge-

neous catalysts, metallocene catalysts can easily

control the tacticity of the resulting PP as

a function of ligand designs [10]. Depending on

the chemical structure of the ligand, the catalysts

effectively provide isotactic [11, 12] and

syndiotactic PP (Fig. 3). A typical cocatalyst is

MAO, but borate derivatives and clay composites

(e.g., montmorillonite) also show excellent

cocatalyst abilities. The catalyst is referred to

as a single-site catalyst due to having a single

reactive point [12–14].

Polypropylene Prepared by Post-Metallocene

Catalysts

In the late 1990s, high-activity olefin polymeri-

zation catalyst without the metallocene structure

developed one after the other. Although Cp-type

later transition metal complexes with iron (Fe),

nickel (Ni), and palladium (Pd) do not show

polymerization activity for ethylene and propyl-

ene, their complexes with a another certain type

of ligand (e.g., diimine ligand, phenoxy imine

ligand, bis(imino)pyridine ligand, etc.) show

a high polymerization activity for these com-

pounds. These nitrogen-based metal complexes

are called “post-metallocene catalysts.” Post-

metallocene catalysts have bulky ligands to con-

trol the coordination of propylene. For example,

a zirconium complex with a salicylimine ligand

exhibits a high activity for propylene and

high tacticity control for PP (Fig. 4). Although

post-metallocene catalysts have received atten-

tion due to their excellent properties, more

research is necessary before this technology can

be practically used [15–18].
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Definition

Conjugated polyrotaxanes are supramolecular

model materials for studying the photophysics

of intermolecular interactions in organic semi-

conductors and their heterojunctions.

Optical Properties of Conjugated
Polyrotaxanes: Control and Tuning of
Intermolecular Interactions

Intermolecular interactions affect the chemical,

biological, and physical properties of a huge vari-

ety of systems [1] such as protein folding [2],

prion formation, and cellular organization [3],
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as well as the rich photophysics of natural dyes

and synthetic organic semiconductors [4, 5]. The

underpinning science of such interactions is thus

significantly relevant for the development of con-

sumer electronics displays and other optoelec-

tronics applications.

Control of excited states dimensionality in elec-

tronic and photonic materials is recognized as an

effective tool for tailoring their photophysics. For

example, since their discovery, conjugated poly-

mers have been studied as model systems for

one-dimensional (1D) semiconductors, but their

physical properties in thin films and large molecu-

lar ensembles are dominated by three-dimensional

(3D) effects due to significant intermolecular inter-

actions. The presence of strong intermolecular

interactions and the formation of excited states

spreading over more than one molecular unit give

rise to a redshift of the photoluminescence

(PL) spectrum and a lower radiative rate [6]. This

is due to either ground-state electronic interactions

(“aggregates”) or formation of excited-state

dimers (or “excimers” within the language of

molecular photophysics of aromatic compounds).

Conjugated polyrotaxanes [7–9] provide

a remarkable model system for studying the influ-

ence of interchain interactions on the electronic

dynamics of organic semiconductors [10]. Cyclo-

dextrin insulation reduces the ubiquitous

intermolecular interactions [11], which control

their photophysics without affecting the electronic

levels of the frontier orbitals by suppressing the

tendency to form aggregates or weakly coupled

excimers [12, 13] detrimental for luminescence

efficiency and color purity [6]. While formation

of interchain species is more likely in the solid

state and in concentrated solutions, even in

dilute aqueous solutions of aromatic unthreaded

chains the photoluminescence decay displays

long-lived components and is both

non-exponential and strongly dependent on con-

centration. Concomitant with a redshifted time-

integrated emission, these are optical signatures

of interchain species. However, polyrotaxane

photoluminescence decay dynamics are exponen-

tial and independent of concentration despite the

incomplete shielding of the conjugated cores by

the cyclodextrins [9, 14].

Furthermore, photophysical and electrolumi-

nescence studies of polyrotaxanes with increas-

ing degree of threading (quantifiable by the

so-called threading ratio, TR) show that progres-

sive supramolecular encapsulation preserves the

photophysics of the isolated chains without

affecting solid films charge transport, thus yield-

ing enhanced and blueshifted electrolumines-

cence with respect to unthreaded conjugated

polymers. Incorporation of luminescent polymers

into cyclodextrin macrocycles also reduces

energy transport rates and therefore exciton dif-

fusion to quenching sites [15, 16] or redshift of

the luminescence [17]. Such properties are all

highly relevant to the development of conjugated

semiconductors for optoelectronics applications.

In addition, since cyclodextrin threading is

achieved via hydrophobic binding, which

requires water solubility, polyrotaxanes are

functionalized via addition of polar groups and

are thus also conjugated polyelectrolytes (CPE),

which are being intensively investigated for

a variety of biosensing applications.

As an illustrative example of the versatility of

cyclodextrin encapsulation for achieving fine

control of the optical properties of semiconduct-

ing organic polymers, both water-soluble

(polyelectrolitic) and organic-soluble conjugated

polyrotaxanes are going to be discussed (Fig. 1

shows different types of conjugated backbones

together with the chemical structure of a-, b-,
and g-cyclodextrins).

Photophysics of Polyrotaxanes

Spectroscopic investigations of diluted solutions

at different concentrations offer the most direct

method to assess the consequences of threading

on the formation and decay of interchain and

intrachain excitonic species.

Time-integrated and time-resolved photolumi-

nescence studies of diluted water solutions of PF.

Li, PPP.Li, and PDV.Li (Fig. 1) and the same

derivatives threaded with b-cyclodextrin
macrocycles show that the polyrotaxanes PL spec-

trum and decay kinetic are independent from solu-

tion concentration. In fact, no spectral shift can be

2048 Polyrotaxanes (Conjugated)



observed for the encapsulated systemwhich shows

remarkable single-exponential decay profiles for

more than three decades even in high concentrated

solutions. This is in contrast with the PL spectral

behavior of the unthreaded polymer solutions,

which evolve from matching the polyrotaxane

emission in the most diluted case by displaying

a progressive redshift and spectral broadeningwith

increasing concentration [18].

Time-resolved PL measurements both

spectrally resolved and at single wavelengths

clearly show the suppression of intermolecular

interactions. The PL kinetics at photon energies

near the peak of the emission maximum for the

polyrotaxanes show single-exponential decay

kinetics independent of concentration, consistently

with a monomolecular decay mechanism and

a nearly complete suppression of aggregation.

In comparison, the unthreaded material

photophysics are instead strongly dependent on the

solution concentration. The presence of two regimes

in the emission decay confirms the coexistence of at

least two emissive species with two different life-

times: an intrachain exciton and a longer-lived emit-

ting species. The single-exponential decay kinetics

observed for the polyrotaxane is evidence that CD

macrocycles largely prevent the formation of

intermolecular excited states and ensure that the

polyrotaxanes PL is dominated by intramolecular

excitonic decay even at concentrations about

three orders of magnitude higher than for the

uninsulated analogues.

Polyrotaxanes
(Conjugated),
Fig. 1 Chemical structures

of cyclodextrin-threaded

conjugated polyrotaxanes

with poly(4,40-diphenylene
vinylene) (PDV.Li), poly

(para-phenylene) (PPP.Li),

and poly(fluorene) (PF.Li)

backbones with

naphthalene stoppers,

average degree of

polymerization: n = 10,

(Adapted from Ref. [7])
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The clear prevalence of intramolecular

de-excitation processes in polyrotaxane solutions,

at the expense of interchain species formation, has

a significant influence on the photoluminescence

quantum yield. In fact, quantum efficiencies of

polyrotaxane solutions are nearly concentration

independent. This result is once again in contrast

with what was observed for the unthreaded mate-

rial solutions, whose PL quantum yields decrease

with concentration. Furthermore, an overall

increase in photoluminescence quantum yield is

observed for polyrotaxanes compared to the

unthreaded analogue.

Thermal Stability of Conjugated
Polyrotaxane Conformation

Rotaxination imparts greater thermal stability to

the polymer. Interestingly, the polymer is more

susceptible to conformational fluctuations when

it is unthreaded or at low TRs. The fingerprint

region of the resonance Raman (RR) spectrum

[19] of PDV.Li for progressive cyclodextrin

encapsulation and increasing temperature shows

a significant decrease in all the band intensities in

the case of PDV.Li and PDV.Li�b- CD for

threading ratio = 0.5 (TR) as the temperature

increases from 25 �C to 40 �C and 55 �C.
Interestingly, the drop in intensities observed for

PDV.Li and PDV.Li�b- CD TR = 0.5 is not

recovered upon cooling, suggesting that

any changes that occur are nonreversible [19].

In contrast, no changes are observed in the

spectra for the higher TR analogues, suggesting

an increased stability conferred to the polymer

by the b-cyclodextrin macrocycles. The results

from the RR studies showed that any

conformational changes with temperature

involve torsional movement only between the

adjacent phenyl rings (due to thermally induced

aggregation) with no torsional changes at the

vinylene group.

Oriented Films Incorporating
Water-Soluble Conjugated
Polyrotaxanes

Orientation of polyrotaxane chains can be

induced via tensile drawing of a polyvinyl alco-

hol (PVA) matrix where the emitting polymer is

dispersed. Steady-state and time-resolved

photoluminescence measurements suggest that

the polyrotaxane chains are mostly oriented

along the stretching direction, giving rise to

strong polarized emission.

To quantify the polarization resulting from the

alignment of the polymeric chains, the PL

polarization ratio (R) for all different excitation/

detection configurations as shown in Fig. 2

has been calculated. In what follows, these

will be indicated with the general notation

Rxx/xy = PLxx/PLxy, Rxx/yy = PLxx/PLyy where

the first index represents the polarization of the

excitation and the second one represents the

polarization of the PL (parallel k or perpendicular
⊥ to the stretching direction for stretch-oriented

Polyrotaxanes (Conjugated), Fig. 2 Scheme of the

four different configurations used to study the polarized

photoluminescence. The red arrow represents the

stretching direction for the oriented films and an arbitrary

direction for unstretched films (Adapted from Ref. [20])
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films and an arbitrary direction for unstretched

films).

In Fig. 3, all PL spectra for the four different

configurations are shown. The PL does not show

any modification in spectral shapes upon

stretching; in fact, the relative ratio between the

vibronic peaks is maintained. The different polar-

ization ratios (R) for all different configurations

can be calculated. R║║/┴┴ is ~51 for PDV.

Li�b-CD and ~111 for PDV.Li (Fig. 3a, c).

These values clearly demonstrate the high degree

of chain alignment obtainable using a stretchable

polymeric matrix such as PVA. Interestingly, this

result also shows that the presence of the CDs

partially hinders the alignment process.

A tentative explanation is that CDs reduce the

aspect ratio by increasing the thickness of

the polymer chains impacting as well the

non-covalent interactions between the conju-

gated backbones and the PVA matrix.

The expected value of all these different ratios

for a film with isotropic orientation is 1, since no

differences in orientation are present and the emis-

sion of photons typically takes place from excited

states not maintaining the initial polarization. For

isotropic alignment or rapid exciton migration,

R║║/║┴ = R║║/┴║ = R┴┴/║┴ = R┴┴/┴║, which

can be simplified in R┴ to indicate the ratio of

the luminescence from chromophores oriented

parallel to the exciting laser and the PL from chro-

mophores oriented perpendicular to the laser

polarization. These results show that R┴ ~ 1.75

for PDV.Li�b-CD and R┴ ~ 1.60 for PDV.Li,

higher values than expected. The higher value

for the polyrotaxane film is due to the additional

encapsulation provided by CDs [21]. However, R║

Polyrotaxanes (Conjugated), Fig. 3 PL spectra for

stretched films (a, c) and unstretched films (b, d) with
PDV.Li (a, b) or PDV.Li�b-CD (c, d). All spectra have

been corrected for the overall system response and they

were measured using a 3.3 eV laser diode as excitation

source (Adapted from Ref. [20])
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has a value of 1 (as expected for random chromo-

phore orientation) [22]. Once again, these results

show that the presence of the CDs partially hinders

the alignment of the conjugated backbone.

To investigate further the orientation of the con-

jugated strands induced by stretching of the PVA

matrix, the time-resolved PL anisotropy g(t) at the
PL peak value (~2.6 eV) for the configuration kk/⊥
were studied. Unstretched films show

g(t = 0) ~ 0.36 and g (t = 0) ~ 0.39 for PDV.Li

and PDV.Li�b-CD, respectively; both values are

close to g(t = 0) = 0.4 which is the maximum

theoretical value for a randomly oriented ensemble

of chromophores. This value corresponds to

a rotation of the transition moment b = 0�; there-
fore, the absorption and emission moments of the

conjugated chains are collinear [22]. Such a high

level of PL anisotropy for randomly oriented chains

is expected only for noninteracting chromophores

[22], as for the polymers dispersed in the PVA

matrix studied here. Stretched films instead show

g(t) ~ 0.87 and g(t) ~ 0.93 for PDV.Li�b-CD and

PDV.Li, respectively. In both systems, g(t) is con-
stant for more than 6 ns, and since this value is

approximately one order of magnitude longer than

the intrachain exciton lifetime (t ~ 870 ps), negli-

gible depolarization over this time regime can be

assumed. Therefore, the data again imply that

a high degree of orientation is obtained for both

films, but the degree of orientation is slightly higher

for PDV.Li than for PDV.Li�b-CD.
In summary, a high polarization ratio is

obtained (R║║/┴┴ = 111 for PDV.Li) indicating

that a high degree of orientation can be achieved.

Supramolecularly encapsulated polymers can be

employed to study the effect of intermolecular

interaction on the emission anisotropy. Suppressed

interchain interactions in polyrotaxanes combined

with the PVA matrix result in slower depolariza-

tion of the emitted light which contributes to the

overall PL anisotropy.

Optoelectronic Properties of Nonpolar
Polyrotaxanes

Conjugated polyrotaxanes are typically prepared

by the polymerization of an inclusion complex of

the monomer, with concomitant end-capping.

The formation of the inclusion complex is

favored by hydrophobic interactions, and the

polymerization is usually carried out in water

[23], which requires the aromatic groups to

carry water-solubilizing groups such as carbox-

ylates or sulfonates. The resulting polyrotaxanes

are polyanionic and are only processable from

aqueous solution or from very polar organic sol-

vents such as dimethyl sulfoxide, both due to the

ionic water-solubilizing groups and due to the

polar hydroxyl groups on the cyclodextrins.

Ionic migration can facilitate the fabrication of

high-efficiency devices with essentially balanced

hole–electron populations (LECs or light-

emitting electrochemical cells), but it can also

be a source of device instability, providing

a motivation for synthesizing neutral, nonionic

polyrotaxanes, of similar structure to these

polyelectrolytes.

It is however possible to post-process the ionic

polyrotaxanes to achieve nonionic, lipophilic,

organic-soluble polyrotaxanes by three different

strategies involving alkylation, silylation, and

esterification, as reported by Anderson and his

group at Oxford [24]. This possibility offers sig-

nificant new insight for the application in flexible

white-light sources for displays and illumination,

and it has attracted growing attention to polymer

blends [25], since combination of materials with

complementary emission spectra can result in

extended coverage of the visible range. Specifi-

cally, the optical and electrical properties of poly-

mer blends can be tuned via a careful design

taking into account the relevant physical proper-

ties of the constituents. These include the energy

of their frontier levels and thus their offsets

at type II heterojunctions for either LED or

PVD applications [26, 27], as well as their energy

gap for engineering of the emission color. LEDs

incorporating binary blends of polyfluorene

derivatives have shown, for example, enhanced

electroluminescence (EL) efficiency as a result of

improved charge balance and optimized

electron–hole recombination [28, 29].

Clearly, control of energy transfer between

different chromophores of a blend [30] or

even within a single polymer carrying different
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groups [31] is crucial for control of the final

emission color, and in particular for achieving

white luminescence, since the close proximity

of the constituents usually results in dominant

emission from the lower gap material. Although

phase separation of the polymers often occurs due

to the small entropy of mixing of chemically

different species, this takes place over several

length scales, with the minimum size of “pure”

domains being at least comparable to the Förster

radius, still allowing significant and undesired

transfer [30].

The use of organic-soluble polyrotaxanes

[32], as at least one component of the blend,

allows for achieving better control of energy

transfer between the different polymeric species

via control of the nanoscale interchain separation.

Therefore, this approach can be used to obtain

controlled suppression of ET between emissive

species and to achieve white EL from binary

blends of polyfluorene derivatives threaded into

functionalized cyclodextrins. As illustrative

examples, we mention here two different

polymer blends: a blue-emitting polyrotaxane,

PFBP.Me�b- CD.THS blended with the

green-emitting poly(9,9-dioctylfluorene-alt-

benzothiadiazole) (F8BT) (blend “A”; see

Fig. 4 for chemical structures), and a green-

emitting fluorene-divinyl phenylene alternate

copolymer encapsulated in functionalized

b-cyclodextrins (PFBV.Me�b-CD.COPr)
blended with a polyfluorene derivative, poly

(9,9-dioctylfluorene-alt-N-(4-butylphenyl)-diphe-

nylamine) (TFB) (blue emitter, blend “B”,

Fig. 5) [33].

Apart from the polyrotaxane used, these two

polymer blends differ for the type of

heterojunction that forms at the polymer-polymer

interface, which is determined by the energy off-

set between the blend constituents. On the one

hand, in blend “A”, the energy offset between the

frontier levels of F8BT and PFBP.Me�b- CD.
THS is smaller than the exciton binding energy

and no charge transfer complexes are formed. As

a result, the emission spectrum of the mixture is

the linear combination of the emission spectra of

Polyrotaxanes (Conjugated), Fig. 4 Blend “A”. (a)
Molecular structures of unthreaded benzylated PFBP.
Bn, F8BT, and functionalized PFBP.Me�b-CD.THS
polyrotaxane. (b) Energy diagram showing the position

of the HOMO and LUMO levels for the isolated materials

with no applied field and the work function of PEDOT:

PSS (Adapted from Ref. [34])
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the individual polymers. On the other hand, the

energy offset between the molecular orbitals of

the constituents of blend “B” is comparable to the

exciton binding energy which leads to the forma-

tion of exciplexes. The emission spectrum of the

mixture is then due to the sum of the individual

spectra and the additional feature due to the

recombination of exciplexes. Both these systems

are of obvious relevance to white emission for

lighting applications.

Devices fabricated with blend “A” (see Fig. 4,

ITO/PEDOT:PSS/polymer/Ca/Al) incorporate

a ~200 nm thick film of either PFBP.Me�b-
CD.THS:F8BT or PFBP.Bn:F8BT (80:20 w/w).

For completeness, high-resolution PL maps of the

active layers onto PEDOT:PSS/ ITO substrates by

scanning near-field optical microscopy (SNOM)

are shown in the inset of Fig. 6a.

The EL spectrum of PFBP.Me�b- CD.THS:
F8BT (80:20 w/w) devices shows the contribu-

tions of both polymers and is therefore character-

ized by the “Commission internationale de

l’éclairage” (CIE) coordinates x = 0.282 and

y = 0.336 which correspond to a “warm” white.

This result is both remarkable and surprising,

because one would still expect charge transport

to occur preferentially through the uninsulated

F8BT rather than through the polyrotaxanes,

also in view of the apparently percolating phase

visible in the SNOM image in the inset of Fig. 6a.

Instead, the presence of a blue emission clearly

indicates that recombination is also occurring on

the polyrotaxane, despite the strong insulation

provided by the cyclodextrins. The implication

is that the F8BT phase in rotaxinated blends is

effectively below the percolation threshold [35].

In agreement with the EL spectra that show no

percolation through F8BT-rich regions, the turn-

on voltage of polyrotaxane:F8BT-based devices

(~10 V at L = 0.01 cd/m2) is comparable to that

of devices incorporating pure PFBP.Me�b- CD.
THS [34]. Such values of turn-on voltages are

still relatively high if compared to state-of-the-

art LEDs and are obviously linked to the insulat-

ing nature of the functionalized cyclodextrins.

In addition, the green emitter that gives the higher

spectral contribution to the white emission bene-

fits from the increase of the PL efficiency due to

the supramolecular encapsulation. The EQE is

0.15 % (0.39 cd/A) which is encouraging, since

it is one order of magnitude higher than that of

LEDs based on the conventional blend

(EQE ~ 0.01 %, 0.04 cd/A) and significantly

higher than that obtained for devices based on

Polyrotaxanes (Conjugated), Fig. 5 Blend “B”. (a)
Chemical structures of PFBV.Me�b-CD.COPr and

TFB. The structure of the reference polymer (PFBV) is
similar to that reported for the polyrotaxane but without

the cyclodextrins (presented here as conical sheaths).

PFBV consists of a non-threaded polyfluorene-

alt-bivinylphenylene core with octyl chains

functionalized fluorene units and terminated by phenyl

groups. (b) Energy diagram showing the position of the

HOMO and LUMO levels for the isolated materials with

no applied field and the work function of PEDOT:PSS

(Adapted from Ref. [33])
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pure rotaxanes [34]. The enhancement of EQE

observed for the threaded blend with respect to

the reference blend is in agreement with previous

results for LEDs incorporating either ion-free

[34] or electrolytic polyrotaxanes [8] and is

explained by reduced aggregation in encapsu-

lated systems, as also indicated by the higher PL

efficiency and slower PL decay kinetics.

The use of an encapsulated blue emitter is not

ideal in LEDs, since charge injection into the blue

emitter is more difficult than in a green emitter,

and the presence of the cyclodextrins further raises

the EL turn-on voltage (~10 V) [36]. A possible

strategy to circumvent this difficulty is the use of

a “complementary” rotaxinated blend where the

encapsulated compound is a green-emitting

polyrotaxane and the blue emitter is instead

a commercial unthreaded polymer.

The EL properties of a binary blend of the

blue-emitting polyfluorene copolymer TFB and

a green-emitting polyrotaxane are reported

in Fig. 7 below, in which most of the

21 hydroxyl groups on each cyclodextrin unit

have been converted to butanoate esters to reduce

the hydrophilic character of the supramolecular

assembly and thus ensure solubility in organic

solvents.

The EL spectra of LEDs from both threaded

and unthreaded blends (ITO/PEDOT:PSS/poly-

mer/Ca/Al) display strong signs of emission

from interchain states, as typically observed for

type II polymer heterojunctions [28, 37]. The fact

that EL and PL spectra are different in both single

materials and in blends reflects the energy-

selective nature of the charge transport process.

In EL, the electronic levels of electroluminescent

molecules play the dominant role, controlling the

formation and recombination of excitons, so that

the contribution of the blend components to the

EL spectrum is different compared to what is

observed upon photoexcitation. Furthermore, in

type II systems, holes (electrons) are transported

preferentially in the component with the highest

(lowest) HOMO (LUMO) level. As a result, exci-

tons are formed primarily at the polymer-polymer

interface where the probability for exciplex

formation is the highest. The EL spectrum of

PFBV.Me�b-CD.COPr is blueshifted with

respect to PFBV, which instead shows

a featureless band. As a result of controlled ET

and exciplex formation in the “rotaxinated blend”

(20:80 PFBV.Me�b -CD.COPr:TFB w/w), the

EL spectrum is structured, and with a more pro-

nounced blue component than the PFBV:TFB

Polyrotaxanes (Conjugated), Fig. 6 (a) Current

(dashed line) and luminance (solid line) versus voltage

characteristics and (b) external quantum efficiency

(EQE %) versus current density (J) characteristics of the

devices. Inset of (a): SNOM image of CW intensity of

F8BT emission (<2.4 eV) for PFBP.Me�b -CD.THS:
F8BT (8:2 w/w) blend excited at 2.67 eV (Adapted from

Ref. [34])
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system, that results in an overall “cold” white

light, corresponding to CIE color coordinates,

x = 0.26 and y = 0.33. Figure 7c, d reports the

current density-voltage-luminance characteris-

tics of the LEDs in Fig. 7a, b. Importantly, the

turn-on voltage for white EL is only 3.5 V, which

is a factor of 3 lower than for the white-emitting

LEDs incorporating blends of a blue-emitting

polyrotaxane shown previously [36]. The EL

external quantum efficiency is essentially compara-

ble to the LEDswith the complementary blends, i.e.,

here a maximum EQE = 0.1 % for LEDs incorpo-

rating the rotaxane and itsTFB blend (vs. 0.15 % in

reference [36]) and EQE = 0.02 % for the PFBV

blend was obtained (vs. 0.01 % in the complemen-

tary blend with the blue-emitting rotaxane) [36].

In summary, successful control of the energy

transfer between polymeric species with resonant

electronic transitions has been demonstrated by

supramolecular encapsulation. Most importantly,

the use of a green-emitting encapsulated polymer

circumvents the difficulties encountered with

a binary blend of a blue electroluminescent

polyrotaxane and leads to drastically lowered

turn-on voltage of white EL that can be achieved

with only 20 % w/w of encapsulated moieties in

the binary blend.

Conclusions

Conjugated polyrotaxanes powerfully demon-

strate the versatility and far-reaching scope of

macromolecular and supramolecular synthetic

chemistry in producing structures that combine

architectural elegance with useful properties,

both for “real-world” applications and as an

investigative “probe” to advance the understand-

ing of the fundamental physical properties of soft

condensed matter.

While the value of supramolecular chemistry

has been amply recognized since the attribution

of the Nobel Prize for Chemistry already in 1987,

it is fascinating that this area still continues to

produce a wealth of intellectual stimuli and pow-

erful new knowledge to the present date.

Rotaxanes are a notable example in this con-

text under a variety of aspects. First, they are

threaded molecular wires acting as a remarkable

class of model compounds that enable us to

obtain a detailed, deep understanding of the influ-

ence of intermolecular interactions on the

photophysics of conjugated semiconductors

[7–9, 38].

In a second instance, conjugated polyrotaxanes

are uniquely versatile, at a synthetic level, since

Polyrotaxanes (Conjugated), Fig. 7 Area-normalized

EL spectra of ITO/PEDOT/polymer/Ca/Al devices incor-

porating active layers of (a) pure PFBV, PFBV.
Me�b-CD.COPr and TFB and (b) their binary TFB

blends (80 % w/w TFB fraction). (c) and (d) J-V-L of

the very same LEDs as in (a) and (b) (the color code in (a)
is the same as in (c)) (as for (b) and (d)) (Adapted from

Ref. [33])
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cores, end groups, and macrocycles can all be

functionalized according to need or interest.

The possibility of using electrolytic side chains,

for example, affords the possibility of making

non-phase-separated polymer blends with PEO,

which are virtually immune from undesired phase

separation phenomena and thereby enhance both

PL and EL in LEC-like devices [39]. Similarly, the

possibility of controlling the threading ratio

adds an extra dimension to the space of parameters

that can be tuned and fruitfully exploited for

raising the efficiency or further tuning the emission

color. Indeed, the possibility to swap the

charged side chains for neutral ones and obtain

organic-solvent-soluble threaded molecular wires

solubilized also with the help of further functiona-

lization of the cyclodextrin hydroxyls opens the

way to significant new structures via combination

with other organic-solvent-soluble materials

[33, 34, 36]. Other intriguing possibilities

derive from the scope for functionalization of the

macrocycles with charge-transporting groups such

as tri-aryl-amines, of the type found, for example,

in state-of-the-art p-type semiconductors such as

poly(9,9-dioctylfluorene-alt-N-(4-butylphenyl)-

diphenylamine) (TFB) or poly((9,9- dioctyl-

fluorene)-alt-bis-N,N0-(4-butylphenyl)-bis-N,N0-
phenyl-1,4-phenylenediamine) (PFB).

Thirdly, by blending the organic-solvent-

soluble materials mentioned above with other

threaded and non-threaded luminescent mate-

rials, it is possible to achieve unprecedented

results in terms of suppression of energy transfer

(valuable to the fabrication of white-emitting

LEDs) and suppressed polaron formation, so as

to ensure broadband optical amplification and

simultaneous multicolor lasing [33, 36, 40].

In conclusion, even if in terms of quantitative

performance (e.g., external quantum efficiency of

the LEDs, or their operational lifetime) this

class of materials cannot quite compete with

organic-solvent-soluble materials, these mate-

rials are providing a remarkably significant pro-

gress in the understanding of the fundamental

properties of conjugated polymers and

photophysics and there still is a tremendous

scope for unleashing their potential in the years

to come.

Related Entries

▶Cyclodextrins-Based Supramolecular Polymers

▶ Supramolecular Polymers (Coordination

Bonds)
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Synonyms

Mechanically interlocked molecules

Definition

Polyrotaxanes are defined as molecular assem-

blies, in which many macrocycles are mechani-

cally interlocked on a dumbbell-shaped molecule

by bulky stoppers on its ends.

Introduction

Macrocycles rotate freely and translate on the axis

in a dumbbell-shaped molecule in the rotaxane

system. Since rotaxanes are one of the important

components of molecular machines based on such

structural features, rotaxanes have attracted

increasing interest of researchers from nanotech-

nological aspects. The first artificial rotaxane was

reported in 1967 [1]. Harrison et al. synthesized

a [2]rotaxane (two in brackets indicates the num-

ber of components) by statistical reaction between

a macrocycle and a dumbbell-shaped molecule.

However, the yield of single reaction was very

low. Harada et al. reported the first example of

a polyrotaxane, in which a number of

a-cyclodextrin (a-CD) molecules are interlocked

on a poly(ethylene glycol) (PEG) chain by bulky

stoppers [2]. Polyrotaxanes are paid much atten-

tion as smart soft materials with unique properties.

A large number of examples of polyrotaxanes

(Fig. 1) have been reported. These examples

include various macrocycles, for example, cyclo-

dextrins (CDs), crown ethers (CEs), cucurbiturils

(CBs), cyclophanes (CPs), cyclobis(paraquat-

p-phenylene), calix[n]arenes, and pillararenes

(Fig. 2), and numerous types of axes depending

on the macrocycles [3, 4].

CD Polyrotaxanes

Polyrotaxanes in which numerous a-CD mole-

cules are threaded on a PEG chain have been

prepared by mixing a-CD and PEG bis-amines

with 2,4-dinitrofluorobenzene, which is suffi-

ciently bulky to prevent a-CD from dethreading

(Fig. 3) [2, 5, 6]. This is the first example of

a polyrotaxane, named as a “molecular neck-

lace.” a-CD polyrotaxanes were used to construct

a topological network architecture [7]. The

intermolecular cross-linking reaction of CDs

among polyrotaxanes allows a sliding motion of

the network polymer chains. The swelling and the

viscoelastic properties were found to be solvent

dependent, reflecting the structural changes of the

network [8]. A “molecular tube” was also pre-

pared by the reaction of a CD polyrotaxane with

epichlorohydrin dissolved in 10 % NaOH

[9]. The molecular tube can accommodate I3
�

ions efficiently, whereas a-CD does not.

Anthracene groups are large enough to pre-

vent dethreading of a- and b-CDs from an axle.

A polyrotaxane with numerous b-CD molecules

has been prepared by photodimerization of a

2-anthryl group in a precursor complex between

b-CD and poly(propylene glycol) (PPG) with

triphenylmethyl and 2-anthryl groups at each

end of the PPG chain [10]. Polyrotaxanes

containing g-CD have been also prepared by

photocyclodimerization of 9-anthryl groups at

the ends of a polymer chain in the presence
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of g-CD. Wenz et al. obtained interlocked hetero-

polyrotaxanes with b- and g-CDs
by photoirradiation to stilbene moiety in the

polymer chain [11].

CE Polyrotaxanes

The hydrogen bonding interaction between a CE

and a secondary ammonium salt is often used for

the preparation of CE polyrotaxanes. The groups

of Gibson, Stoddart, and Takata, respectively,

actively synthesized a series of polyrotaxanes by

utilizing CEs [12–14]. Polyrotaxanes of CEs with

polyacrylonitrile, poly(methyl acrylate), poly

(methyl methacrylate), and polystyrene were

prepared via free radical polymerization

[15]. Recently, dynamic covalent chemistry such

as reversible imine formation, metal–ligand

exchange, and olefin metathesis has been demon-

strated as an effective tool for the preparation

of various mechanically interlocked molecular

compounds [16]. Polyrotaxane networkswere syn-

thesized by using the reversible thiol–disulfide

interchange reaction based on dynamic covalent

chemistry [17]. Poly[2]rotaxanes and poly[3]

rotaxanes were also synthesized by self-

polycondensation of the [2]rotaxane monomer

via the Sonogashira coupling reaction or by click

polymerizations.

CB Polyrotaxanes

Cucurbit[n]urils (CB[n], n = 5–10) are a family of

pumpkin-shaped macrocycles derived from

glycoluril and formaldehyde. CB[6] forms

complexes with protonated diaminoalkanes
+NH3(CH2)nNH3

+ (n = 4–7, K = 105–106 M�1

in aqueous formic acid). CB[7] binds methyl

viologen (K = 2 � 105 M�1) and ferrocene to

give a 1:1 complex. CB[8] has a large cavity

enough to simultaneously accommodate two aro-

matic guests with the size of (E)-diaminostilbene.

Polyrotaxanes: Synthesis, Structure, and Chemical Properties, Fig. 1 Various types of polyrotaxanes
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Kim et al. constructed a rotaxane containing CB

and spermine as a thread by taking advantage

of the strong tendency of CB to form inclusion

complexes with aliphatic diammonium ions.

They reported the x-ray crystal structure of

a polyrotaxane containing CB molecules threaded

on a one-dimensional (1D) coordination polymer

in the solid state. Moreover, the 2D and 3D

polyrotaxane networks were constructed [18].

Recently, Kim et al. reported a supramolecular

fishing method for membrane proteins using the

synthetic receptor–ligand pair, CB[7]-1-

trimethylammonio methylferrocene [19]. Steinke

et al. prepared a main-chain polyrotaxane in which

polymerization and rotaxane formation simulta-

neously occur. They used catalytic 1,3-dipolar

cycloaddition reactions for the preparation of

polyrotaxanes (Fig. 4) [20].
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Polyrotaxanes:
Synthesis, Structure, and
Chemical Properties,
Fig. 3 Preparation of a CD

polyrotaxane

Polyrotaxanes: Synthesis, Structure, and Chemical Properties, Fig. 4 A polyrotaxane synthesized by catalytic

1,3-dipolar cycloaddition in the presence of CB[6]
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Cyclophane/Cyclobisparaquat
Polyrotaxanes

CPs form inclusion complexes with para-disub-

stituted aromatic compounds in aqueous solu-

tions [21]. Some polyrotaxanes have been

synthesized by using cyclobis(paraquat-

phenylene) (a tetracationic CP) or flexible

tetracationic macrocycle (a “Texas-sized” molec-

ular box) [22]. Hydrogen bonding, p–p stacking,

and charge–transfer interactions are efficient driv-

ing forces for these complex formations. The NMR

signals of cyclobis(paraquat-phenylene) bound

onto the polymer chain by threading can be distin-

guished from those moving freely in the solution.

Recently, polyrotaxanes of CPs have been synthe-

sized by the click chemistry approach as well as

those of CDs, CEs, and CBs. Employing this

approach, a lot of [n]rotaxanes have been prepared
in a convergent and efficient manner [23].

Calixarene Polyrotaxanes

Although there are many reports on supramolecu-

lar formation between calixarenes and small mol-

ecules, only a few examples were reported on

calixarene-based polyrotaxanes. A water-soluble,

nanometer-scale metallo-capped polyrotaxane

was prepared by the inclusion complexation of

azocalixarenes with metallo-bridged CD dimers,

displaying highly selective binding for Ca2+ [24].

A polyrotaxane was prepared by the polyconden-

sation of p-tert-butylphenol with paraformalde-

hyde in the presence of PEGs [25].

Pillararene Polyrotaxanes

A polypseudorotaxane was synthesized from pil-

lar[5]arene and viologen polymers (VP) [26]. The

formation of the host–guest complex depended on

the length of the linker between viologenmoieties.

Adamantyl moiety was found to be large enough

to prevent the threading of pillar[5]arene. The

formation of intermolecular hydrogen bonds

between the OH moieties of pillar[5]arenes stabi-

lized the structure. The polyrotaxane exhibited

a thermally induced color change from yellow to

violet. On heating, the intermolecular hydrogen

bond became weakened, and the shuttling motion

of pillar[5]arenes on the polymer axis was fast.

Thus, efficient electron transfer from pillar[5]

arenes to VP occurred, and the radical cation spe-

cies were stabilized.

Metal Coordination Systems

Metal coordination chemistry can also be applied

to immobilize the wheel components to the axial

molecules. Metal ions are added to expand the

rotaxane structures into the higher-ordered

polyrotaxane frameworks as shown in CE and

CB systems. Sauvage et al. showed that the use

of transition metals as templating agents allowed

strict control of the molecular assembly of the

rotaxane precursors [27]. Polymetallorotaxanes

can exhibit remarkably high conductivities when

the redox potential of the metal matches the oxi-

dation potential of the p system, thus leading to

potential applications in chemoresistive sensors.
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Definition

Polysilanes are the unique Si–Si bond

nanomaterials and have unique properties and

characteristics that are not simple analogues of

organic polymers and nanomaterials. Optical

bandgap is broadly tunable, ranging from near

IR (1.1 eV) and UV (5 eV). The dimensionality

of Si-Si nanomaterials is possible to transform

between zero-, one-, two-, and three-dimensional

structures by chemical, thermal, photochemical,

and electrochemical processes.

Introduction

Polysilanes, i.e., Si-Si frameworks carrying vari-

ous organic groups, are a rich family of attractive

polymers and compounds with potential applica-

tions in chemistry, physics, and surface and

nanomaterial science. Polysilanes have unique

properties and inherent characteristics that are

not analogous to organic polymers and com-

pounds. This section outlines the historical back-

ground and recent advances in the production of

Si nanomaterials using polysilanes and related

Si–Si bond frameworks.

Hierarchy of the Si–Si Bond Family

The nature of the C–C bond leads to a rich variety

of organic compounds that are thermally and

kinetically stable in the presence of air and

water. By referring to organic chemistry and the

uniqueness of organosilanes, organosilicon chem-

ists, and nanomaterials, scientists have designed

and produced the corresponding organosilane ana-

logues [1–3].

Si-Si frameworks are currently the most

common fundamental source materials in micro-

electronics, optoelectronics, and photonics.

Molecular silanes, including SiH4, Si2H6,

HSiCl3, SiCl4, and Me2SiCl2, are utilized in

technology as Si sources to produce crystalline

silicon (c-Si), polycrystalline silicon (poly-Si),

amorphous silicon (a-Si:H), and silicon dioxide

(SiO2). Recently, Si–Si bond nanomaterials have

been introduced that cover a broad range:

(i) zero-dimensional (0-Dim) Si-Si frameworks,

including nanocrystalline silicon (nc-Si) and

silicon nanoparticles; (ii) one-dimensional

(1-Dim) Si-Si frameworks, including chain-like

polysilane and nanowires; (iii) two-dimensional

(2-Dim) Si-Si frameworks, such as network-like

polysilyne, Wöhler siloxene, and Si/SiO2

superlattice; and (iv) three-dimensional (3-Dim)

Si-Si frameworks, such as c-Si and a-Si:H

(Table 1).

It has long been known that c-Si and a-Si:H,

which are the most fundamental materials for

microelectronics, are poor emitters in the

UV-visible-near IR regions, with low quantum

yields (FF) of ~10
�2 % at 300 K due to indirect

electronic transitions with a narrow bandgap

(1,127 nm, 1.1 eV). However, great efforts have

been devoted to producing Si materials that are

capable of efficiently emitting UV-visible light

since the early reports of fairly efficient

photoluminescence (PL) in the visible-near IR

Polysilanes, Table 1 Dimensionality of Si-Si frameworks and their optical bandgaps (Eg) in eV

0-Din 1-Din 2-Din 3-Din

SiH4, SiMe4

Molecules Chain–like Sheet–like Purely inorganics

Eg ~ 7 eV Eg 2.9~4.1 eV Eg 2.1~4.1 eV Eg ~1.1 eV
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region from nc-Si and porous Si (por-Si) in the

1990s. Several low-dimensional Si–Si bond

frameworks have been theoretically and experi-

mentally explored to date. When tailoring the

UV-visible emission properties with a high FF

value, confining the photoexcited electron–hole

pair (exciton) within the Bohr radius (rB) of Si,

which is on the order of ~5 nm, is of primary

importance.

Wurtz-Type Reductive
Polycondensation

In the early 1920s, Kipping, who is a father of

organosilicon chemistry, reported an isolable

Si-Si framework bearing phenyl groups prepared

by the Wurtz-type polycondensation of diphenyl-

dichlorosilane. Kipping attempted to produce

tetraphenyldisilene by a Na reduction of diphenyl-

dichlorosilane in benzene and toluene at reflux; he

isolated soluble crystalline perphenylcyclosilanes

(Ph2Si)n (n = 4 and 6) and insoluble chain-like

(Ph2Si)n. In 1949, Burkhard reported a similar

insoluble, infusible white solid prepared by

the Na reduction of dimethyldichlorosilane in

benzene and toluene at reflux. This solid was char-

acterized as poly(dimethylsilane). When these

reactions were performed with Li in THF,

perphenylcyclosilanes (Ph2Si)n (n = 4–6) and

permethylcyclosilanes (Me2Si)n (n = 6) were iso-

lated as the major products in excellent yields.

These pioneering studies led to the versatile

Wurtz-type condensation, which is useful in

preparing families of organosilane molecules and

polymers with a choice of substituents, solvent,

some additives, and alkaline metals. The original

Wurtz condensation required long reaction times

and resulted in poor yields. To improve the yield

and reduce the polymerization time, several mod-

ifications can be employed. For example, the use

of a catalytic amount of crown ether and diglyme

with Na metal readily afforded the corresponding

chain-like polysilanes and network-like

polysilynes under milder and safer conditions and

in excellent yields [3, 4].

The disadvantages of the Wurtz condensation

are its limitations in the use of

organochlorosilanes, solvents, and additives, in

that they may not contain any reactive functional

groups, such as O–H, N–H, S–H, C=O, NO2, C

(=O)O, C	N, C–Cl, C–Br, and C–I, except the

C–O–C and C–F groups. Regardless of this limi-

tation, the Wurtz-type reduction and its modifica-

tions are the most versatile methods for producing

organosilicon compounds and materials.

This method is applicable to 0-Dim, 1-Dim,

and 2-Dim Si nanomaterials.

Electrochemical Reduction

Electrochemical methods are among the safest,

most environmentally friendly, and technically

favorable processes for synthesizing Si

nanomaterials (Fig. 1). The analogous electro-

chemical oxidation of thiophene, pyrrole, and

aniline affords the corresponding polythiophene,

polypyrrole, and polyaniline in the presence of an

electrolyte at ambient temperature [3, 5].

In 1990, Canham found that photoluminescent

por-Si can be formed by electrochemical

corrosion when applied to a p-type c-Si wafer.

Electrochemical reduction with alkaline earth

metals (Mg and Mg-Cu) provides a milder cou-

pling reaction with the corresponding

organochlorosilane. Although the silanes that do

not react with Mg are preferred, the electrochem-

ical method is applicable to phenyl-containing

electrochemical
corrosion

-(SiO2)n-

-(Si6)n-

porous silicon
(por-Si)

SiCl4

i) electrochemical
    reduction

ii) tert-BuMgBr

tBu
tBu

tBu

tBu

tBu

tBu
tBu

tBu

Polysilanes, Fig. 1 (Top) Electrochemical corrosion to

prepare por-Si. (Bottom) Electrochemical reduction of

SiCl4, followed by in situ Grignard end-capping to prepare

soluble Si nanoparticles
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chlorosilane becauseMg andMg-Cu are not reac-

tive when in contact with water and air.

In the 1990s, Shono et al. demonstrated the

utility of electrochemical reduction with a Mg

electrode to prepare dialkyldichlorosilanes in

THF. Watanabe et al. applied the electrochemical

method with the help of ultrasound to prepare sol-

uble Si nanoparticles (nc-Si) capped with organic

groups using tetrachlorosilane as the silicon source.

This method is applicable to 0-Dim and 1-Dim

Si nanomaterials.

Ring-Opening Reactions from
Precursors

Chain-like polysilane and block copolymers can

be produced by ring-opening reactions of highly

strained monocyclic and bicyclic compounds

containing Si–Si bonds with the help of

organolithium. For example, highly strained,

masked disilene, initiated by an anionic catalyst,

undergoes ring-opening polymerization. Although

six-membered cyclosilanes such as (Ph2Si)6 and

(Me2Si)6 are less sensitive to ring-opening reac-

tions, smaller cyclosilanes such as (R2Si)n
(R = Ph, Me, H, n = 4 and 5), due to their inher-

ent strain energy, are able to undergo ring-opening

polymerization initiated by chemical reagents and

thermolysis/photolysis. Well-defined cyclosilane

derivatives are suitable as precursors for several

polysilanes and organosilane compounds. Highly

strained three-membered cyclosilanes, (Ar2Si)3,

which have the ability to produce silylene

Ar2Si by photolysis and thermolysis, have been

used to synthesize a rich family of compounds

with Si=Si double bonds, including Ar2Si =
SiAr2 (Ar = 2,4,6-trimethylphenyl and many

substituted aromatics) [3, 6, 7].

This method is applicable to 0-Dim and 1-Dim

Si nanomaterials.

Dehydrogenative Coupling with
Organometallic Catalysts

Certain organohydrosilanes are used as silicon

monomers for oxidative coupling reactions with

organometallic catalysts including Zr, Ti, Hf, and

Rh. Primary aryltrihydrosilanes such as PhSiH3

give moderately higher molecular weight poly-

mers than secondary diaryldihydrosilanes such as

Ph2SiH2. Alkyltrihydrosilanes and dialkyldihy-

drosilanes, including n-octyl SiH3 and di-n-octyl
SiH2, are used to produce the corresponding

oligosilanes with the help of Wilkinson’s cata-

lyst, (Ph3P)3RhCl. More recently, Waterman

et al. developed the selective synthesis of cyclic-

10mers of PhHSi units from PhSiH3 with an Ir

complex [3, 8].

This method is applicable to 1-Dim Si

nanomaterials.

Post-polymerization Toward
Functionalization

Post-polymerization is applicable to a broad

range of functionalization, as well as organic

polymers. The most important issue in these reac-

tions is the possibility of side reactions that break

down the Si–Si bonds in Si-Si-based polymers

and molecules. There is an inherent limitation:

the functional groups that react with alkali and

alkaline earth metals should be avoided [3].

This method is applicable to 1-Dim and 2-Dim

Si nanomaterials.

De-intercalation of Calcium Silicide

As an alternative to these chemical reduction

reactions, de-intercalation from Zintl phases

under controlled hydrolysis at lower tempera-

tures can produce the corresponding Si–Si-

bonded solids (Fig. 2). Calcium silicide, CaSi2,

a typical Zintl phase, is produced by mixing Ca

and Si with a small amount of Fe as a catalyst at

high temperatures in a vacuum. Ionic solid CaSi2,

which has a high electrical conductivity and

metallic behavior, is an ideal 2-Dim Si-Si frame-

work structure. Negatively charged Si–Si-bonded

nanosheets are regularly intercalated with posi-

tively charged Ca. The formal charges are

[(Si6)
2�]1/3//Ca

2+. CaSi2 looks like sila-graphene,

comprised solely of Si–Si single bonds [3, 9].

Polysilanes 2067

P



By de-intercalating the Ca2+ from CaSi2 with

HCl, the Si layer opens the bandgap, thus leading

to semiconducting properties that enable emis-

sion in the visible region. Recently, to produce

monolayer 2-Dim Si-Si frameworks with

H termini, the controlled hydrolysis of

(CaxMg1-x)Si2 followed by substitution with

organic groups was successfully employed to

give monolayer Si nanosheets carrying

organic moieties that are readily soluble and/or

dispersible in common organic solvents.

This method is applicable to 2-Dim Si

nanomaterials.

Chemical Modification of Si–H Bonds at
the c-Si Surface

Monolayers consisting of Si–H bonds at the c-Si
surface may be chemically modified to introduce

functional groups and provide great stability

to water and air. The c-Si surface offers an ideal 2-

Dim Si-framework: Si–Si-bonded nanosheets with

puckered hexagonal lattices. Various functional

groups have been successfully employed. A layer

of Si–H bonds on c-Si can be formed by treatment

with aqueous HF, followed by the removal of the

SiO2 layers from the bare c-Si [3, 10].

Microelectronic and photonic applications of

c-Si inevitably use c-Si wafers with Si(100) and

Si(111) orientations. However, when exposed to

air, the surface layer of fresh c-Si rapidly forms

ultrathin SiO2 layers due to auto-oxidation. The

native SiO2, however, can be readily removed

chemically with fluoride ions. The Si(111) sur-

face is an ideal 2-Dim Si nanosheet with coagu-

lated cyclohexasilane (polysilyne), (Si6H6)n. The

Si(100) surface is 1-Dim Si with trans-zigzag

chain-like polysilane with H side groups,

(Si2H4)n, as shown in Fig. 3. These hydride sur-

faces on the c-Si wafers are alternative Si sources
that are suited for surface-functionalized Si semi-

conductors, although hydride surfaces are insol-

uble and difficult to exfoliate in common organic

solvents.

The hydrosilylation of unsaturated organic

compounds, including C=C and C	C bonds, is

possible and may provide alkenyl and alkyl ter-

mination from Si-H-terminated c-Si surfaces

(Fig. 4). The first hydrosilylation to hydride-

passivated c-Si(111) surfaces was demonstrated

two decades ago. Diacyl peroxide radical species

allow the insertion of alkenes to Si-H groups at

the surface to provide high-quality alkyl mono-

layers at 100 �C in 1 h. n-Octadecene can be used
to introduce an n-octadecyl monolayer onto the

Si
Si

Si
Si

Si
Si

Si
Si

Si
Si

Si

OH OH OH OH OH

HHHH H H

Si6H3(OH)3 n

CaSi2
2HCl

Si6H6 n0°C

Si
Si

Si
Si

Si
Si

Si
Si

Si
Si

Si

H H H H H

HHHH H H
H-terminated
2 Dim Si nanosheet

H
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H
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H
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H

H
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H
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R
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Si
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Si
Si

H
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Ca0.85Mg0.15Si2
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H H H H

H H H H

H H H H

OH OH OH OH

R R R H

R H R R

Polysilanes, Fig. 2 De-intercalation of CaSi2 and its Mg alloy under controlled HCl treatment to prepare (Si6H6)n
frameworks
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surface with a high degree of coverage in a dense-

packed state with a tilt angle of ~30�. Surpris-
ingly, the octadecene-modified c-Si surface pos-

sessed excellent chemical resistance toward air,

aerated organic solvents, water, inorganic acids,

aqueous ammonia, and fluoride ions. Several

other surface functionalizations, with the help of

such ordinary chemical reactions as C-H activa-

tion, ester hydrolysis, hydroboration, and grafting

from polymerization, have been successfully

demonstrated.

This method is applicable to 2-Dim Si

nanomaterials.

Network-Like Polysilane (Polysilyne)

Chain-like polysilane is considered a soluble

polymeric model of a 1-Dim silicon semiconduc-

tor. Little progress has been made toward the

realization of 2-Dim Si-Si frameworks and ideal

coagulated sila-graphene made of fused

six-member rings (Fig. 5) [3, 11, 12].

Bianconi and Weidman reported for the first

time the successful synthesis of n-hexylpolysilyne,
which is a Si–Si-bonded polymer network and a

soluble polymericmodel of 2-Dim silicon and a-Si
polymers, via the Wurtz condensation of

n-hexyltrichlorosilane with a liquid Na-K alloy

and high-power ultrasonic waves (USW).

Although this Na-K experiment with USW has

disadvantages regarding safety, the resulting

polysilyne features a collection of various micro-

structures, and the polysilyne displays novel

physical properties. Furukawa et al. developed a

milder, safer synthesis of several polysilynes with

alkyl and aralkyl groups using Na and a catalytic

amount of crown ether in hot toluene. Jenneskens

et al. used graphite-K in place of Na-K

and Na-crown ether. Crown ether is not needed

to produce fluoroalkyltrichlorosilane when

fluoroalkylated polysilyne is reduced with Na in

inert solvents.

Thermolysis

Crude solid c-Si is produced commercially by the

thermolysis of highly corrosive and toxic HSiCl3.

Hydrogenated a-Si (a-Si:H) films are formed by

the chemical vapor deposition (CVD) of highly

flammable and explosive SiH4 and Si2H6

with and without plasma-assisted external elec-

tromagnetic forces. Thus, a-Si:H is considered an

insoluble highly cross-linked Si-Si framework

with SiH and SiH2 termini. By applying

Polysilanes, Fig. 3 Schematic illustration of the two Si–H bonding states at the c-Si(111) and c-Si(100) surfaces
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a high-power Kr-F excimer laser to an a-Si:H

film, polycrystalline silicon (poly-Si) films are

formed due to the elimination of H atoms and

thermal annealing. Higher temperatures at the

surface of a-Si:H, typically above 500 �C, are
required to eliminate the H atoms as H2 gas.

Because the Kr-F laser wavelength (248 nm)

matches well with the Sis-Sis* transitions of

a-Si:H and poly-Si, the elimination of H atoms

occurs efficiently [3, 13–16].

As an alternative process to conventional

thermal decomposition, CVD, and Kr-F laser-

promoted H elimination, the flash thermolysis of

soluble 2-Dim Si-Si frameworks, alkylpolysilyne,

in a vacuum has been recently successfully

employed. Unless they are under vacuum condi-

tions, polysilanes and polysilyne may turn into

silicon carbide (SiC). The flash process, which

means a rapid removal of volatile organic sub-

stances and H2 gas, enables the facile control of

the dimensions of the Si structure from 2-Dim to

3-Dim. The flash thermolysis of alkylpolysilyne in

a vacuum above 500 �C leads to the formation of

poly-Si with a minimal amount of SiH termini.

However, the size of the crystals is limited to

between several mm and several nm.

This method is applicable to 1-Dim and 2-Dim

Si nanomaterials.

In 2006, Shimoda et al. demonstrated for the

first time a solution-processable poly-Si thin film

with high carrier mobilities by means of XeCl

excimer laser pyrolysis of an a-Si film (Fig. 6).

The film is obtained by a three-step pyrolysis

of a parent polysilane, (SiH2)n, at 300–550 �C

Polysilanes, Fig. 4 Surface chemical modifications of the Si–H bonds states at the c-Si(111) surface
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in an O2-free glove box. The hydrogenated

polysilane is produced by a four-step synthesis,

including a photolysis-induced ring-opening poly-

merization using diphenyldichlorosilane as

a starting material.

Recently, several soluble alkylpolysilynes

carrying n- and branched alkyl groups were suc-

cessfully synthesized by the Wurtz reduction of

the corresponding alkyltrichlorosilanes in the

presence of crown ether as co-catalyst and

soluble polysilyne carrying trifluoroalkyl groups

in the absence of crown ether (Fig. 5).

A soluble polysilyne bearing n-butyl group

exhibits a green photoluminescence (PL) at

540 nm (2.3 eV). Its soluble Ge analogue,

polygermyne bearing n-butyl groups, exhibits

a red PL, peaking at 690 nm (1.8 eV) (Figs. 5

and 7). These polysilyne and polygermyne com-

pounds gradually change to a colorless solid

because of auto-oxidation within a few weeks

Polysilanes,
Fig. 5 Synthesis of

organopolysilynes and

organopolygermyne

Polysilanes, Fig. 6 Synthetic route of a solution processable poly-Si film using diphenyldichlorosilane as a source

material
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when the polymers are stored without special

care. However, the polysilyne carrying the elec-

tron withdrawing 3,3,3-trifluoropropyl group is

unique in that it emits blue (470 nm, 2.6 eV) in

THF and UV light (338 nm, 3.7 eV) in n-octane.

This marked PL solvatochromism is due to sol-

vent polarity-induced switching in the intramo-

lecular C-F/Si interactions.

Moreover, fluoroalkylated polysilyne remains

unaffected by auto-oxidation due to intra- and

intermolecular C-F/Si interactions between

the electron donating Si-Si network and the

3,3,3-trifluoropropyl group. Thin films of trifluor-

opropylpolysilyne exhibit excellent resistance to

air oxidation for at least 1 month. Trifluoropropyl-

polysilyne in a vacuum treated above 500 �C,
however, exhibits no such air stability due to the

loss of the trifluoropropyl group.

Because organopolysilynes are soluble model

polymers of a-Si:H and “coagulated sila-

graphene,” the further thermolysis of organopo-

lysilynes and their photophysical properties

under vacuum has received much attention.

Recently, visible light emission from various sol-

uble polysilynes at 460 nm (2.70 eV) and 740 nm

(1.68 eV) at 77 K and room temperature was

demonstrated by controlling the thermolysis tem-

perature (200–500 �C) in a vacuum, resulting in

multilayered Si nanosheets. When very weakly

deep-red light-emitting Si nanoparticles pro-

duced by the thermolysis of n-butyl polysilyne

at 500 �C were exposed to air, the PL switched

abruptly to an intense blue (l = 430 nm) with

a high FF of 20–25 % at room temperature due

to the alternation of the siloxene-like Si

nanosheets.

Outlook

Currently, c-Si, poly-Si, and a-Si:H are the

most archetypal semiconducting materials for

microelectronics, optoelectronics, and photonics.

By chemically controlling Si-Si frameworks, one

can produce a broad range of Si nanomaterials:

(i) 0-Dim Si (nc-Si and silicon nanoparticles),

(ii) 1-Dim Si (chain-like polysilane and

nanowires), (iii) 2-Dim Si (network-like

polysilyne, Wöhler siloxene, and Si/SiO2

superlattice), and (iv) 3-Dim Si (c-Si and a-Si:

H). In recent years, solution processes for the

fabrication of electronic and optoelectronic

devices, as alternative methods to conventional

vacuum and vapor phase deposition processes,

have received much attention in a wide range of

applications due to the many advantages of

processing simplicity, reduced production costs,

and safety of the chemical treatment. Particu-

larly, the utilization of liquefied Si as a source

of polymeric nanomaterials that are air stable,

nontoxic, nonflammable, and nonexplosive is

crucial in the envisaged applications of printed

semiconductor devices for large-area flexible dis-

plays, solar cells, and thin-film transistors.

Recent progress in this area has been greatly

focused on organic semiconductors with

p-conjugated polymers and molecules due to

their processability. As discussed above, recent

developments in several 2-Dim and pseudo 3-

Dim Si nanomaterials may lead to promising Si

nanomaterials that are solution-processable,

wide- and mid-gap semiconductors, covering

a wide range of optical bandgaps (1.1 eV

(1,120 nm)–4.1 eV (300 nm)). With the help of

a wide tunability of the bandgap, these Si

nanomaterials may serve as printable inorganic

inks for solar energy conversion devices, as well

as photoluminescent and electroluminescent

devices.
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Definition

Polysiloxane is an inorganic polymer, which con-

sists of siloxane bonding in the main chain

[1]. “Inorganic polymer” is a polymer, which

consists of non-carbon element or elements in

the main chain. “Siloxane bonding” means the

chemical bonding, which consists of silicon-

oxygen-silicon catenation.

Polysiloxane is formed by a connection of

many unit structures to be a high-molecular-

weight compound.When the number of repeating

unit is not so high, the compound is named as

oligosiloxane. The number of repeating unit to

define poly- and oligosiloxanes is unclear.

Structural Unit of Siloxanes

Themain chain of siloxanes is composed of silicon

and oxygen. Oxygen atom simply links two silicon
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atoms to form siloxane bonding. Because silicon is

an element located at 14 group and third period,

silicon has four valence electrons. The general

structure of silicon is explained as Si(OSi)nR4-n

where n is a numeral number 0, 1, 2, 3, or 4.

Monofunctional unit structureM, SiR3O1/2, such

as trimethylsiloxy Si(CH3)3O1/2 or triethoxysiloxy

Si(OCH2CH3)3O1/2 is important as a terminal group

in polysiloxane. Difunctional unit structure D,

SiR2O2/2, such as dimethylsiloxy Si(CH3)2O2/2 or

ethoxy(methyl)siloxy Si(OCH2CH3)(CH3)O2/2 is

important as a structure in the main chain.

Trifunctional unit structure T, SiRO3/2, such as

methylsilsesquioxy Si(CH3)O3/2 or ethoxysil-

sesquioxy Si(OCH2CH3)O3/2 is utilized as

a structure in the main chain to form a branching,

cage, and ladder structure. Tetrafunctional unit

structure Q, SiO4/2, is used to form a branching.

The name “Q” is originated from the “quarto” or

“quasi” to distinguish from “tri.”

Formation of Siloxane Bonding

Siloxane bonding is formed by several methods.

The popular and simple technique is the hydro-

lytic polycondensation reaction of sila-functional

compounds such as chlorosilanes, alkoxysilanes,

acetoxysilanes, aminosilanes, isocyanatosilanes,

etc. Polysiloxanes are synthesized by the hydro-

lysis of sila-functional compounds to form silanol

and then condensation reaction between silanols

or silanol and sila-functional moiety to form

siloxane bonding. Non-hydrolytic condensation

process is another choice by the reaction of

acetoxysilanes with alkoxysilanes [2] or

alkoxysilanes with chlorosilanes [3] to form

siloxane bonding with the production of acetates

or acetyl chloride. The third method is the oxida-

tion of silicon-silicon bonding [4, 5]. This tech-

nique is effective when a precursor compound

with a proper structure is synthesized. The fourth

method is the oxidation of hydrosilyl group

followed by the condensation reaction [6]. The

fifth method is the extraction of siloxane skeleton

from the natural silicate, which is useful for the

preparation of oligosiloxanes such as disiloxanes,

trisiloxanes, or cyclotrisiloxanes [7].

The rate for the formation of siloxane bonding

is highly dependent on the reaction condition such

as concentration of silanes, temperature, steric hin-

drance of functional group, and polarity of solvent.

The hydrolysis and condensation is favored under

high concentration of silanes, high temperature,

low steric hindrance of the functional group, and

low polarity of solvent. The condensation rate for

the formation of siloxane bonding is controllable

because the reaction rate of hydrolysis is higher

than that of condensation reaction [8]. Namely,

polysiloxanes with a highly regulated molecular

weight and molecular weight distribution are

produced by a careful control of the hydrolysis

rate and the condensation rate.

The hydrolysis and condensation reaction of

alkoxysilanes is often catalyzed by acid or base

catalyst. Under acidic condition, silanol is formed

by a series of reactions which consist of the

protonation of oxygen atom in alkoxy group, the

attack of water to the silicon atom, the elimina-

tion of alcohol, and the elimination of proton.

Then, the protonated silanol or alkoxy group is

attacked by silanol to form siloxane bonding with

a production of water or alcohol, respectively.

Linear-shaped polysiloxanes are formed by

repeating these reactions. On the other hand,

under basic condition, silanol is formed by the

attack of hydroxide ion to the silicon atom and the

elimination of alkoxy group. When di-, tri-, or

tetrafunctional silane is subjected to the hydroly-

sis reaction, the attack of hydroxide ion to silanol

is favored after the first attack of hydroxide ion to

silicon atom to produce silanediol, silanetriol, or

silanetetrol. These silane polyols are subjected to

the three-dimensional condensation reaction ran-

domly to form a silica gel. Generally, almost all

of the alkoxysilanes in feed are subjected to the

hydrolysis and condensation reaction to form

silanol or siloxane bonding under acidic condi-

tion, while a mixture of silica gel and unreacted

alkoxysilane is formed under basic condition [9].

Polydimethylsiloxane

Polydimethylsiloxane is one of the well-known

polysiloxanes. Polydimethylsiloxanes, which are
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denoted as ((CH3)2SiO)n, are named as silicones

because this polymer is representative to be

formed by the polymerization of silicoketone

(CH3)2Si = O as an imaginary compound.

Polydimethylsiloxanes are classified into two

groups based on the catenation: cyclics and lin-

ears. Cyclics such as dimethylcyclotrisiloxane

and dimethylcyclotetrasiloxane are the most sta-

ble dimethylsiloxanes.

Polydimethylsiloxanes are prepared by

a complicated procedure such as hydrolysis of

dichlorodimethylsilane and a following ring-

opening polymerization of cyclics. Difunctional

dimethylsilane such as dichloro(dimethyl)silane

or dialkoxy(dimethyl)silane is subjected to the

hydrolysis under acidic or basic conditions.

Polydimethylsiloxane is prepared by a ring-

opening polymerization of cyclics using a

strong acid or a strong base, which breaks the

siloxane bonding and stabilizes the terminal

group of polymer chain. The polymerization is

terminated by neutralization. This polymeriza-

tion reaction is based on the equilibrium of

cyclic and linear polysiloxane chains, because

the depolymerization of linear polydimethyl-

siloxanes to cyclics takes place as a reversed

reaction.

Polydimethylsiloxanes are known as a heat-

resistant polymer. The fluidity is almost constant

and no significant change is observed on heating

and cooling process.

Side groups are easily changed by mixing

other silane monomers in a desired ratio during

the polymerization. Vinyl, hydrido, and

chloromethyl groups are often introduced as a

side chain. On the other hand, branching is intro-

duced by mixing tri- or tetrafunctional silane to

form DT resin or DQ resin.

Polysilsesquioxane

Polysilsesquioxanes are polysiloxanes with the

formula of (RSiO3/2)n. Polysilsesquioxanes, in

other words, consisted of a repeating T or Q unit.

Polysilsesquioxanes are classified into three

groups based on the catenation: cage, ladder, and

amorphous. Cage and ladder polysilsesquioxanes

have a highly regulated structure which is formed

by a precise condensation of T or Q unit. The

amorphous polysilsesquioxanes are formed by

a random condensation of T or Q unit.

Cage polysilsesquioxanes are synthesized by

a careful hydrolytic polycondensation of tri- or

tetrafunctional silanes. Hidrido, alkyl, vinyl, aryl,

alkoxy, and tetraalkylammoniumoxy groups are

well-known side groups [10]. The synthetic pro-

cedure is varied depending on the side group.

Octamer is the most stable isomers among the

cage polysilsesquioxanes, which consisted of

two cyclic tetramers in the face-to-face fashion.

The octamers are denoted as T8
R by describing

the number of T unit as a subscript and the abbre-

viation of side-chain group as a superscript: T8
H

and T8
Me denote the formulae (HSiO3/2)8 and

(MeSiO3/2)8, respectively. If the octamers are

synthesized from tetrafunctional silanes, they

are denoted as Q8
R such as Q8

Et and Q8
TMA

for ((EtO)SiO3/2)8 and ((Me4NO)SiO3/2)8,

respectively. Other functional groups such as

3-methacryloxypropyl, 3-mercaptopropyl, or

3-methoxypropyl are easily synthesized by

hydrosilylation of T8
H with allyl compounds in

the presence of platinum catalyst.

Ladder silsesquioxanes are synthesized by

a reputation of careful reactions. The first ladder

polysilsesquioxane was reported to be formed by

a simple hydrolysis of trichloro(phenyl)silane

followed by an equilibrium condensation in the

presence of potassium hydroxide [11]. However,

the product based on this procedure is doubtful

whether it is a ladder-structured polysilses-

quioxane or not. A real ladder polysilses-

quioxanes are produced by a hydrolytic

polycondensation of 3-aminopropyl(trimethoxy)

silane under acidic condition to form (Cl(H3N

(CH2)3SiO3/2)n [12]. This compound is found to

be twisted to form a rod-like structure, which is

accumulated to form a hexagonal structure. Lad-

der oligosilsesquioxanes are synthesized by

a careful condensation and separation of

trifunctional silanes: isopropyl [13] and methyl

[14] oligosilsesquioxanes are synthesized and

characterized.

The amorphous polysilsesquioxanes are syn-

thesized by a simple hydrolytic condensation of
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tri- or tetrafunctional silane [15, 16]. The catena-

tion of T or Q unit is not controlled to provide

a randomly condensed product. The products are

often gels because of the control-free condensa-

tion of silanetriol or silanetetrol. A soluble

polysilsesquioxane is formed by a careful tandem

reaction of hydrolysis and polycondensation by

controlling the rates of hydrolysis and

condensation.

Resins

MT resins are synthesized from mono- and

trifunctional silanes. The main structure is com-

posed of T unit. The degree of condensation is

controlled by the reaction condition such as tem-

perature, concentration, molar ratio of water to

functional silanes, etc. The condensation of

T unit is terminated by the reaction with M unit.

The degree of condensation, molecular weight,

and degree of branching are controlled by the

molar ratio of M and T unit and reaction

procedure.

MQ resins are synthesized from mono- and

tetrafunctional silanes. The main structure is

composed of Q unit, which is close to the struc-

ture of silica. The MQ resin becomes sticky and

brittle by increasing the degree of condensation.

M unit is added to terminate the residual silanol

group in the resin. The silanes are fully hydro-

lyzed to diminish all functional groups in Q unit.

TQ resins are synthesized from tri- and

tetrafunctional silanes. Because they have no ter-

minal group in the resin, tri- and tetrafunctional

silanes are fully hydrolyzed. Some special care

should be given to avoid gelation.
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Synonyms

Polystyrene; PS; Styrene polymer; Styrenic

polymer

Definition

Polymer obtained from addition polymerization

of styrene.

Introduction

Polystyrene is a polymer of styrene [–(CH2CH

(C6H5))n–], which is categorized as one of the

most popular thermoplastic resins including

high-density polyethylene, low-density polyeth-

ylene, polypropylene, and poly(vinyl chloride)

[1, 2]. Polystyrene was first discovered in distil-

lation of storax resin (a natural resin) in 1839 by

Eduard Simon (in Germany). The commercial

production of polystyrene as a synthetic resin

began in the 1930s (in 1931 by BASF, in 1938

by Dow). Various styrene-based polymers are

now manufactured as resin, form, and rubber all

over the world to be processed into materials and

goods essential for our daily life.

Polystyrene can be prepared by four kinds of

addition polymerization of styrene through differ-

ent active species and/or intermediates: via radical,

anionic, cationic, and coordination polymerization

(Fig. 1) [1]. The primary structure of polystyrene

(molecular weight, stereoregularity, etc.) is depen-

dent on polymerization systems to importantly

affect physical and mechanical properties. Free

radical polymerization ismost widely used to com-

mercially produce atactic polystyrene with high

molecular weight (Mw = 200,000–300,000), i.e.,

general-purpose polystyrene (GPPS), which

results in an amorphous polymer with relatively

high glass transition temperature (Tg = ~100 �C)
owing to multiple but randomly oriented

(non-stereospecific) phenyl groups. Such polysty-

rene is thus hard and transparent solid at ambient

temperature to be processed into clear thermoplas-

tic products by extrusion or injection-molding

techniques at high temperature (180–260 �C).
However, atactic polystyrene involves low resis-

tance to impact (brittle), heat, and chemicals

(easily soluble in organic solvents). These points

are now successfully modified and improved by

the following strategies: copolymerization with

other monomers (e.g., acrylonitrile, butadiene)

and/or rubbers, blending with other polymers

(e.g., rubbers, elastomers), and precision control

of stereoregularity of polystyrene. For example,

syndiotactic polystyrene obtained from coordina-

tion polymerization is a crystalline polymer to

Polystyrene (PSt), Fig. 1 Synthesis of polystyrene via

addition polymerization of styrene
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have robust mechanical properties and high heat

and chemical resistance [3, 4].

This entry reviews “polystyrene” from poly-

merization chemistry of styrene and precision

synthesis of polystyrene with well-controlled pri-

mary structure to general properties and applica-

tions of polystyrene-based materials.

Polymerization of Styrene

Addition Polymerization. Generally, addition

polymerization (nonliving system) involves four

reaction processes: initiation, propagation, termi-

nation, and chain transfer. Figure 2a shows typi-

cal reaction processes in free radical

polymerization: (1) initiation, formation of active

radical species (R•) from initiators (I) and subse-

quent addition of the radicals (R•) into monomers

(M); (2) propagation, consecutive addition of

radical polymer terminals (P•) to monomers

(M) to grow polymers (P•); (3) termination, cou-

pling reaction (P–P) or disproportionation (P + P)

of two growing polymers (P•); and (4) chain

transfer, reaction of radical polymer terminals

(P•) with chain transfer agents (A) including sol-

vents, monomers, and polymers to give termi-

nated polymers (P) and new active species (A•)

that immediately initiate polymerization.

In such free radical polymerization of styrene,

active species (R•: e.g., carbon radicals) are

slowly and gradually generated from initiators

(I) but immediately react with monomers (M) to

grow polymers up to large molecular weight

(P) until bimolecular termination and/or chain

transfer reaction of the growing polymers. The

reaction cycle competitively and successively

proceeds during polymerization. As a result,

number-average molecular weight (Mn) of poly-

mers (polystyrene) becomes large even at the

a

b c

Polystyrene (PSt), Fig. 2 (a) Free radical addition poly-
merization of monomers. Effects of polymerization sys-

tems (nonliving vs. living/controlled) on (b) molecular

weight distribution and (c) number-average molecular

weight of polymers as a function of monomer conversion
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initial stage of polymerization to be almost kept

constant independently of monomer conversion,

while molecular weight distribution of polymers

turns broad (Mw/Mn, ~2.0) (Fig. 2b, c: dash lines).

In contrast, controlled/living polymerization

undergoes initiation and propagation without ter-

mination and chain transfer reaction in principle

[5, 6]. Thus, if initiation homogeneously takes

place much faster than propagation to grow poly-

mers, number-average molecular weight of poly-

mers linearly increases with monomer

conversion, and molecular weight distribution

becomes narrow (Mw/Mn, ~1.1) and ideally

obeys Poisson distribution (Fig. 2b, c: solid

lines). Molecular weight of polymers can be pre-

cisely controlled by tuning the molar feed ratio of

monomers ([M]) to an initiator ([I]): Mn = Fw

(formula weight of M) � (conversion/100) �
([M]/[I]). Such living polymerization was

sensationally first discovered in anionic polymer-

ization of styrene in 1956 by Michael Szwarc

[6]. This opens precision polymer synthesis

such as block copolymers, end-functional poly-

mers, graft copolymers, and star polymers [5–7].

Four kinds of styrene polymerization systems

(radical, anion, cation, coordination) respectively

have advantages and disadvantages in efficiency,

controllability, and accessibility. Figure 3 sum-

marizes typical initiating/catalytic systems for

styrene polymerization and the features of the

products [1, 3, 4, 6–16].

Free Radical Polymerization. Free radical

polymerization is most widely used to synthesize

polystyrene [1, 2]. Thanks to the highly active but

neutral growing species, radical polymerization

has lots of attractive advantages: (1) efficient

high yield synthesis (e.g., bulk polymerization),

(2) no requirement of strict purification of

Polystyrene (PSt), Fig. 3 Primary structure (molecular

weight, tacticity) and properties of polystyrene obtained

from addition polymerization (radical, anionic, cationic,

and coordination polymerization) of styrene with typical

initiating/catalytic systems. MCLRP metal-catalyzed

living radical polymerization, ATRP atom transfer radical

polymerization, NMP nitroxide-mediated radical poly-

merization, RAFT polym. reversible addition-

fragmentation chain transfer polymerization
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monomers and solvents, (3) efficient polymeriza-

tion in water (i.e., dispersion or emulsion poly-

merization in water), and (4) direct

polymerization of polar functional monomers

and random copolymerization of various mono-

mers, resulting in efficient modification of phys-

ical properties and functionalization.

Peroxide and azo compounds (e.g., benzoyl

peroxide, BPO; 2,20-azobisisobutyronitrile,
AIBN) are often employed as initiators for sty-

rene polymerization (Fig. 4). Typically, BPO is

thermally decomposed via the homolytic cleav-

age of the oxygen-oxygen bond to gradually gen-

erate benzene carboxyl radicals that immediately

initiate chain polymerization of styrene. The

propagation is terminated by the coupling reac-

tion of two polystyrene radicals. The final prod-

ucts have large molecular weight, broad

molecular weight distribution (Mw/Mn ~2), and

no specific stereoregularity (atactic).

Uniquely, spontaneous initiation without any

external addition of radical initiators is also effec-

tive for styrene polymerization at over 100 �C
(Fig. 5). However, the resulting products are

slightly contaminated by styrene dimers and trimers

(1–2 wt%) such as 1-phenyltetralin and

1,2-diphenylcyclobutane. Hence, the following two

mechanisms for radical generation are proposed:

(1) a reactive dimer (A–H), obtained from Diels-

Alder dimerization of styrene, reacts with styrene

(S) to give a dimer radical (A•) and a styrene radical

(SH•) (Fig. 5a), and (2) two styrene molecules are

transformed into 1,4-diradical (•S–S•) (Fig. 5b).

General-purpose polystyrene (GPPS), a typical

example of polystyrene commercially

produced via free radical polymerization, has

weight-average molecular weight (Mw) of

200,000–300,000 [1]. In the industrial process,

bulk polymerization of styrene via spontaneous

initiation is often conducted at 100–170 �C,
whereas the inevitable volatile dimers (Fig. 5)

sometimes cause problems during extrusion and

molding operation. Thus, radical initiators (e.g.,

peroxide) are also appropriately combined so as

to suppress such oligomer formation, which fur-

ther enhances polymerization rate to access poly-

styrene with desired molecular weight and yield.

The selection of commercial manufacture pro-

cesses among bulk, solution, suspension, precipi-

tation, and emulsion polymerization is dependent

on types (e.g., resin, form, lattice), features, and

uses of products.

Polystyrene (PSt),
Fig. 4 Free radical

polymerization of styrene

with BPO
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Chain transfer reactions are effective for

molecular weight control and terminal functiona-

lization. Typically, carbon tetrachloride (CCl4)

induces multiple chain transfer in styrene poly-

merization to reduce molecular weight of the

resulting polystyrene. Here, polystyrene radical

(PS•) reacts with CCl4 to give a chlorine-capped

polystyrene (PS–Cl) and trichloromethane radi-

cal (CCl3•); the CCl3• immediately initiates

polymerization, while the resulting polystyrene

(CCl3–PS•) again reacts with CCl4 to form

styrene oligomer (CCl3–PS–Cl: named as

telomer). Thiol derivatives (R–SH) carrying

functional groups in turn lead to end-functional

polystyrenes (R–S–PS–H).

The stable storage of styrene is important in

commercial-scale operations [1]. Phenol/quinone

and nitroxide derivatives work as inhibitors

for radical polymerization. For example,

4-tert-butylcatechol of 10–50 ppm in the presence

of oxygen effectively prevents styrene from

unpredictable polymerization.

Radical Copolymerization. Copolymeriza-

tion with other monomers is effective to

modulate physical properties of polymers and

functionalize polymers. In particular, radical

copolymerization is applicable to broad ranges

of monomers. Styrene can be copolymerized

with various monomers including methyl meth-

acrylate (MMA), methyl acrylate (MA), acrylo-

nitrile (AN), butadiene (BD), N-butyl maleimide

(BMI), maleic anhydride (MAh), vinyl chloride

(VC), and vinyl acetate (VAc) (Fig. 6) [1, 17].

If the reactivity of growing polymer radicals

relies on the structure of the terminal monomer

unit, copolymerization of two monomers

(M1, M2) is defined by four elementary kinetic

steps (Eqs. 1, 2, 3, and 4 in Fig. 6). Monomer

composition and sequence in copolymers are

thus dependent on monomer reactivity ratios

(r1 = k11/k12, r2 = k22/k21) that are based on the

ratio of the rate constants in Eqs. 1, 2, 3, and

4. Typical examples are the following:

(a) r1 > 1, r2 < 1: M1 is preferentially attacked

by both M1 radical (M1•) and M2 radical

(M2•) to give random copolymers with

sequence and composition distribution.

When r1< 1, r2> 1, the relationship between

M1 and M2 is reversed. In the case of quite

large r1 (1), M1-rich polymers (almost M1

homopolymers) are obtained.

(b) r1 < 1, r2 < 1: M1 is preferentially consumed

byM2• andM2 is in turn done byM1• to result

in random copolymers with alternating-rich

monomer sequence.

Polystyrene (PSt), Fig. 5 Spontaneous initiation in free radical polymerization (FRP) of styrene
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(c) r1 ~ 0, r2 ~ 0: M1 and M2 have no homopoly-

merizability in this monomer combination to

give alternating copolymers of M1 and M2.

Considering monomer reactivity ratios (r1, r2:
Fig. 6) [17], copolymerization of styrene (M1: S)

with MMA, MA, AN, and BD (M2) efficiently

gives corresponding random copolymers. Actu-

ally, S/AN random copolymers are commercially

produced via radical copolymerization as a

thermoplastic SAN resin with heat and chemical

resistance better than GPPS. Copolymerization of

styrene with N-alkyl maleimide (e.g., BMI) or

MAh yields alternating copolymers. Maleimide

and MAh have 1,2-disubstituted, electron-

withdrawing groups to be selectively attacked by

electron-rich polystyrene radicals, while the

resulting electron-poor radicals in turn selectively

react with electron-rich styrene. Such unique

reactivity of styrene and maleimide is now

applied to the tailor-made design of sequence-

regulated copolymers via direct addition of

maleimide derivatives into living radical polymer-

ization of styrene [18]. In contrast, copolymeriza-

tion of styrene with VC or VAc provides

styrene-rich copolymers or almost styrene

homopolymers.

Living Anionic Polymerization. Anionic

polymerization of styrene first opened “living

polymerization” as a precision polymerization

system. In conjunction with appropriate initiators

under highly purified conditions, anionic poly-

merization of styrene proceeds only through

initiation and propagation without any termina-

tion and chain transfer to provide polystyrene

with precisely controlled primary structure

(e.g., molecular weight with narrow distribution

(Mw/Mn < 1.1), terminal structure) (Fig. 7) and

Polystyrene (PSt), Fig. 6 Free radical copolymerization

of styrene (M1: S) with other monomers (M2):

M2 = methyl methacrylate (MMA), methyl acrylate

(MA), acrylonitrile (AN), butadiene (BD), N-butyl
maleimide (BMI), maleic anhydride (MAh), vinyl chloride
(VC), and vinyl acetate (VAc)
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well-defined architecture (block, star, graft) [7].

The key is to remove oxygen and water from

chemical reagents and reaction vessels.

The first living anionic polymerization of sty-

rene by M. Szwarc was achieved with the initiat-

ing system of sodium metal with naphthalene in

tetrahydrofuran (THF) (Fig. 7a) [6]. Here,

sodium naphthalene (aromatic radical anion)

induces electron transfer to styrene to give a

styrene radical anion, which rapidly dimerizes

to be a bifunctional initiator for styrene polymer-

ization. Alkyl lithium including n-butyl lithium

and sec-butyl lithium is also effective as an initi-

ator (Fig. 7b) [7]. They are commercially avail-

able in solution to be readily utilized for

polymerization.

Even after full consumption of styrene

(S, conversion >99 %), polystyrene terminals

are still “living” as benzyl anion structure

(PSLi: red color). Thus, direct addition of

degassed alcohol and water effectively quenches

polystyryl lithium (PSLi) into proton-capped

polystyrene (PS–H, Fig. 7c), whereas that of sec-

ond monomers (e.g., butadiene) or reactive

reagents into living PSLi solutions affords block

copolymers and end-functional polymers

(Fig. 7d, e). Styrene-butadiene-styrene triblock

copolymers induce microphase separation to be

thermoplastic elastomers. Removal of oxygen

from chemicals and reactors is essential for both

efficient polymerization of styrene and end trans-

formation of PSLi; otherwise, oxygen as impurity

a

b c

e d

Polystyrene (PSt), Fig. 7 Living anionic polymeriza-

tion of styrene (S) with (a) naphthalene/Na or (b)
alkyllithium (RLi). (c) Quenching of PSLi with H2O or

ROH into PS–H. (d) End functionalization of PSLi with

ethylene oxide. (e) Block copolymerization of butadiene

(B) with PSLi into SB block copolymer
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provides a complex mixture of products

including bimolecular termination (Fig. 7c).

Branched Polystyrene. Branched structures

and unique three-dimensional architectures are

designable via living anionic polymerization of

styrene to give various well-defined star and graft

polystyrenes [7]. For example, three kinds of

methodologies have been developed for star

polystyrenes: (1) arm-first method with multi-

functional coupling agents, (2) arm-first method

with bifunctional linking agents, and (3) core-

first method with multi-functional microgel initi-

ators (Fig. 8).

The first method is suitable for star polymers

with precision arm numbers; for example, the

coupling reaction of polystyrene lithium (PSLi)

with tetrachlorosilane (SiCl4) provides a four

PS-arm star polymer. Crosslinking reaction of

PSLi with divinyl benzene (DVB) gives

microgel-core star polymers with multiple PS

arms and large molecular weight, while the arm

number has distribution. A core-first method is

also effective for microgel-core star polymers

with multiple PS arms, whereas the molecular

weight distribution is much larger than that by

arm-first method.

Cationic Polymerization. Polystyrene is also

obtained from cationic polymerization of styrene

in conjunction with strong acids (e.g., HClO4,

CF3SO3H) and proton sources with Lewis acids

[8]. However, the carbocation of growing termi-

nals often induces chain transfer reaction via

b-proton elimination and intra- or intermolecular

Friedel-Crafts alkylation to aromatic rings.

Hence, the synthesis of polystyrene with high

molecular weight by cationic polymerization

is difficult, compared with that by radical or

anionic counterparts. However, since the possi-

bility of living cationic polymerization of

p-methoxystyrene (pMOS) was suggested [9],

various initiating systems have been developed

for vinyl ethers and styrene derivatives [8, 10].

Polystyrene (PSt), Fig. 8 Synthesis of star polystyrenes

via living anionic polymerization: (1) arm-first method

with a multi-functional coupling agent (SiCl4) with

PSLi; (2) arm-first method via linking reaction of PSLi

with a divinyl compound (DVB divinyl benzene); (3) core-
first method from anionic polymerization of styrene from

a multi-functional microgel initiator
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Now, well-controlled polystyrene can be also

obtained from the initiating system of

1-phenylethyl chloride (PhEtCl, an adduct of

HCl with styrene) and SnCl4 in the presence of

n–Bu4Cl in CH2Cl2 at low temperature

(�15 �C) [8].
Coordination Polymerization. Coordination

polymerization with appropriate initiating sys-

tems often provides stereospecific polymers

with crystalline properties. After the first discov-

ery of a Ziegler-Natta catalyst for isotactic poly-

propylene, various catalytic systems were

developed for stereospecific polymerization of

olefins including styrene. A typical Ziegler-

Natta catalyst (TiCl4/AlEt3) efficiently gives iso-

tactic crystalline polystyrene (Tm = ~230 �C,
Tg = ~100 �C) (Fig. 9) [1, 4]. More innovatively,

Idemitsu Kosan (Co., Ltd.) successfully devel-

oped a half-titanocene catalyst [(Z–C5H5)TiCl3/

methylaluminoxane] for syndiotactic crystalline

polystyrene (Mw/Mn �2, Tm = ~270 �C,
Tg = ~100 �C) [3, 4]. Both isotactic polystyrene

and syndiotactic counterpart are opaque in

crystalline state, though atactic polystyrene is

transparent in amorphous state. The crystalliza-

tion rate for syndiotactic polystyrene is

larger than that for isotactic counterpart. Owing

to the high melting temperature and crystalline

structure, syndiotactic polystyrene has heat and

chemical resistance better than atactic

polystyrene.

Living Radical Polymerization. Thanks to

high functionality tolerance, living radical poly-

merization (LRP) allows us to directly synthesize

well-controlled functional polymers with polar

functional monomers even in polar solvents

[11–16]. After the first proposal of a LRP system

with iniferter in 1982 by Otsu, various LRP

systems such as nitroxide-mediated radical poly-

merization (NMP) [14, 15], metal-catalyzed LRP

(atom transfer radical polymerization: ATRP)

[11–13], and reversible addition-fragmentation

chain transfer (RAFT) polymerization [16],

have been developed. They are applicable to

preparation of well-controlled polystyrene

(Fig. 10a). The key in LRP is to introduce cova-

lent “dormant species” (~C–Y) that can be

reversibly cleaved with physical (heat, light) or

chemical (catalyst) stimuli to generate carbon

radicals as “active species” for polymerization

(~C• + •Y). The equilibrium shifts to dormant

species to keep radical concentration low during

polymerization, which effectively reduces bimo-

lecular termination of growing polymer radicals

to successfully induce controlled/living radical

polymerization.

For example, styrene polymerization

with BPO in the presence of 2,2,6,6-

tetramethylpiperidine 1-oxyl (TEMPO) provides

well-controlled polystyrene with narrow molec-

ular weight distribution (Fig. 10b) [14, 15]. Here,

a benzene carboxyl radical from BPO first reacts

with styrene and the resulting radical is then

capped with TEMPO to in-situ form an

alkoxyamine initiator with carbon-oxygen bond.

TEMPO is originally an inhibitor for radical

polymerization, whereas the dormant carbon-

oxygen bond of the initiator and polymer termi-

nals is reversibly and homolytically cleaved by

heat to give active carbon radicals for styrene

polymerization. Pre-synthesized alkoxyamines

are also useful as initiators for NMP of styrene.

Recent advances in LRP systems afford tailor-

made design of various styrene-based functional

polymers with well-defined three-dimensional

architectures.

Polystyrene (PSt),
Fig. 9 Isotactic

polystyrene and

syndiotactic polystyrene

obtained from coordination

polymerization of styrene

with TiCl4/AlEt3 and Ti

(Z–C5H5)Cl3/MAO,

respectively
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Styrene Derivatives. Lots of styrene deriva-

tives are developed to modulate properties of

polystyrene and design functional polymeric

materials. Figure 11 illustrates commercially

available styrene monomers with the following

substituents: ether, ester, alkyl, halogen, phos-

phine, amine, carboxylic acid, sulfonic acid,

sodium sulfonate, and olefin (S1–S13).

a

b

Polystyrene (PSt), Fig. 10 (a) Living/controlled radical
polymerization of styrene: iniferter-mediated polymeriza-

tion, nitroxide-mediated radical polymerization (NMP),
metal-catalyzed living radical polymerization or atom

transfer radical polymerization (ATRP), reversible

addition-fragmentation chain transfer (RAFT) polymeri-

zation. (b) NMP of styrene with BPO and TEMPO

Polystyrene (PSt), Fig. 11 Styrene derivatives and functional styrenes
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Owing to the high versatility and functionality

tolerance, radical polymerization is applicable to

all of the styrene derivatives (S1–S13). It should

be noted that functional styrenes bearing carbox-

ylic acid (S10), sulfonic acid (S11), and sodium

sulfonate (S12) are directly polymerized in

polar organic solvents (alcohols) or water.

a-Methylstyrene (S5) has ceiling temperature at

61 �C in radical bulk polymerization; thus S5

should be polymerized at low temperature to

prepare poly(S5) with high molecular weight.

On the other hand, adaptability of ionic

(anionic, cationic) polymerization depends on the

substituents (functional groups) of styrene,

because ionic growing terminals may react

with the substituents. Styrene derivatives carrying

ether (S1, 4-tertiarybutoxy; S2, para-metoxy),

alkyl (S4, para-methyl; S5, a-methyl),

halogen (S6, para-chloro), phosphine (S8, 4-

diphenylphosphino), and olefin (S13,

divinylbenzene; DVB) can be polymerized

by anionic mechanism [7, 19], while styrenes

bearing ester (S3, 4-acetoxy), halomethyl (S7,

para-chloromethyl; CMS), amine (S9, 4-amino),

and acidic groups and the salts (S10–S12) induce

side reactions or no polymerization. Cationic

polymerization is effective for styrenes bearing

ether (S1, S2), alkyl (S4, S5), and halogen

(S6, S7) substituents [8–10].

S1 and S3 are typical protecting monomers for

4-hydroxystyrene; polymers of S1 or S3 are

transformed with acid or base, respectively, into

poly(4-hydroxystyrene). Owing to the reactive

chloromethyl group, S7 (CMS) is a versatile

precursor for various styrene derivatives. In addi-

tion, S7 is “inimer” that works as both initiator

(chloromethyl group) and monomer (olefin) in

metal-catalyzed LRP and ATRP, which effi-

ciently gives hyperbranched polystyrene.

A phosphine-bearing styrene (S8) is often

employed as a ligand for polymer-supported

metal catalysts [20]. So far, phosphine (S8)-

bearing microgel star polymers (soluble) and

polystyrene gels (insoluble) have been developed

for active and recyclable catalysts for organic

reactions. S9–S12 are typical precursor mono-

mers for polyelectrolytes. S13 is a general linking

agent to prepare crosslinked gels, microgels, and

star polymers. Poly(styrene/DVB) gels are used

as filler for size-exclusion chromatography.

Properties and Commercial Products of
Polystyrene

Polystyrene and styrene copolymers are commer-

cially manufactured as thermoplastic resin, form,

and rubber/latex in large scale [1–3]. This section

deals with commercial polystyrenes and styrene

copolymers (Fig. 12), especially focusing on the

production process, properties, and applications.

General-Purpose Polystyrene (GPPS).

GPPS means a thermoplastic resin of linear atac-

tic polystyrene with high molecular weight

(Mw = 200,000–300,000) and glass transition

temperature of about 100 �C. Such polystyrene

is produced by radical polymerization in bulk,

dispersion, or solution. The major process is

now bulk polymerization in continuous stirred

tank reactors or stratified agitated tower continu-

ous plug flow reactors. Physical and mechanical

properties of GPPS are summarized in Table 1,

compared with those of other polystyrene resins.

Advantages of GPPS are given: good transpar-

ency; light (specific gravity, 1.05); high rigidity

(tensile strength at yield, ~40 MPa; tensile elastic

modulus, ~3,000 MPa); good moldability and

processability (high thermal stability, high

dimension accuracy, good colorability); excel-

lent electric properties (high volume resistivity,

>1 � 1016 O•cm; high electrical breakdown

strength, ~20 kV/mm); and high chemical resis-

tance to acid, base, and salt. GPPS is transformed

into products via injection or extrusion molding

techniques at high temperature (180–260 �C).
The uses of GPPS typically include disposable

cups, food containers, compact disk cases, and

food packaging films.

However, GPPS has several drawbacks: low

impact resistance (tensile elongation at rupture,

1–2 % (brittle); impact strength (notched Izod),

~20 J/m), low chemical resistance to organic

solvents (soluble), and low heat resistance

(continuous heat-resistant temperature,

70–90 �C). Such limited properties are improved

via the following strategies.
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To improve “impact resistance”: (1) blending soft

rubbers (polybutadiene, styrene-butadiene

copolymer) to rigid styrene (co)polymers

via graft polymerization, leading to high-

impact polystyrene (HIPS) and acrylonitrile-

butadiene-styrene (ABS) copolymer, and

(2) blending styrene-butadiene block copoly-

mers to polystyrene.

To improve “chemical resistance”: copolymeri-

zation of acrylonitrile with styrene to styrene-

acrylonitrile (SAN) copolymer and ABS

copolymer.

To improve “mechanical strength” and “heat

resistance”: (1) copolymerization of acryloni-

trile with styrene to SAN copolymer and

(2) stereospecific coordination polymerization

Polystyrene (PSt), Fig. 12 Commercially produced

polystyrene (PS) and styrene-based copolymers: general-

purpose polystyrene (GPPS), high-impact PS (HIPS), PS
form; styrene-acrylonitrile (SAN) resin, styrene-

acrylonitrile-butadiene (ABS) resin, syndiotactic PS;

styrene-butadiene-styrene (SBS) triblock copolymer,

styrene-butadiene rubber (SBR)

Polystyrene (PSt), Table 1 Physical and mechanical properties of injection-molded styrene polymersa

Polystyrene High-impact PS SAN ABS

(GPPS) (HIPS) Copolymerb Copolymerc

CAS registry number 9003-53-6 9003-55-8 9003-54-7 9003-56-9

Specific gravity 1.05 1.05 1.08 1.04

Vicat softening point, �C 96 95 107 103

Tensile strength at yield, MPa 42 30 69 41

Tensile elastic modulus, MPa 3,200 2,100 3,800 2,100

Tensile elongation at rupture, % 1.8 15 3.5 20

Impact strength (notched Izod), J/m 21 130 21 270

aRef. [1]
bStyrene-acrylonitrile copolymer: 24 w% acrylonitrile
cAcrylonitrile-butadiene-styrene copolymer
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of styrene to syndiotactic crystalline

polystyrene.

Polystyrene Form. Polystyrene forms consist

of the assembling structure of the multiple small

polystyrene particles containing air. Note that the

air volume fraction is 98 % (polystyrene, 2 %).

Thus, polystyrene forms are light, impact-resistant,

waterproof, and well moldable. The typical manu-

facture process is given. Formable styrene beads

with the diameter of 0.3–2 mm are first prepared

by suspension radical polymerization of styrene in

the presence of blowing agents such as pentane or

hexane. The styrene beads are then pre-expanded

with steam at 100 �C. The pre-expanded beads are
finally molded into products with steam at

110–120 �C. Tailor-made polystyrene forms are

widely utilized for packaging, insulation, and

building and construction materials.

High-Impact Polystyrene (HIPS) and

Transparent Impact Polystyrene (TIPS).

HIPS is a polymer alloy, in which rubber particles

of polybutadiene (PB) or styrene-butadiene copol-

ymer (styrene-butadiene rubber, SBR) are dis-

persed in continuous polystyrene layer. Because

of the blended rubbers, HIPS is opaque but impact

resistant (impact strength (notched Izod), ~130

(HIPS) > ~20 (GPPS) J/m) with high rigidity and

good moldability. The production of HIPS

undergoes bulk or dispersion radical polymeriza-

tion of styrene in the presence of butadiene-based

rubbers (PB or SBR). Via the in-situ polymeriza-

tion, polystyrene is efficiently grafted on the rub-

ber surfaces and placed as crosslinking units

within the rubber particles, in which polystyrene

radicals add to olefins of rubber chains and the

resulting radicals further react with polystyrene

radicals (coupling, graft-onto) or styrene

(polymerization, graft-from). The morphology

control of rubbers (particle size, size distribution,

structure) by graft polymerization is particularly

important to perform desired physical properties.

The use is typically directed to office automation

equipment (e.g., exteriors of copy, printer), home

electronic products (e.g., air conditioner, televi-

sion), toys, and food containers.

The opacity of HIPS is caused by the different

refractive indices between polystyrene matrix

and rubber particles. In contrast, transparent

impact polystyrene (TIPS) can be also obtained

from blending styrene-butadiene block copoly-

mers of high styrene content (~75 wt%) into

GPPS. The block copolymers induce microphase

separation to form small butadiene rubber

domains (<20 nm) in polystyrene matrix, which

effectively suppresses the scattering of light.

Styrene-Butadiene Rubber (SBR) and

Thermoplastic Elastomer. SBR is a random

copolymer of styrene and butadiene, which is

manufactured in the largest scales among syn-

thetic rubbers (about 30 % in all synthetic rub-

bers). SBR is synthesized by emulsion

polymerization of styrene and butadiene, where

general SBR contains about 24 % of styrene.

There are two kinds of SBRs: cold rubber and

hot rubber. The former is prepared with redox

initiating systems at relatively low temperature

(5–10 �C), while the latter is obtained with per-

oxide or azo initiators at high temperature

(40–50 �C). Most of SBR is cold rubber mainly

employed for automobile tires, while hot rubber

produced in small scale is used for adhesive. To

express good elasticity for tires, cold rubber is

blended with carbon black as stiffener and anti-

aging agents for high durability, followed by the

crosslinking with sulfur.

In contrast, styrene-butadiene-styrene (SBS)

triblock copolymers become thermoplastic elas-

tomers without any chemical crosslinking owing

to the microphase separation between hard sty-

rene segments and soft butadiene counterparts.

The triblock copolymers are efficiently produced

via living anionic block copolymerization of sty-

rene with alkyllithium. Blending styrene-

butadiene block copolymers with polystyrene

gives transparent impact polystyrene (TIPS).

Styrene-Acrylonitrile (SAN) Resin. SAN

resin is a random copolymer of styrene and acry-

lonitrile, which is manufactured in the largest

volume scale among styrene copolymers by rad-

ical polymerization through bulk, dispersion, and

emulsion processes. Copolymerization of

styrene and acrylonitrile is often conducted

at almost azeotropic composition (styrene-

acrylonitrile = 76/24) so as to directly reflect

the monomer composition to copolymers. Thanks
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to acrylonitrile units, SAN copolymers have

chemical and heat resistance better than GPPS,

keeping as good transparency as GPPS. Thus,

SAN resin is often employed for table equipment,

home electronic products (e.g., electric fan,

juicer), automobile parts, and miscellaneous

goods (e.g., cosmetics cases, disposable lighter

cases).

Acrylonitrile-Butadiene-Styrene (ABS)

Resin. ABS resin is a polymer alloy of two

phases, in which polybutadiene rubber particles

are dispersed in rigid SAN copolymer matrix. As

a result, ABS resin shows high impact resistance

(impact strength (notched Izod), ~270 J/m) with

high chemical and heat resistance, good surface

gloss, and good formability. Though production

of ABS resin first began by just blending polybu-

tadiene particles into SAN copolymer matrix, the

synthetic process has recently shifted to bulk or

emulsion radical copolymerization of styrene and

acrylonitrile in the presence of polybutadiene.

Here, SAN copolymers are effectively grafted to

polybutadiene particles via the addition of SAN

copolymer radicals to olefins in polybutadiene

(graft-onto), followed by the subsequent copoly-

merization of styrene and acrylonitrile (graft-

from) and the coupling reaction with copolymer

radicals (graft-onto). The impact strength of ABS

resin can be controlled by the particle size of

polybutadiene and the grafting efficiency of

SAN copolymers; the particle size of

0.25–0.45 mm seems to be suitable for high

impact resistance. ABS resin is thereby utilized

for office automation equipment, automobile

parts (exterior and interior), home electronic

products (e.g., air conditioner, refrigerator, wash-

ing machine), and building components.

Syndiotactic Polystyrene. Syndiotactic, crys-

talline polystyrene was first successfully synthe-

sized via coordination polymerization of styrene

with a half-titanocene catalyst (e.g., (Z–C5H5)

TiCl3/methylaluminoxane) by Idemitsu Kosan

Co., Ltd., and is now commercially produced as

an engineering plastic [3]. Thanks to the crystal-

linity, syndiotactic polystyrene has heat resis-

tance (continuous heat-resistant temperature,

130 �C), chemical resistance (especially for

engine oil and gasoline for automobile), and

dimensional stability, better than atactic GPPS.

Thus, syndiotactic polystyrene is applied to auto-

motive electric components, home electronic

products, and tableware.
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Synonyms

Carbamate(s); Isocyanate- or polyisocyanate-

based polymers; Polycarbamate(s); Urethane(s)

Definition

Polyurethanes are a versatile class of polymeric

materials containing multiple carbamate func-

tional groups in the polymer chain.

Introduction

Polyurethanes (PU) were first prepared in 1937

by Otto Bayer and include a wide range of

modular-like structures with an extremely

diverse range of properties. Polyurethanes are a

unique class of thermoset and thermoplastic

polymers that can display rigid or elastomeric

behavior depending on their chemical and mor-

phological structure. Detailed overviews of PU

chemistry, properties, and applications have been

described in several excellent monographs [1–5]

and review articles [6].

Both cellular (foamed) and noncellular (solid)

polyurethanes are commonly prepared, and these

products can function in a broad array of indus-

trial and consumer applications. The relevance of

PU is evidenced by the 11.7 million tons of

polyurethane raw materials that were produced

globally in 2012 [7].

Reaction Chemistry Overview

Polyurethanes are typically made by the addition

polymerization of di- or polyisocyanates with

polynucleophiles (active hydrogen-containing

moieties) to form a polymer backbone (Fig. 1).

These polynucleophiles can be polyhydroxyl

or polyamino functional macromonomers

(dubbed “polyols”), low molecular weight com-

pounds (“chain extenders”), or mixtures of both.

Depending on the functionality of the

polyisocyanate and polyol components, thermo-

plastic or thermoset polymers can be prepared.

Note: Diisocyanates and polyisocyanates are

often referred to collectively as isocyanates, a

convention that will also be used here. Polyure-

thane properties are largely determined by the

chemical nature of the polymer building blocks,

the stoichiometry of the isocyanate/hydroxyl

(–OH) components, and the density, all of

which can be varied to produce polymers with

the desired property profile.

Building Blocks

Isocyanates

Diisocyanates and polyisocyanates can be

represented as R-(NCO)n, where n � 2. They

are characterized by their functionality (n), the
nature of the R group (aliphatic or aromatic), and

their isocyanate content where:

wt: % NCO ¼ 4200=NCO eq: wt:

Many commonly used PU building blocks are

diisocyanates having molecular weight below

300 g/mol. The most important aromatic

diisocyanates are toluene diisocyanate (TDI), an
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isomer mixture of 2,4-TDI and 2,6-TDI, and

methylene diphenyl diisocyanate (MDI) – a mix-

ture of 4,40-MDI and 2,40-MDI isomers. Common

aliphatic diisocyanates include hexamethylene

diisocyanate (HDI), isophorone diisocyanate

(IPDI), and hydrogenated MDI (H12MDI) (see

Fig. 2).

Isocyanate Manufacture

Diamine Phosgenation

Various routes to preparing isocyanates are

known [1, 8, 9], and some examples are shown

in Fig. 3. The most common route involves

phosgenating diamines. Diamines are readily

phosgenated in a nonreactive solvent such as

chlorobenzene. The diamine (dissolved in sol-

vent) is added to a concentrated solution of

phosgene to form a carbamyl chloride and an

amine hydrochloride. The resultant mixture is

then heated while feeding additional phosgene

to form the diisocyanate. Excess phosgene and

HCl are removed and the phosgene is recycled.

For laboratory work, various phosgene substi-

tutes including trichloromethyl chloroformate

(diphosgene) and bis-(trichloromethyl) carbonate

(triphosgene) are often used for easier handling.

Isocyanic Acid Addition to Electron-Rich

Olefins

Some isocyanates can be produced by the reaction

of diolefins such as m-divinylbenzene, with

isocyanic acid; however, the isocyanic acid

(HNCO) is unstable and must be generated in situ

by pyrolysis of cyanuric acid. A modification of

this process is the reaction of the diolefinwith ethyl

+

Polyol/Chain
Extender

Diisocyanate Polyurethane

Urethane
 group

n n

Polyurethane Synthesis, Fig. 1 Generic polyurethane structure

4,4'-MDI

2,4'-MDI

H12MDI or rMDI

2,4-TDI 2,6-TDI

HDI IPDI

Polyurethane Synthesis, Fig. 2 Commonly used diisocyanates
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carbamate to give the biscarbamate, which is sub-

sequently cleaved to give a mixture of the mono

and diisocyanate.

Carbonylation of Nitro Compounds

In the 1960s, direct conversion of a nitro com-

pound into an isocyanate using carbon monoxide

was demonstrated. However, low isocyanate

yields have limited its commercial potential.

A modification is the reaction of a nitro com-

pound with carbon monoxide in the presence of

an alcohol using selenium or other noble metal

catalyst. The presence of the alcohol leads to the

formation of the corresponding urethane, which

can be used to generate an isocyanate by

thermolysis.

“Transesterification”/Thermolysis

Non-phosgene routes to the production of ali-

phatic diisocyanates are also known. In one

method, a diamine precursor, in the presence of

dibutyl carbonate, is reacted with urea and

n-butanol with simultaneous removal of ammo-

nia. Thermolysis of the resulting biscarbamate

yields isophorone diisocyanate and a small

amount of isocyanate monocarbamate.

Other well-known alternative non-phosgene

methods are mainly of scientific interest

(no commercial use). These include the Hofmann,

Curtius, Schmidt, and Lossen rearrangements.

More recently developed routes, including the

reaction of di-tert-butyl dicarbonate with

amines, nucleophilic substitution of alkyl

halides, tosylates and similar compounds with

metal cyanates, and cleavage of formamides

and carbamates are reviewed in detail

elsewhere [9].

Polyisocyanate and Modified Isocyanate

Synthesis

In addition to the diisocyanates already

described, higher functional polyisocyanates

and modified diisocyanates (Fig. 4) are produced

by various methods. A very common aromatic

polyisocyanate, polymeric MDI (PMDI), is

obtained by phosgenating the polynuclear

oligoamines resulting from the condensation of

aniline and formaldehyde.

COCl2 + HCl
Δ + HCl

-HCl

Δ

Phosgenation Route

+
HNCO

Isocyanic Acid Route

+ 3 CO +  2 CO2
Se catalyst

Δ
_

Nitro Carbonylation Route

Polyurethane Synthesis, Fig. 3 Isocyanate synthesis routes
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Chemical derivatization or oligomerization of

diisocyanates to generate polyisocyanate or mod-

ified isocyanates is also common (Fig. 4). For

example, reaction of the triol trimethylolpropane

(TMP) with difunctional TDI results in an iso-

meric mixture that contains mostly a urethane-

modified trifunctional isocyanate (TDI/TMP

Adduct), as well as small amounts of higher

homologues. Modified isocyanates can also be

generated by secondary reaction of isocyanates

with urethane groups to form allophanates or with

urea groups to form biurets. Dimerization of iso-

cyanates to uretdiones (UD) or trimerization to

isocyanurates (trimer) is also well established.

These compounds can be synthesized in situ dur-

ing the polyaddition reaction using suitable cata-

lysts or produced specifically for use as building

blocks in two-component reactions (common

with PU coatings).

Polyol Structures

Polyol is the general term for a hydroxyl func-

tional macromonomer, which is often used as a

PU building block. Polyols can be represented as

R-(OH)n, where n � 2 and R represents a homo-

or heteropolymeric unit having molecular weight

typically ranging from ~400 to 15,000 g/mol.

Polyols are characterized by their functionality

(n); the polymeric backbone unit, R; and their

hydroxyl number (OH #), where:

OH# ¼ 56, 100= OH eq: wt:

Common backbone functional groups include

polyether (most commonly polyoxyethylene, poly-

oxypropylene, and polyoxytetramethylene), poly-

ester, polybutadiene, polycarbonate, polysiloxane,

or polyacrylic. Examples of some of the more

commonly used polyols are shown in Fig. 5.

PMDI
TDI/TMP Adduct

Allophanate Biuret

Uretdione
Trimer

Polyurethane Synthesis, Fig. 4 Multifunctional polyisocyanates
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Polyol selection is dictated by the desired

polyurethane characteristic (hydrolysis resis-

tance, solvent resistance, UV resistance, etc.).

Low molecular weight di-, tri-, and higher func-

tional materials may be used as chain extenders

or cross-linkers depending on their functionality.

Higher molecular weight polyols, together with

isocyanates, are key raw materials for polyure-

thane manufacture.

Polyether Polyol Synthesis

Polyalkylene oxide polyether polyols are the

most important group of polyols used in poly-

urethanes and account for almost 80 % of the

total polyol production. The general formula of

this class of polyols can be represented by H [OR]

mOH, where R represents an alkyl group.

Polyether polyols of this type are prepared by

ring opening polymerization of alkylene oxides

such as ethylene oxide (EO), propylene oxide

(PO), and butylene oxide (BO) in the presence

of a starter molecule such as water, glycerin, or a

higher functionality initiator. Basic catalysts

like potassium hydroxide have long been, and

continue to be, used to catalyze these polymeri-

zations. However, a well-known side reaction of

base catalyzed polymerization of PO is isomeri-

zation to allyl alcohol, which results in

monofunctional by-products that serve as chain

terminators in PU synthesis reactions. Special-

ized catalysts, often double metal cyanides

(DMC), can be used to minimize this side

reaction.

Block copolymers of propylene oxide and eth-

ylene oxide are commonly used in polyurethanes,

and specific characteristics can be obtained by

adjusting the size and position of EO blocks

within the polyether. These block copolymers

are prepared by sequential addition of PO,

followed by EO (Fig. 6). Alternatively the EO

and PO can be added simultaneously, to produce

random copolymers.

Polyester Polyol Synthesis

Polyester polyols are synthesized by the

polycondensation reaction of dicarboxylic acids

(or derivatives such as anhydrides) with

polyglycols (Fig. 7). The mechanism is an equilib-

rium reaction and is shifted toward polyester

formation through the removal of water from the

reaction mixture. Formation of high molecular

weight hydroxyl-terminated polyols is achieved

Poly(oxytetramethylene)diol

Polycaprolactoneglycol Poly(oxypropylene)diol

Polybutylene adipate

Polyurethane Synthesis, Fig. 5 Representative polyol structures

1. 3n PO

2. 3m EO
3. H2SO4

−K2SO4

PO = EO = 

Polyurethane Synthesis,
Fig. 6 Polyether polyol

block copolymer synthesis
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by using a stoichiometric excess of glycol. The

resulting polyol can be either primary or secondary

hydroxy terminated depending on the type of gly-

col used. Polyurethanes based on polyester polyols

are degraded by hydrolysis of the ester linkages;

hydrolysis rates can be reduced through the addi-

tion of additives such as polycarbodiimides.

Polycaprolactone Polyol Synthesis

Polycaprolactone (PCL) polyols are a type of

polyester polyol synthesized by the ring opening

of e-caprolactone (Fig. 7). Starter molecules are

usually di- or trifunctional alcohols such as eth-

ylene glycol, glycerin, or trimethylolpropane.

Ring opening is normally catalyzed by organo-

metallics to provide appropriate production rates.

Polycarbonate Polyols

Polycarbonate polyols can be prepared by reac-

tion of diols with phosgene, but the current pre-

ferred process involves a transesterification type

reaction of a diol with diphenylcarbonate. One of

the more established polycarbonate polyols is

based on hexamethylene diol. More recently,

routes to produce polycarbonate or polycarbonate

polyether polyols from copolymerization of

ethylene or propylene oxide and CO2 have

been developed. These polyols (Fig. 8) have the

benefit of using CO2 as a monomer, which is

attractive both from a cost and environmental

perspective. Compared with the conventional

polyether polyols, these materials have higher

viscosity, which increases with CO2

incorporation.

Chain Extenders

In addition to the polyols mentioned above, var-

ious chain extenders are also used as the isocya-

nate reactive component. Chain extenders are

low MW materials with two or more isocyanate

reactive groups that are incorporated into the

polyurethane main chain during synthesis. Most

chain extenders are diols, triols, diamines, or

alkanolamines with aMW of<400 g/mol. Exam-

ples of frequently used chain extenders include

ethylene glycol, 1,4-butanediol, hydroquinone

bis (beta-hydroxyethyl) ether, trimethylol pro-

pane, ethylene diamine, methylene bis-

o-chloroaniline (MOCA), diethyl toluene

diamine (DETDA), isophorone diamine, and

diethanolamine.

Commonly Used Additives in Polyurethanes

With respect to PU synthesis, blowing agents,

surfactants, and catalysts play a particularly

important role. Blowing agents are used to pro-

duce cellular materials and can be classified as

either physical or chemical. In physical blowing

agents, the heat of the polymerization reaction is

used to volatilize liquid blowing agents to gener-

ate gasses, which expand during polymerization

to generate a cellular polymer network. Chemical

+ + H2O

+

ε-caprolactone Polycaprolactone polyol

Polyester polyolDicarboxylic Acid Diol

Diol

n (n+1) 2n

2nx x

Polyurethane Synthesis, Fig. 7 Polyester polyol synthesis

Polyurethane Synthesis, Fig. 8 Polycarbonate

polyether polyol
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blowing agents involve reaction of the blowing

agent (typically water) with the isocyanate during

the polymerization to generate a gaseous blowing

agent (typically CO2). In either case, these gasses

may remain within the cellular network in closed-

cell foams or escape the network in open-cell

foams. Blowing agent choice is influenced by

performance (particularly low thermal conduc-

tivity for insulating foams) as well as its safety

and impact on the environment – particularly

ozone depletion and global warming potential

(ODP and GWP, respectively). The most com-

monly used physical blowing agents are hydro-

carbons (HC), hydrofluorocarbons (HFCs),

hydrochlorofluorocarbons (HCFCs) (being phased

out), and carbon dioxide. Commercial introduction

of the first hydrofluorolefin (HFO) blowing agent,

which is attractive due to its low GWP and zero

ODP, is underway. Water remains the most com-

monly used chemical blowing agent.

Surfactants are important components used to

reduce surface tension, emulsify incompatible

ingredients, and promote bubble nucleation and

stabilization in cellular materials. These surfac-

tants are most commonly block copolymers

of polydimethylsiloxanes (PDMS) and

polyalkylene oxides (typically polyethylene or

polypropylene oxides).

Catalysts are often used to accelerate the reac-

tion rate of polynucleophiles with isocyanate

groups or to promote trimerization of the isocya-

nate group to form cross-linked polymers. The

most commonly used catalysts are tertiary amines

and organometallics (often tin based). An impor-

tant consideration with catalysts is their relative

catalytic effect on the rate of reaction of isocya-

nates with hydroxyl groups versus their reaction

with water. Tertiary amines, which more selec-

tively promote the reaction with water, are known

as “blow catalysts,” while the organometallics

are “gel catalysts,” i.e., generally more selective

for the reaction of isocyanates with alcohol

groups. Combinations of blow and gel catalysts

are often used to provide the desired reaction

profile.

Other additives such as fillers, antioxidants,

light stabilizers, flame retardants, pigments, and

plasticizers are used to achieve the desired

properties and environmental durability. The

appropriate selection of these additives is highly

application specific.

Isocyanate-Based Polymerization
Routes

Polyurethanes are typically made by the addition

polymerization of di- or polyisocyanates with

polynucleophiles to produce polyurethanes and

related compounds. Reactions between isocya-

nates and hydroxyl or amino functional groups

produce, in addition to urethanes and ureas, a

related family of compounds including

allophanates and biurets, which result from sub-

sequent reaction of the nascent polyurethane or

polyurea active N-H group, with an additional

isocyanate group. As a result, these functional

groups are often incorporated into polyurethane

structures.

The reaction of isocyanates with active

hydrogen-containing compounds is driven by

the relatively high enthalpy of formation of iso-

cyanates. The primary polymerization reaction,

that of an alcohol or amine with an isocyanate, is

highly exothermic, with typical enthalpy of reac-

tion of about 20–25 kcal/mol. Given this strong

thermodynamic driving force, high molecular

weight polyurethanes are readily produced, pro-

vided component stoichiometry (e.g., ratio of

equivalents of isocyanate/hydroxyl) is properly

maintained.

In these urethane-forming and related reactions,

the isocyanate reacts as an electrophile, where

the active hydrogen-containing component

(e.g., alcohol, amine, urethane, urea) acts as the

nucleophile. This reactivity can be attributed to the

reduced electron density at the carbon of the NCO

group, due to the effect of the adjacent electroneg-

ative oxygen and nitrogen atoms. Consistent with

this, electron withdrawing groups adjacent to the

isocyanate functional group lead to increased reac-

tivity of the isocyanate, while electron donating

groups retard reactivity. Therefore, aromatic iso-

cyanates (R-NCO, where R is an aryl group) are

more reactive than aliphatic isocyanates where

R is an alkyl group. Steric hindrance at either the
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isocyanate or nucleophile can dramatically reduce

reactivity.

The nature of the nucleophile also has a strong

influence on reactivity. Table 1 shows the relative

reactivity of various active hydrogen-containing

compounds with an isocyanate.

About two thirds of polyurethane raw mate-

rials (polyisocyanates and polyols) are used in the

production of cellular polyurethanes [7]. The key

reaction used to generate these cellular materials

is that of the diisocyanate and water. This “blow”

reaction first forms an unstable carbamic acid,

which quickly decomposes into an amine and

carbon dioxide. The amine reacts with additional

isocyanate producing a urea group with the in situ

generated carbon dioxide functioning as a blow-

ing agent (Fig. 9). Thus these water-blown foams

contain mixtures of urethane and urea linkages;

however, as the majority of the starting interme-

diates are hydroxyl terminated, the materials are

generally referred to as polyurethane foams.

Auxiliary blowing agents (ABA) can also be

incorporated as necessary for further density

reduction.

“One-Shot” PU Synthesis

In the “one-shot” process, all reactive compo-

nents are combined in a single polymerization

step. Advantages of this method include the pos-

sibility of low temperature processing and ease of

handling of low viscosity components. This

method is often practiced for the synthesis of

rigid and flexible polyurethane foams and some

elastomers. Although conceptually the simplest

processing method, in some instances (e.g., cast

elastomers), significant shrinkage and inhomoge-

neity often result due to the highly exothermic

reaction. Also, compatibility of the polar polyol/

chain extender components with the nonpolar

isocyanates can be an issue.

“Prepolymer” Synthesis of PU

In the “prepolymer method,” polyol and

polyisocyanate are first combined (stoichiometric

excess of isocyanate groups) and allowed to react

to form an NCO-terminated prepolymer. Many

prepolymers are storage stable and commercially

available. In a second step, the chain extender and

isocyanate-terminated prepolymer are combined

and allowed to react to form the polyurethane.

This approach has the advantage of lower levels

of monomeric isocyanate, lower temperature rise

during cure, and improved compatibility of the

components compared with the “one-shot”

method. Disadvantages compared with the “one-

shot” method may include high prepolymer vis-

cosity and high mix ratios (prepolymer/chain

Polyurethane Synthesis, Table 1 Relative reactivity

of active hydrogen-containing compounds with isocya-

nate group [10, 11]

Active hydrogen-

containing

compound

Representative

structure

Approximate

relative

reaction ratea

Primary aliphatic

amine

R-NH2 1 � 103

Secondary

aliphatic amine

(R2N)-H 2–5 � 102

Primary aromatic

amine

Ar-NH2 2–3

Primary hydroxyl RCH2-OH 1

Water HOH 1

Carboxylic acid RCOOH 4 � 10�1

Secondary

hydroxyl

R2CH-OH 3 � 10�1

Ureas R-NH-CO-

NH-R

1.5 � 10�1

Tertiary hydroxyl R3C-OH 5 � 10�3

Urethane R-NH-CO-OR 3 � 10�3

Phenol AR-OH 3 � 10�3

Amide RCO-NH2 1 � 10�3

aUncatalyzed reaction at 25 �C

Polyurethane Synthesis, Fig. 9 Formation of polyurea and CO2 blowing agent from reaction of isocyanate and water
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extender (up to 15:1)), which can cause issues with

mixing and metering.

“Quasi-prepolymer” PU Synthesis

The “quasi-prepolymer” method is a hybrid of the

“one-shot” and “prepolymer” methods. “Quasi

prepolymers,” where a portion of the polyol com-

ponent has been pre-reacted with the

polyisocyanate component, are combined with a

mixture of polyol and low molecular weight

chain extender. This is often a good compromise

offering some advantages of the “prepolymer”

and “one-shot” methods.

Synthesis of Aqueous Polyurethane

Dispersions (PUD)

Polyurethane dispersions (PUDs) are high molec-

ular weight polyurethanes based primarily on

aliphatic isocyanates, with a backbone composed

of polyether, polyester, or polycarbonate polyols.

They have a particle size in the range of

50–300 mm.

Stable dispersions are achieved by incorporat-

ing hydrophilic groups into the backbone of the

polymer. The hydrophilic groups may be anionic

(carboxylate, sulfonate) or nonionic (ethylene

oxide-based monols); in some cases, cationic sta-

bilization is employed. Early dispersion technol-

ogy required the use of solvents such as

N-methyl-2-pyrrolidone (NMP) to produce a sta-

ble dispersion, and these solvents remained in the

final product. Technology has now been devel-

oped that yields dispersions without cosolvent.

There are primarily two methods currently

used in production. The prepolymer process

involves making an isocyanate-terminated

prepolymer containing a carboxylate or sulfonate

group. This hydrophilic prepolymer is then dis-

persed in water using high shear forces. NMP

may be added to the prepolymer to facilitate the

dispersing step. The final molecular weight is

achieved through reaction of the remaining iso-

cyanate groups with a chain extender, often a

diamine or hydrazine. The second, more recent

process is the acetone process illustrated in

Fig. 10. The prepolymer is made from the

polyisocyanate and the polyol of choice. This

prepolymer is then dissolved in acetone and

(x+1)

x=m+n+p+q

m n+ +

1. Prepolymer Synthesis Step

+

2. Dissolve prepolymer in solvent

3. Chain Extension Step
p q

4. Disperse in H2O

5. Distill to remove solvent
Aqueous Polyurethane/urea Dispersion (PUD)

Polyol Short Chain DiolDiisocyanate 

Polyurethane Synthesis, Fig. 10 Polyurethane dispersion (PUD) synthesis
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dispersed in water containing a diamino sulfonate

group and other diamines to generate the high

molecular weight polyurethane. The acetone is

subsequently distilled off to yield a stable

solvent-free dispersion.

The heat resistance and hydrolytic stability is

improved by cross-linking the dispersion with

water-dispersible polyisocyanates, which are

made by incorporating a nonionic or an anionic

group of the type described above into the isocy-

anate. Cross-linkers are typically used in the

range of 5–7 % based on the weight of the

dispersion.

Polyurethane Morphology

Many polyurethanes have a phase-separated mor-

phology, with domains of “hard blocks” made up

of interchain hydrogen-bonded (H-bonded) ure-

thane linkages dispersed in flexible polyol-based

“soft blocks.” This structure is depicted schemat-

ically in Fig. 11. These relatively weak

non-covalent H-bonds form thermally reversible

cross-links to provide mechanical reinforcement

and a restoring force when the material is

strained. In linear PU, these non-covalent

H-bonds represent the only cross-linking present

and may impart the materials with property pro-

files (mechanical properties/solvent resistance)

comparable to thermoset, covalently cross-linked

polymers.

Non-isocyanate-Based Synthetic Routes

In addition to routes based on isocyanate mono-

mers, there are a number of synthetic routes to PU

that do not employ polyisocyanate functional

monomers as starting materials. The motivation

Polyol

Chain extender

Urethane linkage

HO

HO

-NH-(C=O)-O-

Hydrogen bonding

DiisocyanateOCN

OH

OH

NCO

Soft segment Soft segmentHard segment

Hard block

Polyurethane Synthesis, Fig. 11 Schematic of phase-separated PU illustrating soft and hard blocks
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for identifying these alternative routes is driven by

several factors, chief among them the desire to

avoid the need for specialized equipment for safely

handling phosgene or isocyanate-containing

monomers. Strictly speaking, isocyanate-free or

non-isocyanate-based routes include any

synthetic pathway where the components com-

bined by the user for the polymerization step

do not include an isocyanate group-containing

monomer as a reactive component. Cases where

a monomer is derived from an isocyanate-

containing compound (e.g., blocked isocyanate

routes) or liberates a free isocyanate group

during the synthesis (e.g., amino alcohol route)

are included as non-isocyanate routes by this

definition. With the exception of blocked isocya-

nate routes, the isocyanate-free routes are gener-

ally not practiced widely commercially but are

used primarily for research and development

purposes.

Blocked Isocyanate Routes

Blocked isocyanate chemistry is a unique syn-

thetic path used to prepare one-component coat-

ings that cure at elevated temperatures. These

modified isocyanates are made by reaction

of an isocyanate with a blocking agent.

One-component formulations based on mixtures

of blocked isocyanates and polyether polyols are

stable at room temperature but cure at elevated

temperature with release of the blocking agent

(Fig. 12). The curing temperature is influenced

by both the isocyanate and the type of blocking

agent used. Reduced curing temperatures are pos-

sible with the use of a tin catalyst.

Typical blocking agents include e-caprolactam
(e-CAP), methyl ethyl ketoxime (MEKO),

3,5-dimethylpyrazole (DMP), and diisopropyl

amine (DIPA). The range of deblocking tempera-

tures with and without a tin catalyst is shown in

Table 2. The base isocyanate in these examples is

an IPDI trimer.

Additional Non-isocyanate-Based Synthetic

Routes

Various a,o�aminoalcohols have been used to

prepare polyurethanes by selective reaction of the

amine group with di-t-butyl tricarbonate to pro-

duce in situ (after decomposition of the intermedi-

ate) the corresponding a-hydroxy-o-isocyanate.
This intermediate then polymerizes to the

corresponding polyurethane. (Fig. 13). This strat-

egy for homopolymerization of the hydroxyl-

containing isocyanate is necessary because

selective phosgenation of the amine group of

a,o-aminoalcohols to prepare the requisite

a-hydroxy-o-isocyanate compounds cannot be

achieved due to the competing reaction of

the alcohol group with phosgene.

R N C O + R N BL

O

H

POLYISOCYANATE BLOCKING
AGENT

BLOCKED
POLYISOCYANATE

+R N BL

O

H

POLYOLBLOCKED
POLYISOCYANATE

+R N O

O

H

R'

BLOCKING
AGENT

POLYURETHANE

heat BL HR' OH

BL H

Polyurethane Synthesis,
Fig. 12 Blocked

isocyanate chemistry

Polyurethane Synthesis, Table 2 Deblocking temper-

ature of isophorone diisocyanate blocked with various

blocking agents

Blocking agent Deblocking temperature (�C)
Without

catalyst With 1 % DBTLa

e-CAP 175 163

MEKO 156 137

DMP 158 112

DIPA 136 115

aDibutyl tin dilaurate catalyst
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Perhaps the most well known of the NCO-free

routes to polyurethanes is the bis chloroformate

route, which employs the same raw materials as

the more conventional isocyanate-based route

(phosgene, polyols, and polyamines). However,

rather than phosgenating the polyamine to pro-

duce a reactive polyisocyanate, phosgene is first

combined with the polyol component to form a

bis (chloroformate), which is subsequently poly-

merized to the polyurethane by reaction with the

diamine (Fig. 13). In a related route, a bisphenyl

carbonate replaces the bis (chloroformate) as the

comonomer which reacts with the diamine.

Reaction of bisphenyl carbamates with

polyhydroxyl functional materials also results in

polyurethanes. Here, rather than “activating” the

alcohol to produce a monomer which reacts with

the diamine as in the bis chloroformate route,

the diamine is first “activated” by reaction with

diphenyl- or dimethylcarbonate. The resulting

bisphenyl or bismethyl carbamate reacts via con-

densation polymerization with the polyol compo-

nent. Removal of the reaction by-product (e.g.,

phenol or methanol) may be used to drive the

equilibrium to produce high molecular weight

polyurethanes.

Other isocyanate-free routes to PU include:

the polyaddition of bifunctional cyclic carbonates

with diamines to produce hydroxyl functional

urethanes, polycondensation of ethylene carbon-

ate, diamines and diols, ring opening polymeri-

zation of cyclic urethanes, and the

copolymerization of substituted aziridines with

CO2. Detailed descriptions of these and other

non-isocyanate-based routes to polyurethanes

have recently been discussed in detail in excellent

review articles [9, 12].

Summary and Recent Trends in
Polyurethane Synthesis

Although very mature products, application and

product innovation in PU continues. Today’s

need for simple, energy-efficient processing

with fast cycle times, coupled with demands for

improved health, safety, and environmental

impact, continues to drive developments.

For example, in PU raw materials and

processing, work continues to develop catalysts

that give optimized cure profiles tailored for spe-

cific applications. Renewable raw materials are

being evaluated, particularly for polyester polyol

components (diacids and diols) and chain

extenders (diols). A new class of polycarbonate

polyether-based polyols is emerging. These

hydroxy isocyanate
+

-t-butyl-OH -t-butyl-OH
-2 CO2

Amino alcohol Route

(di-t-butyl tricarbonate) 

Polyurethane 

Amino 
alcohol

++

Bis Chloroformate Route
bis chloroformate

n n

Polyurethane 

n n n2n
− 2HClCl

Cl

Cl

Cl
Cl

Polyurethane Synthesis, Fig. 13 Non-isocyanate-based routes to PU
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building blocks, based on copolymers of CO2 and

alkylene oxides, incorporate a new low-cost envi-

ronmentally attractive comonomer for polyol

production.

Driving PU product developments are ever

higher demands on insulation performance,

which are being addressed through control of

cell size and structure, and demand for new fire

retardant strategies. Additionally, next genera-

tion rigid insulation systems are being developed

to accommodate novel blowing agent chemis-

tries, which continue to evolve toward more envi-

ronmentally friendly materials. Broader use of

polyurethane matrices in fiber-reinforced com-

posites is also emerging.

Related Entries

▶Microphase Separation (of Block Copolymers)

▶Monomers, Oligomers, Polymers, and Macro-

molecules (Overview)

▶ Polyisocyanides, Polyisocyanates
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POM (Polyoxymethylenes),
Polyacetals
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Department of Materials Science and
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Synonyms

Acetal; Acetal polymer; Acetal resin;

Polyformaldehyde

Definition

Polyoxymethylenes are commercially available

engineering thermoplastics used in precision

parts requiring high mechanical strength, stiff-

ness, toughness in the wide range of temperature

and environment.

POM (Polyoxymethylenes)

Polyoxymethylenes (POM) (Eq. 1), sometimes

called acetal polymer or acetal resins, are highly

crystalline thermoplastic materials exhibiting

a broad array of useful properties including high

mechanical strength, stiffness, and toughness in the

wide range of temperature and environment [1–5].
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Inmany practical applications, POMhave replaced

metals in a variety of precision parts because of

balanced properties as engineering plastics. POM

are the first commercial engineering plastic,

and they still play an important role in our life.

A huge amount of POM is currently manufactured

by many companies, and further new high-

performance POM are developed.

ð1Þ

Historical Part in Industry

Although POM have been known since the

study by Staudinger in the early 1920s [6],

the POM was not a useful material because it

was lacking in sufficient thermal stability. In

the early 1960s, two types of POM were first

commercialized: Delrin®, an acetal homopol-

ymer introduced by Du Pont in 1960 [7], and

Celcon®, an acetal copolymer introduced by

Celanese (now Hoechst Celanese) in 1961

[8]. Both acetal homopolymer and acetal

copolymer consist primarily of oxymethylene

repeating units based on formaldehyde or

trioxane (cyclic trimer of formaldehyde), but

they differ in the mode of polymerization

from which they are derived, in main chain

structure, in end-group structure, in degree of

crystallinity and melting point of crystallites,

and hence in some of properties. Subse-

quently, BASF, Polyplastics, Asahi Chemical,

and Mitsubishi Gas Chemical have commer-

cialized acetal resins. Asahi Chemical

manufactures acetal block copolymer as

well as acetal homo- and copolymers [5].

Today, their production processes are

producing about 600,000 metric tons of

POM worldwide.

Polymerizations for POM Production

Formaldehyde is inherently highly reactive mono-

mer toward ionic chain polymerization, that is,

anionic and cationic polymerizations [9]. Polymers

obtained by both the polymerizations have the

structure of polyacetal chain of alternating carbon

and oxygen atoms. Acetal homopolymers are

manufactured by anionic polymerization of alde-

hyde, in which a suitable catalyst anion adds to the

carbonyl carbon of formaldehyde to form an alk-

oxide propagating species. Amines, ammonium

salts, organometallic compounds, and metal che-

lates can be used as anionic catalysts. Onium salts

like ammonium salts (e.g., R3NH
+OH�; R =

alkyl) are commonly used for industrial produc-

tion (Eq. 2). It is necessary to polymerize highly

purified and anhydrous formaldehyde, because

water and other protonic impurities cause chain

transfer reactions to limit polymer molecular

weight. A chain transfer reaction of the growing

end with water is shown (Eq. 3). A protonic com-

pound such as methanol is sometimes added as

a chain transfer agent for the purpose of control-

ling polymer molecular weight.

ð2Þ

POM
(Polyoxymethylenes),
Polyacetals,
Fig. 1 Dipole moments in

a 9/5 helical and a planer

zigzag conformations

of POM
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ð3Þ

Acetal copolymers are manufactured by cat-

ionic ring-opening copolymerization of

trioxane as a main monomer and cyclic ether,

most commonly ethylene oxide or

1,3-dioxolane, as a comonomer. Commercial

acetal copolymers are estimated to contain 0.1

to 15 mol% of the cyclic ether. Lewis acids and

protonic acids can be used as cationic catalysts.

Typical catalysts for the copolymerization are

boron trifluoride (BF3) and its ether complexes

(e.g., BF3OEt2). The electrophilic portion of

the catalysts adds to the monomers to form

the growing cations to form a random copoly-

mer containing long sequence of oxymethylene

units separated by an oxyethylene unit (Eq. 4).

Acetal block copolymers are manufactured by

the anionic polymerization of formaldehyde

via controlled chain transfer with the polymer

having an active hydrogen atom in the terminal

groups [R(X)-OH; R = alkyl chain; X =
oxyalkylene chain] [5].

ð4Þ

Stabilization of POM via End-Group
Transformation

The polymers obtained from the polymerization

system normally have hemiacetal end groups

(�CH2-O-CH2-OH), which are thermally unsta-

ble. The polymer chain easily causes depolymer-

ization to form monomeric formaldehyde under

heating. Therefore, the terminal hemiacetal

groups should be converted into thermally stable

end groups. This is accomplished for acetal

homopolymers by treating the terminal hemiace-

tal groups with acetic anhydride to form ther-

mally stable acetate end groups (Eq. 5). Such

end-capped POM can be obtained directly by

adding acetic anhydride as a chain transfer

agent in anionic polymerization.

ð5Þ

In a polymer chain of acetal copolymers, ther-

mally stable oxyethylene units (�CH2-CH2-O-)

are occasionally present. Controlled thermal

treatment of acetal copolymers removes the

unstable hemiacetal end groups until the stable

oxyethylene-based unit (�CH2-CH2-OH) is

reached as a terminal (Eq. 6). In addition, the

hydroxyethyl terminal groups (�CH2-CH2-OH)

are alkali resistant so that acetal copolymers are

stable to highly alkaline environments. Note that

the terminal acetate groups of acetal homopoly-

mers are sensitive to alkaline regents.

ð6Þ

The terminal acetate groups of acetal homo-

polymers and the terminal oxyethylene groups of

acetal copolymers can be decomposed by the

exposure to acidic substances, oxygen, high tem-

perature, etc. If once the polymer chain scission

occurs, it triggers the depolymerization. In the

case of homopolymers, the depolymerization

causes a significant decrease of polymer molecu-

lar weights. On the other hand, the
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depolymerization ceases when the next

oxyethylene-based unit becomes polymer end

group for acetal copolymers. To prevent the

chain scission, some stabilizers are commonly

incorporated into the polymer melts. Phenolic

compounds such as 4,40-butylidenebis
(6-tert-butyl-3-methylphenol) are used to suppress

thermal-oxidative decomposition. To prevent

acidolytic decomposition, alkaline-earth metal

salts and nitrogen-containing compounds such as

calcium carbonate and dicyanodiamide, respec-

tively, can be used as an acid trapping agent.

Structure

The chains of POM have a 9/5 helical conforma-

tion rather than a planer zigzag conformation like

polyethylene, as shown in Fig. 1. The COC chain

segments have a dipole moment, which is stabi-

lized in 9/5 helix because the dipoles are located

alternately in the polymer chain (Fig. 1a). In

contrast, the COC segments in a planer zigzag

conformation have a strong parallel dipole

moment (Fig. 1b). In 9/5 helix, the repeat distance

is 1.739 nm, the COC bond angle 112 �, and the

OCO bond angle 111�. The helical chains bend at
approximately 10 nm length to form lamellar

structures. The well-regulated lamellar structures

and the strong interaction between lamellar crys-

tals bring to the mechanical strength of POM.

Properties

POM are highly crystalline thermoplastic resins.

The reported degrees of crystallinity are about

70 % for acetal homopolymers and about 60 %

for acetal copolymers at room temperature. This

crystallinity imparts good surface lubricity, hard-

ness, and chemical resistance, but limits adhesion

ability of the surface. The melting points of the

POM crystallites are about 175 �C for acetal

homopolymers and about 165 �C for acetal

copolymers. The number-average molecular

weights of commercialized POM are

20,000–80,000, and the polydispersity ratios

(weight-average molecular weight/number-

average molecular weight) range from 2.0 to 3.0.

The glass transition temperatures of POM are

observed to be about �60 �C in the dynamic vis-

coelastic test, but its simple and regular structure

induces tightly packed crystals with high melting

temperature. Because of its higher degree of crys-

tallinity, acetal homopolymer has higher level of

mechanical properties such as tensile strength, flex-

ural strength, impact resistance, and hardness than

acetal copolymer. On the other hand, the copoly-

mer has greater elongation in the tensile test and

better retention of properties in long-term aging in

some environments. POM has found a wide variety

of applications in the automotive, industrial,

plumbing, appliance, and other fields where their

strength properties, hardness, lubricity, and wear

resistance can be used to maximum advantage.

Acetal homopolymers and copolymers are very

stable toward numerous chemicals. Their mechan-

ical properties are hardly affected by continuous

contact with conventional organic solvents such as

alcohols, esters, ethers, and hydrocarbons as well

as common fuels. Additionally, acetal polymers

swell only slightly in contact with water and

organic solvents. These properties are also impor-

tant for the use of construction materials.

Polyacetals

In a basic organic chemistry, aldehyde and

ketones react with alcohols in the presence of an

acid catalyst to yield acetals [R00-O-C(R)(R0)-O-
R000] (Eq. 7). Acetals are commonly employed as

a protecting group for aldehydes and ketones,

because the acetal linkages [�O-C(R)(R0)-O-]
are stable to bases, reducing agents, and various

nucleophiles but easily converted into the

corresponding carbonyl compounds [O = C(R)

(R0)] and alcohols [R00-OH and R000-OH] via

degradation of acetal linkages by treatment

with aqueous acids. Hydrolysis rates under acidic

conditions increased in the order R00-O-CH2-O-

R000 < R00-O-CH(R0)-O-R000 < R00-O-C(R)(R0)-O-
R000 as would be expected for the stability of a
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carbocation intermediate [10]. Commercially

manufactured polyacetals are polyoxy-

methylenes (POM) [�(CH2O)n-; their acetal

linkages are -O-CH2-O-, thus the most stable to

acid] obtained by polymerization based on

formaldehyde or trioxane monomers and are

widely used as engineering plastics (see above).

In contrast, there are many examples of the syn-

thesis of polyacetals with a variety

structures. Depending on their main chain

and side chain structures, they exhibit different

properties and different acid-induced

degradability.

ð7Þ

Synthesis of Polyacetals With Various
Routes

Polyacetals were primarily synthesized by

polycondensation of aldehydes and diols (Eq. 8)

[11]. In the polycondensation method,

by-product water should be removed from the

reaction mixture to obtain high-molecular-weight

polymers. The acetal exchange reaction of acetals

with diols can be used to prepare polyacetals via

a similar stepwise polycondensation process,

where by-products are alcohols (Eq. 9) [12]. As

an entirely different and more straightforward

route, polyaddition of divinyl ethers and diols

(Eq. 10) [13] and self-polyaddition of vinyl ethers

with a hydroxyl group (Eq. 11) [14, 15] are effec-

tive, where the acid-catalyzed addition reaction

between a vinyl ether group and a hydroxyl group

of these monomers produces polyacetals in the

stepwise manner without the elimination of

a small molecule.

ð8Þ

ð9Þ

ð10Þ

ð11Þ

Polyacetals as Degradable Polymers

Chemistry of polyacetals provides polymer mate-

rials with suitable degradability for some purposes.

One example involves the development of

environmentally friendly, chemically recyclable

commodity polymers with polyacetal segments.

Acetal linkage-incorporated polyurethanes [16]

and epoxy resins [17] undergo smooth degradation

to produce raw materials for chemical recycling.

Another example is directed toward the develop-

ment of synthetic biomaterials for tissue engineering

and drug delivery applications [18].

Related Entries

▶ Polyethers
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Synonyms

Cross-linked polymer synthesis; Dispersion poly-

merization; Emulsion polymerization

Definition

Precipitation polymerization takes place via rad-

ical initiation of the monomers/cross-linkers in

a homogeneous system followed by propagation

through a chain addition mechanism resulting in

precipitation of the polymer network in a poor

solvent (poorer than a y solvent) leading to

polymer particles with a narrow size distribution

produced in the absence of any stabilizer or

surfactant.

Introduction

Polymer microspheres refer to particles

containing polymer components with diameters

in the order of submicron to tens of microns and

with spherical shape. These nano- or micro-

spheres have many unique characteristics:

(i) small size and volume for each particle;

(ii) large specific surface area useful for adsorp-

tion phenomena, chemical reactions, and

light-scattering studies; (iii) high diffusibility

and mobility through the medium by gravity,

electrical field, and Brownian motions;

(iv) stable dispersions due to the following

forces, electrostatic repulsive forces, van der

Waal’s attractive forces, and steric repulsive

forces among the particles; (v) uniformity of the

2108 Precipitation Polymerization



size distribution; and (vi) variation of diameter,

surface chemistry, composition, surface texture,

and morphology easily possible. Polymer micro-

and nanospheres/capsules with internal structures

have found wide applications in both traditional

and modern technologies, including as biosen-

sors, tissue regeneration, chromatography, water

treatment, casting additives, controlled release

reservoirs, biomedical devices, colloidal crystals,

supporting materials for recoverable catalyst, and

super-hydrophobic/hydrophilic materials.

The polymer microspheres can be prepared by

two approaches: (a) physical methods, such as

emulsification, coacervation, and spray-drying,

and (b) chemical techniques, like heterogeneous

polymerization. Usually, the polymer particles

produced via the physical process have a broad

distribution in size. The polymer microspheres

having different size ranges and monodispersity

can be synthesized by various polymerization

techniques, including emulsion polymerization,

soap-free emulsion polymerization, dispersion

polymerization, suspension polymerization, acti-

vated swelling polymerization, seeded polymeri-

zation, precipitation polymerization, and

distillation precipitation polymerization. Among

them, suspension, emulsion, and dispersion poly-

merizations as traditional heterogeneous tech-

niques have played important roles in industrial

production. The suspension polymerization

involves well-dispersed liquid monomer droplets

in an aqueous system with a steric stabilizer and

vigorous stirring to yield the polymer particles as

a dispersed solid phase. It is very difficult to

control the size uniformity of the polymer parti-

cles because such an approach is influenced by

a dynamic process control. Steric stabilizers like

poly(N-vinylpyrrolidone) (PVP) should be uti-

lized to stabilize the polymer microspheres and

prevent them from coagulation.

Emulsion polymerization starts in micelles

and further occurs in the colloidal latex particles

stabilized by (micelle forming) surfactants. Later

in the process the surfactant molecules also sup-

ply electrostatic stabilization. This process uti-

lizes usually water-soluble initiators and is most

suitable for water-insoluble monomers. For both

these processes, the complete removal of the

surfactant or stabilizer from the resultant polymer

particles is very difficult and can lead to problems

in some applications.

Fundamental Aspects

Among the diverse heterogeneous polymeriza-

tion techniques, precipitation polymerization is

unique for the synthesis of polymer micro-/

nanospheres with uniform size and shape, and

the resulting polymer microspheres are free of

any added surfactant or stabilizer. This technique

starts as a homogeneous mixture of the

monomer(s), initiator, and optional solvents.

The polymer microspheres are formed via poly-

merization of the monomers/cross-linkers and

precipitate out from the homogeneous solution.

During the polymerization, the growing polymer

chains phase-separate from the continuous

medium by enthalpic precipitation or entropic

precipitation, in those cases where cross-linking

prevents the polymer and solvent from mixing

[1]. In poor solvents, precipitation polymeriza-

tion normally produces micrometer-sized

polymer particles. While in good solvents, pre-

cipitation polymerization produces turbid macro-

scopic gels, largely dependent on the original

monomer concentration [2]. Initially the tech-

nique did not attract much attention due to

the difficulty in controlling the polymer particle

uniformly. Recently, Stöver et al. reported the

precipitation polymerization for the synthesis of

monodisperse cross-linked polydivinylbenzene

(PDVB) microspheres [3] and core-shell polymer

microspheres [4]. Furthermore, Stöver did quan-

titative compositional mapping of these polymer

particles by soft X-ray spectroscopy [5]. Distilla-

tion precipitation polymerization has been devel-

oped as a powerful and facile technique for the

synthesis of monodisperse polymer microspheres

with various functional groups, core-shell poly-

mer microspheres, inorganic/polymer core-shell

composite/hybrid microspheres, and multilayer

structured microspheres [6, 7]. In distillation pre-

cipitation polymerization the solvent is partially

distilled out during the polymerization. The main

difference between the normal precipitation
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polymerization and distillation precipitation is

the agitation of the polymerization system. Pre-

cipitation polymerization is performed by rolling

the reaction system on a shaking-bed or a rotary-

evaporator equipment in the lab. Distillation pre-

cipitation polymerization is carried out via dis-

tilling part of the solvent out of the polymer

nano-/microspheres in order not to bump.

Photo-initiated precipitation polymerization has

been subsequently developed for the synthesis of

monodisperse PDVB particles [8]. More

recently, “living” radical polymerizations have

been utilized for the synthesis of molecularly

imprinted polymer microspheres via the combi-

nation of precipitation polymerization and “liv-

ing” radical polymerization, such as atom

transfer radical polymerization (ATRP) [9],

reversible addition-fragmentation transfer

(RAFT) polymerization [10], and iniferter-

induced “living” radical polymerization (ILRP)

[11]. A general introduction to the different cat-

egories of precipitation polymerization and the

underlying mechanisms has been well summa-

rized by a review [12].

Examples and Applications

For precipitation polymerization of the hydropho-

bic monomers, low monomer loadings (usually as

low as 5 vol%), a suitable covalent cross-linker,

and a near y reaction condition (solvent, tempera-

ture) are necessary to form narrow or monodis-

perse polymer microspheres. The formation

of microgels, microspheres, space-filling gels,

and coagulum as a function of cross-linking

degree and solvency of the medium has been

reported for precipitation polymerization of

poly(divinylbenzene-co-methylstyrene) (P(DVB-

co-MSt)) [13], poly(divinylbenzene-co-maleic

anhydride) (P(DVB-co-MAn)) [14], and poly

(methacrylic acid-co-(ethyleneglycol) methyl

ether methacrylate-co-ethylene dimethacrylate)

(PMAA-co-EGDMA-co-EDMA)) [15]. All these

results indicate that the solvent for precipitation

polymerization has a remarkable influence on the

morphology of the resultant polymer network. As

a result, acetonitrile as the solvent in many cases

meets the solvency conditions for the formation of

narrow or monodisperse polymer particles via

(distillation) precipitation polymerization with

various polarities, including PDVB (nonpolar)

[3, 6], poly(ethyleneglycol dimethacrylate)

(PEGDMA, medium polarity) [16], and poly(N,
N0-methylene diacrylamide) (PMBAAm, strong

polarity) [17].

The formation process of the polymer parti-

cles via precipitation polymerization consists of

two stages: nucleation and growth [18]. Nucle-

ation likely starts by aggregation of soluble olig-

omers to form swollen microgels, which

subsequently desolvate and collapse to form the

nuclei. The particle growth during precipitation

polymerization of DVB in acetonitrile occurred

via an entropic precipitation polymerization

manner as shown in Fig. 1, in which the soluble

monomers and oligomeric species are captured

from the solution through the reaction with the

residual vinyl groups on the surface of PDVB

microspheres due to the steric hindrance of

PDVB network. The polymer particles are stabi-

lized by an auto-steric effect of the transient

surface gel layer under a swollen state during

the growth of the PDVB microspheres. The

growth mechanism of PEGDMA microspheres

by distillation precipitation polymerization in

acetonitrile is much similar to that of PDVB

microspheres, in which the surface vinyl groups

captured the newly formed oligomers and

EGDMA monomers to enlarge the PEGDMA

particles [16].

The versatility of control of morphology and

properties of the polymer nanostructures has

drawn much attention as an interdisciplinary sub-

ject in the past several decades. Among them,

raspberry-like and bilayer nanostructures have

aroused keen interest among many researches

owing to their controlled hierarchical structures

and properties as well as wide potential

application (e.g., in glass covers for solar cells,

artificial super-hydrophobicity, improved wetta-

bility of gradient surfaces, as nano-reactor, and

for pesticide applications). The morphology of the

resultant poly(ethyleneglycol dimethacrylate-co-

methacrylic acid)/polydivinylbenzene (P(EGDMA-

co-MAA)/PDVB nanocapsules formed through
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in situ precipitation polymerization of DVB in

the presence of P(EGDMA-co-MAA)

nanocapsules as templates was controlled by the

density of the residual surface vinyl groups of the

P(EGDMA-co-MAA) nanocapsules, which was

dependent on the cross-linking degree (EGDMA)

for the distillation precipitation copolymerization

of EGDMA and MAA [19]. The formation

mechanism of P(EGDMA-co-MAA)/PDVB

nanocapsules with different morphologies is

illustrated in Fig. 2. The density of the surface

vinyl groups on the P(EGDMA-co-MAA)

nanocapsule templates plays a vital role for

precipitation polymerization of DVB to

produce randomly distributed PDVB domains

over P(EGDMA-co-MAA) templates, raspberry-

like P(EGDMA-co-MAA)/PDVB hybrid

nanocapsules, and bilayer structure

nanocapsules, which depends on the various cap-

ture ability of DVB monomers and oligomers

during the precipitation polymerization with dif-

ferent density of the surface vinyl groups of P

(EGDMA-co-MAA) templates.

The hydrophilic polymer microspheres with

uniform size are essential for drug delivery sys-

tem (DDS) because the distribution of the

microspheres in the body and the interaction

with biological cells are greatly affected by the

particle size. Amphiphilic copolymer containing

carboxylic acid group with different architectures

have been prepared for their utilization in emul-

sion polymerization and for the investigation of

their unique rheological behavior. Monodisperse

hydrophilic polymer microspheres with func-

tional groups, such as aldehyde, imide, and

amide, have been obtained via a radiation precip-

itation polymerization without stirring in the

absence of any stabilizer or catalyst [20]. It is

important to control the morphologies of the

resultant polymers containing hydrophilic como-

nomers. However, it is difficult to prepare the

hydrophilic polymer microspheres with uniform

shape via precipitation polymerization. Monodis-

perse hydrophilic polymer microspheres with

spherical shape ranging from 160 nm to

1.52 mm and carboxyl groups have been prepared

by distillation precipitation copolymerization

of (meth)acrylic acid with either EGDMA

or DVB cross-linker in presence of

2-azobisisobutyronitrile (AIBN) as initiator in

neat acetonitrile without stirring [21]. The results

indicated that the loading of carboxyl groups in

AIBN

CH3CN, 70oC

Nucleation Growth

+
Alkyl

Alkyl

Alkyl

Alkyl

+ Alkyl

Alkyl

A) Reactive Surface B) Inert Surface

Precipitation Polymerization, Fig. 1 Growth mechanism of polydivinylbenzene microspheres for precipitation

polymerization via surface vinyl group-capture process [18]
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the resultant P(DVB-co-AA) microspheres was

much lower than the AA fraction in comonomer

feed, especially with AA fraction lower than

0.90, which may be originated from the higher

reactivity of PDVB cross-linker comparing to

that of AA during distillation precipitation poly-

merization. The loading capacity of the carboxyl

groups on the surface of the hydrophilic polymer

microspheres can be varied between 0.2 and

10.0 mmol/g via altering the feed of (M)AA and

the cross-linker.

Monodisperse poly(methacrylic acid)

(PMAA) microspheres have been prepared by

distillation precipitation polymerization of

MAA in acetonitrile with AIBN as initiator in

absence of any cross-linker [22]. Monodisperse

PMAA microspheres with spherical shape and

smooth surface have been synthesized with diam-

eters ranging from 60 to 290 nm below the glass

transition temperature of PMAA (Tg = 185 �C)
in the absence of any surfactant or stabilizer.

During the polymerization, the PMAA is still in

a glass state for the possible formation of mono-

disperse polymer nanospheres, not a viscous net-

work as a coagulum. The residual MAA

monomer can be adsorbed on the PMAA nuclei

by hydrogen-bonding interaction, which provides

the incorporated reactive vinyl groups on the

particle surface for the further growth of the

PMAA particles as shown in Fig. 3a. The particle

growth may be proceeding through the capture of

the soluble oligomers or residual MAA mono-

mers by the adsorbed vinyl groups on the surface

during the polymerization via a reactive and

entropic capture mechanism. On the other hand,

the initiator may react with the monomer in solu-

tion to form oligomeric radicals throughout the

polymerization. When the oligomers grow larger

than the critical chain length, these oligomers will

precipitate from the homogeneous reaction

H2C
C

CH3

C
OO

O
C

OC
H3C

H2C

H2C
C CH3

COOH

P(EGDMA-co-MAA)

Density of the surface vinyl group

Region Zoom

Low High

P(EGDMA-co-MAA)/PDVB

Precipitation Polymerization, Fig. 2 Formation

mechanism of the P(EGDMA-co-MAA)/PDVB

nanocapsules with various morphologies controlled by

the density of the surface vinyl group [19]
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Precipitation Polymerization, Fig. 3 Growth mechanism of poly(methacrylic acid) microspheres by distillation

precipitation polymerization via hydrogen-bonding capture process [22]
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system and are captured by the original PMAA

seeds and the carboxylic acid units on the oligo-

mer radical, which was illustrated in Fig. 3b.

In other words, the polymerization is initiated in

the homogeneous medium, which is much similar

to the typical solution polymerization.

The combination of the properties of inorganic

and organic building blocks within a single mate-

rial has attracted rapidly expanding interest for

material scientists because of the possibility to

combine the various functional groups of organic

components with the advantages of thermally

stable and robust inorganic substrates. These

inorganic/polymer core-shell composite/hybrid

particles can exhibit novel and excellent proper-

ties, such as mechanical, chemical, electrical,

rheological, magnetic, optical, and catalytic, by

varying the compositions, dimensions, and struc-

tures of the core and shell. These hybrid polymer

particles might find applications as drug delivery

system, in diagnostics, coatings, and catalysis.

Monodisperse silica/PMBAAm core-shell com-

posite microspheres have been prepared by dis-

tillation precipitation polymerization of

MBAAm in the presence of silica nanogels as

templates without formation of separate pure

polymer particles. The thickness of the

PMBAAm shell is controlled through the feed

of MBAAm monomer [23]. The encapsulation

of PMBAAm onto the silica cores is driven by

the hydrogen-bonding interaction between the

polar hydroxyl group and the amide unit of

PMBAAm species during the polymerization to

incorporate the reactive vinyl groups on the sur-

face of inorganic template, as shown in Fig. 4.

Then the adsorbed vinyl groups on the surface of

silica nanospheres capture the MBAAm mono-

mers and newly formed oligomers from the reac-

tion system for the uniform encapsulation of

PMBAAm for the formation of silica/PMBAAm

core-shell composite microspheres. These sur-

face radicals act as the reactive loci for the further

polymerization to enlarge polymer particles,

which are stabilized by the steric effect and the

electrostatic repulsion.

Silica nanoparticles, which can be conve-

niently prepared by the hydrolysis of organic

silicates via a sol-gel process, have wide applica-

tions in many fields including cosmetics, print-

ing, and electronic industries. However, these

nanoparticles tend to coagulate due to their high

surface energy and polycondensation of their sur-

face groups. Therefore, it is necessary to prevent

coagulation by using silica/polymer hybrid core-

shell hybrid particles where the modification of

surface properties originates from the polymer

component. Monodisperse 3-(methacryloxy)

propyl trimethoxysilane (MPS)-modified silica

nanospheres are prepared from the hydrolysis of

siloxane tetraethyl orthosilicate (TEOS) via a

sol-gel process having active hydroxyl groups

with the successive coating of MPS to
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Precipitation Polymerization, Fig. 4 Preparation and mechanism for the formation of silica/PMBAAm composite

materials [23]
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incorporate the reactive vinyl groups on the

surface. Monodisperse silica/PDVB and silica/

PEGDMA core-shell hybrid microspheres have

been prepared by distillation precipitation poly-

merization of DVB and EGDMA in the presence

of MPS-modified silica nanospheres as tem-

plates, during which the polymer shell is coated

over the surface of inorganic seeds via a vinyl

capture growth mechanism as shown in Fig. 5

[24]. In such a way, the polar surface of inorganic

silica nanospheres with reactive hydroxyl groups

has been successfully transferred to the nonpolar

PDVB and weak-polar PEGDMA shell with

hydrophilicity.

Hollow polymer microspheres (nanocapsules)

have been an interesting research topic due to their

wide applications, including the encapsulation of

drugs and enzymes for controlled release, fillers,

pigments, catalysts, adsorption materials for

sound, and the enhanced water retention and stable

dynamic water behavior for proton exchange

membrane fuel cell (PEMFC). The hollow poly-

mermicrospheres with different functional groups,

such as chloromethyl, pyridyl, carboxyl, hydroxyl,

amide, and ester, as well as with responsive prop-

erties, have been synthesized via the selective

removal of the linear PMAA or silica core from

the corresponding PMAA/polymer or silica/poly-

mer core-shell microspheres, which can be facilely

prepared by a two-stage distillation precipitation

polymerization.

Superparamagnetic nanoparticles have been

extensively pursued for bio-separation, magnetic

catalytic carrier, drug delivery, and magnetic res-

onance imaging (MRI). Although there have

been many significant developments in the syn-

thesis of magnetic nanoparticles, maintaining the

stability of these nanospheres for a long time

without agglomeration or precipitation is an

important issue. Much effort has been devoted

to modify the surface properties of magnetite, as

the hydrophobic surface limits applications.

Coating a functional polymer shell onto the mag-

netite cores could solve these problems, which

not only protect the core from damaging environ-

ments such as oxygen, acids, and bases but also

render the nanoparticles biocompatible, stable,

water dispersible, and with desired functionali-

ties. The magnetite nanospheres contain some

carboxyl groups on their surface via introduction

of sodium citrate to the magnetite synthetic sys-

tem for their stabilization. The synergic

hydrogen-bonding interaction between carboxyl

groups and ester groups is strong enough to make

the magnetite capture monomer or oligomer onto

its surface during the distillation precipitation

polymerization of EGDMA [25]. In such a way,

the hydrogen-bonding interaction plays a key role

Si(OEt)4
Stober method

Hollow Microspheres

DVB or EGDMA
/AIBN/CH3CN

Distillation-precipitation
Polymerization

Core-shell
Microspheres

SiO2 OH

SiO2

SiO2

SiO2 OSi(CH2)3OCOC(CH3)=CH2(CH3O)3Si(CH2)3OCOC(CH 3)=CH2

OH

OH

HF

r.t.

Precipitation Polymerization, Fig. 5 Preparation of silica/polymer core-shell hybrid microspheres and the

corresponding hollow polymer microspheres [24]
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as the driving force during the encapsulation of

PEGDMA on magnetite cores with initial incor-

poration of the reactive vinyl group or radical.

The process and mechanism for the synthesis of

Fe3O4/PEGDMA core-shell microspheres is

presented in Fig. 6. In case I, the adsorbed vinyl

groups on the surface of magnetite nanospheres

via the hydrogen-bonding interaction between

the ester groups of EGDMA monomer and the

carboxyl groups of the sodium citrate stabilizer as

well as the hydroxyl groups of magnetite capture

the newly formed oligomer radicals for the

encapsulation of PEGDMA to produce magne-

tite/PEGDMA core-shell composite particles. In

case II, the adsorbed radicals via the hydrogen-

bonding interaction, which is formed by the

reaction between the initiator and EGDMA

monomers in the solution, react with the

EGDMA monomers from the solution to enlarge

the PEGDMA shell layer. Both cases occur

simultaneously during the whole distillation pre-

cipitation polymerization.

Based on the understanding of the mechanism

for the synthesis of silica/polymer and magnetite/

polymer microsphere, various inorganic/polymer

core-shell hybrid microspheres have been pre-

pared by distillation precipitation polymerization

in the presence of different inorganic particles as

seeds, including titania, zirconium oxide, ellip-

soidal hematite, tin oxide, etc. These hierarchical

multilayer core-shell microspheres have been

of considerable interest with their thermal,

plasmonic, optical, rheological, and catalytic

properties, which would be facilely obtained

by tuning the size, monodispersity, building

blocks, composition, and morphology. The inter-

action between the hierarchical layers with

various composition and thickness provides

unique characteristics comparing to the homoge-

neous microspheres.

Science and technology of polymer micro-

spheres and their applications have been

developed rapidly during the last decade because

of the era demands for fine-particle materials,

mesoscopic science, nanotechnology, etc., which

all concern the polymermicrospheres and colloids.

There are many novel polymer colloids having

a chance to be utilized, such as colloidal crystals,

which include polymer microspheres with differ-

ent functional groups and various structures,

hollow polymer particles, unsymmetric particles,

composite/hybrid particles, etc. The especially

noteworthy fields will be the mechanism for the

formation of monodisperse polymer microsphere,

design and control of the definite morphology and

structure of the fine polymer particles, and the

further application of intelligent polymer micro-

spheres, control of the soft aggregation, and

ordered assembly of polymer colloids.
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12. Li GL, Möhwald H, Shchukim DG (2013) Precipita-

tion polymerization for fabrication of complex

core–shell hybrid particles and hollow structures.

Chem Soc Rev 42:3628

13. Downey JS, Mclsacc G, Frank RS, Stöver HDH
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Abbreviations

a.a. amino acids

LbL layer-by-layer

Definition

pI isoelectric point.

Polymeric Molecule

Proteins consist of amino acids conjugated by

peptide bonds, which is a type of amide bond

formed from a carboxyl group and an amino

group in a-amino acids (except for one case).

This special type of amide bond is called as a

peptide bond and the large molecules (polymers)

thus obtained are polypeptides.

A polypeptide is, as with synthetic polyamides,

basically a condensation polymer and fundamen-

tally a single and liner polymer. One or more

polypeptides form proteins, and in many cases,

several (single) proteins form an assembled mole-

cule: a polymeric protein. Each component protein

is called a subunit, and a protein having only one

subunit is a single-subunit protein.

Proteins perform a wide variety of functions in

living organisms, and the size or length of a

polypeptide also varies widely. The largest

(longest) single protein known is Titin

(connectin: contributing to the passive stiffness

of the muscle), which has a molecular size around

30,000 amino acid residues and three million

Da. Although this depends on the definition of a

“protein,” the smallest protein is composed of

20 amino acids (TRP-cage) or less.

Natural proteins are composed of 20 kinds of

amino acid; 19 are a-amino acids and one is an

imino acid. Except for the simplest one (glycine),

19 amino acids are chiral and all are usually

L-forms. In the polypeptide chain of a protein,

these amino acids are in a queue, and the order of

this sequence is crucial. This designated

sequence determines the function of a protein,

and it is encoded within the gene, as a sequence

of deoxy-nucleotides in DNA. Typically, this

sequence of amino acids controls the structure

of the protein and thus its function. The

a.a. sequence in a polypeptide is called as the

primary structure. Proteins form their unique

and hierarchical 3-D structures, derived from

this a.a. sequence. The secondary structures are

mainly formed through interactions (van der

Waals, hydrogen bonding etc.) between the back-

bone chains of a peptide and are less influenced

by the characteristics of the side chains. The

interactions among the side chains lead to the

formation of a complex 3-D structure, which is

called the tertiary structure. Inter-peptide chain

interaction produces further higher-order struc-

tures, such as polymeric proteins (quaternary

structure). Even in the cases of fibrous and linear

proteins, such as keratin and collagen, the inter-

actions among different polypeptide chains are

crucial in forming the final and functional

structures.

In the words of polymer science, proteins and

polypeptides are condensation, linear, hetero-chi-

ral, chiral, sequential, and structural polymers.

The rapid development of molecular biology

has now elucidated the a.a. sequences of many

proteins. Furthermore, the 3-D structures of many

proteins can be obtained by X-ray crystallogra-

phy. As for the sequential polymerization of

amino acids in vitro, the so-called solid-phase

synthesis of polypeptides, originally developed

by Merrifield, now provides an easy and quick

tool, after many years of expert-oriented liquid-

phase methods. Today, polypeptides with over

100 a.a. can be synthesized by this solid-phase

method.

The most salient question is now on the rela-

tionship between the a.a. sequence and the
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(uniquely) formed 3-D structures of proteins.

There have been a number of challenges on this

matter over the past three decades [1–4].

Among many methods, there are several

approaches based on polymer statics. In other

words, proteins and polypeptides are only special

cases of polymers in general from this point of

view. The 3-D structures of proteins to perform

their physiological functions (functional struc-

tures) are highly dependent on the environmental

conditions, such as temperature, pressure, pH,

and the concentration of additives including

nonaqueous solvents. In physical reality, they

translate into thermal motion, interaction

valance, hydration, dielectric constant, solubility,

etc. Both the thermal phase changes of synthetic

polymers and the thermal denaturation of pro-

teins can also be treated by the theories of poly-

mer statics [5–7].

Polyelectrolytes

Among the 20 amino acids comprising proteins,

there are several ionizable amino acids. They

carry ionizable groups in their side chains: two

are acids (Asp, Glu) and three are bases (Arg,

Lyz, His). The terminals of a polypeptide chain

are also ionizable as ammonium (aminium) cat-

ions and carboxylate anions. This means that

polypeptides will usually bear anions and/or cat-

ions in these molecules and have the polyelectro-

lyte characteristics. Most of them carry both

types of charge and are classified as

polyampholite.

Many of these ionizable groups are weak

acids/bases, and the total charges in a protein

molecule can be changed in response to the envi-

ronmental hydronium ion concentration (pH).

Furthermore, the content of the charged groups

(species and number) is different in each individ-

ual protein. Thus, proteins show very character-

istic behaviors in response to the solution

pH. This is another and very important character-

istic of proteins. For most proteins, there is a pH

value of solution where the net charge of the

whole protein molecule becomes zero, since the

week acids lose the anionic character in excess

acids and the weak bases lose their cationic char-

acter under excess basic conditions. This value is

known as the isoelectric point (pI).

For example, some pI standards for electro-

phoretic analysis are available commercially.

Among them, the low pI sample is often pepsin-

ogen and the high pI standard is cytochrome

c. The pI of the former is lower than three and

that of the latter is higher than ten. Pepsinogen is

a precursor of pepsin enzyme and pepsin loses

44 a.a. from this precursor. Thus, the net charge

increases around +7, and its pI drops well below

three. Lysozyme is known as a more basic pro-

tein, and its pI is higher than 11.When the surface

charge density in neutral pH solutions of these

two proteins and myoglobin (pI 
 7) are com-

pared, pepsin shows mostly red color (negative

charge: polyanion) and lysozyme shows blue

color (positive charge: polycation), whereas

myoglobin is in patches, as illustrated in Fig. 1.

The overall net charges of proteins are very

important in the isolation and purification processes

of the proteins. For example, the solubility of pro-

teins becomes the lowest under conditions of pH

pI, near where the proteins are usually crystallized.

Ion-exchange chromatography (or ion chro-

matography) is a useful tool for protein purifica-

tion, in which protein solutions are eluted through

ion-exchange chromatography column [8]. When

a charged protein sample is eluted through the

column, a protein that carries the charge opposite

to the column matrix will be bound, whereas a

protein with the same or no charge will pass

through the column. By changing the pH of the

eluent, the target protein will be released from

the column. This is actually an application of the

overall polyelectrolyte nature of proteins.

Among the electrophoretic methodologies,

capillary gel electrophoresis directly exploits

the polyelectrolyte character of the proteins

[9, 10]. The separation of proteins depends on

the overall charges and the sizes (ionic radii) of

the protein molecules, as well as their electroos-

motic flow. By changing the pH value or the ionic

strength of the supporting liquid phase, the protein

mixture is separated and ionized. This technique

is mainly used for the analysis of protein-based

pharmaceuticals and quality controls.
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Another unique electrophoretic method is iso-

electric focusing [10]. This technique also utilizes

the polyelectrolyte (polyampholyte) nature of pro-

teins, but, more precisely, it separates protein mix-

tures on the basis of their pI values. If charge-

carrying proteins are subjected into an electropho-

retic gel with a pH gradient and then an electric

field is applied, theymigrate toward the oppositely

charged electrode. However, at the pH zone equal

to their pI values, they will stop moving.

Depending on each characteristic pI, pH zone at

which the sample stops is different for different

proteins, and hence they can be separated.

Electrostatic interactions often support the sta-

bilization and formation of protein-protein com-

plexes, either thermodynamically or kinetically.

However, as seen in Fig. 1, the charges are not

always distributed evenly over the whole protein

molecule, but some parts have opposite charges. In

some cases, even though the net charge of a protein

molecule is of one type, the opposite type of charge

in a specific site of the protein plays a critical role in

structure formation and/or function performance.

Furthermore, several examples have been found in

polymeric proteinswhere the inter-subunit surfaces

have the opposite charges and the first driving force

of complex formation is electrostatic interaction.

Interactions between Proteins and
Proteins with Non-protein
Polyelectrolytes

The polyelectrolyte nature of a protein can gen-

erate various kinds of interactions with

nonprotein polyelectrolytes. Biopolymers such

as polynucleic acids and ionized polysaccharides

are considered to be natural polyelectrolytes

[11–13]. A very basic example is the interaction

of DNA with histone protein. DNA carries nega-

tive charges due to their phosphate linkages and

can be considered as a semiflexible polyanion.

Histone is a positively charged protein, and a

core histone is composed of eight subunits.

DNA and histone interact, besides other various

forces, by electrostatic interactions between the

DNA phosphates and the arginine/lysine residues

of the histone as a kind of polyelectrolyte com-

plex. Histones are acetylated and deacetylated at

their lysine residues. An acetylation removes

positive charges and weakens the histone-DNA

interaction to relax the chromatin, thus activating

transcriptional activity. A deacetylation restores

the cationic charges and the packed

(condensed) form.

In ribosomes, electrostatic interactions

between the numerous arginine and lysine resi-

dues of ribosomal proteins and the phosphate

groups of the RNA backbone also mediate many

protein-RNA contacts to stabilize inter-domain

interactions, which are necessary to maintain

the structural integrity of the ribosome subunit,

together with a variety of other interactions.

Polysaccharides often carry ionic charges, and

oppositely charged proteins interact with these

ionic polysaccharides. Ionic, especially sulfated,

polysaccharides bind proteins through electro-

static interactions between the sugar anionic

groups and the cationic sites of the proteins, in

Proteins as Polymers and Polyelectrolytes,
Fig. 1 Surface charge distribution of bovine pepsin (a:
PDB 5PEP), human myoglobin (b: 4HHB), and hen egg

lysozyme (c: 1LYZ), under neutral conditions. Drawn by

using Swiss PDB Viewer
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addition to the highly specific sequences. For

example, heparin, a highly sulfated polysaccha-

ride located on the cell surface, interacts with

various extracellular matrix proteins to control

proteolysis, modulate the angiogenesis and

metastasis of tumors, and oligomerize cell

growth factors, etc.

There are many proteins included in biological

membranes. Nonspecific electrostatic interac-

tions work as a driving force for the association

of peripheral proteins with membranes, since

biological membranes usually carry charges on

their surfaces [14]. These electrostatic interac-

tions not only contribute to membrane associa-

tion but also affect the subcellular targeting,

control membrane binding, and affect the organi-

zation of proteins and lipids at the membrane

surfaces.

Recently, interactions between proteins and

synthetic polyelectrolytes have been the focus

of research again. The attractive interactions

between proteins and polyelectrolytes are wide-

spread, from free polyelectrolyte chains to poly-

electrolytes grafted onto surfaces, such as

polyelectrolyte brushes and polymer networks.

The main hypothesis is that polyelectrolyte

chains work as multivalent counterions for the

localized opposite charges on the protein sur-

faces. This kind of interaction has various appli-

cations: separations, delivery, and wound

repair. The related fields are biosensing, tissue

engineering, and pharmacology. One example is

a layer-by-layer (LbL) assembled thin film,

produced through the alternating adsorption of

complementary multivalent species onto a sub-

strate via electrostatic interactions (Fig. 2).

Hydrogen bonding or other secondary interac-

tions are also utilized. This method can control

the composition of materials at the nanometer

level [15–19].

Related Entries

▶Biomembrane as a Soft Matter

▶Conjugated Polyelectrolytes

▶ Ion-Exchange Resins

▶Nano-/Microfabrication

▶ Structures in Ion-Containing Polymers
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Synonyms

Glucose-based polymer; Polysaccharide

Definition

Pullulan is a glucose-based polysaccharide,

repeating units of which are described as a(1 !
4)Glu-a(1 ! 4)Glu-a(1 ! 6)Glu.

Structure and Basic Properties

Pullulan is one of the most well-known and

extensively studied glucose-unit polysaccha-

rides. Dry pullulan is a white-to-off-white,

tasteless, odorless powder that is easy to dissolve

in water at 25 �C. In contrast with other glucose-

based polysaccharides such as cellulose,

amylose, or dextran, pullulan has unique regu-

larly repeating units described as a(1 ! 4)Glu-a
(1! 4)Glu-a(1! 6)Glu (Fig. 1). In other words,

the repeating unit of pullulan is a(1 ! 6)-linked

maltotriose, which is an a(1! 4)-linked glucose

trimer. This regular alternation of a(1 ! 4) and

a(1 ! 6) bonds produces the high solubility and

unique chain flexibility of pullulan in water.

Using NMR spectroscopy, it was shown that the

a(1 ! 6)-linked glucose residues in pullulan

have higher motional freedom than a(1 ! 4)-

linked glucose residues, which have a primary

hydroxyl group in the C6 position. The confor-

mational properties of these glucose units of

pullulan lie between those of amylose and dex-

tran. The many structural analyses of pullulan

that have been performed using Fourier transform
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infrared spectroscopy, Raman spectroscopy, cir-

cular dichroism spectroscopy, and computer sim-

ulation studies have indicated that pullulan has a

considerable mechanical strength and hydrody-

namic properties [1].

Historical Background and Biological
Production

In 1938, Bauer was the first to observe the pro-

duction of a polysaccharide in Aureobasidium

pullulans, a ubiquitous black yeast-like fungus.

In the late 1950s, this novel polysaccharide was

isolated from culture broths of Aureobasidium
pullulans and was named as “pullulan.”

The basic structure of pullulan was resolved in

the 1960s; it was shown that pullulan consists

of a(1 ! 6)-linked polymers formed from

maltotriose subunits. The Hayashibara Company

(Okayama, Japan) optimized the fermentation

medium and growth conditions of

Aureobasidium pullulans to produce pullulan,

which has a particular molecular weight, and

Pullulan,
Fig. 1 Structural

comparison of glucose-

based polysaccharides

(cellulose, amylose,

dextran, and pullulan)
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started the commercial production of pullulan in

1976 [2].

Aureobasidium pullulans synthesizes pullulan

intracellularly at the cell wall membrane, and the

pullulan is then secreted out to the cell surface to

form a loose, slimy layer. Uridine diphosphate

(UDP)-glucose is an important pullulan precursor.

First, lipid-linked pyrophosphate-glucose (lipid-

glucose) is prepared from UDP-glucose using

pyrophosphorylase. Subsequently, lipid-linked

pyrophosphate-isomaltose (lipid-isomaltose)

is produced via the transfer of glucose residues

from the UDP-glucose. The lipid-isomaltose then

reacts with lipid-glucose to yield lipid-linked

pyrophosphate-isopanose (lipid-isopanose).

Finally, isopanosyl residues are polymerized into

pullulan chains (Fig. 2) [3].

Applications: Pullulan-Based
Nanomaterials

Hydrophobic Modification

Various pullulan-based nanomaterials have been

developed in recent decades, and the efficacy of

these materials has been demonstrated in a vari-

ety of high-impact applications (Fig. 3). Some of

the most notable of these materials are nanogels,

which are nanometer-sized gels (approximately

0.1–100 nm). Recently, nanogels have been

prepared using various polymers and

methods [4]. Nanogels were first reported in the

1990s, when they were produced using

cholesterol-modified pullulan [5], and the

term “nanogel” was officially defined by the

International Union for Pure and Applied

Pullulan, Fig. 2 Biosynthesis of pullulan at the cell wall membrane of Aureobasidium pullulans

Pullulan, Fig. 3 Pullulan-based nanomaterials
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Chemistry (IUPAC) [6]. Pullulan-based nanogels

have been used in medical and pharmaceutical

research fields for applications such as drug

delivery and tissue engineering [7]. The medical

and pharmaceutical fields represent some of the

most active areas for pullulan-based

nanomaterials, and we concentrate on these

areas in this section.

In 1993, Akiyoshi et al. prepared cholesterol-

bearing pullulan (CHP) and demonstrated that the

cholesterol group of CHP provided physically

cross-linking points through hydrophobic inter-

actions in water, and CHP formed stable and

monodisperse nanogels with a diameter of less

than 50 nm in water [5]. In comparison with

polymeric micro/nanospheres, nanogels can con-

tain a large amount of water and can incorporate

bioactive drugs such as proteins and nucleonic

acids within the nanoscale polymer networks.

Motivated by reports of the successful use of

CHP to form physically cross-linked nanogels,

Akiyoshi and his coworkers prepared various

types of pullulan-based nanogels. For example,

pullulan was modified using alkyl chain,

photoresponsive spiropyran, and thermore-

sponsive poly(2-isopropyl-2-oxazoline). Addi-

tionally, amine or double bond-modified CHP

was prepared for cationic material and bottom-

up engineering, respectively, as described below

in detail. In other examples, siloxane-modified

CHP was prepared for inorganic cross-linking,

Arg-Gly-Asp peptide-modified CHP was pre-

pared for integrin-mediated protein delivery,

imidazole-modified CHP was prepared for

metal-coordinative cross-linking, and vitamin

B6-modified pullulan was prepared for protein

cross-linking. Pullulan-based nanogels have also

been reported from other groups, including

deoxycholic acid-modified pullulan, poly

(L-lactide)-grafted pullulan, and alkyl chain-

modified hydroxyethyl/vinyl methacrylate

pullulan [8].

One of the most attractive characteristics of

CHP nanogels is the molecular chaperone func-

tion; specifically, CHP nanogels can spontane-

ously trap proteins in the nanoscale hydrogel

matrix. For example, CHP nanogels formed com-

plexes with various proteins such as insulin,

bovine serum albumin, a-chymotrypsin, myoglo-

bin, and cytochrome c through hydrophobic

interactions [7, 8]. In most cases, the nanogel-

protein complexes showed high colloidal stabil-

ity. In nature, molecular chaperones selectively

entrap denatured proteins or their intermediates

via macromolecular host-guest interactions—

primarily, hydrophobic interactions—and pre-

vent irreversible aggregation. With the aid of

ATP and another co-chaperone, the host chaper-

one releases the refolded protein. CHP nanogels

have been reported to act as artificial molecular

chaperones. CHP nanogels can trap heat/chemi-

cally denatured proteins, suppress the irreversible

aggregation of denatured proteins, significantly

increase the colloidal and thermal stability of

proteins, and release proteins via the addition of

b-cyclodextrin, which dissociates the complexa-

tion of CHP nanogels with proteins because the

cholesteryl group is a suitable guest for

b-cyclodextrin. Because of these properties,

CHP nanogels are regarded as artificial molecular

chaperones. The chaperone-like activity of CHP

nanogels for the refolding of acid-denatured green

fluorescent protein is comparable with that of the

native chaperone. This nanogel system is also

effective for renaturation of the inclusion body of

a recombinant protein belonging to the serine pro-

tease family. Additionally, CHP nanogels interact

with amyloid b-protein, and the resulting com-

plexes significantly reduce the toxicity of amyloid

b-protein in both primary cortical cultures and

microglial cell cultures [7, 8].

The molecular chaperone function of CHP

nanogels has led to breakthroughs in drug deliv-

ery systems, especially for protein or peptide

delivery. Cancer immunotherapy is one of the

most well-studied examples [9, 10]. The com-

plexes of CHP nanogels with cancer antigen pro-

teins can trigger an unprecedented immune

response, making them useful in cancer immuno-

therapy. Clinical trials of CHP-antigen complexes

as multifunctional cancer vaccines (activation of

both CD8+ killer T cells and CD4+ helper T cells)

were initiated in 2004. The hydrophobic antigen

proteinswere complexed by a CHP nanogel, with-

out aggregation, and were effectively internalized

into antigen-presenting cells such as dendritic or
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macrophage cells in vivo. A preliminary phase

I clinical trial demonstrated the effects of the

nanogel system, especially for the treatment of

esophageal cancer. In other studies, CHP

nanogels containing HER2 protein antigen, a

cancer-related gene product, were subcutaneously

injected into mice with cholangiocarcinoma and

antitumor killer T cells, and antibody-producing

helper T cells were efficiently induced.Moreover,

CHP nanogels have been found to be effective as

controlled-release carriers of interleukin-12 for

the cytokine immunotherapy of cancer [8].

Chemical Conjugation of Drugs

In 1996, Tabata and his research group demon-

strated the liver targeting of interferon (IFN)

in vivo, facilitated by the high affinity of pullulan

to the liver or asialoglycoprotein receptors. IFN

was chemically conjugated with pullulan

(IFN-pullulan) using a cyanuric chloride method.

After intravenous injection of the IFN-pullulan

into mice, the liver accumulation of IFN was

significantly increased for the IFN-pullulan,

whereas the gastrointestinal and carcass distribu-

tion was reduced compared with free IFN and a

physical mixture of free IFN and pullulan. The

accumulation was observed even 24 h after injec-

tion, indicating that the pullulan conjugation was

essential to enhance the liver accumulation of

IFN [11].

In 2011, a pullulan-based doxorubicin (DOX)

conjugation with folic acid, which is a targeting

agent for several tumor cells, was prepared

(DOX-folate-pullulan). In vitro studies showed

that these polymers formed particles approxi-

mately 100–150 nm in size. At pH 5.5, they

released DOX at a higher rate than at pH 7.4 or

in plasma. After 72 h of incubation, the IC50 values

of tumor cells that were overexpressing the folic

acid receptor using the DOX-folate-pullulan were

lower than those of non-expressing cells, whereas

the IC50 values were same for the over- and

non-expressing cells when free DOX or

DOX-pullulan without folic acid were used [12].

Chelate Ligand Modification

Tabata et al. continued to report liver-targeting

approaches using pullulan modified with chelate

ligands. Diethylenetriamine pentaacetic acid

(DTPA), a metal-chelating residue, was intro-

duced to pullulan (DTPA-pullulan), and IFN-b
[13] was coordinately conjugated with DTPA-

pullulan in the presence of zinc ions in water.

This non-covalent approach to the modification

of IFN with pullulan decreased the loss of drug

activity. IFN-DTPA-pullulan enhanced the deliv-

ery of IFN to the liver and induced oligoadenylate

synthetase activity in the liver to a greater extent

than free IFN. Furthermore, zinc ion-mediated

delivery using pullulan was applied to the liver-

targeting delivery of plasmid DNA (pDNA)

[14]. After intravenous administration, the

DTPA-pullulan conjugation of pDNA with zinc

ions enhanced the in vivo gene expression of liver

to a greater extent compared with free pDNA, and

the gene expression lasted for over 12 days after

injection. These studies suggested that zinc

ion-mediated protein/DNA delivery using che-

late ligand-modified pullulan was a promising

method for targeting delivery to the liver.

In 2011, Na and coworkers prepared

gadolinium-conjugated DTPA-pullulan (Gd-

DTPA-pullulan) as a hepatocyte-specific contrast

agent for magnetic resonance imaging (MRI).

The Gd-DTPA-pullulan showed greater contrast

enhancement in orthotopic rat hepatocarcinoma

compared with a commercially available agent,

and the contrast effects lasted up to 24 h. After

in vivo administration, the Gd-DTPA-pullulan

displayed a discriminative MR contrast on the

regenerative and malignant hepatic nodules that

were sequentially observed during the progress of

cirrhotic hepatocarcinoma [15].

Cationic Modification

The intracellular delivery of exogenous

biomacromolecules remains a topic of growing

interest in bioscience and medical applications.

Efficient intracellular protein/gene delivery has

been reported using cationic-modified pullulan-

based nanomaterials. Akiyoshi and coworkers

introduced ethylenediamine into CHP to form

positively charged CHP nanogels [16, 17]. The

cationic CHP nanogels strongly interacted with

various proteins to form stable nanogel-protein

complexes, which were efficiently introduced
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into cells. One advantage of nanogels is that they

can form colloidally stable complexes with pro-

teins several tens of nanometers in size, where the

complexes are suitable for effective intracellular

uptake. In addition, cationic CHP nanogels were

reported as effective carriers of intranasal vac-

cines. Mucosal vaccines are expected to represent

a new generation of vaccines that can prevent

pathogenic infections. For example, a complex

consisting of a cationic CHP nanogel with a

nontoxic subunit of Clostridium botulinum type

A neurotoxin (BoHc/A) adhered continuously to

the nasal epithelium, and BoHc/A was effectively

taken up by the mucosal dendritic cells after the

release from the cationic CHP nanogel [18].

Pullulan-based carriers for gene delivery have

been developed recently. Tabata and his research

group prepared conjugates of pullulan with

spermine, a natural polyamine. Pullulan-

spermine increased the transfection of pDNA

into cells and greatly reduced the cytotoxicity

compared with Lipofectamine 2000, a commer-

cially available cationic lipid. This gene delivery

system was applied to bone marrow-derived mes-

enchymal stem cells, and the genetic modifica-

tion of stem cells was successfully achieved [19].

pH-Sensitive Ligand Modification

The development of pH-sensitive drug carriers

that respond to the local acidic pH conditions

around diseased tissues such as tumors is impor-

tant. Na and coworkers reported a pH-sensitive

ligand-modified pullulan, namely, pullulan ace-

tate (PA). The acetylation of the pullulan

increased the hydrophobicity and resulted in

pH-sensitive swelling behavior. In a later study,

sulfadimethoxine (SDM) was introduced into

PA. SDM is an antibacterial agent that shows

reversible solubility at approximately physiolog-

ical pH values. The SDM-PA formed

nanoparticles with a mean diameter of <70 nm

at pH 7.4; the diameter increased under low-pH

conditions. The release rate of Adriamycin was

significantly higher at pH 6.8 than at pH 7.4. The

cell viability of a breast tumor cell incubated with

Adriamycin-loaded SDM-PA was lower at

pH 6.8 than at pH 7.4, while the cell viabilities

were the same at different pH values when free

Adriamycin and unloaded SDM-PA were used;

this suggested that the SDM-PA showed

pH-sensitive drug release behavior [20]. Another

approach for the creation of pH-sensitive carriers

was developed using histidine. Deoxycholic acid

and histidine were substituted into pullulan, and

DOXwas loaded into the resulting materials. The

pH-dependent size increase and cytotoxicity

were observed to be similar to those of

SDM-PA [21]. In other applications, PA was

conjugated with vitamin H (biotin). Biotin per-

forms as a growth promoter at the cellular level,

and it is present at higher concentrations in can-

cerous tumors, compared with normal tissue; this

suggests that the cell surface receptors for biotin

could be overexpressed on tumor cells. To inves-

tigate this hypothesis, biotin was modified with

PA to form nanoparticles (BPAs); the BPAs were

strongly adsorbed on HepG2 cells, indicating that

HepG2 cells have biotin receptors, and targeted

delivery is available using this approach [22].

Photosensitizer Modification

Na and coworkers prepared photosensitizer (PS)-

and folate-modified pullulan [23]. In an early

study, folic acid-modified pullulan (folate-

pullulan) containing DOX was reported to form

nanogels. These nanogels delivered DOX to the

cells in vitro. In a subsequent study, PS

(pheophorbide-a) was conjugated to folate-

pullulan via a degradable ester bond to form

PS-folate-pullulan nanogels. Although photody-

namic therapies have been studied intensively for

the treatment of tumors and non-oncological dis-

orders, some difficulties remain with the use of

free PS; such difficulties include water insolubil-

ity and phototoxicity. While the PS-folate-

pullulan nanogels showed photoactive properties

in organic solvents, these properties were

suppressed in PBS, owing to the self-quenching

of the PS moieties, and the quenching of the PS in

the nanogels was restored via incubation with

esterase or HeLa cancer cells. These results

suggested that the PS-folate-pullulan nanogels

were internalized in cancer cells via folate

receptor-mediated endocytosis and disintegrated

by various enzymes in the lysosome, leading to

the restoration of the photoactivity. These results
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suggested that self-quenching PS-folate-pullulan

nanogels could be used to design photodynamic

therapies with minimal unfavorable

phototoxicity.

Tabata and his research group chemically

modified pullulan with fullerene (C60), which

generates reactive oxygen species in a high

yield under exposure of weak visible light and

acts as a potential photosensitizer for photody-

namic therapies [24]. The C60-pullulan conju-

gates had a high binding affinity for HepG2

cells with asialoglycoprotein receptors; in con-

trast, they showed a low binding affinity to HeLa

cells without the receptors. Following the intra-

venous injection of C60-pullulan conjugates into

mice carrying subcutaneous tumors of HepG2

cells, significantly stronger photodynamic effects

were observed in the tumors. It was concluded

that the pullulan conjugation gave C60 a targeting

ability toward HepG2 cells, resulting in enhanced

photodynamic tumor therapy effects.

Hybrid Nanoparticles Consisting of
Pullulan and Inorganic Materials

Magnetic nanoparticles consisting of metal ions

have been recognized as a promising tool for the

site-specific delivery of drugs and diagnostic

agents. However, most magnetic nanoparticles

are easily destroyed or cleared from circulation,

owing to the hydrophobicity and high cytotoxic-

ity. Gupta et al. reported that the surface modifi-

cation of superparamagnetic iron oxide

nanoparticles with pullulan increased cell viabil-

ity and adhesion. In addition, pullulan-coated

nanoparticles and uncoated nanoparticles were

internalized into cells via different mechanisms,

suggesting that pullulan-coated magnetic parti-

cles could be useful for medical imaging

[25]. In another study, magnetic nanoparticles

were coated with PA. Results from saturation

magnetization measurements and cytotoxicity

assays indicated that the nanoparticles were

superparamagnetic and exhibited no significant

cytotoxicity. Furthermore, the nanoparticles had

superior hyperthermic effects on tumor cells

in vitro under magnetic field induction,

suggesting that the nanoparticles had great poten-

tial as magnetic hyperthermia mediators [26].

CHP was also used to prepare hybrid

nanoparticles with inorganic materials using a

nanogel-template technique. For example, cal-

cium phosphate was mixed with CHP nanogels

or nanogel-absorbed liposomes and then precipi-

tated by slowly increasing the pH. The resulting

particles were used as biocompatible drug car-

riers with controlled-release properties

[27]. Hybrid nanoparticles consisting of CHP

and iron oxide were produced using a simple

procedure in which iron chlorides formed iron

nanoparticles; this occurred after heating and

the addition of an alkali solution to the reactive

sites produced by the CHP nanogels. The

resulting hybrid nanoparticles had a narrow,

nanometer-sized distribution and high colloidal

stability in water. These nanoparticles are

currently being applied as contrast agents for

MRI and as magnetic hyperthermia therapy

materials [28].

Bottom-Up Engineering of Pullulan-
Based Nanomaterials

The effective control and design of the cross-

linking and nano-domains in macroscale

hydrogels are important focuses of research.

Akiyoshi and coworkers developed a bottom-up

method to form gel materials, using pullulan-

based nanogels as the building blocks [8].

In a first study, CHP nanogels were reported

to form macrogels at a relatively high

concentration. Subsequently, CHP was modified

with the functional groups, and macrogels or

semi-micrometer-sized particles were prepared

via the polymerization or cross-linking

of CHP nanogels. For example, CHP was

modified with methacryloyl and acryloyl

groups.2-Methacryloyloxyethylphosphorylcholi-

ne, N-isopropylacrylamide, and polyethylene

glycol with four branched terminal thiol groups

(PEGSH) were used as co-monomers or as cross-

linkers. CHP nanogels have great potential as

molecular chaperones and protein delivery car-

riers. Therefore, macrogels containing CHP
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nanogels can perform as functional materials in

biotechnological and biomedical applications. In

particular, CHP nanogel-cross-linked macrogels

consisting of acryloyl-substituted CHP and

PEGSH were used as an artificial extracellular

matrix for the controlled release of protein phar-

maceuticals in regenerative medicine [29]. Effec-

tive guided bone regeneration or successful bone

formation was induced in vivo by CHP nanogel-

cross-linked macrogels loaded with bone mor-

phogenetic proteins or fibroblast growth factors.

These findings suggested that efficient tissue

regeneration was successfully achieved using

biodegradable CHP nanogel-cross-linked

hydrogels by precisely controlling the release of

multiple cytokines and hormones.

Related Entries

▶Dendrimers and Hyperbranched Polymers in

Medicine

▶Drug and Gene Delivery Using Hyperbranched

Polymers

▶ Self-Assembly of Hyperbranched Polymers

▶ Supramolecular Hydrogels
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