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Synonyms

SAM

Definition

Monolayer immobilized on a solid surface by
chemical adsorption and/or chemical reaction.

Why SAM? From LB Films to SAM

Amphiphilic molecules, which bear a hydrophilic
and a hydrophobic group such as a long hydro-
carbon chain, form monolayers orienting their
hydrophilic groups to water and the hydrophobic
part to air at the air—water interface when they are
spread from their solutions [1]. These monolayers
can be transferred on the solid substrates at
desired thickness by repeated transfer cycles.
These transferred mono- and multilayers are
called Langmuir-Blodgett (LB) films after the
names of Irving Langmuir and Katherine
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Blodgett who developed the method in the
1930s. It was already demonstrated at the time
of Langmuir and Blodgett that the LB film coat-
ing of silica glass reduces the reflection of the
glass surface. The advantages of LB films for
developing well-organized films in the molecular
dimension attracted much attention in the 1970s
and 1980s after Kuhn and Mobius demonstrated a
sophisticated way of regulating the photoinduced
energy transfer of cyanine dyes incorporated in
LB films [2]. Such molecular organized systems
have been active research targets for designing
novel molecular devices. Although assembling
molecules at the air—water interface and subse-
quently transferring them on solid surfaces are
simple in principle, these processes require a
relatively complicated instrument, an LB trough,
experimental skills, and long labor.

Preparation and Applications

It was natural; therefore, preparation of similar
organized structures by much simpler procedures
was attempted and realized by J. Sagiv in
1979 [3]. The physical and chemical adsorption
of amphiphiles was a tool for preparing mono-
layers at the solid—fluid interface. The earliest and
popular way for immobilizing monolayers is the
silane coupling reaction as shown in Fig. 1.
A trichlorosilane-based “head group,” for
example, in an OTS (octadecyltrichlorosilane,
R = octadecyl) molecule, reacts with a hydroxyl
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Self-Assembled Monolayer, Fig. 1 Chemisorption of n-octadecyltrichlorosilane (OTS) on glass [3]
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group on a substrate and forms a very stable
covalent bond [R-Si—O-substrate]. The mono-
layers thus formed exhibit a high degree of per-
fection in terms of molecular density, packing
and orientation, and homogeneity even when it
contains dyes and another active component,
which is similar to the LB films [3]. It is possible
to recognize hydrocarbons of optimized length
when defects are created in SAM [4]. Multilayer
formation is possible to prepare interlayer poly-
merization as shown in Fig. 2 [5]. Subsequently,
various variants of adsorbed groups are devel-
oped to form such monolayers, and monolayers
prepared are called self-assembled monolayers
(SAM) (see Fig. 3). Selecting the type of
head group depends on the application of the
SAM, mostly on substrates. Typically, head
groups (i.e., -OH, —NH2, —COOH, or -SH
groups) are connected to a molecular chain.
Substrates can be planar surfaces, such as silicon
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Self-Assembled Monolayer, Fig. 3 A typical example
of a self-assembled monolayer

and metals, or curved surfaces, such as
nanoparticles. Perhaps the most popular SAM is
systems utilizing the SH groups as head groups
for adsorption to gold and silver substrates as
shown in Fig. 4 [6]. Thiol-metal bonds are fairly
stable in a variety of temperature, solvents, and
potentials. SAMs are widely used for introducing
functional groups and changing the surface
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Self-Assembled Monolayer, Fig. 4 Formation of a
thiol self-assembled monolayer on gold

characteristics such as wettability and contact
angles. Macro-imprinting method using PDMS
(poly(dimethylsiloxane)) as a stamp and a SAM-
forming solution as an ink is often used for
preparing patterned surfaces such as hydrophobic
and hydrophilic patterns [7]. Self-assembled
monolayers are considered as essential elements
for constructing nano- and micro-devices.
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Synonyms

Block copolymers; Dendritic polymers; Supra-
molecular chemistry

Definition

Self-assembly of hyperbranched polymers is
a process in which amphiphilic hyperbranched
polymers spontaneously form ordered aggregates
at all scales and dimensions by intermolecular
noncovalent interactions including van der
Waals interaction, Coulomb interaction, hydro-
phobic interaction, n—r stacking, and so on.

Introduction

Dendritic polymers, including dendrimers and
hyperbranched polymers (HBPs), are the new
emerging polymer architectures following the
linear, branched, and cross-linking polymers.
HBPs, consisting of dendritic units, linear units,
and terminal units, are highly branched macro-
molecules with a three-dimensional dendritic
architecture [1-4]. In fact, the hyperbranched
structure also widely exists in nature, such as in
the lightings, rivers, mountains, trees, corals, gly-
cogens, neurons, and blood vessels. The reason
for nature to select hyperbranched structure is
certainly related with the unique property advan-
tages originating from such a highly branched
structure. As a matter of fact, HBPs have the
properties of non/low-entanglement, low viscos-
ity, good solubility, compact structure, and
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Self-Assembly of Hyperbranched Polymers, multiwalled tubes in acetone. The scale bar represents

Fig. 1 (a) Schematic structure of the hyperbranched
multiarm copolymer of HBPO-star-PEO. The HBPO
core is in blue and the PEO arms are in red. (b) The digital
photograph  of the self-assembled macroscopic

a large number of terminal functional groups.
Thus, HBPs can act as processing additives for
linear polymers, for improving rheology and flow
and for surface modification, which is very useful
for processing polymers such as PVC with small
temperature windows. In addition, due to the
large number of functional groups, HBPs can
act as highly efficient cross-linkers or as reactive
components in coating and resin formulations.
Moreover, HBPs can act as molecular templates
to direct the self-assembly and growth of inor-
ganic molecules to produce nanomaterials.
Molecular self-assembly is a hot research area
in recent year. Generally, the reported precursor
molecules used in self-assembly often possess
well-defined molecular structures, such as small
amphiphiles, dendrimers, and linear block copol-
ymers. Through the self-assembly of these pre-
cursors, many elaborate microscopic or
mesoscopic supramolecular objects have been
observed over the last two decades, including
nano- or microscale micelles, vesicles, ribbons,
films, fibers, tubules, and so on [5—7]. Compared
with these well-defined polymer precursors,
HBPs have a rather irregular structure, and thus

1 cm. The inset shows the optical micrograph of the
tubes (Reproduced with permission of the American
Association for the Advancement of Science from
Ref. [8])

their self-assembly behaviors have been
neglected for a long time. In year 2004, Yan and
Zhou have found that an amphiphilic
hyperbranched multiarm copolymer of HBPO-
star-PEO with a hydrophobic hyperbranched
poly(3-ethyl-3-oxetanemethanol) (HBPO) core
and many hydrophilic poly(ethylene oxide)
(PEO) arms can self-assemble into macroscopic
tubes in a selective solvent of acetone (Fig. 1),
which paves a new way in the self-assembly for
HBPs [8]. Subsequently, many delicate supramo-
lecular structures at all scales and dimensions
have been reported by direct solution self-
assembly, interfacial self-assembly, and hybrid
self-assembly of amphiphilic HBPs.

Multidimensional and Multi-scale
Self-Assembly of HBPs

HBPs should have an amphiphilic character in
order to realize the self-assembly. Up to now,
both the covalent or noncovalent methods have
been used to synthesize amphiphilic HBPs. For
a covalent method, the hyperbranched multiarm



Self-Assembly of Hyperbranched Polymers

copolymer consisting of a hyperbranched core
and many polymeric arms or functional groups
has been synthesized, and the synthesis is
performed by grafting polymerization of mono-
mers initiated by the terminal groups of the
hyperbranched core (so-called graft from
method) or coupling the small molecules or olig-
omers to the terminal groups (so-called graft to
method). Up to now, the hyperbranched cores are
generally based on the hydrophobic HBPO,
hydrophilic hyperbranched polyglycerol (HPG),
hyperbranched polyesters such as the hydrophilic
hyperbranched polyphosphate and commercially
available hydrophobic Boltorn Hx (x = 20,
30, 40), and hydrophilic hyperbranched
polyethylenimine (HPEI). The linear arms grated
to these hyperbranched cores include PEO, poly
(N-isopropylacrylamide)  (PNIPAM),  poly
(acrylic acid) (PAA), poly(y-benzyl-L-glutamate)
(PBLG), poly[2-(dimethylamino)ethyl methac-
rylate] (PDMAEMA), poly(propylene oxide)
(PPO), long alkyl chains, polystyrene (PS), and
so on [9-12]. For the noncovalent method, the
hyperbranched core and linear arms are
connected together to form the amphiphilic
HBP through the noncovalent bondings, such as
the host—guest interaction, Coulomb interaction,
and hydrogen bonding. For example, Zhou and
coworkers have synthesized a linear-
hyperbranched supramolecular polymer through
the noncovalent coupling of adamantane (AD)-
functionalized long alkyl chain and HPG grafted
from B-cyclodextrin (CD-g-HPG) by the specific
AD/CD host — guest interactions (Fig. 2a) [13].
Very recently, they also prepared supramolecular
Janus hyperbranched polymer by the noncovalent
coupling between the hydrophobic HBPO with
an apex of an azobenzene (AZO) group and
hydrophilic CD-g-HPG with a CD apex through
the specific AZO/CD host — guest interactions
(Fig. 2b) [14].

The synthesized amphiphilic HBPs can be
used as the polymeric precursors in self-
assembly. Although many kind of delicate supra-
molecular structures have been reported through
the self-assembly of small amphiphiles and
linear block copolymers, the size of these
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self-assemblies is generally limited to micro-
scopic or mesoscopic scale. In other words,
most of the works are based on microscopic or
mesoscopic molecular self-assembly, and the
macroscopic molecular self-assembly phenome-
non has seldom been reported. In year 2004, Zhou
and Yan reported macroscopic multiwalled tubes
of millimeters in diameter and centimeters in
length through the self-assembly of amphiphilic
HBPO-star-PEO in acetone (Fig. 1b). For the
self-assembly mechanism, the polymers sponta-
neously aggregated into macroscopic membranes
with a lamellar structure consisting of an alter-
nate packing of a hydrophobic HBPO core layer
and hydrophilic PEO arm layer induced by phase
separation, which further folded into macro-
scopic multiwall tubes [8]. In addition, the tubes
could be cross-linked by epichlorohydrin to form
super-macromolecules with unusually large
molecular weight. This work not only realized
the self-assembly of HBPs but also make the
molecular self-assembly advance into the macro-
scopic scale. Ever since this groundbreaking work,
there has been an explosive growth of interest in
supramolecular self-assembly of HBPs. Many
impressive molecular aggregates at all scales and
dimensions, such as physical gels, micro- or nano-
vesicles, fibers, spherical micelles, honeycomb-
patterned films, and large compound vesicles,
have been reported by direct solution self-
assembly, interfacial self-assembly, and hybrid
self-assembly of HBPs (Fig. 3) [9-12].

Besides the covalently synthesized amphi-
philic HPBs, very recently, supramolecular
HBPs have also been found to demonstrate inter-
esting self-assembly behaviors. For example,
Zhou and coworkers had found the synthesized
linear-hyperbranched supramolecular polymers
(Fig. 2a) could self-assemble into unilamellar
vesicles in water [13]. The vesicles showed
a great ductility with a deformation of more
than 300 % under external force and would dis-
assemble readily under a competitive host of
B-CD. Besides, Zhou and coworkers also found
the supramolecular Janus hyperbranched poly-
mers (Fig. 2b) could self-assemble into bilayer
vesicles with narrow size distribution [14].
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Self-Assembly  of

Hyperbranched
Fig. 2 Hyperbranched-based supramolecular polymers
with a linear-hyperbranched structure (a) and a Janus

Polymers,

The obtained vesicles could further aggregate
into colloidal crystal-like close-packed arrays
under freeze-drying conditions due to the almost
monodisperse size and would disassemble
reversibly under the irradiation of UV light due
to the trans-to-cis isomerization of the AZO
groups. The vesicles with a very good ductility
or with a narrow size distribution are difficult to
be achieved through the self-assembly of cova-
lently synthesized HBPs. Such the special

hyperbranched structure (b) (Reproduced with permission
of the American Chemical Society from Refs. [13] and

[14])

advantages can be attributed to the dynamic char-
acter of the supramolecular polymers.

Specialties in the Self-Assembly of HBPs

Compared with the linear block copolymers,
HBPs have demonstrated several advantages or
specialties in self-assembly behaviors, including
abundant  self-assembly = morphologies or
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100 nm

Self-Assembly of Hyperbranched Polymers,
Fig. 3 Some selected supramolecular structures obtained
through the self-assembly of hyperbranched polymers. (a)
Spherical micelles; (b) vesicles; (¢) large compound ves-
icles; (d) fibers; (e) honeycomb-patterned film; (f) physi-
cal gel (Reproduced with permission of the American

structures, special properties, and characteristic
self-assembly mechanism [10].

Structure or Morphology Diversity

HBPs can self-assemble into various supramolec-
ular objects owing to the special topological
structure of the polymers. HBP has a three-
dimensional globular structure. A small change
in the molecule architecture of HBPs will give
rise to a big change in topology due to an enlarged
effect of the highly branched structure, which
leads to a variable of designable self-assembly
morphologies and structures. In addition, HBPs
are more flexible than the linear analogs and can
adopt any kind of chain conformation in response
to the environmental stimuli during the
microphase separation process, which is also
favorable to the abundant self-assembly
behaviors. Such a unique characteristic has
been denoted as “topological amplification
effects” [12]. It is much easier to understand

1cm

Chemical Society from (Ref. [18]; Langmuir 2007,
23, 5127) Wiley (Angew Chem Int Ed 2004, 43, 4896;
Small 2007, 3, 1170; Angew Chem Int Ed 2007, 46, 4128)
and Royal Society of Chemistry (Chem Commun 2007,
2587))

such an effect if we take the tree as an example.
The tree has a typical hyperbranched structure.
There are uncountable trees on the earth, how-
ever, almost each tree has its one shape and it is
difficult to find two trees with the same structure
and morphology. In other words, like the trees,
numerous hyperbranched polymers with different
structures can be obtained, which will certainly
lead to the diversity in the self-assembly mor-
phologies. Typically, for HBPs, degree of
branching (DB) is one of the most important
intrinsic parameters to describe the branching
topological structure, which not only greatly
influences the physical and chemical properties
of the polymers but also has a pronounced effect
on the self-assembled behaviors. For example,
in the self-assembly of HBPO-star-PEO,
with the increase of the DB in HBPO cores, the
polymers changed from the linear polymer
brushes to spherical hyperbranched star
copolymers, while the self-assembly structures
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self-assembly

Self-Assembly  of

Hyperbranched
Fig. 4 Morphology transformations in the self-assembly
of HBPO-star-PEOs with variable DBs in HBPO cores

Polymers,

changed from spherical micelles to rods to vesi-
cles (Fig. 4) [15]. Such an example can illustrate
the “topological amplification effects” of HBPs
in the self-assembly process.

Special Properties of the Self-Assemblies

Beside the morphology diversity, the properties
of the obtained self-assemblies from HBPs are
also special. As mentioned above, HBPs them-
selves have some special properties when
compared with the linear analogous. For the
self-assembly studies, the most important prop-
erty characters of HBPs are the very good flexi-
bility and many functional groups. The good
chain flexibility is useful for the HBPs to form
various self-assemblies and endow them with
very good flexibility. For example, it has been

(Reproduced with permission of the Royal Society of
Chemistry from Ref. [12])

found that the polymer vesicles self-assembled
from HBPs have very good stability, flexibility,
and fluidity and can be used as the excellent
model systems to mimic biomembranes, such as
membrane fusion (Fig. 5), fission, aggregation,
budding, and breathing [10-12]. In addition,
since there are many functional groups, HBPs
and their self-assemblies have demonstrated
very good sensitivity in response to environmen-
tal stimuli. As a typical example, Zhou and Yan
found HBPO-star-PEO could self-assemble into
thermosensitive polymer vesicles, and these
polymer vesicles showed sharp phase transitions
at the lower critical solution temperature
(LCST) [16]. Although, the molecular weight
difference is only about 36,300 between the
smallest and largest polymers, the LCST span is
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Self-Assembly of Hyperbranched Polymers,
Fig. 5 Real-time vesicles fusion process. The number in
the symbol labeled on each image denotes the elapsed
time (in seconds), and the time of first image is set as

over 70 °C from 8 °C to 81 °C. Such a broad
LCST dependence on the molecular weight is
unusual and has not been found for the linear
thermosensitive polymers, which is highly
related with the hyperbranched topology and
many functional groups. In fact, besides temper-
ature, HBPs have also shown better sensitivity
toward the solution pH, magnetic field, and
photo than the linear counterparts. Furthermore,
the large number of functional groups also makes

‘
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zero. The scale bar represents 50 pm (Reproduced with
permission of the American Chemical Society from (J Am
Chem Soc 2005, 127, 10468))

the HBP assemblies easy to be functionalized,
which highly broaden their properties as well as
the application areas.

These property advantages make HBPs very
potential to be used as the smart drug carriers and
chemical sensors. For example, PDMAEMA is a
well-known cationic polymer candidate for
nonviral gene vectors. However, the high cyto-
toxicity is still the major drawback to restrain
their applications into clinical evaluation.
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Very recently, hyperbranched structures have
been introduced to modify PDMAEMA. A series
of hyperbranched multiarm copolymers of
HBPO-g-PDMAEMAs with the hydrophobic
DB-variable HBPO cores and length-variable
PDMAEMA arms were synthesized [17].
The obtained copolymers showed excellent
gene transfection efficiency higher than that
of branched polyethylenimine (PEI) and
PDMAEMA homopolymers. In addition, the
structure—property relationship inside it was also
disclosed by studying the effects of DBs of the
PEHO cores and PDMAEMA arm lengths on the
gene transfection behavior, including the buffer-
ing ability, DNA compaction, self-assembly,
cytotoxicity, and gene transfection efficiency.
The detailed description on the biomedical appli-
cation of HBPs and their self-assemblies can also
be found in a recent review article [12]. In short,
HBPs and their self-assemblies have shown
unique properties, which make them very useful
in polymer industry and biomedical areas such as
drug delivery, protein purification/detection/
delivery, gene transfection, antibacterial/anti-
fouling materials, and bioimaging.

Special Self-Assembly Mechanism

Apart from the structure and property, the self-
assembly mechanism of HBPs is also special. Up
to now, many delicate supramolecular structures,
such as spherical micelles, vesicles, tubes, fibers,
films, and sheets, have been prepared through the
self-assembly of HBPs. However, it is not spe-
cial, and the same supramolecular structures have
already been made through the self-assembly of
linear block copolymers. The speciality lies in the
self-assembly mechanism. Almost all self-
assemblies from HBPs have the different forming
mechanism when compared with those of the
linear block copolymers owing to the special
topological structure of HBPs. The most typical
example is the self-assembly of spherical
micelles. The linear block polymers can self-
assemble into normal micelles consisting of the
cores from the hydrophobic blocks and shells
from the hydrophilic blocks. Such a micelle is
about two-molecule lengths in diameter and often
smaller than 50 nm. Besides, the linear block

Self-Assembly of Hyperbranched Polymers

polymers can also form large multimolecular
micelles around 100 nm aggregated from the
small reverse micelles or normal micelles, and
the typical self-assembly mechanisms are sum-
marized as the large compound micelle (LCM)
mechanism and multicompartment micelle
mechanism. However, HBPs generally form
unimolecular micelles in solution, and sometimes
they will form the large multimolecular micelles
around or above 100 nm. In 2005, Zhou and Yan
suggested that these large multimolecular
micelles from HBPs might be a kind of
multimicelle aggregates (MMAs), in which
HBPs first self-assembled into small micelles
and then the small micelles further aggregated
into large ones [18]. Subsequently, the experi-
mental evidence has proved the MMA mecha-
nism is right, and the building blocks for the
large MMA can either be unimolecular micelles
below 10 nm or small micelles around 20 nm.
Very recently, such a MMA mechanism has also
been proved in a theoretical level by dissipative
particle dynamics simulations [19]. In this simu-
lation work, the MMA mechanism is divided into
two parts. One is called the unimolecular micelle
aggregate (UMA) mechanism, which describes
the formation of large multimolecular micelles
from direct aggregation of unimolecular micelles
(Fig. 6a); the other is called the small micelle
aggregate (SMA) mechanism, which shows that
the dendritic multiarm copolymers first self-
assemble into small micelles and then the small
micelles  further aggregate into large
multimolecular micelles (Fig. 6b). For the UMA
mechanism, the key character is that there is no
microphase separation during the self-assembly
process, and such a self-assembly mechanism is
unique for dendritic polymers. For the SMA
mechanism, the dendritic multiarm copolymers
first undergo a spherical-to-cone microphase
separation during the formation of the small
micelles before the secondary aggragation.
So the SMA mechanism is something like the
multicompartment micelle mechanism.

The MMA structure also has some special
application. For example, it is textbook knowl-
edge that chromophore aggregation generally
quenches light emission, which is called as the
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Self-Assembly of
Hyperbranched
Polymers, Fig. 6 The
mechanism for the self-
assembly of large
multimolecular micelles
from dendritic polymers.
(a) Unimolecular micelle
aggregate (UMA)
mechanism. (b) Small
micelle aggregate (SMA)
mechanism (Reproduced
with permission of the
Royal Society of Chemistry
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aggregation-caused quenching (ACQ) phenome-
non. The reason for ACQ is due to the strong n—n
stacking interactions between the chromophores.
So, the ACQ molecules are generally used in
a diluted state in order to get strong fluorescence.
However, if the ACQ molecules can form the
UMA structures, each molecule is isolated from
one another in a molecular level, which can
greatly inhibit the m—m stacking in spite that
these molecules are aggregated into large
micelles. In other words, the fluorescence emis-
sion will be great enhanced in such a UMA sys-
tem. As proof-of-principle experiments, Zhu

and coworkers constructed the UMAs from the
self-assembly of a hyperbranched multiarm
copolymer with a hyperbranched conjugated
polymer (HCP) core and many linear PEO arms.
They found the UMAs displayed an emission
enhancement phenomenon in spite that the poly-
mers are one of the typical ACQ molecules [20].

Outlook on the Self-Assembly of HBPs

Although still being at an early stage,
hyperbranched polymers have demonstrated
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great potential to be excellent precursors in
supramolecular self-assembly, and many kinds
of delicate supramolecular at all dimensions and
scales have been prepared through the solution,
interfacial, and hybrid self-assembly process.
The self-assembly behavior of hyperbranched
polymers also displays some specialities or
unique advantages when compared with that of
linear block copolymers, including the morphol-
ogy diversity, special property, and special self-
assembly mechanism. In addition, both the
hyperbranched polymers and their self-assemblies
have shown very promising applications in the
biomedical areas. All these aspects have made
hyperbranched polymers become a very important
interdisciplinary branch among the supramolecu-
lar science, polymer science, and material science
and have attracted more and more attention from
the scientific and engineering points of view in
recent year. Nevertheless, there are still many
problems that should be solved in the near future,
for example, the theoretical studies on the self-
assembly of hyperbranched polymer have been
greatly lagging behind; the structure and property
relationship has not been fully disclosed; and the
application is still at the very beginning stage. So,
an enduring attention should be paid for the further
development of such a very young research area.

Related Entries

Cyclodextrins-Based Supramolecular Polymers
Dendrimers and Hyperbranched Polymers in
Medicine

Micelles and Vesicles

Molecular Self-Organization

Synthesis of Hyperbranched Polymers
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Synonyms

Mean-field theory; SCFT; Self-consistent mean-
field theory

Definition

Self-consistent field theory is a theoretical frame-
work for the study of many-body systems. The
self-consistent field theory of polymers describes
the thermodynamic properties of inhomogeneous
polymeric systems such as polymer blends and
block copolymers.

Introduction

The essence of self-consistent field theory (SCFT)
is to transform the problem of a complex
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interacting many-body system into a one-body
problem in a conjugate field, whereas the conju-
gate field is in turn determined self-consistently
from the solution of the one-body problem. In its
most general form, the SCFT is a flexible theoret-
ical framework applicable to any particle-based
statistical and quantum mechanical systems. One
of the most successful applications of SCFT is the
study of the behavior of inhomogeneous poly-
meric systems including polymer blends, polymer
solutions, and block copolymers.

The self-consistent field theory of polymers
originated from the work of Edwards in the
1960s [1]. The most successful application of
SCFT is the study of block copolymers, which
form complex ordered nanodomains or
microphases. This theoretical framework was
explicitly adapted to treat block copolymers by
Helfand in 1975 [2]. Because of the complexity
of the theory, numerical techniques are in general
required to obtain exact solution of the SCFT
equations. The earliest attempts to obtain numer-
ical solutions were made by Helfand and
coworkers [3]. The first exact three-dimensional
solutions of the SCFT equations were obtained by
Matsen and Schick in 1994 [4]. Since then vari-
ous numerical techniques to solve the SCFT
equations in real space [5] and reciprocal space
[4, 6] have been developed. With these develop-
ments the self-consistent field theory has become
a powerful platform for the study of the phase
behavior of inhomogeneous polymeric systems.

Formulation of Self-Consistent Field
Theory

Details of the SCFT depend on specific micro-
scopic models being investigated [7]. In what
follows the SCFT of diblock copolymers is used
to illustrate the theory. Extension to other poly-
mer models as well as block copolymer blends
and solutions is straightforward. For diblock
copolymers, theoretical studies of their phase
behavior are mostly based on the so-called stan-
dard model, in which the polymer chains are
modeled as flexible Gaussian chains, and the
interactions between the different monomers are
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modeled by short-range contact potentials [8].
Furthermore, the hard-core repulsive interactions
are approximated by the incompressibility
condition.

The system consists of 7. diblock copolymer
chains in a volume V, where each copolymer
chain is composed of N monomers of species
o = A, B. The compositions of the blocks are
N, = f,N with f4 + fg = 1. The block is further
characterized by a Kuhn length b, = 7,b, where

Self-Consistent Field Theory

b is a reference Kuhn length, and a monomer den-
sity, po. We will use the convention that all lengths
are scaled by the radius of gyration of the copoly-
mer chain, R, = /N /6b. The chain arc length is
scaled by the chain degree of polymerization N.
Within the SCFT framework, the partition function
of the system can be expressed as a functional
integral over the monomer density ¢, (7) and

—

their auxiliary field o, ( r) 7, 81,

2= [ID(6ID(@NT5 (8 (7) + 04(7) - 1)e 000D,

where F({¢}, {®}) is the free energy functional,
or, more precisely, the “Hamiltonian,” of the
system. Specifically F({¢}, {w}) is the energy

P8} fo)) =0 {Jd?

cost of a particular set of ¢, (7) and w, (7) For

adiblock copolymer melt, this free energy has the
form

Woa(F) () = 20 (7)o (7)] - vm@(@})},

where y is the Flory-Huggins parameter quanti-
fying the effective interaction between A and
B segments. The quantity Q.({w}) in the above
expression is the single-chain partition function

in the external field w,, (7), which is a functional

of the field w, (7) The single-chain partition
function can be expressed in terms of the chain
propagators Q, (7,s|7’ ), which represents the

conditional probability distribution of monomer
s at r, given that monomer 0 at r’, in the presence

of an external field w, (7) For Gaussian chains,

the propagators can be obtained from the follow-
ing modified diffusion equations:

L0,(7.517) =20, (7,517

— W, (7) 0, (7 K

.
r'),

with the initial conditions, O, (7, 0|7’) -
0 (7 _— ) In many applications of the theory,
it is convenient to introduce two end-integrated

propagators, ¢, (7, s) and ¢} (7, s) , defined by

0.(7.5) = [are, (7.sl7).

at (7ol") = [arar", (¥l ) 0 (74l 7).

where f = B if « = A and vice versa. These
end-integrated propagators satisfy the same dif-

ferential equation as Q, (7, s|7’ ), with different
4, (?,0) —1

qj(?O) :qﬁ(7,fﬁ), where =B ifa=A

and vice versa. In terms of the end-integrated

initial  conditions, and
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propagators, the single-chain partition function
O.({w}) is given by

0. = Hcﬁ q; (7,12)'

The free energy functional obtained above is
exact, and it forms the basis for further develop-
ment. What makes the SCFT tractable is that the
effect of the many-body interactions between
the different chains is reduced to the problem of
the partition function, Q.({w}), of one chain in

external fields w, (7)

Because exact evaluation of the partition func-
tion is in general not possible, a variety of approx-
imate methods have been developed [7, 8]. The
most fruitful approximate method is the mean-
field theory, which amounts to evaluating the
functional integral using a saddle-point tech-
nique. Technically, the mean-field equations or
the SCFT equations are obtained by minimizing
the free energy functional of the system with

respect to the density distributions ¢, (7) and
their conjugate fields o, (7) This procedure
leads to a set of coupled equations determining
the mean concentration density ¢, (7) and their

conjugate fields w, (7)

fa

b, (7) = Qi st a, (7, S> a5 (7,& - S)

e
0

on(7) = () ] 0(7).

where f = Bifa = A and vice versa andn (7) is

a Lagrangian multiplier which is introduced to
ensure  the  incompressibility  condition,

b4 (?) + ¢p (?> = 1. The single-chain partition

function is given by

0= |7 ai (7.t3) =5 |7 ai (7.1).
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The end-integrated propagators, g, (7, s) and
q;’ (7, s), are solutions of the modified diffusion

equations in the mean fields w, (7)

d - ron (= N[
—q, |\ r,s) =0Vqg,r,s) —w,lr
asqb{(I,Y) 0'1 ([1(1,8‘) (0] (r)qa(r Y)
with the initial conditions, ¢, (7, O) =1 and
a (7,0) — g (7,fﬁ>, where f =B if = A
and vice versa. Because both ¢, (7) and w,, (7)

are determined self-consistently from the above
self-consistent equations, the mean-field approxi-
mation is often referred as the self-consistent
mean-field theory. In the literature, the self-
consistent mean-field theory is often referred sim-
ply as the self-consistent field theory (SCFT). It
should be pointed out that within the mean-field
approximation, fluctuations in the monomer com-
positions or the conjugate fields are ignored. How-
ever, fluctuation of the polymer trajectories
subjected to the mean fields is fully accounted for
via the solution of the modified diffusion equations.

Within the mean-field approximation, the free
energy per chain of the system is obtained by
inserting the mean-field solution into the free
energy expression

N
f:WF({¢}’{w})

—Jar {xm ()05 (7) = 220 @}
~1nQ, ({w}):

The parameters entering the theory are
the combination yN, the block volume fraction
fa = 1 — f, and the effective Kuhn lengths a,.
The thermodynamic properties of a diblock
copolymer melt are completely specified by the
set of parameters {yN, fa, 04, 0g} within the
self-consistent mean-field theory.

Methods of Solution

Because of the complexity of the theory, analytic
solutions of the SCFT equations can only be
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obtained within the numerical accuracy under spe-
cial conditions. The simplest solution of the
mean-field equations is obtained for a homo-
geneous phase, in which the polymer concentra-
tions and the mean-field potentials are constants,

o, (7) =1y Oy (7) =0, leading to the trivial
qy (7,s) = 1. The free

energy per chain of a homogeneous phase is there-
fore given by fyy = yNfa(1 — fa).

The most fruitful approach to SCFT has been
numerical methods, which gives exact solutions
within the numerical accuracy. With the avail-
ability of increasing computing power and new
numerical techniques, computational methods of
SCFT have been developed to the level that they
can be used to explore the possible phases for
a given block copolymer architecture [7]. The
method to solve the SCFT equations numerically
is conceptually straightforward. The first step
is to make an initial guess of the mean fields

solution, g, (7,s> =

Wy, (7), which may bear the symmetry of the

ordered phase under investigation or be generated
randomly. The modified diffusion equations with
appropriate initial and boundary conditions are

then solved to obtain the propagators, g, (7, s)

andg, (7, s>. These propagators can then be used

to compute the mean-field concentrations,

o (7) The next step is to adjust the mean fields

— . . .
Wy (I) according to an iterative procedure so as

to satisfy the self-consistent equations and the
incompressibility condition. For a given set of
controlling parameters such as {yN, fa, 04, 0}
for a diblock copolymer melt, there are many
solutions to the SCFT equations, corresponding
to different morphologies. The phase diagram is
constructed by finding the structures with the
lowest free energy density.

Numerical methods of SCFT can be loosely
classified into two categories based on whether
the theory is casted in real space or reciprocal
space. In the reciprocal space or spectral method,
the spatially varying functions are expanded in
terms of a set of basis functions [4, 6].

Self-Consistent Field Theory

For ordered phases with known symmetries, the
basis functions can be constructed from the
known symmetry [4], leading to accurate and
efficient numerical methods. On the other hand,
the basis functions can be taken as a generalized
Fourier series [6], leading to a generic method for
the study of inhomogeneous polymeric systems.
Parallel to the development of the reciprocal-
space methods, numerical techniques of SCFT
in real space have been proposed. Numerous
implementations of real-space SCFT have been
developed by solving the SCFT equations in
a large box or in an arbitrary unit cell [5-7].
Both the real-space and reciprocal-space methods
are capable of describing and predicting ordered
phases of block copolymers [9].

The self-consistent field theory has been
applied to various inhomogeneous polymeric
systems including polymer adsorption, polymer
interfaces, and polymer brushes. The most suc-
cessful application of SCFT to polymeric system
is the study of nanodomain formation from block
copolymers, leading to a large body of literatures
on the study of equilibrium phase behavior of
block copolymers [7, 8, 10, 11]. These studies
have established a quantitative relation between
molecular architecture, composition, and equilib-
rium phase behavior. A good understanding of
the block copolymer phase behaviors has
emerged from these studies. The understanding
gained from the SCFT studies has been very
successful in helping to explain the complex
ordered phases experimentally observed in
block copolymer systems.

Summary

The self-consistent field theory is a flexible and
versatile theoretical framework for the study of
many-body systems. A diblock copolymer melt is
used as a model system to illustrate the theory.
The theoretical methods and numerical tech-
niques can be extended to more complex block
copolymers. The formulation allows a systematic
analysis of the thermodynamic properties of
block copolymer systems. The equilibrium
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phases and phase diagrams can be obtained by
solving the SCFT equations, while the stability of
the ordered phases can be analyzed within the
SCFT framework. The SCFT can be taken as
a numerical platform that is capable of predicting
the phases and phase diagrams for complex poly-
meric systems.

Related Entries

Computer Simulation of Block Copolymers
Microphase Separation (of Block Copolymers)
Nanodomain  Structure in  Block/Graft
Copolymers

Order-Disorder and Order-Order Transitions
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Synonyms

Domino dendrimers; Self-immolative dendrimers

Definition

Self-decomposing dendrimers are degradable
dendrimers that are based on an active dendritic
framework and are designed to disassemble spon-
taneously upon a single triggering event. The
trigger group, which is used to initiate the spon-
taneous breakdown of the dendrimer, can be
located at either the periphery or the focal point
of the dendrimer. Activation of the trigger reveals
an active functional group that starts a cascade of
spontaneous reactions, which lead eventually to
the complete disassembly of the dendritic
structure into its monomers or larger dendritic
fragments. Self-decomposing dendrimers are dis-
tinctive from other types of degradable
dendrimers that require multiple independent
degradation reactions to achieve complete
decomposition.

Introduction

Dendrimers are very unique macromolecules due
to their highly branched and precise modular
structure, high number of functional end groups,
overall globular shape, and monodispersity [1].
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These distinctive features have made dendrimers
extremely attractive platforms for delivery appli-
cations, which rely mostly on their utilization as
a passive scaffold that can be loaded with active
drugs or probe-molecules [2]. The loading of
active molecular cargo can be achieved either
by its encapsulation within the internal cavities
of the dendrimer or by covalent binding to the
periphery end groups of the dendrimer. These
applications rely mostly on the multivalency,
spherical shape and porosity of the dendritic
architecture, which serves as a passive macromo-
lecular framework [3]. In contrast, when looking
at dendritic structures or architectures in nature,
such as trees, one cannot ignore the active role of
the dendritic structure in the overall functionality
of the tree, as the branches are used not only to
hold the leaves but also to serve as a network that
allows the transformation of water and nutrients
between the roots and the leaves. Inspired by the
active role of natural dendritic structures, self-
decomposing dendrimers are based on an active
dendritic framework that allows a decomposition
cascade to propagate along the dendritic struc-
ture, leading eventually to its decomposition [4].
Such dendrimers can have a great potential in
biomedical applications as their highly controlled
degradation is of great importance for the release
of active cargo molecules, the degradation and

Trigger
Activation 'S

N

Self-Decomposing
Dendrimers,

Fig. 1 Convergently self-
decomposing dendrimer.
Upon trigger activation, the
degradation cascade
propagates along a linear
vector that connects the
trigger and the core of the
dendrimer. The overall
decomposition results in
the fragmentation of the
dendrimer and release of an
active molecule from

its core.

Convergent
(Linear)

A

Decomposition

Self-Decomposing Dendrimers

clearance of the dendritic carrier after its delivery
task was accomplished [5].

Fundamental Decomposition Pathways

The first examples of self-decomposing
dendrimers were published almost simulta-
neously in 2003 by the three independent
groups of Shabat [6], de Groot et al. [7], and
McGrath [8]. In principle, the self-decomposition
of such dendrimers can be divided into two major
types: convergent and divergent pathways. In the
convergent disassembly, the decomposition cas-
cade propagates from a trigger group, which is
located on the periphery of the dendrimer,
towards the core of the dendrimer (Fig. 1). This
type of decomposition does not propagate in
a dendritic manner as the decomposition cascade
occurs along a linear vector that connects the
trigger to the core of the dendrimer and therefore
may result in relatively larger dendritic
fragments [9].

In the second type of self-decomposing
dendrimers, the cleavage cascade is initiated at
a trigger group that is located at the core of the
dendrimer. The decomposition cascade then
propagates divergently towards the peripheral
end groups, leading to the complete disassembly
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Self-Decomposing
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Fig. 2 Divergently self-
decomposing dendrimer.
Upon trigger activation, the
degradation cascade is
amplified as it propagates
along the dendritic
framework, leading to the
full decomposition of the
dendrimer and release of all
the active end groups.
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of the dendrimer to its monomeric building
blocks and release of all its end groups (Fig. 2).
This type of decomposition takes full advantage
of the inherent structural amplification of
dendrimers that rises from the exponential
increase in the number of branching units and
peripheral end groups [10].

Self-Decomposing Mechanisms

The active framework of the self-decomposing
dendrimers is based on branched self-immolative
linkers [11] that are designed to transduce
a cleavage signal from the head of the monomer
(input) to its tail (output). In the case of conver-
gent decomposition, the monomer unit is
required to have at least one input and one output
functionalities (Fig. 3) that are fundamental to its
capability to transduce a cleavage signal along
a linear vector, which starts at the trigger group
and ends at the core of the dendrimer [9].

In the case of the divergent disassembly,
a monomer unit is required to have at least one
input and two output functionalities (Fig. 4) in

)
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order to achieve the dendritic amplification of the
cleavage signal [4].

In order to study the dendrimers’ decomposi-
tion, reporter groups were attached either to the
core in the case of convergent decomposition or
to the peripheral end groups in the case of diver-
gent disassembly. Activation of the trigger leads
to disassembly of the dendrimers and release of
active reporter groups, which can be easily mon-
itored (Figs. 1 and 2). While various self-
decomposing monomers (Figs. 3 and 4) and
dendrimers were published [10], there is great
similarity in their release or decomposition
mechanisms. In all these reports, the monomers’
activity is based on quinone methide (QM) or
aza-QM rearrangements. For example, in the
case of a first-generation Shabat-type dendrimer
(Fig. 5), cleavage of the trigger leads to the expo-
sure of a phenol derivative that spontaneously
undergoes a QM rearrangement (1,4 elimination)
to release the first reporter group. The electro-
philic QM is then attacked by a nucleophile
(water molecule) to regenerate a phenol, which
undergoes a second QM rearrangement (1,4 elim-
ination) to release the second reporter group [6].
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Self-Decomposing Dendrimers, Fig. 3 Convergent
self-decomposing monomeric building blocks: An
ABC-type branching unit (left) with one input

Self-Decomposing
Dendrimers,

Fig. 4 Divergent AB,-
type self-decomposing
building blocks with one
input and two outputs that
enable the dendritic
amplification.

In higher generation dendrimers, the output
ports (tails) of the first branching monomer are
attached to the input ports (heads) of the next
layer of branching monomers. An example of a
second-generation dendrimer that is composed
from both convergently and divergently self-
decomposing dendrons and its disassembly
mechanism are presented in Fig. 6. Activation
of one of the triggers initiates a series of cycliza-
tions and QM rearrangements (1,6- and double
1,4 eliminations) that lead to the release of first-
generation dendrons, which, upon exposure of
their head group, go through additional QM
rearrangement (double 1,4 elimination) to release
their reporter groups [10].

Examples for Applications of
Self-Decomposing Dendrimers

The triggered degradation of self-decomposing
dendrimers should facilitate their clearance
from the body after delivering their molecular

L output

functionality, one nonfunctional end group, and one out-
put functionality and an AB,-type monomer (right) with
two inputs and one output functionalities.

o

cargo. This controlled decomposition makes
them very attractive platforms for various bio-
medical applications such as drug delivery [12].
Shabat and coworkers achieved major advan-
tages over other types of degradable dendrimers
by attaching multiple drug molecules to the
peripheral end groups of  divergently
decomposing dendrimers with an enzymatically
cleavable trigger [13]. One advantage is the abil-
ity to release multiple drug molecules from the
periphery of the dendrimer upon a single trigger-
ing event at its core. This is a highly important
feature for drug delivery, as in many cases, the
enzymes that are needed to activate or release the
drug molecules from drug delivery systems are
present in low concentrations, which limit the
amounts and release rates of the carried drugs.
By utilizing a divergently self-decomposing
dendrimer as a delivery platform, the enzymatic
activation can be amplified as the degradation
cascade propagates through the dendritic struc-
ture. This dendritic amplification was shown to
result in a significant increase in the amount and
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Self-Decomposing Dendrimers, Fig. 5 A double 1,4 first-generation dendrimer exposes a phenol that

elimination as a quinone methide-based amplification
mechanism of a single activation event (Shabat-type
dendrimer). Cleavage of the trigger at the head of a

release rate of drug molecules that were attached
to the end group of a self-decomposing
dendrimer. Another example for a dendritic
delivery system based on a double 1,8 elimina-
tions (Fig. 4) that could degrade to release four
paclitaxel molecules upon trigger activation was
published by de Groot and coworkers [7]. Self-
decomposing dendrimers can be further utilized
as a delivery platform that can simultaneously
release a combination of different drugs. This
was demonstrated by Shabat and coworkers,
which reported the synthesis of a dendrimer
loaded with three different anticancer drugs.
This dendritic tri-prodrug showed enhanced
activity compared to the mixture of the three
individual prodrugs [10].
Amir and Shabat utilized

self-decomposing dendrimers as

convergent
molecular

undergoes two subsequent QM rearrangements to release
two reporter units.

logic gates. Multi-triggered dendrimer (Fig. 3)
with two different enzymatic triggers was shown
to serve as an OR logic gate, enabling the release
of doxorubicin by two different enzymes [14].
This concept may be particularly important in the
field of prodrug therapy in circumstances that
require the activation of prodrugs by more than
one tumor-associated enzyme.

Summary

“If a good idea for scientific innovation emerges,
you can be sure that several teams of researchers
will be quickly on the case.” was the first sentence
of a highlight in “Nature” [15] that emphasized
the almost simultaneous publication of the first
papers on self-decomposing dendrimers by the
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Self-Decomposing Dendrimers, Fig. 6 A second-
generation dendrimer, composed from both convergently
and divergently decomposing dendrons. Activation of any
one of the triggers initiates a cascade of cyclizations and
QM rearrangements that propagates convergently towards

independent groups of Shabat, de Groot, and
McGrath. Since these first publications, various
self-decomposing dendrimers with different
release mechanisms, triggers, and cargo mole-
cules were synthesized and studied. Their con-
trolled degradation and more importantly the
dendritic amplification made them especially
attractive as drug delivery platforms and as diag-
nostic probes. Moreover, the monomers that
enable the self-decomposition were further
applied in other polymeric systems to induce
improved decomposition capabilities [16].

Related Entries

Dendrimers and Hyperbranched Polymers in
Medicine

Drug and Gene Delivery Using Hyperbranched
Polymers

Stimuli-Responsive Polymers

the core of the dendrimer. The disassembly cascade is then
amplified by divergent decomposition that eventually
leads to the full degradation of the dendrimer and release
of its four end groups.
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Synonyms

Remendable polymers; Reversible bond forma-
tion; Self-repairing; Self-restoring
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Definition

Self-healing polymers have the ability to trans-
form physical energy into a chemical and/or
physical response to heal the damage. Self-
healing polymers response to external stimulus
to recover the initial material properties.

Introduction

The living organism has an excellent self-defense
system, which are autoimmunity mechanism to
protect themselves from bacteria, and virus etc.,
and a self-repair mechanism to prevent degrada-
tions and damages of themselves. If industrial
materials have a self-healing property like the
living organism, safety, efficacy, and reliability
for materials significantly are improved and
human societies will prevent tragic incidents,
such as airplane and nuclear reactor disasters, in
daily life. Recently, renewable materials have
attracted much attention from the viewpoints of
environmental protection and efficient utilization
of natural resources. To realize the dream, self-
healing materials have been investigated to create
from many approaches (self-healing composites,
concrete, ceramics, and fabrics) [1-4]. Self-
healing polymeric materials have recently
enjoyed increasing attention. Studies on self-
healing polymeric materials have been increased
over the last decade [5—8]. This may be because
expanding the useful lifespan of materials is
becoming highly desirable due to modern envi-
ronmental and energy concerns. Thus, self-
healing and self-repairing materials should
become valuable commodities. On the other
hand, polymeric materials, which mainly are
used as reinforcement materials (but it used to
say that polymeric materials is stronger than
steel), developed “disposable materials” with lit-
tle regard for unexpected degradations and dam-
ages of themselves. It is because polymeric
materials constructed by covalent bonds hardly
recover to an initial form and material strength
when damaging. Conventional polymers have
difficulty in self-healing because they do not
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Self-Healing Polymers

Self-Healing Polymers,
Fig. 1 The synthesis route
of self-healing materials:
(a) repairing agent included
in the capsule, (b) surfaces
treatment by external
stimuli, (¢) non-covalent
bond formation on the
crack surface

Self-Healing Polymers,
Fig.2 General mechanism
of Diels—Alder
cycloaddition

-3

reform covalent bonds, and their cut surfaces do
not readhere unless specific groups are intro-
duced into the polymeric materials.

To create self-healing materials, there are
three approaches: the storage of healing agents,
reversible covalent bond formation with external
stimuli, and healing material constructed by
non-covalent bonds (Fig. 1). Healing agent stor-
age methods effectively produce self-healing
materials by using microcapsules. Although the
healing agent storage methods fill gaps and
cracks, disconnected functional groups on the
cut surfaces do not reform the initial covalent
bonds.

The focus of the current review is to discuss
the important aspects of and trends in the
relatively new field of self-healing materials
using non-covalent interaction. The later
review will focus on supramolecular polymeric
materials consisting of cyclic host and guest
complexes.

(a) Repairing agent
capsul&type

(c on-covalent

(b) Surface type

treatliwnt type

Diels Alder (DA)

" Retro Diels Alder (rDA)

Thermoresponsive Self-Healing
Materials

The Diels—Alder (DA) cycloaddition reaction is
one of the most important reactions in a thermore-
sponsive self-healing method [9-14] (Fig. 2). The
DA reaction is a cycloaddition reaction between
a conjugated diene and a substituted alkene. One
of the most relevant aspects of the Diels—Alder
(DA) reaction is its thermal reversibility, known
as the retro-Diels—Alder (rDA) reaction. There
are two approaches to create remendable poly-
meric materials: (i) polymers cross-linked with
the pendant groups through DA reactions and
(ii) polymers prepared by DA reactions involving
multifunctional ~complementary  monomers.
These polymeric materials prepared by DA reac-
tions have healed crack damage relying on exter-
nal stimuli (heat, light, pressure, etc.).

A material from tetra-linker furan (diene)- and a
tri-linker maleimide (dienophile)-based monomers
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gave cross-linked a polymeric network material
(Fig. 3) [9]. The polymeric materials showed ther-
mally remendable polymers through the DA/rDA
strategy [9, 10]. When cracking, the polymeric
network material healed above 120 °C. The poly-
meric network material was stressed to complete
failure and subsequently healed by heating to
ca. 90-120 °C, followed by cooling to room tem-
perature. The healed polymer recovered to ca. 57 %
of the initial material strength. Subsequently, the
next generation of highly cross-linked remendable
polymers consisting of 1,8-bis(maleimido)-1-
ethylpropane and a tetrafuran monomer exhibited
crack healing with as much as 83 % recovery of the
initial material strength [10].

N )
(e} 0]
N O)l\/\| "”/O\/\I]/O ~

mide-based self-healing polymer network

The DA/tDA reactions provide a simple and
efficient way to prepare remendable polymers,
which can go through repeated cycles of cracking
and remending at the same site. On the other
hand, the working temperature of the materials
(85-150 °C) limits in the DA/rDA reactions.

Self-/Re-healing Materials Through
Non-covalent Bonds

One of the most efficient ways to produce autono-
mously self-healing materials is non-covalent bond
system where the polymerization and/or the cross-
linking occurs by intermolecular interactions of the
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Self-Healing Polymers, Fig. 4 Fatty acids condensed with diethylene triamine and subsequently with a urea deriv-
ative to give a self-healing supramolecular network via hydrogen bonding

monomer units and/or the side chains by using
hydrogen bonds [15], m-m stacking interactions,
certain metal-ligand coordination bonds [16], or
ion interactions [17]. The reversibility of
non-covalent bonds allows repair to take place at
the molecular level to fully restore the original
material properties. Moreover, the crack and adhe-
sions can be carried out repeatedly.

Polymeric materials based on rubber-like supra-
molecular network composed of low-molecular-
weight hydrogen-bonding molecules, which are
functionalized fatty di- and triacids, showed effec-
tive self-healing properties (Fig. 4). Fatty dimer
acids were condensed with diethylene triamine
and then reacted with urea. Hydrogen-bonding

motifs (amidoethyl imidazolidone, di(amido
ethyl)urea and diamido tetraethyl triurea) formed
the self-healable elastomers. When a rod-shaped
rubber was cut in half using a razor, the cut rubber
immediately mends after being broken; the gel can
be lifted against its own weight. The repaired rub-
ber adheres strongly to each other without a crack
by extension and shrinkage [15].

Self-Healing Materials Through
Host-Guest Interactions

Supramolecular materials consisting of host
and guest polymers have unique features due
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Self-Healing Polymers, Fig. 5 Schematic illustration of self-healing behavior of supramolecular materials through

host—guest interactions

to selective complementary interactions.
Host—guest interactions are versatile and can be
used to prepare supramolecular materials, which
have easily tuned switching efficiencies and func-
tions. Self-healing and self-repairing properties
are achieved using supramolecular materials that
consist of host and guest polymers. The duality of
supramolecular materials, which possess both
switching and self-healing properties, has
attracted both supramolecular chemists and mate-
rials scientists.

Poly(acrylic acid) modified with cyclodextrins
(CD) as a host polymer and pAA with ferrocene
as a guest polymer formed supramolecular mate-
rials by host—guest interactions. Supramolecular
materials, which consist of host and guest poly-
mers cross-linked by host—guest interactions,
exhibit self-healing properties, which reach
84 % of the initial gel’s strength on the cut gel
surfaces. Redox stimuli can control self-healing
properties such as readhesion between cut sur-
faces (Fig. 5) [18]. Polymerization of inclusion
complexes of CD host and aliphatic guest mono-
mers in aqueous solutions forms non-covalent
cross-links between polymer chains to yield
supramolecular hydrogels. When the gels are
cut, cooperative host—guest complexation on the
cut surfaces should quantitatively recover the

material strength [19]. When freshly cut surfaces
are brought into contact, the free CD host and
aliphatic guest units on the cut surface find the
partner to form complementary complexes. This
process is important to recover the material’s
original mechanical properties. Furthermore,
a freshly cut surface does not adhere to the
uncut surfaces at room temperature, indicating
the need for non-associated units at the surface
in the healing process.

Related Entries

» Molecular Self-Organization

» Supramolecular Hydrogels

» Supramolecular Polymers
Interactions)

(Host-guest
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Synonyms

Silicon dioxide; Silicon oxide; SiO,

Silica
Definition

Silica is a material represented by a chemical
formula, SiO,, and is in solid state at the ambient
temperature and pressure. Even when not
represented exactly by the formula SiO,, some
materials are conventionally called silica as in the
case of silica gels and colloidal silica, which
contain at least hydrogen atoms and in some
cases carbon atoms.

Introduction

Silica is a material represented by a chemical
formula, SiO,, and is in solid state at the ambient
temperature and pressure. It is a colorless and
transparent material but is colored when it con-
tains impurity atoms or ions, and looks white and
opaque when it scatters light, for instance, in the
form of powders.

Silica exists either in crystalline or in amor-
phous (noncrystalline) form. Crystalline silica is
thermodynamically stable and has an ordered and
periodic atomic arrangement, while amorphous
silica is metastable and has a disordered atomic
arrangement. Although destined to transform into
crystalline silica, amorphous silica practically
remains as it is in the ambient atmosphere
because such transformation requires atomic
rearrangement, which can only be activated by
thermal energy. This is why we can utilize amor-
phous silica as applied materials in the ambient
atmosphere.

Crystalline silica has a number of polymorphs,
that is, the crystals with the same chemical for-
mula with different atomic arrangements,
depending on temperature and pressure.
a-Quartz is the thermodynamically stable poly-
morph at the ambient temperature and pressure,
and utilized, for example, as an oscillator in
watches. Silica glass, on the other hand, is typical
amorphous silica, and the optical fibers in optical
communication are the example of its use.

In this entry, first the structure, stability, and
formation of crystalline silica and silica glass are
illustrated. Second, the properties and applica-
tions of a-quartz and silica glass are described.
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Finally, the brief introduction is given for the
formation and properties of colloidal silica, silica
gel, and mesoporous silica, which are other types
of amorphous silica.

Crystalline Silica: Structure and
Thermodynamic Stability

Crystalline silica has a number of polymorphs,
i.e., the crystals with the same chemical formula,
Si0O,, with different atomic arrangements. Most
of them comprise SiOy tetrahedra that are linked
to each other by sharing corners (O atoms) as
shown in Fig. 1. Silicon atoms form sp> hybrid
orbitals, leading to the formation of SiO, tetrahe-
dra, and the O—Si—O bond angle is fixed at 109.5°,
irrespective of polymorphs. On the other hand,
the Si—O bond is rotatable, and the Si—O—Si bond
angle is flexible, ranging from 140° to 180°,
depending on the crystal structure.
B-Cristobalite (or high cristobalite), which
belongs to the cubic crystal system, is one of the
high-temperature polymorphs of silica, the struc-
ture of which is the most easy to be presented as
shown in Fig. 2. As seen in Fig. 2, each SiO4
tetrahedron is linked to each other by sharing
O atoms, where the Si—O-Si bond angle is fixed
at 151°. The crystalline silica that is thermody-
namically stable at the ambient temperature and
pressure is o-quartz (or low quartz), which
belongs to the rhombohedral crystal system, and
has the Si—O-Si bond angle of 144° (Fig. 3).
Although “quartz” is a term for a crystalline

Depending on
polymorphs

Silica, Fig. 1 SiOy tetrahedra sharing their corners
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material, silica glass, an amorphous material, is
often called “quartz glass” or just “quartz” espe-
cially in laboratories. “Quartz” to represent silica
glass is a wrong terminology because silica glass
is not crystalline. “Quartz glass” sounds scientif-
ically strange but may be acceptable because the
term ‘“‘glass” represents the amorphous state.
However, you should be careful when you see

C

¥ ./.
®@-ss (-0

Silica, Fig. 2 Crystal structure of B-cristobalite
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o
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Silica, Fig. 3 Crystal structure of a-quartz
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Silica, Fig. 4 Phase
diagram of silica after
Ref. [1]
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Silica, Table 1 Crystal system, Si—-O-Si bond angle, and density of silica polymorphs. The bond angle and density are

shown also for silica glass

Silica Crystal system
a-Quartz Rhombohedral
B-Quartz Hexagonal
B-Tridymite Hexagonal
B-Cristobalite Cubic

Coesite Monoclinic
Stishovite Tetragonal
Silica glass (Amorphous)

or hear the term “quartz” in laboratories or even
in academic papers and should examine whether
the term represents crystalline silica or not.
B-Quartz, a-cristobalite, o- and B-tridymite,
coesite, and stishovite are the other examples of
polymorphs of crystalline silica. Figure 4 shows
the phase diagram of silica [1]. Amorphous silica
is not seen in the diagram, of course, because it is
not a thermodynamically stable phase. As seen in
the diagram, o-quartz transforms into B-quartz,
B-tridymite, and then B-cristobalite as tempera-
ture increases under the ambient pressure. The
Si—O-Si bond angles and density of these poly-
morphs are summarized in Table 1. As seen in
Table 1, the higher-temperature silica phases tend
to have lower densities, i.e., more open

3

Si—O-Si bond angle/° Density/g cm™

144 2.65
153 2.53
180 2.18
151 2.21
137, 143, 144, 150, 180 292
131 (SiOg octahedra) 4.29
130-160 2.20
structures. The melting point of silica is

1,713 °C, and B-cristobalite transforms into silica
liquid at this temperature (Fig. 4). On the other
hand, silica glass, an amorphous silica, has no
melting point but glass transition temperature as
illustrated later.

Coesite and stishovite are polymorphs that are
thermodynamically stable under high pressures.
Coesite is also composed of SiO, tetrahedra
while stishovite exceptionally consists of SiOg
octahedra as shown in Fig. 5, i.e., the coordina-
tion number of silicon is six, and its crystal struc-
ture is identical to rutile (TiO, and SnO,). Coesite
and stishovite are high-pressure phases, which
results in their higher densities: 2.92 (coesite)
and 4.29 (stishovite) g cm >,
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Silica, Fig. 5 Crystal structure of stishovite

Silica Glass: Structure and Formation

Figure 6 shows the volume—temperature relation-
ship for general materials. Starting from the lig-
uid state, the volume decreases with decreasing
temperature. When the temperature reaches the
melting point, Ty, the liquid is “solidified,” i.e.,
transforms into crystals; the thermodynamically
stable solid is crystals and not amorphous. At
this stage, the volume decreases abruptly.
(Water is an exceptional material and increases
in volume on solidification.) The volume of the
crystals further decreases with decreasing
temperature.

The atomic arrangement in a liquid is disor-
dered and not static with time while that in a
crystal is ordered and static. (The atoms are
vibrating in crystals, but the time-averaged
locations of atoms are unchanged with time).
Therefore, the liquid-to-solid transformation
(liquid-to-crystal transformation) is a drastic
change from the viewpoint of atomic arrange-
ment. Such a liquid-to-crystal transformation
does not occur simultaneously throughout the
bulk but via “nucleation” and “crystal growth.”
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Silica, Fig. 6 Volume-temperature relationship for
materials in general

A “crystal nucleus” is a small region where the
atomic arrangement is ordered, and such a region
increases in volume with time, which is called
“crystal growth.”

When the liquid is cooled slowly, “nucleation”
and “crystal growth” occur, leading to crystalli-
zation, i.e., transformation into crystals. When
the liquid is cooled at high rates, insufficient
time is given for “nucleation” and “crystal
growth” to occur, and as a result, the liquid is
cooled down below T,, without being crystal-
lized, becoming what is called “supercooled lig-
uid.” The supercooled liquid retains fluidity and
disorder in atomic arrangement, and when it is
further cooled down, the volume—temperature
relation exhibits deflection at a certain tempera-
ture (Fig. 6). This temperature is called “glass
transition  temperature, T,,” where the
supercooled liquid loses the fluidity and the
change in atomic location with time. The solid
material thus formed is called “glass.”

Liquids are solidified into either crystals or
glass on cooling, depending on cooling rates, as
illustrated above. However, the tendency for
glass formation also depends on materials. The
cooling rate that is needed for glass formation is
defined as critical cooling rate for glass forma-
tion, and silica is known to have a very low
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Silica, Fig. 7 Schematic
illustration of the atomic
arrangement () in o-quartz
and (b) in silica glass after a
Ref. [3] (With permission
from John Wiley & Sons)

5

Ty

critical cooling rate around 10~*~1072 K/s. This
indicates that silica has very high tendency for
glass formation. Boron trioxide (B,03), germania
(Ge0O,), and phosphorus pentoxide (P,Os) also
have very low critical cooling rates and are called
“glass formers” as well as silica.

Although the atomic arrangement is disor-
dered in glass, there is what is called a short-
range order. Silica glass is built up with SiO4
tetrahedra with an O-Si—-O bond angle of 109.5°
as in the case of a-quartz, a crystal (Fig. 1). The
Si—O bond distance of 0.16 nm and the O-O
distance of 0.26 nm are also comparable to
those of a-quartz. Then silica glass can be said
to have short-range order in atomic arrangement.
The only difference in atomic arrangement is the
Si—0O-Sibond angle. The Si—-O—Si bond angle has
distribution and ranges from 130° to 160° in silica
glass [2] while o-quartz has a fixed bond angle of
144° (Table 1). The average Si—O-Si bond angle
in silica glass, however, lies around 144°, which
is equal to the angle fixed in a-quartz. This results
in the distribution of the Si—Si distance in silica
glass, while a-quartz has a specific distance. This
is why silica glass is said to have short-range
order without long-range order in atomic
arrangement.

Silica

Such a contrast in atomic arrangement is sche-
matically represented in Fig. 7, which is given by
W. H. Zachariasen and is very familiar in glass
science [3]. Since each silicon atom is coordi-
nated not by four but by three oxygen atoms in
Fig. 7, the illustration is not an exact one. How-
ever, the illustration well describes the existence
of the SiO, tetrahedra and the identical O-Si—-O
bond angle both in a-quartz and in silica glass.
The illustration also well represents the fixed
Si—O-Si bond angle in a-quartz and its distribu-
tion in silica glass.

Silica glass has a density of 2.20 g/cm’®, a
smaller value than that of a-quartz, 2.65 g/cm3,
indicating that silica glass has more open struc-
ture than o-quartz (Table 1). A term
“n-membered ring” is often used to describe the
structure of silica, representing a ring structure
that is composed of n SiO, tetrahedra that is
linked to each other by sharing corners.
o-Quartz is composed of 6-membered rings.
In the case of silica glass, on the other hand, the
majority is 6-membered rings, but » has distribu-
tion. Three- and 4-membered rings are some-
times called “defects” in silica glass structure,
which is a terminology different from that in
crystallography.
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Silica glass is thermodynamically metastable
and hence tends to transform into crystalline sil-
ica. However, such transformation does not occur
at the ambient temperature because the transfor-
mation needs the rearrangement of atoms and the
diffusion coefficient of atoms is too small at such
low temperatures. When silica glass is heated, on
the other hand, the diffusion coefficient increases,
and silica glass is crystallized near at the glass
transition temperature. This is an irreversible
change, and in order to recover the glass state,
the crystallized silica should be melted by heating
over its melting point.

As described above, silica glass is formed by
cooling silica liquid. However, silica glass can
also be prepared without the melting process.
It can be prepared even from solutions and gas-
eous species as illustrated in section “Production
of o-Quartz and Silica Glass,” where the
processing temperatures are lower than the melt-
ing point of silica.

Properties of a-Quartz and Silica Glass

As illustrated in the above sections, both a-quartz
and silica glass have the same chemical formula,
Si0,, and are composed of SiO, tetrahedra linked
to each other by sharing oxygen atoms. The only
difference is whether or not they have the long-
range order in atomic arrangement and distribu-
tion in Si—O-Si bond angles, which provides
similar properties to o-quartz and silica glass.
As shown in Table 2, a-quartz and silica
glass have similar optical absorption edge wave-
length around 150 nm, thermal conductivity
around 2-3 Wm ' K! and Young’s
modulus around 70 GPa, and both are electrical
insulators.

Silica, Table 2 Properties of a-quartz and silica glass

Optical
Density/ | Refractive Bandgap absorption
Silica gem ™ index energy/eV | edge/nm
o-Quartz | 2.65 1.55 8.4 148
Silica 2.20 1.46 7.8 159

glass
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On the other hand, because of the more open
structure, which is revealed in lower density,
silica glass has a lower refractive index (1.46)
than o-quartz (1.55) as seen in Table 2. Differ-
ence is also seen in thermal expansion coefficient.
Silica glass has much lower thermal expansion
coefficient (0.5 x 107® K~!) than o-quartz
(12 x 107® K1), which is also due to its more
open structure. The Si—O bond length increases
with increasing temperature but is compensated
by the change in Si—~O-Si bond angle, resulting in
low thermal expansion coefficient of silica glass.

As far as the chemical properties are
concerned, both a-quartz and silica glass have
high durability in organic solvents, water, and
acids except for hydrofluoric acid. Silica is
attacked by hydrofluoric acid (HF) to produce
hexafluorosilicic acid (H,SiFg):

SiO, + 6HF — 2H" + SiFs>~ + 2H,0

In contrast, both a-quartz and silica glass have
low durability in basic solutions. Dissolution
occurs by nucleophilic attack on silicon atoms
by hydroxide ions (OH™).

Applications of a-Quartz and Silica Glass

Silica glass has high thermal shock resistance due
to its low thermal expansion coefficient. Therefore,
silica glass or glasses with high silica contents can
be used as applied materials that experience rapid
and large changes in temperature. The tubes for
tube furnaces and the crucibles for melting mate-
rials are examples, often used in laboratories. Due
to the large bandgap energy and high transparency
at ultraviolet (UV) wavelengths, silica glass is used
as window materials and optics components in

Thermal
expansion Thermal
coefficient/ | conductivity/ | Young’s Resistivity/
107°K™! Wm' K modulus/GPa | Om

0.4 2.7 70 10"2-10"8
12.3 22 73 >10"
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various fields that require high UV transmittance.
Silica glass has high transparency at infrared
(IR) wavelengths particularly around 1.5 pm as
well, which benefits their use as optical fibers in
optical communications. Practically, the core and
cladding, which have higher and lower refractive
indices, respectively, should be made in optical
fibers to allow the light transmission; dopants like
germania (GeO,), alumina (Al,O3), boron oxide
(B,03), and fluorine (F) are introduced in silica
glass.

An applied mechanical stress generates a volt-
age in a-quartz, and an applied voltage changes
its dimension. In other words, a-quartz has pie-
zoelectric property (piezoelectricity). Silica
glass exhibits no piezoelectricity, and this is a
unique property of a-quartz. Due to this unique
property, a-quartz is used in devices that gener-
ate sound, high voltages, and electronic fre-
quency. a-Quartz as an oscillator in electric
circuits in watches and computers is used in our
daily life.

Production of a-Quartz and Silica Glass

a-Quartz occurs in nature via crystallization of
molten magma. However, natural o-quartz that
is pure enough for use in industry is quite rare
and hence expensive. Therefore, highly pure
a-quartz is synthesized by hydrothermal process
for industrial use. The solubility of silica in
water is known to be maximized at
340 °C. Utilizing this temperature dependence
of solubility, natural quartz is dissolved in hot
water in an autoclave (pressure vessel) with
a-quartz seeds, and single-crystal a-quartz is
grown by controlling the temperature.

Silica glass produced in industries is classified
into “fused silica glass” and “synthetic silica
glass.” Fused silica glass is produced by purifying
natural quartz (silica stone or silica sand) with
reagents or halide gas and then melting it at
temperatures over 2,000 °C. Synthetic silica
glass, on the other hand, is produced by chemical
vapor deposition (CVD) where vaporized silicon
tetrachloride (SiCly) is hydrolyzed in oxyhydro-
gen flame:

Silica
SiCly + 2H, + O, — SiO, 4+ 2HCI

Fine silica particles thus obtained are called
“fumed silica,” which are deposited on a material
in the CVD process. Then the deposited fumed
silica is heated in a controlled atmosphere to
remove the voids between particles, leading to
synthetic silica glass products. Synthetic silica
glass has higher purity than fused silica glass
due to the high purity of the starting material,
and the residual OH groups can be lowered by
controlling the atmosphere in the heating process.
Due to the higher purity, silica glass fibers for
optical communication are produced from syn-
thetic silica glass.

Silica gels can also be converted into silica
glass by heating them at temperatures as high
as 1,000 °C as will be illustrated in section
“Silica Gel.”

Colloidal Silica

Colloidal silica is amorphous silica particles of
1-100 nm in size that are suspended in liquids
typically in aqueous solutions [4]. Such suspen-
sions are called “silica sols.” Colloidal silica par-
ticles are covered with a number of silanol groups
(Si—OH groups). Therefore, the chemical formula
of colloidal silica is not SiO, but SiO,_,(OH),,
although it is called silica. When the surface of
colloidal silica is modified by organic species, the
chemical formula turns different further from
81027X(OH)2x-

Colloidal silica is produced in industries by
neutralizing aqueous sodium silicate, which is
called water glass:

Na,SiO3 + 2H" — SiO, + 2Na* + H,0

Protonated ion exchange resins are used for
the neutralization.

Colloidal silica can also be prepared by hydro-
lyzing silicon alkoxides [5]. Silicon alkoxides
like tetraethoxysilane also called tetraethylortho-
silicate and silicon tetracthoxide are hydrolyzed,
and the hydrolyzed species undergo condensation
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reaction to form siloxane bonds (Si—O-Si bonds)
in alcoholic media:

<Hydrolysis>
SI(OC2H5)4 + Hzo — (C2H50)3SI—OH + CZHSOH

<Condensation>

(C2H5O)3Si—OH + HO—Si(OC2H5)3 —
(C2H50)3Si—O—Si(OC2H5)3 + H,O

These reactions repeatedly proceed, and col-
loidal silica particles are formed in solutions.
Instead of colloidal silica, polymer-like silica
(polymeric silica) is also formed by controlling
the pH and amount of water for the hydrolysis
reaction. There is no clear boundary between
colloidal and polymeric silica, and the siloxane
species thus formed are characterized by fractal
dimension; colloidal silica has fractal dimensions
near 3 and polymeric silica around 1 and 2. Such
reactions to form siloxane polymers or colloids
utilizing alkoxides are often called “sol—gel
reaction.”

Colloidal silica has a number of industrial
applications including the polishing slurries for
silicon wafer polish, the binders for catalysts, the
binders of molds for investment casting, the
fillers for polymeric resins, and so on.

Silica Gel

Suspensions of colloidal silica (silica sols) have
fluidity. When colloidal silica particles come to
touch each other, which can be achieved by
changing the pH or by removing the solvent, the
suspension loses fluidity. Such materials that
have lost fluidity are called silica gels. In other
words, silica gels are materials that are composed
of colloidal silica particles and behave like a
solid. Because silica gels are composed of colloi-
dal silica particles, their chemical formula is not
SiO, but Si0,_,(OH),, again. Silica gels can also
be obtained from alkoxide solutions, where col-
loidal silica or siloxane polymers grow by the
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progress of sol-gel reaction. Such alkoxide-
derived silica gels usually contain alkoxy groups
remaining unreacted. In such a case, the chemical
formula is different even from SiO,_,(OH),,.

Silica gels are transformed to silica glass
when heated up to temperatures as high as
1,000 °C. During heating, the solvent evaporates,
the silanol groups on the particle surface are
further condensed to form siloxane bonds, and
the pores shrink and collapse.

Silica gels have high specific surface area over
hundred m?/g because they are built up with tiny
colloidal silica particles. The surface of the col-
loidal silica particles also recognized as the pore
walls is covered with silanol groups. Since water
molecules and silanol groups form hydrogen
bonds, and due to the high specific surface area,
silica gels absorb water vapor in the atmosphere.
This is why silica gels are used as desiccants.

Utilizing the porous nature, silica gels are also
used as the stationary phase in column chroma-
tography. Silica gels are safe materials and are
used widely in the food industry as anticaking
agents, defoaming agents, stabilizers, adsorbents,
carriers, conditioning agents, chillproofing
agents, filter aids, emulsifying agents, viscosity
control agents, and anti-settling agents.

Mesoporous Silica

Pores in materials are classified by their diame-
ters. Pores with diameters less than 2 nm, of
2-50 nm, and over 50 nm are called micropores,
mesopores, and macropores, respectively.
Mesoporous silica that is attracting much atten-
tion in materials science is amorphous silica with
periodic mesopores that are homogeneous in
diameter (Fig. 8) [6]. Prof. Kuroda’s group at
Waseda University first synthesized the
mesoporous silica. Mobil Corporation later pre-
pared mesoporous silica using surfactants as tem-
plates. When a surfactant is dissolved in aqueous
solution at a certain concentration, micelles are
formed, followed by the formation of their
closely packed aggregation. When silicon alkox-
ides are added with catalysts, sol-gel reaction
takes place at the periodic voids between the
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Silica, Fig. 8 Transmission electron microscopic image
of mesoporous silica after Ref. [6] (With permission from
Nature Publishing Group)

aggregates, leading to the formation of
mesoporous silica.

Since mesoporous silica is a new type of mate-
rial with well-controlled and periodic pores of
nanometer in size, it attracts much attention as
catalysts, adsorbents, optical devices, and gas

SEensors.
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Definition

Silica reinforcement is the strengthening of elas-
tomers by the addition of a filler system based
on silica and a coupling agent. By the addition of
reinforcing fillers, the physical as well as the
dynamic-mechanical properties change: the
material gets stronger and elasticity is reduced.
Different types and amounts of fillers allow
tailoring the properties of rubber.

History

Silica as a reinforcing filler in rubber is widely
used in tires; more than 80 % of the original
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equipment tires in Europe contain this particular
filler [1]. The first tire producer who introduced
silica was Michelin in their “Green Tires” in the
early 1990s, containing a silica-coupling agent
combination instead of carbon black. The reason
for the replacement of the traditionally used car-
bon black by silica was the improvement in
rolling resistance and wet grip. Earlier, silica
had only marginal importance; it was, and still
is, used in non-tire applications such as shoe
soles, belts, hoses, or cable jackets. Shoe soles
were the main application in the past, as silica
makes rubber a nonstaining material with high
abrasion, tear, and flex resistance [1].

Properties of Silica-Reinforced Material

Compared to carbon black, silica as such is char-
acterized by weaker filler-polymer interactions
and stronger filler-filler interactions with, as
a consequence, higher compound viscosity,
higher modulus at low strain amplitudes, lower
modulus at high strain amplitudes, and lower
bound rubber content [2]. The combination of
silica with a coupling agent results in a higher
reinforcing effect and different dynamic-
mechanical and physical properties compared to
carbon black. The main influence on physical
properties is found for resilience, heat buildup,
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wear, heat resistance, tear strength, flex stability,
hardness, stiffness, modulus, and tack. The
changes in tire-related properties when succes-
sively replacing carbon black by a silica-silane
filler system are given in Figs. 1 and 2.
The measurements to predict wet grip were
performed on a Laboratory Abrasion Tester,
LAT100, in which a small rubber wheel is tested
on a turning disk representing the road surface.
Rolling resistance is commonly predicted by
measurement of the tan 6 values at 60 °C and
10 Hz. In this study, the highly reinforcing carbon
black type N234 is successively replaced by
a highly dispersible silica and a disulfide silane
(bis(triethoxysilylpropyl) disulfide) filler system,
in a polymer matrix of solution-SBR with 25 %
styrene and 50 % vinyl content. This leads to
significant improvements in wet grip (Fig. 1)
and tan O as an indication of rolling resistance
(Fig. 2) with increasing concentration of silica.
Besides, it shows the improvement in heat
buildup. The results of wear measurements
done on the LAT100 as shown in Fig. 1 are rather
indifferent and demonstrate the difficulty to get
reliable data for wear prediction.

The strong reinforcing effect of silica com-
pared to carbon black allows the reduction of
the filler content without any negative influence
on the property profile, but with an additional
positive effect on elasticity due to the higher
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Silica Reinforcement,
Fig. 2 Influence of carbon
black/silica ratio on tan o at
60 °C and heat buildup
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ratio of elastic component to damping filler. This
results in an additional reduction of the rolling
resistance.

The stability of the covalent silica-polymer net-
work causes a lower rate of breaking and reforma-
tion of the silica-polymer bonds compared to the
carbon black-polymer network during a deforma-
tion cycle, resulting in a decrease of the loss mod-
ulus. A low value of the loss modulus together with
a high value of the storage modulus results in a low
value of the phase angle. As both loss and storage
modulus depend on deformation, the phase angle
is also influenced by the applied strain: it increases
with increasing deformation [3].

Silica Types, Coupling Agents, and
Polymers

Silica types used for rubber reinforcement are
characterized by their surface area accessible for
large molecules such as polymers (CTAB sur-
face) and the total surface area (BET surface),
which both vary between 50 and 250 m?/g, and
the primary particle size, which is in a range
between 5 and 50 nm [4]. In a rubber matrix,
silica particles form grapelike aggregates or clus-
ters of 30-150 nm in size. Often, a correlation
between the diameter of the primary particles and
the mean diameter of aggregates is found; how-
ever, new types of silica combine very small
particle sizes (high surface area) with extraordi-
narily large aggregate dimensions [5]. They are

45/
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Silica Reinforcement, Fig. 3 Commonly used silane for
tire tread applications (x = 3.7)

reported to result in improved rolling resistance
performance, longer tread life, higher
dispersibility, and better handling [6]. Studies
have shown that wet skid resistance is expected
to improve with smaller aggregate size, while the
loss angle (tan 9) at 60 °C as an indication for
rolling resistance is reduced with increasing silica
aggregates, thus reducing rolling losses [7].
Another key property is the structure of the silica,
the extent to which it aggregates in a grapelike
structure: the stronger the reinforcing effect, the
higher the structure. Besides, the structure influ-
ences the dynamic properties: the higher the
structure of the silica, the higher the amount of
the complex modulus.

In most of the cases, silica is used together
with a coupling agent. Coupling agents are
bifunctional silanes. They contain a chemical
group which can couple to the filler, as well as
a moiety reacting with the polymer. The most
commonly used silane is bis(triethoxysi-
lylpropyl) tetrasulfide (Fig. 3). This silane has
a high sulfur content which poses the risk of
vulcanization during processing (scorch). An
alternative with a reduced scorch risk is the
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Silica Reinforcement, Fig. 4 Newly developed silane
for tire tread applications

corresponding disulfide. These silanes form
a covalent bond between the filler and the poly-
mer during the vulcanization step, resulting in
interpenetrating networks of polymer-polymer
and polymer-filler bonds [8]. The particular net-
work structure gives the material its unique prop-
erty profile with improved dynamic properties
and, as a consequence, better performance when
used in a tire. However, there is a limit to the bond
density for optimal properties: rubber with a high
density of weak physical bonds with occasional
strong chemical bonds performs best [9]. The
chemical bonds are crucial for the properties:
only physical interaction as achieved with silica
grafted with alkyl chains shows a lower
reinforcing effect [10].

Recent developments in coupling agents focus
on improved properties of the elastomeric mate-
rial in tire applications, especially wet grip and
rolling resistance, and one of the latest silanes
contains a free mercaptogroup shielded by
bulky side groups as given in Fig. 4.

The main application for silica is rubber for
treads of passenger car tires, and therefore it is
mostly used together with styrene-butadiene rub-
ber (SBR) and butadiene rubber (BR). Recently,
modified SBR types were introduced with a better
compatibility and interaction with silica and, as
a consequence, improved tire properties. Exam-
ples of these modifications are dithiol- or
carboxyl-backbone modification [11].

The silica-silane filler system has a low com-
patibility with natural rubber (NR); therefore its
use in truck tire treads is so far rather limited. The
nonrubber constituents in NR, mainly proteins in
a concentration of app. 6 %, are interfering
with the silica-silane reaction. They are adsorbed
on the silica surface and thus improve the
dispersion of the silica, but they do not couple
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to the polymer. As a consequence, the physical
and dynamic properties of a NR-silica-silane
composite material are rather poor [12]. Epoxi-
dized NR was used in order to enable a direct
chemical reaction between the polymer and the
filler. The epoxidation influences processing and
properties of the rubber, as it reduces the filler-
filler interaction. However, an extra addition of
silane to the compound is still necessary [13].

For most applications, silica is used in poly-
mer blends. In tires, blends of SBR with BR and
NR are often used. In such a blend, the silica
distribution within the different polymers is
unbalanced and determined by the surface
energy and wetting behavior of the polymer
towards the silica: the final concentration of
silica after the mixing process will be higher in
SBR compared to NR [14]. Flocculation,
a phenomenon observed in silica compounds
upon heating, and reformation of a filler-filler
network is also determined by the surface ener-
getic properties [15].

Processing

Mixing of silica compounds is rather time-
consuming, and the most critical aspects are the
generation of ethanol, the low dispersibility of the
filler, and the risk of scorch.

During mixing of silica-silane reinforced
compounds, a chemical reaction between the
filler and the silane has to take place, as shown
in Fig. 5. Ethanol is generated during this reac-
tion, which hampers the further silanization reac-
tion and complicates the mixing process. Lower
concentrations of ethanol in the compound make
the silanization reaction more efficient, and one
measure to achieve this is fast removal of ethanol
out of the mixer [16]. Another possibility for
reducing the ethanol generation and enhancing
the hydrophobation reaction is the use of silanes
with a lower number of ethoxy groups, e.g., with
one instead of three ethoxy groups. This silane
leads to changes of dynamic properties, espe-
cially of the indicators for rolling resistance and
wet grip, which both are expected to improve.
A low concentration of ethanol in the compound
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also reduces the risk of porosity during further
processing of the material.

The trend of using silica types with very small
primary particle sizes leads to more difficulties in
dispersion of the filler, but specially developed
silica types with small particles, but large aggre-
gate sizes reverse this trend and show easy
dispersibility [5].

Another critical point of mixing of silica com-
pounds is the scorch risk due to the presence of
sulfur in the coupling agents. This can signifi-
cantly be reduced by the addition of zinc oxide,
an activator for the vulcanization, at a later
mixing stage instead of the normally applied
addition in the first mixing step [18].

Outlook

Tire technology is the leading area for the R&D
efforts on elastomers, and the main topics in this
field currently are sustainability, durability, and
safety. For passenger car tires, significant
improvements are achieved in the past 30 years
by replacing carbon black by a silica-silane filler
system. The development work is still going on,
with nowadays focus on modified elastomers and
special silica and silane types for tailored filler-
polymer interaction. An important field in this
area is natural rubber: truck tire treads mainly
contain NR as polymer, and improving the com-
patibility with the silica-silane system would
enable the truck tire manufacturers to produce
tires with lower rolling resistance and better wet
traction while maintaining good abrasion resis-
tance. However, the polar nonrubber constituents
interfere with the equally polar filler, and this
influence makes the combination of natural rub-
ber with silica and silane a great challenge.
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Synonyms

Cocoon; Silkworm silk

Definition

Silk fibroin is a major component protein of the
silkworm silk and its conformation dramatically
changes between before and after spinning of
silkworm.

Background

The silk of domestic silkworm, Bombyx mori
(B. mori), is composed of two proteins: fibroin
and sericin. Silk fibroin is encased in silk sericin
coat, a family of glue-like protein that holds two
silk fibroin fibers together to form the composite
fibers of the cocoon. Silk fibroin is secreted into
the posterior silk gland as an aqueous solution.
Then the silk fibroin stored in the middle silk
gland, called “liquid silk,” is spun out through
the anterior silk gland and converted into silk fiber.

Mechanical Character

The stiffness, strength, and strain values at break
of B. mori silk fibroin fiber along with values for

Silk Fibroin

Silk Fibroin, Table 1 Comparison of mechanical prop-
erties of B. mori silk fibroin fiber and of spider silk to
several types of biomaterial fibers and man-made fibers
(1,2]

Strength | Stiffness % Strain
Material (Mpa) (Gpa) at break
B. mori silk 610-690 | 15-17 4-16
fibroin
N. clavipes 875972 | 11-13 17-18
spider silk
Wool 200 0.5 50
Collagen 0.9-7.4 0.0018-0.046 | 24-68
Tendon 150 1.5 12
collagen
Bone 160 20 3
PLA 28-50 1.2-3.0 2-6
Nylon fiber 950 5 18
Carbon fiber | 4,000 300 1.3

other biomaterials and selected man-made mate-
rials are summarized in Table 1. A comparison of
the mechanical properties suggests that B. mori
silk fibroin fibers provide an excellent combina-
tion of the strength and toughness. The features of
the spider silks are the high strength in combina-
tion with elasticity in comparison with other bio-
materials [1, 2].

Primary Structure

Silk fibroin molecule consists of a heavy (H)
chain of 390 kDa and a light (L) chain of
26 kDa connected by a disulfide bond. The amino
acid composition of the H chain showed the pre-
dominance of four amino acids: Gly (42.9 %),
Ala (30.0 %), Ser (12.2 %), and Tyr (4.8 %).
Detailed primary structure is unusually repeated
sequence in the H chain of B. mori silk fibroin as
shown in Fig. 1 [3]. An analysis of the primary
structure of H chain indicated that the sequence
may be roughly divided into four modular motifs:
i.e., module (i) contains a highly repetitive
GAGAGS (single letter code of amino acid is
used) sequence and comprises the crystalline
regions; module (ii) contains relatively less repet-
itive sequences with hydrophobic and/or aro-
matic residues — GAGAGY, GAGAGYV, and
GAGAGVGY - and make up the semicrystalline
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regions; module (iii) is very similar to
module (i) except for the presence of an AAS
motif; and module (iv) constitutes the amorphous
regions containing negatively charged, polar,
bulky hydrophobic, and/or aromatic residues,
e.g., TGSSGFGPYVANGGYSGYEYAWSSES-
DFGT.

Higher-Order Structure

Structure of B. mori Silk Fibroin After
Spinning (Silk 1)

In the solid state, two kinds of the crystalline
modifications, Silk I and Silk II, have been
reported [4]. The Silk II structure formed after
silk spinning was proposed as a regular array of
antiparallel B-sheet firstly, based on X-ray fiber
diffraction study of native B. mori silk fibroin
fiber [5]. Later, some intrinsic structural disorder
in the Silk II structure was pointed out by several
researchers [6—8] although the general features of
this antiparallel B-sheet model were supported
essentially. Atomic-level conformational analy-
sis of Silk II was performed for (AG);5 which is
the model peptide for crystalline region of

B. mori silk fibroin. A lamellar structure has
been proposed, based on changes in the intensi-
ties of asymmetric Ala'*CB peaks in the '*C
CP/MAS NMR spectra coupled with selective
13C labeling of different Ala methyl carbons [9].
The relative intensities of the peaks at 16.7 ppm
which were assigned to the distorted B-turn struc-
ture change largely depending on the labeled
position of the Ala residue. When the relative
intensity was plotted against the residue number
of the labeled [3-'°C]Ala, the plot indicates two
maxima at the positions 9 and 19 of (AG);s. This
implies the appearance of the folded lamellar
structure with a PB-turn at these positions as
shown in Fig. 2. X-ray diffraction data also pro-
pose such a lamellar structure and eight amino
acid residues contribute to the -sheet structure
for (AG), [10]. This is in agreement with the
NMR result.

Structure of Silk Fibroin Before

Spinning (Silk 1)

Silk I is the structure of B. mori silk fibroin in the
solid state obtained from the middle silk gland
after drying. The backbone structure of the Silk I
conformation for (AG), was determined to be a
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Silk Fibroin, Fig. 2 The
lowest energetic model of
(AG),5 with lamellar
structure obtained from
combination of solid-state
NMR measurements and
statistical mechanical
calculations

repeated type II B-turn structure by combining
several solid-state NMR techniques, and the tor-
sion angles were determined to be (¢ = —62°
¢ = 125°) for the Ala residue and (¢ = 77°
¢ = 10°) for the Gly residue [11] (Fig. 3). The
solution structure of native liquid silk was deter-
mined with solution NMR, for tandem repeated
sequences with (GAGXGA), (X =S, Y, V) and
GAASGA motifs in B. mori silk fibroin. A type II
B-turn structure for liquid silk which is close to
the structure determined from solid-state NMR
for the motif (GAGXGA), was determined, while
the motif GAASGA is disordered in its confor-
mation and most probably forms a flexible
segment [12].

Structure of N-Terminal Domain

of Silk Fibroin

B. mori fibroin includes a non-repetitive 151 res-
idue header sequence and a 58 residue C-terminal
sequence. The header sequence is homologous to
the N-terminal sequence of other fibroins with a
difference crystalline region. A crystal structure
of the N-terminal domain of B. mori silk fibroin
was determined an entangled fB-sheet dimer. It is
shown that N-terminal domain undergoes a
pH-responsive conformational transition from
random coil to B-sheets at around pH 6.0. This
implies that N-terminal domain functions as a
pH-responsive self-assembly module that could
prevent premature [-sheet formation at neutral
pH yet could initiate fibroin assembly as pH
decreases along the lumen of the posterior silk
gland to the anterior silk gland [13].

Silk Fibroin

Silk Fibroin as Biomedical Materials

Silk has been used in biomedical applications
for centuries, primarily for suturing. Silk is
susceptible to proteolytic degradation in vivo
and is absorbed slowly. Fibroin provides an
antithrombotic surface and serves as a scaffold
for various cell types in tissue engineering
[14]. The regenerated silk solutions have
been used to form a variety of biomaterials,
such as gels, sponges, and films, for medical
applications. Silks can be chemically modified
through amino acid side chains to alter surface
properties or to immobilize cellular growth
factors. Molecular engineering of silk
sequences has been used to modify silks with
specific features, such as cell recognition or
mineralization [15].

As the application for biomedical materials,
the efficiency of silk fibroin as a material
for small-diameter vascular grafts was evalu-
ated [14]. When it was implanted in rat abdomi-
nal aorta, the patency of the silk fibroin grafts at
1 year after implantation was significantly higher
than that of PTFE grafts (85.1 % vs. 48 %,
P < 0.01) (Fig. 4a). Endothelial cells and smooth
muscle cells migrated into the fibroin graft early
after implantation and became organized into
endothelial and medial layers. The content of
collagen significantly increased at 1 year after
implantation, with a decrease in fibroin content
(Fig. 4b). These results indicate fibroin would be
a promising material to engineer vascular pros-
theses for small arteries.
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Silk Fibroin, Fig. 3 The molecular arrangement of the
Silk I structure determined by several solid-state NMR
and X-ray diffraction measurements

Other Silks

Spider Silks

Spider silk is one of the toughest biopolymers.
Spider silk from N. clavipes has been studied
extensively and is characterized by its remark-
able mechanical strength and thermal stability in
fiber form. The different types of silks formed by
spiders serve various functions. The mechanical
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properties of the different silks are due to struc-
tural differences derived from different amino
acid compositions and sequences. Dragline silk
for safety and web construction is one of the
strongest natural materials and is composed of
two proteins: major ampullate spidroins protein
1 and 2 (MaSp1 and MaSp2) [15].

The amino acid composition of dragline silk,
MaSpl from N. clavipes, consists mainly of Gly
and Ala, like B. mori silk, while Glu, Pro, and Arg
are also significant in content. This silk consists
of repetitive blocks of peptides which give rise to
the unique structural properties. The crystalline
domains, which contribute to the tensile strength,
contain repeats of Ala or Ala-Gly in MaSp1 and
MaSp2. Another motif consisting of GPGXX
(where X is most likely GIln) found only in
MaSp?2 is responsible for B-turn spiral and results
in the elasticity of silk. Flagelliform silk from
N. clavipes is rich in this motif and is highly
elastic to serve its function in prey capture.
Another motif, GGX, a glycine helix found in
MaSpl, is responsible for the less crystalline
regions of the silk structure. These domains also
give rise to elasticity of dragline silk. At the N-
and C-termini of the protein, non-repetitive
sequences are found which have been proposed
to have a role in assembly of the protein [16, 17].

Wild Silkworm Silks

While the vast majority of studies of silk has been
done on silkworm and spider silks, silk is a natu-
ral protein fiber that is produced by numerous
insects and arthropods. Wild silkworm silks are
also interesting. The amino acid composition of
silk fibroin from a wild silkworm, S. c. ricini or
A. pernyi, is considerably different from that of
B. mori silk fibroin. The proportion of Gly resi-
dues is greater in B. mori silk fibroin, while the
content of Ala residues is greater in S. c. ricini
silk fibroin. The solution structure of S. c. ricini
silk fibroin has been studied with solution
NMR [18]. The fast exchange in the NMR time-
scale between helix and coil forms of the
poly-Ala region has been observed during
the helix-to-coil transition with changing
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Silk Fibroin, Fig. 4 (a) Patency for 27 fibroin and 10 PTFE grafts implanted into rat aortas at 2-60 weeks. (b) The
content of fibroin gradually decreased while collagen content increased after implantation

temperature. Moreover, solid-state NMR analysis
of model peptides leads to the precise silk struc-
ture before spinning, where the poly-Ala
sequence takes a typical a-helix pattern with a
tightly wound helical structure at both terminal
regions of the poly-Ala sequence [19]. Wild silk-
worm silks are also studied for application of
biomedical materials. Silk fibroin of A. pernyi,
A. yamamai, and A. mylitta contain Arg-Gly-Asp
sequence in the primary structure. Integrin, the
cell surface molecule, binds the RGD sequence.
It was shown that the RGD sequence elevated cell
adhesion and proliferation activity in vitro
study [20]. Therefore, wild silkworm silk might
be promising materials for biomedical applica-
tion as well as B. mori silk fibroin.

Summary

B. mori silk fibroin fiber is prepared from
an aqueous silk fibroin solution by spinning.
The structure of fibroin before spinning (Silk I)
and after spinning (Silk II) revealed that the
recombination of hydrogen bond from intramo-
lecular to intermolecular leads the dynamic con-
formational transition at fiber formation. Recent
advances in the role of N- and C-terminal domain
facilitate revealing the profound fiber formation
mechanism. Also, many researchers are applying
fibroin for biomedical devices such as artificial
vascular grafts, drag delivery materials, and scaf-
fold for bone and teeth regeneration. Certainly,

a better understanding of fiber formation mecha-
nism has broad impact on application of
fibroin-based biomedical devices as well as fiber
processing technology.
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Synonyms

Intelligent materials; Stimuli-responsive materials

Definition

Smart materials are one of the functional mate-
rials that respond to against the environmentally
internal or external stimuli, such as application of
electric/magnetic field, changing in temperature
and pH, or light irradiation. Stimuli-responsive
materials or intelligent materials have almost
same sense.

Introduction

So much attention has been paid to the smart
polymeric materials, because these materials
can show sensitive response against many kinds
of stimuli such as application of electric/mag-
netic field, changing in temperature and pH or
light irradiation, and so on. Among them, the
most famous smart polymeric materials are
poly(N-isopropylacrylamide) (abbreviated as
PNIPAAm) and its PNIPAAm-based materials
including some other materials modified with
PIPAAm. Until now, there are many researches
that have been done that include physicochemical
analyses of the response mechanism and diverse
applications. Its lower critical solution tempera-
ture (abbreviated as LCST) is 32 °C [1], and the
LCST of PNIPAAm-based materials can be eas-
ily and precisely controlled to near body temper-
ature by copolymerization or functionalization.
Owing to the LCST near body temperature,
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applications of PNIPAAm have been extensively
focused on biotechnology, diagnosis, biomate-
rial, medicine, or tissue engineering [2, 3].
Moreover, recent precise-polymerization
methods, such as atom transfer polymerization
(abbreviated as ATRP) or reversible addition-
fragmentation chain transfer (abbreviated as
RAFT) polymerization, surely have contributed
to develop well-designed and well-characterized
smart materials [4, 5]. Cooperative dehydration
and hydration of polymer chains with uniform
chain length contribute sensitive response against
the kinds of stimuli that exemplified above.

PNIPAAm-Based Smart Materials

Recent progresses of nanotechnologies also
relate to the new smart materials studies.
Macro-sized PNIPAAm hydrogel has a relatively
slow response to temperature change. So, to get
quickness, nanostructures have attracted great
attention because of their fast rate of response to
temperature change due to nano-sized struc-
ture [6]. Nanoparticle, nanofiber, ultrathin layer,
bioconjugate, and so on are exemplified [7-9].
Among many types of them, recently, smart
nanofiber is focused for biomedical application,
because of its biomimetic structure, high specific
surface area, high molecular alignment, and high

Benzophenone

/ (@)

Smart Materials

porosity compared to conventional films or
hydrogels. As the most widely employed method
for preparation of nanofibers, electrospinning is an
adaptable method of generating them by optimiz-
ing an electrical charged voltage to polymer solu-
tion [10]. The diameter can be controlled by
electrospinning parameters such as concentration
of polymer solution, distance between tip to collec-
tor, voltage, and feeding speed [11]. It is easily
understood that nanofibers comprised of
PNIPAAm and is completely soluble in aqueous
solution below the LCST. To design the reversible
transition against the repeating temperature change,
the materials should not be soluble even below
LCST. To solve the problem, PNIPAAm-based
smart polymers cross-linkable by photo irradiation
or thermal treatment were studied [12]. To achieve
this purpose, newly designed photoreactive copol-
ymer  NIPAAm-2-carboxyisopropylacrylamide
(abbreviated as NIPAAm-co-CIPAAm) was pre-
pared by free radical polymerization followed by
introduction of 4-aminobenzophenone (BP) into
copolymer as a chemical cross-linker [8]. Figure 1
shows the synthetic scheme of the photoreactive
polymer. After the UV light irradiation, such smart
materials showed perfectly reversible size and ten-
sile strength change against the repeating tempera-
ture changing.

To obtain the thermal cross-linking type of
PIPAAm-based smart materials, simple

7

HN

DCC, DMF

Poly(IPAAm-co-CIPAAmM)

photo-reactive
moiety

O ’

Smart Materials, Fig. 1 Synthetic scheme of PIPAAm-based photoreactive polymer for smart nanofiber
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copolymer poly(NIPAAm-co-N-hydroxymethy-
lacrylamide) (abbreviated as poly(NIPAAm-co-
HMAAm)) was synthesized by free radical
polymerization [13]. HMAAm was chosen for
post thermal cross-linking, because its
hydroxymethyl group can be chemically cross-
linked by self-condensation of intra- or
intermolecular chains with only heating
[14, 15]. By thermal curing, the methylol groups
in HMAAm transformed to bis(methylene ether)
and methylene bridges. The unreacted remaining
hydroxymethyl group plays a role of modulating
LCST. The chemical cross-linking of the
nanofiber was carried out by thermal curing of
the OH groups of HMAAm.

Two types of nanofibers described above were
supplied to biomedical application such as cell
capture [12] and release aiming at cell container
and cancer therapy [12]. About the use for anti-
cancer, self-heating and temperature-responsive
nanofiber incorporated magnetic nanoparticles
(MNPs) were developed because of their self-
heating property by applying alternative mag-
netic field (AMF). In Fig. 2, synthetic scheme is

by 1
HN
)\ Free radical

OH
NIPAAM HMAAM Polymerization
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shown.  Specifically, polymer composite
nanofiber composed of poly(NIPAAm-co-

HMAAm), MNPs, and anticancer drug, doxoru-
bicin (abbreviated as DOX), were prepared by
electrospinning followed by the cross-linking
reaction. To test both thermotherapy and chemo-
therapy effects of the composite nanofiber
in vitro, the cytotoxicity to human melanoma
cell line COLO 679 cells were evaluated by
MTT assay. Eventually, in case of the DOX/MNP
nanofiber, cell viability decreased to 70 % by
AMF application. Although the thermotherapy
effect itself showed a minor anticancer effect
for a short duration AMF application, coopera-
tive DOX released from the nanofibers induced
the damages of cancer cells due to a synergistic
effect in combination with thermotherapy.

Surface Shape Memory Materials by
Smart Polymers

There are many researches on shape memory
materials [16]. In general, transition between

L Dehydration
OH

PN

NIPAAmM-HMAAmM copolymer

/\A(OHN\’\/ 'HCHO /\AgHNr
Crosshked )%\/\/i Crossliked HNL/\/K

NIPAAmM-HMAAmM copolymer
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T~
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_—

Crosslinked smart nanofiber

Crosslinking
2 e
incorporated MNPs

Smart Materials, Fig. 2 Preparative scheme of smart nanofiber incorporated magnetite nanoparticle
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crystallization and melting of polymer crystalline
is used for holding temporary shape and recovery
to permanent one. Recently, mechanobiology
attracts much attention [17], and developments
of surface shape memory materials would con-
tribute to study them. Actually, the use of such
material is essential to study dynamic surface
topography on cell function control, because
external stimulus, for example, just heating, can
erase the surface pattern or alter the pattern
geometry [18]. Moreover, the effect of materials
elasticity on cell attachment, proliferation, and
differentiation also has been investigated using
such materials. Our group investigated cross-
linked PCL whose softening points are near
body temperature [19]. Preparative scheme is
shown in Fig. 3. It is well known that PCL is
a semicrystalline polymer and its melting point
is around 60 °C. To adjust the softening point
near body temperature, crystallinity control is
surely critical. Precise molecular design, for
example, control of ratio in mixing of linear and
branched PCL macromonomers or molecular
weights, succeeded to modulate the temperatures
of cured materials around 2040 °C [19].

To prepare shape memory surfaces with per-
manent surface patterns, a PCL macromonomer
solution with adequate mixing of the linear and
branched ones was injected between a glass mas-
ter and a flat slide glass with Teflon spacer and

cured by heating. The curing was done by reac-
tion of each acryl groups at the chain ends. To
program temporary surface patterns, the cross-
linked film-type materials were compressed in
a thermo chamber followed by cooling. The per-
manent grooved topography quickly appeared
after heating. It was also succeeded that shape
memory transition from a grooved pattern to
another one. Thus, temporary surface patterns
can be easily programmed into the films, and
the recovery to the permanent surface patterns is
rapid and complete, irrespective of the temporary
or permanent pattern.

To investigate the role of dynamic and revers-
ible surface patterns on cell proliferation, specif-
ically cell alignment on the PCL films before and
after a topographic change, NIH 3 T3 fibroblasts
were seeded on fibronectin-coated PCL films
with a temporary grooved topography and cul-
tured. Cells migrated and grew horizontally to the
surface grooves with cultivation time. Upon
changing from the grooved topography to a flat
surface by heating over transition temperature,
cell alignment was lost and random cell migra-
tion and growth ensued [18]. These results
suggested such surface shape memory materials
could contribute to mechanobiology. The cross-
linked PCL smart materials are also very useful to
investigate the relation of materials elasticity and
cell functions [20].
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Synonyms

PEG, poly(ethylene glycol); PEO, poly(ethylene
oxide)

Definition

Star polymer = polymer with at least three poly-
mer chains originating from a central core.
Introduction

Materials that are intended for interaction with
biological systems, either in vitro or in vivo, are
usually endowed with bioactive molecules in

order to stimulate specific interactions between
material and biology. For sensors, a selective
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interaction with the analyte is desired, while in
the case of biomaterials, a preferred adhesion and
growth of the target tissue cells or respective
influence on the adhesion and differentiation of
stem cells is intended. However, despite the
functionalization with bioactive molecules,
when artificial materials get in contact with com-
plex biological fluids, they are usually rapidly
decorated with adsorbing biomolecules, predom-
inantly proteins. These proteins can denature
especially on hydrophobic surfaces, which is the
initial and decisive step that leads to loss of con-
trol on the material-biosystem interface. For sen-
sors this means bad signal-to-noise ratios, poor
sensitivity, or even false-positive signals, while
for biomaterials this may trigger the immune
system and influence wound healing.
Biofunctional coatings are thus of major
importance for the performance of biosensors,
biomedical devices, cell culture scaffolds, and
biomaterials. Especially the combination of over-
coming nonspecific protein adsorption while at
the same time generating specific biointeraction
sites is a key factor and a major challenge for
biointerface design. The general strategy to
achieve this aim is to introduce a coating layer
that prevents protein adsorption either thermody-
namically, so that attractive surface interactions
are overcompensated by repulsive interactions
with the layer, or at least kinetically by creating
a free energy barrier of sufficient height that
cannot be overcome on relevant time scales [1].
This chapter focuses on general strategies for the
covalent grafting of polymer chains to surfaces
with a special focus on the effect of macromolec-
ular architecture, especially linear versus star-
shaped molecules, on the resulting films. The
well-established NCO-sP(EO-stat-PO) system
will be taken as example for a star polymer-
based coating system to demonstrate advantages
and possible strategies for biofunctionalization.

PEO as Basis for Minimal Interaction
A number of different types of (bio-)polymers

have been used to render surfaces
non-adsorptive  for  proteins. Although

Star Polymers as Biofunctional Coatings

alternatives such as polyoxazolines,
polyglycidols, or polybetainic structures have
recently shown promising results, the most
established and most extensively used polymer
as basis for biofunctional coatings is poly(ethyl-
ene oxide) (PEO). PEO is hydrophilic and
uncharged and has been recognized as particu-
larly efficient for achieving protein-resistant sur-
faces; moreover, it is approved by the United
States Food and Drug Administration (FDA) for
application in humans [2]. It is worthwhile men-
tioning that the mechanism of how PEO acts and
why it exhibits extraordinary low protein interac-
tion on surfaces is still not clearly understood. For
thicker layers, the entropic penalty for a protein
penetrating a hydrated hydrophilic polymer layer
which results in the release of numerous water
molecules is often taken as simplistic explana-
tion. However, the special conformation of PEO
chains in water with the multiple possibilities of
hydrogen bridge formation is known to be impor-
tant, and the fact that self-assembled alkylthiol
monolayers with only three ethylene oxide units
per alkyl chain at the water interface are sufficient
to minimize the interaction with proteins demon-
strates that the overall mechanism is complex.
Yet, from experimental studies it is clear that the
key demand for minimization of unspecific protein
adsorption is the generation of a high polymer
segment density on the surface [3]. Grafting den-
sity and chain length are thus the two essential
experimental control parameters by which the
degree of protein resistance is governed [4]. It
has recently been shown that for molecular
weights between 600 and 2,000 g/mol, a grafting
density of 0.5 linear OH-terminal PEO chains/nm>
is the threshold for minimal protein adsorption [5].
As this chapter rather concerns effects of macro-
molecular architecture than evaluation of different
polymer backbones, the following sections will
focus on PEO-based polymers.

Strategies for Surface Grafting of
Polymers

Different strategies may be pursued to covalently
cover a substrate by a layer of polymer
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Fig. 1 Strategies for surface grafting of polymers. (a)
“Grafting from” techniques take advantage of the dense
grafting that can be achieved by the surface immobiliza-
tion of low-molecular-weight initiators, followed by poly-
merization of polymer chains from the surface. (b)
“Grafting to” techniques with linear chains rely on the
grafting of ready polymer chains via one reactive end to
a surface. While the variation of molecular weight is
bigger, it is harder to achieve a high grafting density that
results in a polymer brush. (¢) The resulting surface coat-
ings are limited to monomolecular layers but may be
generated with high polymer segment density. (d)
Branched structures such as star polymers possess the
advantage of a high number of functional groups per
molecule. However, a monolayer of high-molecular-
weight multi-arm stars results in a dense sphere-like

chains (Fig. 1). Immobilization of low-
molecular-weight initiators followed by poly-
merization of polymer chains from the surface
(“grafting from”) is an elegant way to achieve
such films. As the packing density that can be
achieved with the initiators is high, the resulting
grafting density of the polymer chains is equally
high. This method has extensively been used

structure with defects and an overall polymer segment
density lower than that for linear grafted chains (e).
(f) In contrast, the use of low-molecular-weight star mol-
ecules with fewer arms and reactive end groups that allow
interpolymeric cross-linking results in a dense polymer
network. Cross-linking between the polymers can be
performed after coating on the substrate (f1) or already
be initiated in solution so that oligomers and activated
prepolymers are immobilized on the substrate during the
coating procedure (f2). (g) Due to the high number of
functional groups and the cross-linking reaction, these
films are not limited in thickness to monomolecular layers
and possess a high polymer segment density. Moreover,
functional groups that cannot take part in network forma-
tion due to steric constraints remain in the film and may be
used for functionalization

using radical polymerization techniques for
PEO-modified (meth-)acrylate monomers [6]
but is not directly applicable to PEO. Layer thick-
ness of such coatings is limited due to increas-
ingly hindered monomer diffusion during
polymerization in the densely grafted film but
can be achieved high enough to obtain coatings
with minimal unspecific protein adsorption.
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Following an alternative strategy, protein-
repellant PEO coatings are frequently prepared
by covalently grafting long, randomly coiling,
ready linear chains via their terminus to the sur-
face. While this method has the advantage of
using ready polymer chains, it is much harder to
achieve high grafting densities. Each polymer
chain that is anchored on the substrate acts as
steric hindrance for subsequent grafting of other
chains. As PEO is hydrophilic and highly swollen
under normal conditions in water, the steric
restriction is significant and results in a surface
decoration with PEO chains that are separated
from each other and do not fully cover the sub-
strate. The so-called mushroom regime of
grafting density is not efficient for reducing the
ability of proteins to adsorb. As mentioned above,
a high polymer segment density is the key crite-
rion. To achieve this, the grafting density of the
polymer chains has to be high, so that the polymer
chains cannot fill a maximum volume around the
grafting point at the surface but are forced to
stretch out perpendicularly to the surface in
order to avoid unfavorable monomer-monomer
interactions and maintaining optimal salvation.
Only in this so-called brush regime the grafted
chains provide adequate coverage and thickness
to form a very effective steric barrier against
protein adsorption. Such layers may be achieved
by grafting the POE chains at critical solubility
with minimal hydrodynamic radius per chain, for
example, by changing the temperature and
adding salt [7]. The steric restriction during
grafting is minimized under such conditions,
and switching back to standard conditions after
grafting results in a polymer brush.

Star-Shaped Molecules

Star-shaped PEO molecules (star PEO) have
a central core region from which the PEO arms
extend. Due to this constraint, their density is
higher than that of a linear chain, offering the
opportunity to produce PEO surfaces with higher
grafting density. Moreover, the ends of the arms
are preferentially located near the periphery due

Star Polymers as Biofunctional Coatings

to the steric constraints in the interior of the star.
Therefore, the probability is increased for
end-functionalized groups to bind to the surface.
However, the overall molecular weight of the star
molecules, the number of arms, and the chemical
reactivity are crucial parameters that determine
the effectiveness of resulting coatings to resist the
adsorption of proteins. There are studies of star
PEO molecules with a rigid poly-divinylbenzene
core bearing at least 24 arms and overall molec-
ular weight of at least 230 kDa that have been
used for grafting to substrates by covalently
attaching the star PEO molecules to the surface
without intermolecular cross-linking [8, 9].
These molecules pack closely on the surface
and strongly reduce protein adsorption for larger
proteins, but the efficiency is lower for small
proteins such as cytochrome c. This is explained
by the spherical shape of the high-molecular-
weight PEO stars with their rigid core that form
a packing of spheres on the surface so that gaps
remain between the molecules. These areas of
little or no polymer coverage appear sufficiently
large for small proteins to reach the surface and
adsorb to it.

Based on these findings, protein-resistant
properties of star PEO coatings may be improved
by using smaller molecules with a lower amount
of arms and a more flexible core. In addition,
functionalization of the star molecules with reac-
tive groups at the distal ends of the arms that
enable intermolecular cross-linking will result in
a more homogeneous lateral PEO density profile
and higher surface coverage. This will also be of
advantage for functionalization with molecules
that may be introduced through reaction with
the end groups. Finally, this approach will not
be restricted to monomolecular thin coatings as
it will allow a three-dimensional chemical cross-
linking of thicker layers.

An Example for Biofunctional Coatings
Based on Star-Shaped Molecules

One example that meets these criteria is the
NCO-sP(EO-stat-PO) coating system that is
based on six-arm, star-shaped molecules with
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a sorbitol core, a backbone of statistically
copolymerized ethylene oxide and propylene
oxide in a ratio of 4:1, a molecular mass of
2,000 g/mol per arm and reactive isocyanate end
groups [10, 11]. The NCO-sP(EO-stat-PO) mol-
ecules can be dissolved in water, and coatings can
be applied from aqueous solutions. When the
NCO-sP(EO-stat-PO) material is dissolved in
water, hydrolysis of the isocyanate groups at neu-
tral pH leads to formation of amine groups that
directly react with unreacted isocyanate groups to
form urea bridges between the NCO-sP
(EO-stat-PO) molecules. Since the kinetics of
amine addition to isocyanate is much faster than
hydrolysis, urea bridge formation occurs prefer-
entially until steric restrictions significantly
lower the reaction probability. The aqueous
NCO-sP(EO-stat-PO) solution can be used for
coating surfaces by either simple dip, spin, or
spray coating. After coating, the system requires
at least 12 h for completion of the cross-linking
reaction within the layer. During this time, all
isocyanate groups hydrolyze and then either
react with other isocyanate groups to form urea
bridges or remain as free amino groups. These
layers have proven extremely efficient in mini-
mizing protein adsorption even under single-
molecule fluorescence conditions [10]. For
reducing cell adhesion under standard cell culture
conditions, it has been shown that the possibility
to increase layer thickness through adjusted coat-
ing conditions and subsequent three-dimensional
cross-linking of the layer is important. Only for
layers thicker than 10 nm, adhesion of cell lines
or primary dermal fibroblasts and mesenchymal
stem cells is fully prevented in standard cell cul-
ture conditions [11]. Another advantage of the
intermolecular cross-linking is the reduced
demand on the substrate to achieve homogeneous
coatings. While many high-performance surface
modifications are limited to ultraflat model sur-
faces (e.g., self-assembled monolayers), the
NCO-sP(EO-stat-PO) system can be applied to
large-sized objects and complicated 3D struc-
tures. Moreover, a rather low density of func-
tional groups on the substrate for chemical
attachment of the layer is needed for good overall
film adhesion.
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For the preparation of biofunctional coatings,
one particular advantage of the NCO-sP
(EO-stat-PO) system is the change in reactivity
from isocyanate groups, which are reactive
towards nucleophilic groups such as alcohols,
amines, and thiols, to amine groups during the
layer preparation and curing of the coating. This
enables to use the reactive isocyanate groups for
functionalization at two different timepoints, in
solution and in freshly prepared coatings. Addi-
tion of water-soluble compounds that bear nucle-
ophilic groups to the aqueous NCO-sP
(EO-stat-PO) solution before coating results in
covalent attachment of these molecules to the
reactive prepolymers and to covalent embedding
of these compounds in the resulting polymer
layer (Fig. 2). After complete hydrolysis of the
isocyanate groups, these compounds are
isotropically distributed in a coating that inhibits
nonspecific interactions with proteins and cells, so
that the immobilized molecules can interact spe-
cifically with their interaction partners, for exam-
ple, carbohydrates, proteins, or cells. This feature
is achieved in a one-step layer preparation without
the use of further chemical blocking agents. As
one example, when biocytin is introduced into the
coatings in this way, surfaces can be produced
where biotinylated proteins may be specifically
immobilized via streptavidin. Due to the minimal
interaction between non-bound proteins and the
polymer-covered surface, such coatings may then
be used for protein folding and interaction studies
down to single-molecule level [12, 13].

NCO-sP(EO-stat-PO) coatings can also be
functionalized with lateral control over distribu-
tion of the bioactive compounds. This can be
achieved by standard patterning methods such
as soft lithography (microcontact printing) or
automated deposition of small droplets of
a solution containing the compound to be
immobilized onto freshly prepared coatings that
still contain reactive NCO groups. After com-
pleted reaction of the NCO groups, the resulting
coatings exhibit the same kind of specific inter-
action between the immobilized compounds as
described above, however, with the difference
that the bioactive molecules are now anisotropi-
cally distributed over the surface according to the
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Fig. 2 NCO-sP(EO-stat-PO) coating and bioactivation
possibilities. (a) Molecules to be immobilized in the coat-
ing can be added to the NCO-sP(EO-stat-PO) solution
prior to casting. The NCO groups (red) are reactive
towards nucleophilic functional groups such as thiols
(most rapid reaction), amines (rapid), and also alcohols
(moderate reaction kinetics). This one-step strategy
towards biofunctional coating results in a random distri-
bution of the molecules in the resulting layer. (b) Freshly
prepared NCO-sP(EO-stat-PO) coatings retain their reac-
tivity towards nucleophilic groups for several hours, so
that patterning strategies like microcontact printing or
spotting can be used for bioactivation with control over

desired pattern. Using microcontact printing, this
approach has been used to bind proteins such as
fibronectin or also the lectin Concanavalin A,
which are specifically recognized by cells on the
surface. In the case of Concanavalin A, insect
neurons selectively grow along the micropatterns
of immobilized proteins, which could be used to
generate patterns of functional insect neuronal
networks on the surfaces. In the case of fibronec-
tin, different cell types have been used to

———— Solution reactive towards: -OH, -NH,, -SH

Surface reactive towards: -OH, -NH,, -SH

50 ym

©

Non-adhesive surface with minimal unspecific
interaction towards proteins and cells

lateral distribution of the bioactive ligands. The fluores-
cence microscopy image shows microcontact printed red
fluorescence labeled Concanavalin A that was patterned
by microcontact printing, and the digital image on the
right shows selective adhesion and growth of an insect
neuron cell on this patterned surface. This also demon-
strates the nonadhesiveness of the unfunctionalized poly-
mer coating in between the Concanavalin A pattern.
(c) After approximately 8 h, the NCO groups are reacted
(through either hydrolysis to amine groups or aminolysis
to result in a urea linkage between two star molecules),
and a passive and nonadhesive dense polymer layer results
that bears free amino groups (green) and urea bridges
between the stars (yellow), respectively

demonstrate specific recognition of the patterns
and geometric control of cell adhesion and migra-
tion. Also soft and deformable substrates such as
PDMS have been surface modified this way, and
myoblast cells were seeded and grown on the
substrates. Mechanical stimulation of the sub-
strates could show a dependency on the effect of
cellular behavior and differentiation on the orien-
tation of linear deformation towards the line pat-
tern [14]. Automated spotting has been used to
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immobilize an array of probe-target pairs of oli-
gonucleotides on the coatings. Due to the mini-
mal interaction with proteins, and since the
immobilized oligonucleotides were automati-
cally separated from the surface by a 2 kDa
spacer which reduced steric hindrance, taq DNA
polymerase could be used for on-chip single-base
extension of the surface-bound oligonucleotides.
This way, a complete biochip could be developed
that enabled the unambiguous identification of
single-nucleotide polymorphisms [15].

Conclusions

The discussed model system and the presented
application examples demonstrate the advantage
of  low-molecular-weight, flexible, and
multifunctional star-shaped molecules as basis
for the generation of biofunctional coatings. Star
molecules which are endowed with reactive
chemical groups at the distal ends combine high
polymer segment density with high chemical
functionality, and intermolecular cross-linking
has been identified as important advantage over
traditional grafting methods regarding versatility
of the system and application to a broad range of
materials and geometries.
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Synonyms

Core-shell;  Star Unimolecular

container

polymer;

Definition

Star polymers composed of multiple radiating
arms and one central core represent a simple
arrangement of linear chains to form polymers
with branched architectures. Based on the chem-
ical composition of the arms, star polymers
include homoarm star polymers and miktoarm
star polymers [1]. The homoarm stars (normal
stars, Fig. 1a) have arms with the identical chem-
ical composition and similar molecular weights,
while the miktoarm stars (or heteroarm stars,
Fig. 1b) contain several arm species with differ-
ent chemical compositions and/or molecular
weights in one star molecule. The number of
arms in one star molecule could be controlled
during the synthesis and varies from a few to
several hundred when small molecules, oligo-
mers, or hyperbranched polymers are used to
form the star core.

The core-shell structure and globular shape
(Fig. lc) of star polymers provide a promising
nanostructured platform when polymer carriers
are required for functions of encapsulation, pro-
tection, and controlled release. Since all linear
chains and central branched core are covalently
connected, instead of physically assembled, star
polymers are a type of unimolecular containers
that benefit high stability under harsh and dilution
conditions. Furthermore, the hierarchical struc-
ture of star polymers allows selective functiona-
lization of different segments, e.g., core, shell,
and arm-end periphery, in the star molecules,

a
b
Star Polymers as Unimolecular Containers,

Fig. 1 Illustration of (a) homoarm star polymer, (b)
miktoarm star polymer, and (c¢) the feature of core-shell
structure in a star molecule for potential applications

which is important for potential applications in
catalysis, diagnostic, and therapeutic delivery.

Synthesis

Star polymers are commonly synthesized using
living/controlled  polymerization techniques,
such as anionic, cationic, and radical polymeri-
zations [2]. The success of star polymer synthe-
sis, characterized by the star yield and star
uniformity (molecular weight distribution), is
significantly determined by the degree of the
preserved chain-end functionality in the linear
arm precursors. So far, living anionic polymeri-
zations, living cationic polymerizations, and con-
trolled radical polymerizations, further including
atom transfer radical polymerization (ATRP),
nitroxide-mediated polymerization (NMP), and
reversible addition fragmentation chain transfer
(RAFT) polymerization, are among the most
popular techniques for synthesis of various
types of arm precursors and star polymers. All
these techniques have the features of fast initia-
tion and limited chain breaking reactions (e.g.,
chain transfer and termination reactions), which
produce linear chains with the best preservation
of chain-end groups and star polymers with well-
controlled molecular structure.
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Depending on the formation sequence of arms
and cores, star polymers can be synthesized using
one of three strategies: “core-first,” “coupling-
onto,” and “arm-first” (Fig. 2). The “core-first”
method involves the use of a multifunctional ini-
tiator (core) that can be small molecule, oligo-
mer, and hyperbranched polymer (Fig. 2a). The
polymerization of monomer from the initiating
sites on the core generates a star molecule with
preserved initiating site at the chain end of each
arm, which can be further used for chain exten-
sion when polymerizing a second monomer to
form star block copolymer. Due to the use of
multifunctional initiators, a potential concern in
the “core-first” method is the chain-end termina-
tion reactions which become particularly signifi-
cant in radical-based polymerizations. The
undesired radical-radical coupling reactions
between two star molecules could produce

coupled product and broaden the molecular
weight distribution of the final product.

In the “coupling-onto” method (Fig. 2b), a star
polymer is synthesized by coupling linear poly-
meric chains (arms) containing a reactive chain-
end group with a multifunctional agent (core).
Due to the slow reaction between the polymer
chain ends and the multifunctional core, an
organic reaction with high coupling efficiency
and benign experimental condition is highly
recommended. For example, several types of
highly efficient “click reactions” [3] are recently
developed for synthesis of various kinds of star
and miktoarm star polymers with predetermined
structure and high star yield.

In the “arm-first” method (Fig. 2c¢), the linear
arms of the star polymers are synthesized first,
followed by binding of the arms to form the core,
usually using a divinyl cross-linker. The resulting
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star polymers have a statistical distribution of the
number of arms and a highly cross-linked core.
The preformed arms can be either linear
macroinitiator or macromonomer, and the star
formation can occur either in a homogeneous
solution or in a heterogeneous micelle system.
The preserved initiating sites in the star cores
can be further employed to initiate the polymer-
ization of another monomer and form miktoarm
star copolymers. The versatile feature of the
“arm-first” method allows the cross-linking reac-
tion of a mixture of different macroinitiators and
macromonomers as arm precursors, thus produc-
ing miktoarm star polymers in one pot.

Application of Star Polymers as
Unimolecular Containers

Star polymers with three-dimensional shape and
core-shell structure represent a promising
nanoobject that can be used as discrete carriers
for cargo molecules or as template reactors for
synthesis of hybrid materials [4]. The core
domain surrounded by the dangling arms can
have tunable size and chemical compositions,
which create potentials to apply star polymers in
drug delivery, [5] catalysis, [6] and templates for
inorganic nanoparticles.

Star Polymer as Catalyst Carrier

Star  polymer catalysts in  well-defined
nanostructures could solve the intrinsic problems
in the traditional homogeneous and heteroge-
neous catalysts. The macromolecular nature of
the star polymer allows efficient separation and
recovery of catalyst from small molecular sub-
strates and products. At the same time, the
nanoscaled dimension of a star molecule has spe-
cific surface area (m?/ ) thousands of times larger
than that of a micrometer-sized polymer bead,
which minimizes the diffusion barrier of small
molecules in and out of the star polymer support.
Compared to linear polymers, star-shaped poly-
mers benefit from their core-shell structure and
multiple chain-end groups. These features not

Star Polymers as Unimolecular Containers
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Fig. 3 Cascade reaction by star polymer catalyst

only provide the possibility to increase catalyst
loading but also create a different microenviron-
ment in the core from the dispersing medium.

Sawamoto et al. reported direct encapsulation
of ruthenium (Ru) catalysts into star polymers in
the “arm-first” star synthesis. The catalysts that
were functioning for polymerization could be
encapsulated into the star core when ligand-
functionalized monomers were used during the
core formation step [7]. Star polymers with
encapsulated Ru catalysts showed comparable
catalysis efficiency as small molecule catalyst in
oxidation of alcohol to ketone. The inner metal
catalyst can also be exchanged to other metals via
areplacement reaction [8]. Fréchet group applied
the feature of site isolation of star polymers to
demonstrate the coexistence of incompatible cat-
alysts in one reactor by finishing a cascade reac-
tion. The core-shell structure of star polymers
served as a scaffold that can effectively isolate
functional catalysts in the core domain. For
instance, acid and base catalysts covalently
grafted into the core domains of different star
polymers could coexist in the medium due to
the steric shielding from the surrounding arms
(Fig. 3) [9].

Star Polymer for Drug Delivery

Since the concept of using functional polymers
for drug delivery was reported in the 1980s, [10]
a variety of synthetic polymers have been
explored for controlled delivery of therapeutic
and diagnostic drug molecules. Compared to the
widely explored micelle systems, amphiphilic
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star polymers with hydrophilic arms and hydro-
phobic core enjoy higher stability under dilution
and shearing conditions due to the covalent struc-
ture (Fig. 4). The outer shell arms could be neu-
tral polymers or polyelectrolytes. So far,
polyethylene glycol (PEG) and derivatives are
extensively used as the hydrophilic arms because
PEG is FDA approved and satisfies the basic
requirements of biocompatibility and low toxic-
ity for synthetic biomaterials. Additional advan-
tages of PEG polymers include its capability to
interfere with opsonin proteins in bloodstream,
which slows the recognition of polymer conju-
gates by the macrophages of the mononuclear
phagocyte system [11]. Model drugs, such as
the toxic hydrophobic cancer drugs, can be
encapsulated in the highly branched cores by
either physical or chemical bonds.

Star polymers, usually having higher molecu-
lar weight than the linear polymers, can
circulate in the bloodstream longer and be selec-
tively captured into tumor tissues due to the
enhanced permeation and retention (EPR) effect
[12]. On the other hand, degradability of the
polymer carriers in physiological conditions
should also be considered to avoid the permanent
accumulation of polymers in the body. For this
purpose, functional groups, e.g., disulfide, acetal,
and ketal groups, are often used during the
core construction to introduce the feature of

degradability into the polymer carriers [13].
The degradation of star polymers produces low
molecular weight oligomers and small mole-
cules, which can be easily removed from the
body through kidney and urines. For example,
Boyer and coworkers reported uniform star
polymers with functional PEG as shell using
arm-first method [14]. The presence of functional
aldehyde groups in the core was designed as
acid labile linkers for anticancer drug conjuga-
tion. In vivo release experiment showed
clearly pH responsive behavior without burst
release.

Star Polymer as Nanoparticle Template

Metal nanoparticles, such as Au, Ag, and Pt,
represent important inorganic nanomaterials due
to their intriguing optical, electronic, and cata-
lytic properties. Many physical and chemical
methods have been developed for the preparation
of various metal nanoparticles with different
sizes, shapes, and morphologies [15]. Among
these methods, template-directed synthesis
received broad attention, which refers to the use
of a prefabricated nanostructured object to influ-
ence the placement of building blocks (e.g.,
atomic or molecular species) during the growth
of inorganic materials. To use the core-shell-
structured  star polymers as templates,
a designing principle is that the metal ion pre-
cursors should only complex with the inner
blocks of the star copolymers, which confine the
formation of nanoparticles within the star interior
when reducing agents are added (Fig. 5). Due to
the hydrophilic nature of the metal precursor
ions, all of the star block copolymers have
a hydrophilic inner domain and hydrophobic
outer block. Thus, the star copolymers are
dissolved in nonpolar solvent mimic inverse
micelles [16—-18]. The inner block polymer
could contain pyridine groups and ethylene
oxide groups, which interact with anionic precur-
sors, such as AuCly . Alternatively, it could also
be carboxylic acid groups and ethylene oxide
groups, which are able to complex with cationic
precursors, such as Ag*, Pd**, and Pt**. After
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reduction, the stability of formed inorganic
nanoparticles is expected to be dependent on the
length of outer shell blocks.

Summary

Star polymers containing a central core and mul-
tiple radiating arms represent an intriguing
unimolecular platform as nanocontainers in
applications of drug delivery, catalysis, and tem-
plates for hybrid nanomaterials. In the synthesis
of star polymers, it is a key step to accurately
control the size and composition distribution in
each segment, which is becoming a rapidly grow-
ing research area, encompassing knowledge from
the disciplines of polymer chemistry, physical
chemistry, and materials science. Future devel-
opment of star polymers needs new synthetic
methodologies that can accurately incorporate
multiple functional groups into different domains
of a star molecule without losing the feature of
facile synthesis. It is believed that the develop-
ment in synthetic technology, as well as the
advancing knowledge on the controlled polymer-
ization techniques, is going to lay the foundation
for building star polymers with more sophisti-
cated structures and broader applications.
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Starch and Dextran

Shinichi Kitamura and Shiho Suzuki
Graduate School of Life and Environmental
Sciences, Osaka Prefecture University, Sakai,
Osaka, Japan

Synonyms

(1 — 4)-a-p-glucan; a-(1 — 6)-branched (1 —
4)-o-p-glucan; Amylopectin; Amylose;
Branched (1 — 6)-a-p-glucan

Definition

Starch is made up of granules consisting of two

carbohydrate polymers, amylose and amylopec-
tin, which are synthesized in plants. Dextran is
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branched (1 — 6)-a-p-glucan produced by bacte-
ria. We focus on these two polysaccharides and
especially how we can use them as nanomaterials
by reviewing recent related papers.

Starch

Starch, one of the most abundant bio-polymeric
materials, occurs in the form of water-insoluble
particles (starch granules) in the seeds, tubers,
and other parts of plants. It consists mainly of
two chemically distinguishable polysaccharides:
amylose, an essentially linear (1 — 4)-o-p-glu-
can, and amylopectin, a branched glucan that
contains largely a-(1 — 4) linkages but with
branched glucans attached by o-(1 — 6) linkages.
However, starches from waxy varieties of maize,
potato, and rice contain virtually no amylose. In
contrast, certain varieties of hybrid corn, such as
amylomaize, have starch with more than 75 %
amylose. Over the past two decades, attempts
have been made to alter the ratio of amylose
and amylopectin in starch by genetic modifica-
tion [1]. For example, Schwall reported that the
simultaneous inhibition of two isoforms of starch
branching enzyme results in very high amylose
potato starch containing insignificant levels of
highly branched amylopectin [2].

The ratio of amylose to amylopectin and the
unit chain length of amylopectin have a great
influence on the physical properties of starch
and its film, gels, and solutions. Kubo
et al. showed that the starch from double mutant
rice contains only amylopectin with relatively
longer unit chains, resulting in large changes in
its physicochemical properties [3]. Figure 1
shows physical properties and digestibility of
starch granules isolated from wild-type, wx, and
wx/ae rice. X-ray diffraction and molecular
models for each starch are shown in Fig. 2.

It is sometime advantageous to use “designed
starch” polysaccharides that can be synthesized
using enzyme reactions. Studies of such polysac-
charides, especially synthetic amylose, will also
be covered in this article [4].

Starch has wide application, including uses in
food, paper, packaging, textile chemicals, and the
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wx/ae

Fig. 1 Physical properties
and digestibility of starch
granules isolated from . .
wild-type (WT), wx, and Rice grain
wx/ae rice
Starch granule
morphology
(SEM image)
Grain size 5.37 mm 4.68 mm 3.96 mm
Starch granule size 5 pm (3-7 pm) | 5 pm (3-7 pm) | 4 pm (1-7 pm)
Crystal structure Atype A type B type
Gelatinization
temperature 65.8°C 68.0°C 82.9°C
Digestibility High High Low (40%)
Wild type wX wx/ae
=%
=)

2.12 nm

View down helices

Starch and Dextran, Fig. 2 X-ray diffraction and
molecular models for each starch isolated from wild-
type, wx, and wx/ae rice. Amylopectin double-helical
chains can either form the denser A-type crystallites,

pharmaceutical industries. New industrial uses of
starch, particularly in relation to nanotechnology,
make it a renewable source of increasing
significance [5].

Crystalline Particle Formation from Solution
Low-molecular weight amylose can be
recrystallized into A and B crystalline particles
in aqueous solution. Long chains and low

with staggered monoclinic packing, or the more open
hydrated B-type hexagonal crystallites, dependent on the
plant source of the granules. The water molecules are not
shown in the molecular models

recrystallization temperatures induce B-type
crystalline form, while high concentrations, high
temperatures, and short chains induce A-type
crystallization. Most recently, Montesanti suc-
cessfully prepared A-type amylose single crystals
using enzymatically synthesized amylose with
DP from 17 to 20 [6]. The retrograded higher
DP amyloses consist of particles with a surprising
uniformity in size, with the volume of each
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particle increasing proportionally with the degree
of retrogradation, because the formation of amy-
lose particles proceeds via a nucleation process
which is complete within a short time after the
onset of retrogradation. X-ray diffraction patterns
of these amylose particles show only an amor-
phous halo with weak B crystalline peaks [4].

Gel Formation

Amylose gels are three-dimensional hydrophilic
networks formed either by a junction zone of
double helices (physical gel) or by covalent
bond cross-links (chemical gel) where water mol-
ecules are trapped and immobilized. When an
aqueous suspension of starch granules is heated
above a certain temperature, the granules irre-
versibly swell and the amylose fraction leaches
out to some extent. Upon cooling, the amylose in
solution undergoes a process called retrograda-
tion. If the concentration is high enough, this
process results in the formation of a network
which renders the solution into a gel. Starch gel
conforms to the filler-in-matrix model, where the
filler is swelled starch granules and the matrix is
the leached starch component from starch gran-
ules [7]. The matrix is predominantly composed
of amylose.

The properties of starch gel are mainly deter-
mined by plant sources, but they can be changed
to a significant extent by small modifications of
the starch. Limited hydrolysis of insoluble cas-
sava starch granules results in enhanced gelling
properties. These enhanced gelling properties are
due to altered composition of the leached mate-
rial (matrix) from swelled starch granules (filler).
In other words, nanoscale junction structure

appears faster in treated-starch gel than in native
starch gel, as revealed by SAXS [8].

While physical starch gels change their
physical properties with age, chemically linked
starch gels are stable and thus have more poten-
tial for biomedical applications, especially drug
delivery systems (DDS). pH-sensitive hydrogels
and aerogels made from cross-linked
starches have already been proposed for use in
DDS [9, 10].

Akiyoshi et al. developed an amylose based
nano-gel. The self-assembly of amphiphilic methoxy
poly(ethylene oxide)-block-amylose forms a com-
plex with both iodine in water and methyl orange
in chloroform [11]. An enzyme-responsive molecu-
lar assembly system with amylose-primer surfactants
has been developed [12]. The association of
amylose-primer surfactants is controlled by chang-
ing the amphiphilicity with a chain-elongation reac-
tion triggered by the addition of phosphorylase.
Figure 3 shows a schematic presentation of the trans-
fer of membrane protein from micelle to liposome.

Phenylcarbamate derivatives of amylose
immobilized onto silica gel are used as chiral
stationary phases for high-performance liquid
chromatography. Most recently, Arakawa
et al. [13] showed that both dimensions and
intrinsic viscosities of amylose tris(n-butyl car-
bamate) in p-ethyl lactate are appreciably larger
than in L-ethyl lactate. The content of intramolec-
ular hydrogen bonding C=0 groups in D-ethyl
lactate is about 15 % more than that in L-ethyl
lactate, as estimated by isothermal titration
calorimetry. This shows how amylose derivatives
can interact with chiral compounds at the
molecular level.
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Fig.4 Molecular model of
the complex of iodine with
amylose

Functional Films

The mechanical properties of film made from
amylose are much better than those of film
made from amylopectin. Adding small amounts
of chitin (less than 10 %) to synthetic amylose
film increases the permeability of gases and
improves its mechanical properties. In addition,
this blended amylose film shows strong
antibacterial action, suggesting a morphological
change in the chitin molecules on the film
surface [14]. It is well known that amylose
forms complexes with iodine, butanol, and other
organic reagents. Figure 4 shows a molecular
model of the complex of iodine with amylose.
Molecular hyperpolarizability is enhanced by
forming a supramolecular amylose—dye inclusion
complex. Polarized amylose film can be made by
extending transparent synthetic amylose film that
has been doped with iodine vapor molecules.

Starch-Based Nanocomposites
Nanocomposites can be classified into two types
according to filler material shape: elongated
particles and layered materials. Good examples
of elongated particles are cellulose nanofibrils
and carbon nanotubes. Layered polymer
nanocomposites are classified into three types:
intercalated, exfoliated, and phase-separated.
These three types of nanocomposites are
constructed from starch polymers and clays
[4, 15, 16].

Dextrans

Dextran is an extracellular bacterial polysaccha-
ride composed of glucose residues mainly linked
by a-(1 — 6)-linkages, with 5-35 % of the glu-
cose units in the polymer branched at the O-3,

Starch and Dextran

0O-2 and/or O-4 atoms of the backbone depending
on the bacterial strain. The most well-known
dextran is produced by  Leuconostoc
mesenteroides NRRL B-512 and has 5 % of its
branch linkages at O-3. Its molecular chain has a
few very long branches, distributed randomly in
the molecule. This branching structure is of great
importance in determining its solution properties.
Kuge et al. has shown that the long branch con-
tent increases with increasing molecular
weight [17].

Most recently, Suzuki et al. showed that the
Mark-Houwink-Sukurada equation for linear
dextran, [n] = 1.39 x 1072 M°78, holds, where
[n] is the intrinsic viscosity and M is the molec-
ular weight. The exponent of M, 0.78, suggests
that the chain behaves like a random coil in rich
solvent with large conformational freedom.
The flexibility of dextran is due mainly to its
o-(1 — 6) glycosidic linkages which contain
three bonds (C-5', C-6’, O, C-1) between each
pair of glucose residues (see Fig. 5). Dextrans
have high water solubility and the solutions
behave as Newtonian fluids [18].

Clinical grades of dextrans with a molecular
weight range of 75-100 x 10> have been used as
plasma volume expanders. They work by restor-
ing blood plasma lost through severe bleeding.
Aqueous two-phase systems of dextran and poly-
ethylene glycol have been used for the separation
of cell components. Fluorescein conjugates of
dextran are used as a fluorescent probe to study
cell processes such as cell permeability, phago-
cytosis, and endocytosis. Chemically cross-
linked dextran beads are widely used for gel
chromatography in biochemical research and
industry.

More recently, dextran derivatives have been
synthesized for nanotechnology and medical
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applications. For example, two oppositely
charged dextran derivatives incorporating
2-bromoethylamine and chloroacetic acid self-
assemble into microsize tubes. These tubular
self-assemblies are sensitive to both pH and salt
concentrations [19]. Microscopic observations
confirm that the tubes have hollow structures up
100 pum long with a diameter between 600 nm and
2 um. Dextran hydrogels are soft and pliable,
offering opportunities for medical applications.
Sun et al. [20] showed that dextran hydrogel scaf-
folds enhance angiogenic response and promote
complete skin regeneration during burn wound
healing. This line of work is promising for medical
applications of dextran.

In conclusion, we emphasize that starch and
dextran are composed of the same monomer unit,
glucose, but have different glycosidic bonds. This
difference leads to different physical and func-
tional properties and key functions, notably their
ability to increase viscosity and form gels and
films. Their versatile derivatization can be
performed though OH groups in the glucose
unit. These physical and chemical properties
can be readily exploited in a broad range
of industrial applications. With increasing
knowledge of enzymes and genetic engineering,
new related materials are emerging and will
be used for tailor-made  “polymeric
nanomaterials.” Among them, cyclic amylose
and dextran synthesized by enzymatic reactions
are of interest, although we do not touch upon that
in this article.
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Synonyms

Chemical and physical gels; Entanglements;
Material failure; Nano-self-assembly; Supramo-
lecular networks

Definition

The statistical thermodynamics of polymer net-
works with permanent cross-links (chemical
gels) as well as with links that have a finite life-
time (physical gels) is briefly outlined. The the-
ory of chemical gels is usually based on the
so-called replica trick which enables to average
the free energy functional over the frozen cross-
link distribution. The physical gel paradigm goes
actually beyond the polymeric networks and
embraces the patchy colloids and nano-self-
assembly. We discuss the phase diagram of such
systems as well as the dynamical scattering func-
tion which shows a generic two-step decay
behavior. Finally, we address shortly the defor-
mation and failure of physical gels.

Introduction

The statistical thermodynamics of heterogeneous
networks is a long-standing problem in the con-
text of polymer chemical physics. Considerations
were based typically on the calculation of the
appropriate partition function (as is customary
in statistical mechanics!) with permanent, ran-
domly distributed cross-links which give rise to
the inherent inhomogeneity in the network. To
treat such permanent (or “frozen”) disorder in the
system, one needs a special technique which is
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Fig. 1 Schematic representation of a chemical gel with
permanent bonds between monomers (left panel) and

called “replica trick” that has been suggested in
the Deam and Edwards seminal paper [1]. This
approach has been developed further within
a much more comprehensive statistical physics
context of permanent or chemical gels [2, 3] (see
Fig. 1, left panel).

In the course of further investigations, a broad
spectrum of polymer network behaviors has been
discussed: stress relaxation close to the sol-gel
phase transition [4, 5], structural arrest and glass
transition [6-8], viscoelastic properties [9-11],
etc. Finally, the elastic properties of cross-linked
directed polymers [12], nematic elastomers, and
networks build up of semiflexible polymers [13]
as well as nematic elastomers [14] have been
investigated within the “replicated” statistical
mechanics. An overview of polymer network
dynamics (in both Rouse and Zimm cases) can
be found in a recent review paper [15].

The aforementioned polymer networks with
permanent bonds (or cross-links) are referred to
sometimes as chemical gels. In contrast, the phys-
ical gels are typically made of molecules forming a
stress-sustaining network but with bonds that have
a finite lifetime (see Fig. 1, right panel). Below in
sect. “Chemical Gels,” we will discuss first the
statistical thermodynamics of frozen polymer net-
works (chemical gels), and then in sect. “Physical
Gels and Nano-Self-Assembly,” we address the
dynamic behavior of physical gels and nano-self-
assembly. Finally, in sect. “Deformation and Fail-
ure of Polymer Networks,” the mechanical
response and material failure will be discussed in
terms of strain-induced nucleation, followed by the
accumulation and growth of microcracks.

a physical gel where bonds are characterized by a finite
lifetime so that cluster motion is accompanied by polymer
rearrangements (right panel)

Chemical Gels

The Standard Edwards Formulation:
Non-Gibbsian Statistical Physics

The standard rubber model was introduced by
Edwards in the context of quenched disorder
[1, 16] formed by the fixed cross-links, which
introduce a non-Gibbsian statistical physics.
The partition function of a given (quenched)
cross-link configuration of the chain is given by

M
Z(C) = JDRe—ﬂ<HW+H'> [15(R;, —R;), (D

e=1
1%

where the monomer positions are given by a set
of vectors R; and the index i runs over all mono-
mers along the contour, i.e., i = 0,..., N. There
are M cross-links which join monomers i, and j,
(e =1, 2,... M), so that R;, = Rj,. The network
partition function now depends on the cross-link
distribution {i,j.}. The Edwards Hamiltonian
contains two important contributions. The first
defines the connectivity of the chain and is
expressed by a discrete Wiener measure:

N
PHw =5 > ZR R @

The second contribution is defined by the
excluded volume of the different monomers, i.e.,

N
BH; =v > 5(R; — R;). 3)

0<i<j
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The main issue of the problem is the handling
of the cross-link constraints which are expressed
in the multiple delta function in Eq. 1. This hard
constraint represents the quenched disorder,
which imposes that monomer at the position
vector R;, is always linked to monomer at Rj,.
Thus, the free energy of the network depends on
the actual cross-link configuration, C: {i,,j.}, i.e.,
F(C) = —kgT In Z(C), and must then be averaged
over its distribution, i.e.,

F=(F(C))c=~ksT(nZ(C))e. 4

The usual way to treat the cross-link term is to
employ the so-called replica trick, which allows

n
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to average the quenched system (i.e., the system
with a frozen disorder). Using the formal mathe-
matical identity in In Z = lim,_,1(Z" —1)
allows to average a power of the partition func-
tion, and the evaluation of the generalized parti-
tion function reads

exp(BF(n)) = (Z"(C))c
uM!

n 1 d
= DR* — —BHett (n, 1)
JMEII 2mi } :uM-H P
\4

&)

where the effective Hamiltonian is given by

N N N n
Heffzz<%z(m_ngg)z+n Za(Rg_R;-)>+uZ né(R;*—Rj-‘)- 6)
i=1

=1

0<i<j

o<i<j *=!

In Eq. 5, the grand canonical representation for
the cross-link constraints has been used, i.e.,
WY = M\2mi) § du exp (pA)EM', where
A =Y 0<ic ORY — RY) and y stands for the
chemical potential. In order to calculate the free
energy in Eq. 5, one has to evaluate the functional
integral over configurations {R}}. This is a for-
midable task, and therefore, one should transform
the problem into a more tractable one by going to
a field theoretical representation followed by
a mean field treatment. In this term, one could
discuss the amorphous solid-state formation [2],
the density correlation functions in heteroge-
neous structures of networks upon stretching,
and some other interesting questions [3].

Gaussian Network

Historically, the classical theory of high elasticity
of rubbers was developed in 40 years of the last
century [17]. The theory is based on some basic
assumptions:

« Each subchain which forms the network is
“phantom”; i.e., all surrounding polymers do
not restrict conformations which are compati-
ble with the end-to-end distance of our
subchain.

» The statistics of all subchains is Gaussian.
This assumption can be justified by the fact
that networks are usually rather concentrated
systems, where (as, e.g., in a concentrated
solution) chains are governed by Gaussian
statistics [18].

+ The deformations on nanoscopic scales are the
same as on macroscopic scales. This property
is usually referred as the affine deformation of
rubber network.

» The density of the network is well behaved.

The realistic cross-linked polymer melt can be
made solid by adding a reagent which joins each
chain to neighbors. Upon the network formation,
however, many structural elements, such as
entanglements, loops, and dangling ends (i.e.,
subchains which are cross-linked only once),
become frozen as it is shown in Fig. 2.

As a result, in the Gaussian network theory,
the high elasticity is defined by entropic contri-
bution of subchains (i.e., chain fragments
between two cross-links). The entropy of
a subchain with an end-to-end vector R reads

S(R) = kg In Py(R) N
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Fig. 2 Structural elements in a network

where Py(R) is the end-to-end vector distribution
function for a Gaussian chain with a chain length
N [18]. Note that because the internal energy
U could be neglected, the total free energy
F(R) =-TS(R) and we have

3R 3 3
FR) = kT —— — 2 ksTln [——). (8
R) =kaT 5oy 2 ko n(znsz) ®)

The corresponding deformation force is then
given by

OF 3
f=2 —keT—R.
ORI pN

©))

Although this is a very simple formula, it
has some interesting features. Firstly, it resem-
bles a Hooke’s law, where the force is propor-
tional to the extension. Secondly, the force
increases with increasing temperature. This is
different than in ordinary elasticity (e.g., in
metals) where the force decreases with temper-
atures. The physical reason for this is an entro-
pic nature of elastic effects, so that that for
higher temperatures normally, more conforma-
tions are accessible. Moreover, Eq. 9 shows
that the elasticity modulus goes as ~1/N, i.e.,
is very small.

In the same way as for chain extension, the chain
compression costs entropy. Confining a chain of
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a natural size R ~ bN'? to any other (smaller) size
R can be estimated by the entropy penalty [18]:

b*N

Feont :kBT?~ (10)

The combination of this equation with Eq. 8
leads to the total free energy:
R* b’N
The minimum of this free energy comes of
course at the well-known size R ~ bN'/?,
This simple preliminary consideration based on
a single-chain deformation behavior enables to
construct the theory of Gaussian networks. To this
end, let us introduce a diagonal deformation matrix

A O
A=10 )
0 0

(12)

P ==

where the deformations A, . correspond to the
three principal axes. Each of these parameters
describes the ratio of final and initial length of
the rubber as well as the individual deformation
of chains on the nanoscopic length scale, i.e.,

(13)

where R; is the undeformed end-to-end distance
of the i-th chain in the network. Then the free
energy of a deformed rubber which consists of 7,
cross-linked chains can be described as

ne

FIARY) =kl 50 Y R (1)

i=1

Note that the free energy as it stands in Eq. 14
still contains “microscopic” variables, i.e., the
individual chain end-to-end distances Ri. In
order to obtain the free energy of the total net-
work, one should average the free energy over all
subchains (this actually corresponds to the
non-Gibbsian statistical mechanics which was
discussed in sect. “The Standard Edwards



2258

Formulation: Non-Gibbsian Statistical Physics”).
Taking into account that (R7) = b*N/3, we
arrive at

1
F(\) = EkBTnL.)\ AT, (15)

As a simple diagonal form of the deformation
matrix has been chosen, the last equation can be
written in a standard form

FO\) = %kBTn(. (xﬁ +N 4 )\f). (16)

This free energy enables us to calculate
a simple equation of state which is here
a force—extension relationship. For this end, we
remark that the cross-linked polymer materials
are (in the absence of any solvent) incompress-
ible. Therefore, for a uniaxial deformation exper-
iment, we can use the following relation:

a7

which yields immediately the force—extension

relation
1
f=nkgT | \— F .

Equation 18 is one of the main results of the
classical rubber elasticity theory [17]. It is inter-
esting that this formula predicts not only the linear
deformation regime (for A — 1 << 1) but also some
nonlinear properties. In a more general case, one
could also take into account the compression terms
which make the free energy function more

(18)
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complicate. Here we only mention that in this
case, the additional terms 1/\* 41/ /\3 + 1/
and \*/N?)\24 perm (x, y, z) will appear. In the
more general mathematical theorys, it is postulated
that the deformation free energy depends only on

the three tensor deformation invariants
L=X+X+X1/X+1/X+1/X  and
I3 = Ayhyie.

The free energy function discussed above
ignores all sorts of defects shown in Fig. 2. For
example, the phantom chain model does not take
into account the topological constraints or chain
entanglements. Moreover, the chain has
a maximum extension Amax = /N, which appears
often far too large as measured in reality. As soon
as the deformation 4 — A,.«, the force becomes
very large, the fact which was ignored in the
Gaussian theory.

Entanglements and a Simple Tube Model:

A Material Law

The tube model goes back to de Gennes, and
Edwards is a relatively simple representation of
topological restrictions in a cross-linked melt
[18, 19]. Tube model introduces a new length
scale, tube diameter, or the mean distance
between entanglements, which governs physical
behavior (cf. Fig. 3) On the other hand, the entan-
glement can be seen as a local topological con-
straint as it is pictured in Fig. 4. Two

conformations, shown in Fig. 4, are not equiva-
lent since they cannot be transformed to each
other. This is due to excluded volume which
makes chain of a finite thickness. This must
have strong influences on the mechanical behav-
ior. One could expect that these topological con-
straints act at two different regimes. First, at

Statistical Thermodynamics of Polymeric Networks, Fig. 3 Chains trapped in tubes as simple mean field model for
entangled states in networks. Figures (a), (b), and (c) show successively how the notion of a tube can be inferred
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Fig. 4 Locally constrained chains. There is now way to
transform the two chain conformations to each other

small deformations, the sliding of entanglements
is relevant, whereas at larger deformation, the
tube geometry governs the mechanical behavior.
These two points are the subject of the rest of this
section where we mainly follow Refs. [20, 21].

The effects of the entanglements at low defor-
mation can be mainly described by the entangle-
ment sliding. As mentioned before, we have
already intuitively see that the entanglement can
be seen as a kind of “soft cross-link.” Schemati-
cally, this can be drawn as Fig. 5. Here the cross-
links at the end of subchains act as full constraint,
whereas the entanglement has been replaced by
aring, which can slide along the chains at certain
distance a. This distance a is of the order of the
mean distance between entanglements. Of
course, such kind of sliding might happen any-
where in the network, and for a moment, we
assume that there are N; such slip-links in the
rubber. The number N of slip-links and the num-
ber of cross-links N, are assumed to be given, so
that we are dealing with a two-parameter theory.
Recently, the new powerful numerical develop-
ment using a detailed primitive path analysis
(which also enables to calculate N,.) has been
developed by Everaers and Kremer [22].

The mathematical description of the statistical
mechanics of this model is rather complicated,
and we are not going to report this here. Instead,
we provide a more simplified version, along the
line given above in the theory of Gaussian single-
chain elasticity. We present a much simpler but
nevertheless adequate derivation, following
Ref. [23]. It will turn out that this kind of approach
is easier to generalize when one needs also to
discuss the finite extensibility of chains.
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Fig.5 Locally constrained chains. The chains are trapped
and the conformation cannot be resolved

We assume that the chain is Gaussian, with an
end-to-end separation probability written in the form

PRN) = T1_[anu(s) (ﬁ) "

oo ()
P\ W)
(19)

The variable t describes the number of seg-
ments which are gained or lost as a result of the
slippage. The distribution y(t) describes the
probability of the slippage, which for simplicity
can be taken as a rectangular function, i.e.,
< a. (20)

for —a<r~t

x(t)=1

Then we may write

+a 3 3/2
P(R,N) = d _
RN J (o) <2nb2<N+r>>

X exp (_ 3 z12 >
20*(N+1))°
21

Following the recipe to calculate the free
energy, we have
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F = —kBTJd3 RP (R,N)InP(A-R) (22)

which after some calculation gives

F le
kgT 2 °©

(1+n)N 2 }
-t 1 A7) p.
M 3 (e oel )

(23)

In Eq. 23, we have added the cross-link and the
slip-link contributions. The parameter 7 is pro-
portional to a. This result is consistent with the
more complicated theory based on non-Gibbsian
statistical physics by Ball et al. [24].

The free energy (Eq. 23) is quite a simple
result. The main effect is a reduced macroscopic
slip variable 7, which is proportional to the
mesoscopic variable a. Assuming the slip takes
place between two neighboring cross-links, an
estimation 7 suggests values between zero and
one. Two limiting cases should be discussed.
Firstly, if the slippage becomes zero (n = 0), the
slip-link turns into a cross-link and fully contrib-
utes to the modulus. The free energy is then

lN+N sz

i =Xy Vs Z

— 24
P (24)

The other significant limit is given by infinite
slippage, n — oo. For large values of 7, the
constraints act less severe. Such cases can be
addressed to swollen networks, when the chain

segments are pushed away from each other as far
as possible. Then the free energy reads as

F 1

L 2
kT =5 N Zx+ Nin T N,

i=X,y,2
i=X,y,z sYsZ

(25)

and the modulus depends mainly on the number
of cross-links.

Discussion of the physical behavior should
now clarify major counterintuitive points. The
intuitive picture of the behavior of a slip-link

Statistical Thermodynamics of Polymeric Networks

under stress is that it will respond by moving
until it locks to another entanglement or cross-
link and behaves as a cross-link perhaps of higher
functionality. This means that a slip-link hardens,
but a finite value of 1 in Eq. 23 suggests soften-
ing. This result is reasonable if one accounts for
the increase of phase space during deformation
for the slippage a. As the slipping distance
increases, the more conformations will be acces-
sible, so that the link weakens. This can only be
true of course if the deformation is not too large,
i.e., long before the polymers are drawn taut.

Physical Gels and Nano-Self-Assembly

Molecular or nano-self-assembly of the constitu-
ents could form a reversible gel upon heating or
cooling [25]. This versatile state of matter, which
exhibits viscoelasticity as well as glassy behav-
ior, is ubiquitous in nature, ranging from colloids,
emulsions, and food technology products [26] up
to spectrin (the cytoskeleton of living organisms)
[27-29]. Recently, thermoreversible rubber has
been obtained by supramolecular assembly of
two and three functional molecular groups via
hydrogen bonding [30]. In contrast to conven-
tional cross-linked or thermoreversible rubbers,
this system can be simply repaired when broken
or cut by bringing together fractured surfaces by
means of self-healed at room temperature.
Another interesting system which exhibits the
properties of thermoreversible gels is oil-in-water
microemulsions, modified with bridging
telechelic polymers [31-33]. The authors
coarse-grained the telechelic polymer molecules
(with hydrophobic heads), retaining only their
ability as linkers, and allowed for the effective
interactions between interconnected droplets, as
is shown in Fig. 6. Despite the particular oil-in-
water microemulsion context, this model helps to
elucidate connections between related generic
phenomena: geometric percolation, glass transi-
tion, and phase separation. The corresponding
model is built up from soft spherical droplets
(with  a  direct interaction  potential

Vi(ry) = €1(a/ry) )

subjected to bonding
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Fig. 6 Left panel: Sketch of an oil-in-water
microemulsion. The bridging telechelic polymers are
replaced by coarse-grained effective links (green). The

interaction (with a FENE-like potential V,(r;) =
—&, In(1 — (r; — 0)*/I*) where r; < [). The
bonding configuration is described by a N x N
matrix, {C;}, where C;; is the number of bonds
between droplets i and j. The resulting Hamilto-
nian reads

1

<m7vl’2+ Cir €0+ Y _[Vi(ry) +CyVa(ry)] )

j>i

(26)

where € represents the energy cost of loops.
The studies were performed by molecular
dynamics (MD) simulation, whereas a Monte
Carlo (MC) simulation has been used to evolve
the connectivity matrix C;: each particular
random move of a bond is accepted with rate
Themim[1, exp(—AV3)] (see the left panel in
Fig. 6). The resulting phase diagram is shown in
Fig. 6, right panel, in terms of the control param-
eters: number of telechelic heads per droplets,
R = 2N,/N, and the droplet volume fraction ¢.
The “sol” region marks a dilute assembly of rel-
atively small clusters. As the parameter R grows,
the effective attraction increases and phase sepa-
ration comes about (“coexistence”). For ¢ >
0.05, a broad gel region exists between the sol
phase and phase separation. In the gel phase, a
system-spanning  cluster of telechelically
connected droplets emerges, which endows the
fluid with viscoelastic properties. To show that

thicker and dashed links represent a Monte Carlo move
(with potential energy change AV)) for the connectivity
matrix. Right panel: The corresponding phase diagram
(Reprinted with permission from Ref. [32])

the gel phase indeed behaves dynamically as
a soft viscoelastic fluid, the authors have mea-
sured the self-intermediate scattering functional
[33]:

Fy(q,t) = 1 EN (exp [iq (r;() — 1;(0))])-
N
f=
27

Figure 7 shows the results of these measure-
ments for different parameters R (i.e., effective
attraction) and ¢ (which is responsible for the
effective repulsion). At ¢ = 0.5 and growing R,
one could observe a generic two-step decay with
a plateau height controlled by R and a final slow
decay, depending on characteristic time Tyj.
This behavior reflects the vibration of the increas-
ingly stiffer network of connected particles,
followed by a slow reorganization of the transient
network. It is interesting that in this “bonded
glass” even for very large R = 50, the behavior
is ergodic albeit the relaxation time increases
smoothly with R. Thus, there is no evidence of
an “ideal” gel (or “bonded” glass) as predicted
theoretically (on the basis of the mode coupling
theory (MCT)) for colloidal suspensions with
attractive interactions [34, 35].

In the opposite limit where R = 0 and the
volume fraction becomes large, the microemulsion
or colloidal system turns into a standard dense
glass (see Fig. 7b). Here the plateau appearance
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Fig. 7 Time dependence of Fy(q, 1) for ¢ = 6.0 (a)
Gelation at ¢ = 0.5, Ty = 10%, and increasing parameter

Statistical
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Fig. 8 Examples of patchy
particles with located sticky
spots used in the MD
simulation (Reprinted with
permission from Ref. [37])

M=2
and the two-step decay stem from the transient
cage, formed by the neighbors, followed by
a slow structural relaxation. As usual for such
“repulsive glass,” the relaxation time increases
dramatically with ¢, while the plateau height
remains constant [36].

Patchy Colloids
Besides the colloidal suspensions with attractive
interactions [34, 35], the colloids with limited
valence, or patchy colloids, recently attracted
interest as a new class of material to build,
among various issues, ideal colloidal gels. An
example of experimental patchy colloid, which
was used in a theoretical study [37], is shown in
Fig. 8. An interesting review devoted to colloidal
gels, including the patchy colloids, can be found
in Ref. [38]

In these models, particles interact via a simple
square well (SW) potential but only with

R. (b) Glass transition at R 0 and increasing ¢
(Reprinted with permission from Ref. [33])

VOV

a predefined maximum number of attractive
neighbors, N.x, while hard-core interactions
have no such limitations. The limited-valence
condition is imposed by adding a bonding con-
straint. For two particles to be bonded, two
conditions should be obeyed: (i) particles’
centers must be within the attraction interval
o <r <o+ A, and (ii) each of the particles
should have less than N, bonds. The resulting
Hamiltonian of the system has many-body terms
containing information on the existing bonds. As
a result, at any step of the simulation, not only
coordinates and velocities should be saved but
also the bond list. The phase diagram substan-
tially depends on the Ny,,x value. Namely, small
values of N,,x reduce the tendency of the system
to phase separate (see Fig. 9).

To elucidate how the structural arrest transi-
tion manifests itself on different length scales
(or different wave vectors q), the authors of
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Ref. [39] studied the density autocorrelation
function Fy(f) = p,(t)p_4(0). Recall that large
q indicates typically nearest-neighbor distances
which are relevant for the bond breaking—healing
processes in case of transient networks as well as
of the cage reorganization (“hopping process” in
terms of W. Gotze). In contrast, the low-¢ area is
responsible for the ergodic—nonergodic (NEN)
transition which is predicted by MCT [36].
Indeed, looking at the full decay of density auto-
correlation function F,(f), one observes that in

Statistical Thermodynamics of Polymeric Networks,
Fig. 9 Phase diagram variation: with decreasing N,
the phase separation is shifted to lower temperatures and
lower densities. Percolation and spinodal are marked by
solid and dashed lines, respectively (Reprinte7d with per-
mission from Ref. [39])
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Statistical Thermodynamics of Polymeric Networks,
Fig. 10 Left panel: F,(t) behavior with T at ¢ = 0.2 and
Nmax = 3. Right panel: Nonergodicity parameter f, for
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the gel phase, for go ~ 7, no slowing down is
detected at all, while a clear plateau is observed
(upon cooling) for smaller ¢, as can be seen in
Fig. 10 (left panel). Therefore, with respect to
glasses, experimental studies have to focus
strictly in the low-q area.

The nonergodic behavior is characterized
by the nonergodic parameter f,, the amplitude
in the stretched exponential fitting F () = f, exp
[—(t/‘cq)ﬁ"] of the long-time decay. Figure 10 (right
panel) shows f, at different packing fractions ¢.
At low ¢, the nonergodic parameter f,, is largest
at ¢ — 0 and goes to zero within the interval
0 < go < 5. With increasing ¢, a small peak starts
to form at larger ¢ which is still of the order of few
go. This behavior roughly follows that of the static
structure factor S(q) = (|p,(0)|?). At large ¢, the
shape of f, closely resembles S(g) of a hard sphere
system with a first peak around go =~ 27, i.e., the
nearest-neighbor length scale.

Figure 10 (right panel) shows that within
045 < ¢ < 0.55, there occurs a gel-to-glass
transition which becomes evident from the
behavior of the nonergodicity parameter f,. It is
also instructive to discuss the static structure fac-
tor S(g) behavior at different temperatures T,
shown in Fig. 11. First of all, the function S(g)
displays progressively pronounced peaks at
q ~ 2n/c and some other go values as
T decreases. Most importantly, an increase of
S(g) in the low-g area is observed which saturates

oo (0=0.20
= u $=025
s =035 |
oo (=045
> $=0.55
oo (=056

10 15 20

qo

different packing fractions ¢ (Reprinted with permission
from Ref. [38])
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Fig. 11 Structural factor

S(q). Below T < 0.1, the
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equilibrium gel transition "o
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(Reprinted with permission A
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at T < 0.1. This increase reflects the phase sepa-
ration at 7 ~ 0 J and indicates that the system is
highly compressible and inhomogeneous. As
a result, one may specify the following physical
gel features with respect to standard glasses:

1. The structural arrest in physical gels occurs at
much smaller packing fraction than in stan-
dard glasses (see Fig. 9).

2. Localization length in physical gels is much
larger (see Fig. 10 right panel).

3. Nonergodicity properties strongly depend on
the length-scale observation (see Fig. 10 left
panel). The function F(¢) displays nonergodic
features (i.e., the emergence of a clear plateau)
first at very small ¢ and then upon decreasing
T, for larger and larger ¢. Thus, the gel transi-
tion temperature strongly depends on the
wavelength of observation, in contrast to
what is typical in standard glasses, where all
length scales become nonergodic at a single
transition temperature 7.

4. The static structural factor shows growth at
small wave vectors ¢ (see Fig. 11).

Supramolecular Polymer Networks

Recently, a new class of polymeric materials was
developed, supramolecular polymer networks,
which are formed by highly directed supramolec-
ular bonds such as hydrogen bonds, n—n interac-
tions, or metal complexes. These bonds either
form a network from non-covalently associating

monomers or associate together (acting as
non-covalent side groups) precursor polymer
chains [40]. In the last case, the dynamic behavior
could be treated within the “sticky” reptation
model [41]. The presence of stickers significantly
modifies the self-diffusion coefficient and the
stress relaxation. For example, when the chain is
strongly stuck, the chain self-diffusion coefficient
Dy o @*/t, 8%, where S is the number of stickers
per chain and 7, is the sticker lifetime. As one
could see in this case, D¢ is chain length inde-
pendent. Moreover, the presence of the sticker
lifetime 75 (besides the Rouse time 7, N? and
the terminal time 7t oc N°, where N is the chin
length) brings into existence two plateaus in the
dynamic modulus G(f). One plateau is related
with the classical reptation, whereas the second
one is due to the additional reversible chain
association.

Deformation and Failure of Polymer
Networks

Deformation and failure of polymer networks are
two related problems of great practical and fun-
damental importance. The models of physical
gels (or transient networks), which we discussed
in the previous section, can be also used for
investigation of material failure. Despite the
large amount of experimental data and the con-
siderable efforts based mainly on computer
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Statistical Thermodynamics of Polymeric Networks,
Fig. 12 Typical stress—strain curves of polymers tested at
different temperatures: curves (a)—(c) represent glassy
polymers (i.e., temperature interval T < T,) with increas-
ing temperature from (a) to (c). The curve (d) corresponds
to the rubber state, i.e., to T > T,. Ends of the curves
indicate the points of material failure: (a) brittle and
(b)—(d) ductile

simulations, many questions concerning
a physical picture of material failure have not
yet been answered Before we proceed with the
model consideration, let us recall some basic
notions  related to  polymer  fracture
phenomenology [42].

When temperature T is sufficiently low, the
system behaves as elastic one until breaking and
fracture is observed brittle (see Fig. 12a). Usu-
ally, the tensile strain at the “brittle” breaking
point is about 1 = 5 %. At higher temperatures,
materials go through a yield point which defines
the onset of irreversible plastic deformation and
results in ductile fracture (see Fig. 12b). In curve
(¢), the yield point is followed by the occurrence
of necking which propagates along the sample at
almost constant stress. In this case, the polymer
material develops inhomogeneous deformations,
necks, or shear bands, which also depend on the
sample geometry. Finally, at even higher temper-
atures, T > T, the polymer undergoes a transition
from glassy- to rubberlike state (see Fig. 12d).
Here rupture can be understood by visualization
of rubber as a network (or a cross-linked poly-
mer) degradation. Small cracks nucleate at the
weakest bonds until one dominating crack
(or the main cluster of broken bonds) tears the
material apart. In the next subsection on the basis
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of a simple transient network model with driven
external force, we discuss the generic features of
this last scenario.

Fracture in Two-Dimensional Network Model
The fracture behavior of materials has been a focus
of large amount of research. MD simulation has
become an important tool for these investigations.
However, simulations face a problem: the fracture
process involves long time and spatial scales of
atomic deformation, which are difficult to simu-
late. Most simulations overcome this problem by
studying fracture with a preexisting crack. Only
few simulations have been used to study the for-
mation of cracks at nonzero temperature without
preexisting crack. For example, void formation
has been observed in a 3D system of driven binary
Lennard—Jones system [43]. Some simulations of
rate crack nucleation have been performed in a 2D
spring network [44].

Fracture in network models, being seen as
a kind of dynamic phase transition, represents
a challenge to nonequilibrium statistical mechan-
ics. In this sense, one could expect an interplay over
many length scales (in our case the interplay of
small clusters of broken bonds with a main cluster).

Systematic study of these problems is still
lacking. One of the interesting MD simulations,
based on a simple 2D model and intended to
elucidate the analogy with a phase transition,
was undertaken in Ref. [45, 46]. This model
represents a triangular lattice, shown in Fig. 13;
particles (nods) i and j interact with central force:

ri— T,
=F(lr; —r;|) —L 28
Tij (Iri —x;)) e — 1 (28)
Both linear (harmonic potential)
F(r)=—a(r —a) (29)

and Lennard—Jones (LJ) type of force have been
considered:

=56 -0

The bond is considered broken as soon as the
mutual distance becomes larger than a reasonable

(30)
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Statistical Thermodynamics of Polymeric Networks,
Fig. 13 Sketch of the molecular dynamics experiment.
The dashed lines refer to the interactions involving a given
site with its nearest neighbors. The /left and right bound-
aries are pulled apart with velocity v. Free boundary con-
ditions are assumed along the upper and lower borders
(Reprinted with permission from Ref. [45])

threshold a*. In terms of parameter a, the thresh-
old a* was taken between 1.1 and 1.8. The exter-
nal stretching is implemented by pulling the left
and right boundaries apart with velocity v (see
Fig. 13) so that the strain follows the law: d = vt/L
(L is size of the lattice). Free boundary conditions
were chosen for the upper and lower boundaries.
The model contains also an inherent disorder:
some fraction ¢ of bonds has been cut in advance.
At ¢ = 0, the model is a perfectly homogeneous
lattice.

The stress—strain curves of this model show a
well-pronounced peak at a characteristic strain d,.
which corresponds to the “yield point,” marked in
Fig. 12. Above d_., the onset of microcracks leads
to a rearrangement of the lattice in order to with-
stand the imposed strain which leads to
a decrease of the stress.

The number of broken bonds N(d) as
a function of d has been studied. It is natural to
use the fraction

N(d)> 31)

iy = (1

as a possible order parameter. Here N, is the final
number of broken bonds in a given realization,
and (...) is the average over different realizations
of disorder. Plotting of this order parameter (n(d))
versus the control parameter, A = (d — d.)L, is
reminiscent of the second-order phase transition.

Statistical Thermodynamics of Polymeric Networks

Another interesting problem which was stud-
ied was the dependence of the total number of
broken bonds N,(L) on the system size L. The aim
was to characterize the possible fractal nature of
the process. This investigation revealed a clear
power-law dependence N, < L?, where p=1.35
+ 0.03.

The crack length cannot be shorter than
a straight line so that 1 < f < 2. On the other
hand, it is necessary to understand whether the
value f > 1 is attributed to the structure of the
main crack, or to the distribution of microcracks.
For this purpose in Ref. [45], the number N,(,i) and
N ;(,0) of broken bonds inside and outside the main
cluster (crack), respectively, was investigated
separately. The results show that N§’ scales
approximately in the same way as the total bro-
ken bond number N, namely, as N,(,i) o L'3'. The
scaling law for the number of bonds outside the
main cluster reads N;f") o LI'SZ, but on the other
hand, it was found that Ni” > N{?. This leads to
the interesting conclusion that if the scaling
behavior remains unchanged in larger lattices,
the majority of broken bonds will be eventually
found outside of the main cluster.

Conclusion

Classical and fundamental theories of polymer
networks have been discussed to derive constitu-
tive relations for material science. We have
shown that the statistical physics gives a solid
evidence for such a derivation. Indeed, perma-
nently cross-linked networks were the first phys-
ical systems with quenched disorder which has
been treated by means of non-Gibbsian statistical
physics and the replica trick. Since that time,
many problems in the physics of network still
remain to be investigated. For example, the role
of entanglements and other topological con-
straints is not solved in all details. On the other
hand, the studies of physical networks in biolog-
ical systems and in self-assembly open new ave-
nues in living matter and material science.
Transient and self-healing networks need new
theoretical methods and approaches, especially
under the aspect of nonequilibrium processes.
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Despite the long-standing investigations, the sta-
tistical physics of network remain an exciting

field of the scientific activity.
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Step Polyaddition Polymerizations,
an Overview

Brian R. Donovan and Derek L. Patton
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Mississippi, Hattiesburg, MS, USA

Synonyms

Step-addition polymerization; Step-growth addi-
tion polymerization; Step-growth polymerization

Definition

Step polyaddition polymerizations are stepwise
reactions between bifunctional and
polyfunctional monomers that yield macromole-
cules without the loss of a small-molecule
byproduct.

Step Polyaddition Polymerizations, an Overview
Introduction

The terms “addition polymer” and “condensation
polymer” were first defined by Wallace
Carothers, respectively, as a macromolecule
whose structural unit has the same molecular
formula as its monomer, or as a macromolecule
whose structural unit differs from the molecular
formula of the monomer due to the loss of con-
densation  byproducts [1].  Thus, the
corresponding polymerization reactions used to
produce the respective polymer types were
coined as either addition polymerizations or con-
densation polymerizations. Considering the
breadth of contemporary polymer chemistry,
these terms are often ambiguous and fail to accu-
rately capture and describe all polymerization
mechanisms. Presently, polymerization pro-
cesses are more accurately categorized according
to the polymerization mechanism, i.e., chain
growth, where polymer formation occurs as
monomers successively add to an active center
of a growing polymer chain with distinct initia-
tion, propagation, and termination steps, or step
growth, where polymer forms by a stepwise reac-
tion of bifunctional (or polyfunctional) mono-
mers to first form dimers, trimers, and longer
oligomers, then high molecular weight polymers
after many steps (i.e., high functional group con-
version) [2]. Step-growth polymerizations, in
general, may be broken down into two catego-
ries — (i) step polycondensation and (ii) step
polyaddition. As the name implies, step polycon-
densation refers to the formation of polymers by
stepwise condensation reaction of bifunctional or
polyfunctional monomers with elimination of a
small-molecule byproduct at each step.
A detailed discussion of step polycondensation
polymerization is the subject of another entry and
will not be included in this overview. In contrast,
the synthesis of macromolecules by step
polyaddition polymerization proceeds through a
series of stepwise addition reactions between
bifunctional and polyfunctional monomers with-
out the loss of a small-molecule byproduct. As a
general step-growth process, high molecular
weight polymer in step polyadditions may only
be achieved at high monomer conversion and
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under stoichiometric monomer conditions. As a
consequence of the step-growth mechanism, each
reaction product in the system, from oligomer to
high polymer, retains the same functional and
reactive end groups as the original monomer. In
step polyaddition polymerizations, the addition
reaction to link monomers usually involves either
the migration of a hydrogen atom at each addition
step — as in the addition of an amine to an isocy-
anate or a cycloaddition at each addition step — as
in a Diels-Alder cycloaddition between a diene
and a dienophile.

For a more involved discussion of step-growth
polymerization kinetics, molecular weight con-
trol, and advanced topics, the reader is referred to
other excellent resources on the subject [2, 3], as
it is outside the scope of this entry to provide
comprehensive details on general step-growth
polymerizations. Instead, this entry aims to pro-
vide the reader with a basic understanding and
overview of several types of step polyaddition
polymerizations. First, the traditional step
polyaddition reactions that yield polyurethanes
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followed by a brief discussion of the more con-
temporary thiol-ene reaction that yields
polythioethers. For brevity, additional examples
of contemporary step polyaddition reactions —
such as copper-catalyzed azide-alkyne Huisgen
cycloadditions — as a route to polytriazoles are
not discussed [4].

Polyurethanes

Polyurethanes (PUs) are a class of macromolecules
in which the repeating motif in the polymer back-
bone is joined by urethane (or carbamate) linkages.
PUs were first developed in the 1940s by Otto
Bayer and presently find broad use as foams, fibers,
thermoplastic elastomers, and coatings. Linear PUs
are predominately synthesized by the step
polyaddition reaction of difunctional isocyanates
with difunctional alcohols (diols), as generically
shown in Fig. la. Several of the most common
and industrially important diisocyanate monomers
are shown in Fig. 1b, including tolylene-2,4-

and Diels-Alder polymers are discussed, diisocyanate (TDI), 4,4'methylenebis(phenyl
a r N
0 0
n 0=C=N-R'-N=Cz0 + nHO-R-OH —3» APLN*R'~NJ\OJR~0~]'
H H n-1
N
Urethane linkage
. J
b Common Diisocyanates
OCN NCO
AN NCO
;I::j/ OCN NCO OCN

tolyene-2,4-diisocyanate 4,4 -methylenebis(phenyl isocyanate) hexamethylene diisocyanate

(TDI) (MDI) (HDI)
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HO\/\OH HO\/\/\OH HO{’\rOV}H
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Ethylene glycol

1,4-butanediol

hydroxy-terminated
poly(propylene glycol)

Step Polyaddition Polymerizations, an Overview, Fig. 1 (a) General reaction scheme for the synthesis of a
polyurethane. (b) Common diisocyanate and (c) diol monomers used in the synthesis of polyurethanes
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isocyanate) (MDI), and hexamethylene-1,6-
diisocyanate (HDI). Likewise, common diol mono-
mers, such as ethylene glycol, 1,4-butanediol, and
dihydroxy-terminated poly(propylene glycol), are
shown in Fig. 1c. The ability to control the chem-
ical structure of the repeating motif via judicious
choice of the organic constituents of the isocyanate
(R’) and alcohol (R) as well as the ability to fine-
tune polymer chain flexibility and morphology
facilitate the use of these step polyaddition poly-
mers for a variety of applications [5].

Much of the commercial success of PUs can
be attributed to the rich chemistry of the isocya-
nate. The electronegativity of the nitrogen and
oxygen atoms serves to polarize the isocyanate
functional group by pulling electron density away
from the central carbon atom, leaving it suscep-
tible to nucleophilic attack. In general, aromatic
diisocyanates are typically more reactive than
aliphatic diisocyanates. The isocyanate group is
highly reactive toward nucleophiles, such as
alcohols, amines, and thiols, and weaker nucleo-
philes such as water. Reaction between isocya-
nate and water yields an unstable carbamic acid
linkage, which gives an amine upon loss of car-
bon dioxide. Amines then react with isocyanates
to form urea linkages. The high reactivity of

Step Polyaddition Polymerizations, an Overview

isocyanates and the nucleophilicity of the reac-
tion products, such as urethane and urea groups,
make side reactions commonplace in polyure-
thane synthesis. The reaction of isocyanate with
urea and urethane groups yields biuret and
allophanate groups, respectively. In addition, iso-
cyanates can undergo dimerization and
trimerization to give uretidinedione and
isocyanurate, respectively. In some cases, these
side reactions are desirable to obtain different
properties. For example, in the synthesis of rigid
PU foams, a high concentration of isocyanurate
resulting from isocyanate trimmers is needed to
obtain higher cross-link densities. Step
polyaddition polymerization of urethanes can be
carried out in the bulk or in solution and is typi-
cally catalyzed by tertiary amines or organotin
compounds.

Linear segmented polyurethanes are an
incredibly versatile material. A typical two-step
synthetic route to segmented PUs, as shown in
Fig. 2, includes the polymerization of an oligo-
meric diol with a diisocyanate “capper,” com-
monly referred to as the prepolymer method.
The NCO-functionalized prepolymer is then
reacted with a short-chain diol that acts as a
chain extender. The result is a segmented block

)
0 ' N
Hoh }H + 0:C=N—-R'-N=C=0—FOCN-R‘NJLohfol\n’N‘R‘-NCO

H
no

n Excess

o H
OCN-R.ﬂJ-LO,i»\rO]\n,mR,_NCO i
no
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mO=C=N-R'-N=C=0 + mMHO-R-OH
Chain extender

o} o W
OJLN*R‘NJ'Loh/O]\hN‘R"N\IrO‘R
H H n‘Q (o) m-1
X

Segmented Polyurethane

Step Polyaddition Polymerizations, an Overview, Fig. 2 General reaction scheme for the synthesis of segmented

polyurethanes
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copolymer usually consisting of a hard block
(derived from the diisocyanate monomer) and a
soft block (derived from the isocyanate capper
diol prepolymer). The salient properties of seg-
mented PUs can be attributed to the
intermolecular hydrogen bonding between the
urethane and urea groups, which also contributes
to the crystallinity. The hydrogen-bonding inter-
action in urethane linkages is weaker than urea
and amide groups; thus, PUs often have lower
softening temperature than polyureas and poly-
amides. The prevalent hydrogen-bonding unit
within the hard segment block gives rise to the
high glass transition temperature (Tg) and the
microphase separated morphology typically
observed in segmented PUs. The extent of hydro-
gen bonding and morphology of the segmented
PUs depend extensively on the choice of diol
chain extender. Thermoplastic polyurethanes
(TPUs) exploit strong hydrogen-bonding interac-
tions to impart outstanding elastomeric
properties.

Diels-Alder Cycloaddition

One of the most widely employed cycloaddition
reactions in the context of step polyaddition poly-
merization is the Diels-Alder (DA) cycloaddition
[6]. The DA reaction was first discovered in 1928
by Otto Diels and Kurt Alder. The DA reaction is
a [4 + 2] cycloaddition reaction involving the
reaction of a 4m electron 1,3-diene with a 2w
electron dienophile to form a cyclohexene
adduct. Dienes are typically activated by
electron-donating groups (i.e., ether linkage in
furan), while dienophiles are activated by
electron-withdrawing groups (i.e., imide) [6].
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Figure 3 shows an example of a highly utilized
DA reaction involving a bisfuran (diene) and
bismaleimide (dienophile) [7]. The step cycload-
dition polymerization occurs at relatively low
temperatures (~60 °C); however, molecular
weight of the polymer can be limited by the
retro-Diels-Alder reaction that takes place at
higher temperatures (~100 °C) [7]. The tempera-
ture of the DA and retro-DA reaction and thus the
stability of the polymer can be somewhat tuned
by monomer substituents. The low retro-DA tem-
perature makes the furan-maleimide DA reaction
an ideal linkage in self-healing or recyclable
polymers, where it has found much interest [7].
While DA cycloaddition polymerizations have
not found much industrial utility, the polymeric
products exhibit interesting structures, such as
the fused-ring, ladder-type polymer resulting
from DA polymerization of 2-vinyl-1,3-
butadiene and quinone, as shown in Fig. 4. Lad-
der polymers are unique in that they tend to have
high chemical, thermal, and mechanical stability
making these structures attractive synthetic tar-
gets [8]. DA step cycloaddition polymerization
enables a synthetically mild approach to generate
near-perfect ladder structure polymers.

Thiol-Mediated Additions

Thiol-mediated reactions have generated great
interest as a route for polymer synthesis, polymer
network formation, and polymer modification
[9-12]. Specifically, thiols readily react in an
addition manner with electron-rich alkenes
(radical-mediated), alkynes (radical-mediated),
electron-poor alkenes (amine or phosphine-
catalyzed), isocyanates (amine-catalyzed), and

o) o) 0 o B
60 °C
[\>—R—@ + N-R-N || /> @ N=-R'=N w
o) (o] 100 °C
(o] 0 AR 0 0

Step Polyaddition Polymerizations, an Overview, Fig. 3 Diels-Alder reaction of a diene, furan, with a dienophile,

maleimide
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Step Polyaddition Polymerizations, an Overview, Fig. 4 Step-growth DA polymerization of 2-vinyl-1,3-
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a e N
thiol-ene product
RS- "Ry HS-H
hv .
R-SH + photoinitiato—3 R-S: RS- "R,
\ J/
b : . & e
SJ‘ OS S!l' OS sd‘ uﬁs S“‘ ’S
HS.‘_ F.SH %R*I t.Rr uRrJ ‘.R" \.R!:ﬂ
s [ k] s 4
3 58 ¢ 3 :
SH R R R R R
Multifunctional o N 8T T8y 8" T8 B B8
3 - ‘\!Rt Rr R.r R.!
Thiol Initiator % $ 3 3
—_— S S S S
% s 3 ] ¢
Ry Ry, :-R-' ar J"R"lv
lL “w. rt‘s S.., »S s"t- 'JS s-a ,Js S-: -~
R R R 'y
Z R R R R R
Multifunctional S 8’ s s i
Alkene Mzﬁ’ H{H %{F T

Step Polyaddition Polymerizations, an Overview,
Fig. 5 Free-radical, step-growth thiol-ene polymeriza-
tion mechanism and the resulting homogeneous network

epoxies (amine-catalyzed SN2 ring opening)
resulting in a diverse set of reactions for polymer
chemists. Thiol-mediated reactions are advanta-
geous for polymer synthesis in that they proceed
at room temperature with high efficiency and
rapid kinetics, in the presence of oxygen/water,
without expensive and potentially toxic catalysts,
and are highly tolerant of a wide range of

Thiol-ene Polymer Network

structure when polymerizing multifunctional thiol and
alkene monomers

functional groups [10]. In the context of this
overview, the discussion of thiol-ene will be lim-
ited to the radical-mediated hydrothiolation reac-
tion for polymer and network synthesis. Radical-
mediated hydrothiolation can be conducted under
thermal initiation conditions; however, the reac-
tion is most often induced using light. Under
photochemical conditions, as shown in Fig. 5a,
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the reaction proceeds via a radical step
polyaddition mechanism — representing the only
example when radical addition occurs in a step-
growth manner. Overall, the process occurs with
typical steps observed in chain processes with
(1) initiation (homolytic cleavage of the thiol to
generate a sulfur-centered radical), (ii) propaga-
tion (direct addition of the sulfur-centered radical
across the alkene to give a carbon-centered radi-
cal followed by chain transfer to another thiol),
and (iii) termination (radical-radical coupling).
Consequently, molecular weight grows with typ-
ical step-growth Kkinetics, but with more rapid
reaction rates [13].

While the thiol-ene reaction has been utilized
for the synthesis of linear polythioethers, the
reaction is more known for the synthesis of
highly uniform polythioether networks using
polyfunctional alkenes and thiols (Fig. 5b)
[11]. The homogeneity of thiol-ene networks,
in comparison to traditional polyacrylate net-
works, is a consequence of the step polyaddition
process leading to delayed onset of gel forma-
tion. The homogenous network structure pro-
vides thermosets with very well-defined
mechanical and thermomechanical properties
that can be readily tuned by judicious choice
of thiol and alkene monomers. Thiol-ene-based
polymer networks have found use as optical
adhesives, coatings, and as potential energy-
dampening materials.

Summary

Step polyaddition polymerizations proceed via a
series of stepwise addition reactions between
bifunctional and polyfunctional monomers with-
out the loss of a small-molecule byproduct, while
following the general step-growth kinetic rate
laws (i.e., molecular weight builds slowly with
monomer conversion). Some of the most widely
used polymer products of step polyaddition poly-
merizations include polyurethanes and Diels-
Alder polymers. Contemporary step polyaddition
reactions, such as the thiol-ene click reaction, are
finding widespread use as synthetic routes to
functional polymer materials. The library of
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step polyaddition polymerization continues to
grow as these reactions continue to provide both
unique and effective solutions to interdisciplinary
materials problems.

Related Entries

Chain-Growth Copolymerization (Overview)
Polymer Synthesis via Click Reactions
Polymerization Reactions (Overview)
Polyurethane Synthesis
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Definition

Macromolecules of identical chemical composi-
tion but different configuration of repeating units
are able to form an intermolecular complex called
stereocomplex. Stereocomplex forms in the
solid-state crystalline structure melting at higher
temperature (7,,) than that of the homochiral
components alone. Stereocomplexation or
stereocomplex formation of polylactides (PLA)
occurs due to non-covalent interactions of enan-
tiomeric chains of poly(L-lactide) (PLLA) and
poly(p-lactide) (PDLA).

Introduction

Macromolecules composed of repeating units
with complementary attracting sites can form
intermolecular complexes. Typical examples are
provided by natural macromolecules such as
polysaccharides, polypeptides, or nucleic acids.
Taking a lesson from biology, synthetic
polymer chemistry developed a variety of supra-
molecular systems in which complementary
interactions lead to materials with enhanced
physicochemical properties [1-3]. Macromole-
cules of identical chemical composition but
different configuration of repeating units are
also able to form intermolecular complexes
called stereocomplexes [4]. Macromolecular
stereocomplexes usually form crystalline struc-
tures melting at higher temperature (7,,) than
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their homochiral components. Moreover, the
PLLA/PDLA equimolar mixture is able to form
stereocomplex, both from the melt and from the
solution [5].

Microstructure of PLA Stereocomplex

PLAs have an asymmetric carbon atom in each
lactate repeating unit, and depending on the
monomer used in polymerization (L,L-lactide
(L,.-LA), b,p-lactide (p,p-LA), racemic [1:1
(L,L)/(p,p)-lactide], or meso (L,b)-lactide
(L,0-LA)), semicrystalline PLLA and PDLA or
amorphous PDLLA polymers are obtained as it
was shown in Fig. 1.

As it was discovered by Ikada and Tsuji in
1987, the intermolecular interactions of enantio-
meric PLA chains of the opposite configuration
PLLA and PDLA lead to the corresponding
stereocomplex (sc-PLA) formation [5]. The min-
imum chain length for stereocomplex formation
is seven lactyl units, whereas individual enantio-
meric lactide oligomers crystallize at a degree of
polymerization (DP) equal to 11. This difference
is due to the different crystal structures of homo-
polymers and stereocomplexes. It has been
reported that the crystals in the homopolymers
of PLLA (or PDLA) have a 105 helix structure
(called also a helix), whereas the stereocomplex
forms a more compact 3; helix (called also
helix). Obviously, one of the lactyl end groups
which is directly attached to initiator is not able to
participate in the crystallite formation. As a
result, 11 units (not 10) are required to form a
105 helix, and consequently, to form the 3; helix,
seven lactyl residues are needed.

Initially, van der Waals interactions were
suspected to be responsible for stereocomplex
formation, but finally a weak hydrogen bonding:
—CHjz - - - O=C<and=CH----- 0=
C < between the PLLA/PDLA chains has been
found to keep two PLA helical chains with the
opposite configuration together (cf. Fig. 2).
Assuming multicentric  interactions (each
C = O is bonding to one —CHj3 and one = CH
group), a tentative calculation results in a
hydrogen-bonding enthalpy AH; = 5.2 kJ/mol
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Stereocomplexed
Polylactides,

Fig. 1 Structures of
stereoisomers of lactide
and PLAs

Stereocomplexed
Polylactides,

Fig. 2 PDLA (rop) and
PLLA (bottom) chains in
parallel orientation, as
located in the
stereocomplex crystal.
Hydrogen-bonding angles
for the interactions
suggested by FTIR are 120°
and 150° for CR-H - - - O
and CH; - - - O bonds,
respectively, and hydrogen
bond distance is about

2.9 A (Reprinted with
permission from Sarasua
et al. [6]. Copyright

(2005) American Chemical
Society)

(1.2 kcal/mol). This value is also close to that
obtained from ab initio calculations.

It should also be noted that two polylactide
chains, because of its asymmetry, can interact in

0
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two manners: parallelly and antiparallelly. In the
case of the linear sc-PLAs, both abovementioned
types of geometry are possible, although
according to Brizzolara et al.’s calculations [7],
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interaction energy is higher for the parallelly
oriented PLA helices.

Properties of PLA Stereocomplex

PLA, a biodegradable, biocompatible, nonvola-
tile, and odorless polymer, is classified as GRAS
(generally recognized as safe) by the US Food
and Drug Administration. However, in compari-
son with other commercial thermoplastics, it
exhibits a low rate of crystallization and a rela-
tively low melting temperature. Thus, the
enhancement of the thermal stability of PLA is
important to use this material in a various indus-
trial applications [8]. Stereocomplexation seems
to be one of the most important and relatively
easy methods for improving the thermal proper-
ties of PLA.

Linear high molar mass (M, = 10° g/mol)
polylactide stereocomplexes are not able to sur-
vive melting to reform the stereocomplex crys-
tallites, and after slow cooling from the melt, a
mixture composed of homochiral crystallites and
stereocomplex crystallites is formed. However, it
has been shown that in the case of star-shaped
high-molar-mass (M, > 10°) enantiomeric PLAs
with more than six arms, the formation of the
PLA stereocomplexes in the melt is complete
and perfectly reversible, probably because of the
“hardlock fruit”-type interactions (see Fig. 3).

The calculations giving the advantage of par-
allel interaction of PLLA and PDLA in the linear
stereocomplexes, as mentioned above, may not
apply to the star-shaped structures. In the star-
shaped sc-PLA, chains may predominantly inter-
act in the antiparallel geometry because of the
better fitting of the complementary chains in this
orientation [9]. The steric hindrance of the star
cores crowded together rather excludes the par-
allel arm interactions as shown in Fig. 3.

However, the successful preparation of ther-
mally stable stereocomplexes based on the linear
high-molar-mass polylactides is still a strategic
target. Recently, it has been found that covalently
modified multi-walled carbon nanotubes
(MWCNTs) can be used as initiators in the ring-
opening polymerization of L- and p-lactides to
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Stereocomplexed Polylactides, Fig. 3 Schematic
structure of parallel and antiparallel PLA stereocomplexes
of the star-shaped macromolecules ((R)-PLA
corresponding to D-PLA and (S)-PLA to L-PLA)
(Reprinted with permission from Biela [9]. Copyright
(2006) American Chemical Society)

induce efficient dispersion of the MWCNTs in
the PLA matrix. Moreover, the thermal properties
of the prepared PLA/MWCNTSs composites and
the thermal stability of their stereocomplexes are
highly enhanced. Furthermore, Purnama
et al. proposed preparation of bio-stereocomplex
nanocomposites with cellulose nanowhiskers
(CNW). The sc-PLA-CNW materials exhibit
excellent stereocomplex memory and are able to
reform perfect sc-PLA crystallites after melting
[10]. The ability to readily obtain the PLA
stereocomplex with improved physicochemical
properties such as thermal and mechanical prop-
erties is very important for their mass
applications [11].

The combined effect of the influence of the
nature of polylactide end groups and PLA archi-
tecture on the morphology and properties
of stereocomplexes has also been extensively
investigated. It has been shown that for
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Stereocomplexed Polylactides, Fig. 4 Hierarchical structure of stereocomplex microspheres colloidal crystal
(Reprinted with permission from Brzezinski et al. [12]. Copyright (2014) Wiley)

stereocomplexes of low-molecular-weight enan-
tiomeric PLLA and PDLA, the nature of end
groups can affect the morphology of
stereocomplex particles precipitating from an
organic solvent. Stereocomplex of PLLA/PDLA
terminated with imidazolium ionic liquid deriva-
tive (PLA-IL) precipitated from 1,4-dioxane in
the form of uniform microspheres. Stereocom-
plexation of star-shaped PLLA and linear PDLA
functionalized with imidazolium ionic end
groups in 1,4-dioxane leads to the formation of
uniform microspheres which crystallize in the
form of colloidal crystals. Analysis, using scan-
ning electron microscopy (SEM) and atomic
force microscopy (AFM), shows the interesting
hierarchical structure of the system, starting from
the nanometrical grains composed of few
stereocomplex macromolecules that aggregate
in uniform microspheres, ending with formation
of colloidal crystals of microspheres as it is
shown in Fig. 4.

Main Analytical Methods of sc-PLA
Analysis

The formation of stereocomplex may be observed
using different analytical methods, namely, dif-
ferential scanning calorimetry (DSC), attenuated
total reflectance Fourier transform infrared anal-
ysis (ATR FTIR), wide-angle X-ray scattering
(WAXS), and cross-polarization/magic-angle
spinning °C nuclear magnetic resonance
(CP/MAS *CNMR).

The melting temperature of sc-PLA is higher
than its enantiomeric components, and therefore,

—

Heat Flow

100

Temperature (°c)

Stereocomplexed Polylactides, Fig. 5 Typical DSC
curves of PLLA (dotted line) and sc-PLA (solid line)
(Reprinted with permission from Fukushima and Kimura
[13]. Copyright (2014) Wiley)

DSC analysis can be used as a method to confirm
stereocomplexation. DSC thermograms of the
sc-PLA and one of its enantiomeric component
are shown in Fig. 5. It should be mentioned that
melting temperature of the enantiomeric compo-
nents (PLLA or PDLA) is ~50 °C lower than that
one of the stereocomplex. In the DSC thermo-
gram of sc-PLA, one melting peak appeared at
223 °C. It means that the crystalline fraction of
this material contains stereocomplex crystallites
only.

A very useful and fast method to observe the
stereocomplexation is also infrared analysis
(ATR-FTIR). The significant changes in the con-
formation of PLA chains have been directly
observed during this process. The o helix (wave
number 921 cmfl) which is characteristic for
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Stereocomplexed Polylactides, Fig. 6 The ATR-FTIR spectra of enantiomeric PLLA (dashed line) and
stereocomplex sc-PLA (solid line) (Reprinted with permission from Brzezinski et al. [12]. Copyright (2014) Wiley)

both PLLA and PDLA enantiomers is
transformed into the more compact [ helix
(wave number 908 cm™") of the stereocomplex,
and a new band at 1,748 cm ™' also appears. In
Fig. 6, the ATR-FTIR spectrum of the PLA
stereocomplex compared with the spectrum of
the PLLA enantiomer is shown. Regions of wave-
length in which characteristic changes were
observed at 1,700-1,800 cm™! and at
970-850 cm ' (stretching vibration of C = O
group and skeletal stretching vibration of o and
B helixes, respectively) are enlarged.
High-resolution solid-state CP/MAS '*C
NMR spectroscopy is also an effective method
for tracing PLA stereocomplexation. The range
of chemical shifts characteristic for the carbonyl

carbon atom (165-175 ppm §) is particularly
diagnostic. In *C NMR spectra (Fig. 7), the
rigid stereocomplex crystalline component
(C and D in line I) should give a signal at
173.3 ppm, because line I is not observed for
the crystallized nonblended PDLA and PLLA
precipitates. It can be assumed that the disordered
stereocomplex crystalline component may also
partly contribute to this peak. The amorphous
component should give a peak at 169.7 ppm,
whereas if the homocrystalline component
B corresponds to line II (i.e., crystallites of indi-
vidual enantiomeric macromolecules) is present,
it should give a signal at 172 ppm because it has a
very similar chemical shift to that one of precip-
itates of the nonblended PDLA or PLLA. In the



Stereocomplexed Polylactides

170
ppm from TMS

Stereocomplexed Polylactides, Fig. 7 Analysis of
components A-D in resonance lines /-/I] for the total
BC NMR spectrum of carbonyl carbon in the
stereocomplex precipitate: A noncrystalline (amorphous)
component (169.7 ppm); B homocrystalline component
(172.0 ppm); C rigid stereocomplex crystalline compo-
nent (173.3 ppm); D disordered stereocomplex crystalline
component (173.3 ppm) (Reprinted with permission from
Tsuji [5]. Copyright (2014) Wiley)

spectrum of PLA stereocomplex, the shoulder in
the 169—172 ppm region (component A in line
II0) is clearly visible, indicating the contribution
of the amorphous phase. Those results could be
confirmed with the results from DSC analysis.

The supplementary examination confirming
the formation of a stereocomplex is the WAXS
analysis, which, like ATR-FTIR method, is clear
and useful but time-consuming.

In the Fig. 8, the WAXS profiles of the PLA
stereocomplex and one of its enantiomeric com-
ponents are shown. The main peaks of PLLA and
PDLA film that appear at 26 values of 15, 17, and
19° are related to the o form of both enantiomeric
PLAs, crystallized in a pseudo-orthorhombic unit
cell of dimensions: a = 1.07 nm, b = 0.595 nm,
and ¢ = 2.78 nm, which contains two 105 helices.
The most intense peaks of equimolar blend of
PLLA/PDLA are observed at 20 values of
12, 21, and 24°. These peaks are ascribed to the
PLA stereocomplex crystallized in a triclinic unit
cell of dimensions — a=0.916 nm,
b =0.916 nm, and ¢ = 0.870 nm — in which
L-lactyl and p-lactyl unit sequences are packed
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Stereocomplexed Polylactides, Fig. 8 WAXS profiles
of equimolar blend of PLLA/PDLA and pure PLLA,
respectively (Reprinted with permission from Fukushima
and Kimura [13]. Copyright (2014) Wiley)

parallel taking 3, helical conformation (called
also B helix). The lattice containing a PLLA or
PDLA chain with a 3, helical conformation has
the shape of an equilateral triangle, which is
expected to form equilateral-triangle-shaped sin-
gle crystals of the PLA stereocomplex.

Furthermore, Brizzolara et al. [7] compared
the WAXS profiles from actual stereocomplexed
specimens with a force-field simulated
stereocomplex. They also proposed the growth
mechanism of the stereocomplex equilateral-
triangle-shaped single crystal.

Application of PLA Stereocomplex

PLA-based materials have been used mostly for
short-time applications from drug carriers and
implants to packaging and textiles [14]. How-
ever, poor mechanical and thermal properties of
PLA exclude its use as an ordinary structural
material. Stereocomplexation improves these
properties and thus broaden the possible applica-
tion of PLA-based materials.



2280

The crucial issue for stereocomplex
PLA-based materials is production costs of both
L- and D-lactide acid, the main raw materials for
the production of LA monomers. The L-lactide
acid has been widely used as a food additive, and
it is produced in the industrial scale. The discov-
ery of sc-PLA caused the increase attention in the
manufacturing technology of the p-lactide acid.
Therefore, the reduction of p-lactide acid costs
will solve, at least partially, the problem of pro-
ducing sc-PLA materials on large scale and serve
as an alternative for commercial polymeric
materials.

Sc-PLA-based materials are already used in
biomedicine as drug delivery systems (DDS) and
hydrogels. Biodegradable stereocomplex-based
microspheres and micelles are proposed for the
transportation and delivery of biologically active
agents. Stereocomplex self-assemblies exhibit
strong thermodynamic and kinetic stability and
slower drug release. Hydrogels are prepared
from block and graft copolymers with hydrophilic
segments and L- and D-lactide unit sequences.

Stereocomplex crystallites can act as nucle-
ation agents for pure PLA crystallization. More-
over, narrowly dispersed stereocomplex
nanocrystals are proposed for the all-poly(lactide
acid) nanocomposites. Small size and high aspect
ratio of nano-reinforcing agents will dramatically
improve thermal and mechanical properties of
PLA nanocomposite material. The same compo-
sition of the nanofiller and the matrix prevents
from their incompatibility and increases their
potential recyclability.

Sc-PLA could find higher applications in auto-
motive, communication, and electronic industries.
Sc-PLA is suitable for making fibers, films, rods,
and other processed plastics [4]. Thermally stable
sc-PLA fibers could be used for manufacturing
woven and knitted products. On the other hand,
sc-PLA films have found the application as opti-
cally transparent heat-resistant insulators. More-
over, PLA stereocomplex materials could have
potential in single-use microwave applications. In
the near future, sc-PLA will provide many appli-
cations as bio-based sustainable materials, for
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example, as “green” notebooks, cell phones, or
panels for DVD drivers.

Nowadays, three companies produce
bioplastics based on sc-PLA: Corbion Purac,
Teijin, and Hycail. Teijin and Hyacil produce
sc-PLA on the industrial scale and begin to
apply sc-PLA for packaging, civil engineering
and construction, and oil fields (the drilling
phase in shale gas extraction, etc.).
Corbion Purac prepares highly heat-resistant
sc-PLA materials that can withstand tempera-
tures up to 180 °C/ 356 °F. PURALACT® is
ideal for bio-based beverage cups for hot drinks
such as coffee, soup, hot chocolate, tea, etc.

Conclusions and Perspectives

Crystallization of the polylactide stereocomplex
crystalline structure resulted in an increase of melt-
ing temperature of about 50 °C with respect to that
obtained in homocrystalline samples as it was
detected in DSC analysis. The WAXS profiles of
stereocomplexed PLA revealed a more compact
crystalline structure, and FTIR results provided
new bands at 1,748 cm™! (stretching vibration of
C = 0) and 908 cm ™! (skeletal stretching vibra-
tion), attributed to crystalline polylactide chains in
the 3; helical conformation (called B helix). In
addition, the spectral bands attributed to the
interlamellar material indicate a truly amorphous
phase, in contrast to the semi-ordered interphase
found during crystallization of PLLA. Hence,
crystallization mechanisms of PLLA and the
stereocomplex revealed differences.

The thermal and mechanical properties of
sc-PLA are similar to other bio-based polymers
as it was shown in Table 1. The sc-PLA exhibits
better thermal and mechanical properties even for
not fully stereocomplexed materials (containing a
certain amount of homocrystallites) formed using
high-molecular-mass enantiomeric polymers.
However, the usage of PLA nanocomposites
paves the way for future stereocomplex products
with excellent stereocomplex memory. Along
with its heat resistance, sc-PLA has many other
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Stereocomplexed Polylactides, Table 1 Mechanical and thermal properties of the representative bio-based poly-

mers (Copyright (2010) Wiley)

PLLA
Tm (°C) 170-190
T, (°C) 50-65
AH, (J/g) 93-203
Density (g/cm®) 1.25-1.30
Tensile strength (MPa) 120-2260
Young’s modulus (GPa) 6.9-9.8
Elongation at break (%) 12-26

PGA poly(glycolic acid), PHB poly(3-hydroxybutyrate)

properties, including crystallinity, chemical
resistance, transparency, and gas permeability,
making it suitable for use as an engineering plas-
tic material. The application of sc-PLA products
has just started to replace conventional oil-based
polymers and should have high potential as sus-
tainable structural materials to make fibers, films,
rods, and other processed plastics. Particularly,
sc-PLA fibers show high thermal stability and can
be subjected to dyeing and hot pressing by ordi-
nary techniques. It has already been confirmed
that a knit of sc-PLA withstands laundering
above 180 °C. Because of its incombustible
nature, sc-PLA could be potentially applied in
housing of various electric appliances and auto-
mobile parts. Since both PLLA and PDLA are
already commercially available and their market
prices are gradually falling, stereocomplex
manufacturing in the near future can be profit-
able. It is likely that soon, wide industrial appli-
cations of these materials will be possible.
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Synonyms

Stereoselective polymerization

Definition

IUPAC recommendations have defined stereo-
specific polymerization and related terms as fol-
lows [1-3]: “Stereospecific polymerization is
polymerization in which a tactic polymer is
formed. Tactic polymer is composed of tactic
macromolecules. A tactic macromolecule is
a regular macromolecule, in which essentially
all the configurational repeating units are identi-
cal. A configurational repeating unit having
defined configuration at all sites of stereoisomer-
ism in the main chain is a stereorepeating unit.
Stereoregular polymer is composed of stereoreg-
ular macromolecule that is a regular macromole-
cule essentially comprising only one species of
stereorepeating unit. A stereoregular polymer is
always a tactic polymer, but a tactic polymer is
not always stereoregular because a tactic polymer
need not have all sites of stereoisomerism
defined.” Consequently, stereospecific polymeri-
zation definitely includes polymerization in
which a stereoregular polymer is formed.

Historical Background
With one preceding finding of stereoregular poly

(vinyl ether) by Schildknecht in 1947, the field of
stereospecific polymerization actually came into

Stereospecific Polymerization

existence when Ziegler and Natta in the early
1950s developed new polymerization systems
which exhibited unique stereoregulating powers
in olefin polymerization [4, 5]. Tacticity determi-
nation of vinyl polymers by '"H NMR was first
achieved for poly(methyl methacrylate) (PMMA)
by Bovey and Tiers, Nishioka et al., and Johnsen
in the beginning of the 1960s, independently [6].
The NMR spectroscopic evidence is still the
absolute measure of the stereochemical configu-
ration of polymers. Thus, the field of stereospe-
cific polymerization has been developing along
with the progress of the NMR spectroscopy.

Vinyl Polymerization

a-Substituted and o, a-Disubstituted Vinyl
Monomers

Definition of Tacticity

In polymers from o-substituted vinyl monomers
CH, = CH-X or o, o-disubstituted vinyl
(vinylidene) monomers CH, = CXY, the main-
chain carbons having substituent group(s) are
termed “pseudo-asymmetric” since, if the chain
ends are disregarded, such carbons do not have
the four different substituents necessary to qualify
for being truly asymmetric. Nevertheless, they
have the possibility of relative handedness [4, 5,
7-10]. The simplest regular arrangements along a
polymer chain are the isotactic (i¢-) stereostructure,
in which all the substituents are located on the
same side of the zigzag plane repeating the chain
stretched out in an all-trans conformation. The
structure is often represented by a “rotated Fischer
projection” in which the main-chain skeleton is
represented by a horizontal line (Fig. 1).

Another regular arrangement is the
syndiotactic (st-) structure, in which the groups
alternate from side to side and thus the configu-
rations of the neighboring units are opposite
(Fig. 1).

The smallest unit representing relative config-
uration of the consecutive monomeric units is
termed a diad (or dyad in old literatures) (Fig. 2).

For a vinyl polymer, two types of diads should
be considered, which are designated as meso (1)
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Stereospecific
Polymerization,
Fig. 1 Zigzag chain
depiction and rotated
Fischer projection of
stereoregular vinyl
polymers
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and racemo (7). Using these notations, a sequence
in an ir-polymer can be represented as
—mmmmmm— and that in an sf-polymer as
—rrrrrr—. In reality, however, purely isotactic or
syndiotactic polymers are rarely obtainable, but
the extent of regularity is always the question to
be analyzed. “Tacticity” is the term used for
defining such stereochemical features of poly-
mers. The term “tacticity” is defined as “The
orderliness of the succession of configurational
repeating units in the main chain of a regular
macromolecule, a regular oligomer molecule,
a regular block or a regular chain.”

By extending the notation of m and r, one can
define relative configurations for the longer mono-
meric units along the polymer chain as triad, tet-
rad, and so on (n-ad in general). Figure 3 shows
three possible triads, represented by mm, rr, and mr
(rm triad is the same as mr triad in vinyl polymers
and therefore not shown), which are also named
isotactic, syndiotactic, and heterotactic triads,
respectively. Similarly, for tetrad, the following
six distinguishable sequences are possible: mmm,
mmr, rmr, rrr, rrm, and mrm.

Isotactic Specific Polymerization

As described in the historical background, the
field of stereospecific polymerization was actu-
ally opened by the findings of Ziegler-Natta

Isotactic polymer
HXXHH XX H

HHHHH HH H
Syndiotactic polymer
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(Rotated Fischer projection)
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O O A
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HXHHHXHH
(Rotated Fischer projection)

catalysis for ir-specific olefin polymerization
[4]. Although the industrial importance of the
heterogeneous Ziegler-Natta catalysis has not
been decreased to date, understandings of mech-
anistic aspects and thus rational catalyst design
for stereostructure control have been developed
drastically in the homogeneous system catalyzed
by structurally defined, so-called single-site
organometallic catalysts, such as metallocenes
and related complexes.

In 1983, metallocenes such as 1 (Fig. 4) were
reported as catalysts for rapid propylene poly-
merization, combined with methylaluminoxane
(MAO). Stereoregularity of the obtained polymer
was atactic. However, inspired by this discovery,
polymers of a wide range of stereoregularities
have been prepared with properly designed cata-
lysts since then [9, 10].

One of the fundamental requirements for the
stereospecific polymerization catalyst is recogni-
tion of monomer enantioface to control absolute
configuration of emerging chiral carbons at grow-
ing chain ends. For instance, upon activation with
MAO, two active sites of C, symmetric
ansa-metallocenes (the term “ansa” is Greek for
“handle,” that is, “bridging” of two cyclopen-
tadienyl groups in the complex) are both chiral
and equivalent (homotopic) and enantioselective
for the same monomer enantioface, leading to
it-specific polymerization of propylene (Fig. 5).

Besides the C, ansa-metallocenes, C; sym-
metric one can also perform iz-specific polymer-
ization by the site-epimerization mechanism,
which virtually prohibits availability of one of
two sites (Fig. 6).

it-Polystyrenes are obtainable by heteroge-
neous Ziegler-Natta catalysis. Recent progress
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of homogeneous systems has enabled iz-specific
styrene polymerization catalyzed by the soluble
complexes as shown in Fig. 7, as well as some C,
ansa-zirconocenes.

Methacrylate is one of the most extensively
studied classes of vinyl monomers, in regard to
the stereoregularity of the obtained polymers.
Methacrylates can be polymerized by the
variety of polymerization systems including
radical, anionic, and organometallic catalysis.
The stereoregularity is a function of monomer
structure, initiator, solvent, temperature, and
SO on.

Anionic polymerization of methacrylates with
proper selection of the conditions allows prepa-
ration of a wide variety of stereoregular
polymethacrylates [5]. Even at the beginning
days of the stereospecific polymerization, the
stereospecificity of the anionic polymerization
of MMA was known to be strongly influenced
by the solvent polarity; polar THF gave PMMA
rich in syndiotactic, whereas nonpolar toluene
produced isotactic-rich one. In the 1980s, highly
it-specific anionic polymerization of MMA initi-
ated with t-butylmagnesium bromide
(+-C4HoMgBr/MgBr;) was reported (Fig. 8).
The polymerization proceeds in a living manner
without side reactions and gives a highly isotactic
polymer (mm > 95 %) with narrow molecular
weight distribution (MWD).

Recently, a better control of tacticity has been
realized by using combined anionic initiators
comprised of a lithium ester enolate and a large

excess of lithium trimethylsilanolate (Me;SiOL1)
(Fig. 8). The system afforded highly isotactic
PMMA, whose isotacticity reached mm of
98.9 %, at =95 °C.

The C, symmetric zirconocene-based com-
plexes such as 2 (Fig. 9) combined with R,Zn/
Ph3CB(CgFs), also induced highly if-specific
polymerization of MMA. Ester enolate type of
zirconocene complex 3 (Fig. 9) formed i--PMMA
(mm = 96.7 %) with fairly narrow MWD at
ambient temperature.

Methacrylates with extremely bulky ester
group such as triphenylmethyl methacrylate
4 (Fig. 10) give highly isotactic polymers with
anionic polymerization and even radical one. The
high stereospecificity was most probably derived
from the sterically demanded “helical” conforma-
tions of the forming polymer chains by the bulky
pendant groups (Fig. 11). The bulkiness-driven
it-specificity was also observed in the radical poly-
merization of N-triphenylmethylmethacrylamide
5 (Fig. 10).

Stereoregulation in radical polymerization has
been drastically developed in recent years [7].
For instance, addition of lanthanide Lewis acids
such as Yb(OTf);, Lu(OTf);, and Sc(OTf);
induced it-specific radical polymerization of
N-isopropylacrylamide (NIPAAm) (m = 92 %,
with Yb(OTY)3, in MeOH at —20 °C).

Vinyl ethers can be polymerized by cationic
initiators; however, a limited number of reports
on highly stereospecific cationic polymerization
have been presented [8]. Cationic polymerization
of tert-butyl vinyl ether with BF;-based initiators
in toluene gave it-polymer (mm = 79 %), which
can readily be converted to it-poly(vinyl alcohol).
it-Specific polymerization of less bulky isobutyl
vinyl ether was reported by using a titanium com-
plex [TiCl,(OAr),, m =90 %] or FeSO4/
tert-BuOH (m = 83 %).
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Syndiotactic-Specific Polymerization
In contrast to the it-specific propylene polymeri-
zation with C, ansa-metallocenes, Cs symmetry
of the catalyst can induce st-specificity, where
two enantiotopic coordinating sites are alter-
nately available during the polymerization
process [9, 10]. Actually, Cs symmetric
zirconocenes performed high syndiotactic speci-
ficity in propylene polymerization (Fig. 12).

The st-specific polymerization of styrene was
also realized by homogeneous catalysts, such as
half-titanocene 6 (Fig. 13), combined with MAO.
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Highly syndiotactic living anionic polymeri-
zation of MMA is realized by the use of combi-
nations of #-C4HoLi and R3Al in toluene at
—78 °C [5]. The polymerization by #-C4HgLi
alone gives an isotactic-rich polymer with broad
MWD. When R3Al such as (n-C4Hg);Al was
added with the ratio of Al/Li > 3, the syndiotac-
ticities were around 90 % and the Mn values were
close to those calculated from the amounts of
t-C4HoLi. A bulky methacrylate, trimethylsilyl
methacrylate (TMSMA) afforded highly
syndiotactic polymers when polymerized with
t-C4HoLi/bulky aluminum phenoxide 7 (Fig. 14)
in toluene at low temperatures. The polymer
obtained at —95 °C was 98 % syndiotactic in
triad.

Organolanthanides such as 8 (Fig. 15) gave
highly syndiotactic PMMA (rr = 95.3 %) with
narrow MWD  (M,/M, = 1.05). Eight-
membered, MMA-dimerized species 9 (Fig. 15)
was isolated, which was assumed to be a model of
the active species.

Recently, some polar solvents have been rec-
ognized as good reaction media for effective
stereoregulation in radical polymerization [7].
They can strongly interact with polar groups of

Stereospecific Polymerization, Fig. 9 ir-Specific
zirconocene-based polymerization catalysts

oy
CH3—CI)—MgBr / MgBrz
CH,

HiG_  OLi
=G

HsC  OiPr

Stereospecific
Polymerization,

Fig. 8 it-Specific anionic
polymerization of MMA

/ Me3SiOLi

Stereospecific Polymerization

monomers and propagating chain ends through
hydrogen bonding. Fluorinated alcohol, which
can act as a strong hydrogen donor, is one of the
intensively studied categories of such solvents.
Radical polymerization of vinyl acetate in 10
(Fig. 16) gave st-polymers [r = 73 % (=78 °C),
r =62 % (20 °C)]. Syntheses of highly stereo-
regular PMMA in 11 (Fig. 16) (r = 88 %, 20 °C)
and poly(N-methylmethacrylamide) in 12
(Fig. 16) (r =98 %, —78 °C) were reported.
The stereospecificity was assumed to be
derived from electrostatic repulsions between
fluorinated alcohols hydrogen-bonding to polar
groups (typically, carbonyl groups) at the propa-
gating chain ends and the incoming monomers
(Fig. 17).

Lewis basic solvents, or hydrogen acceptors,
can also interact with monomers having
hydrogen-donating groups to exert stereore-
gulation. Radical polymerization of 2-
hydroxyethyl methacrylate in N,
N-dimethylformamide gave st-polymers
[r =88 % (20 °C)], whereas st-polyNIPAAm
was synthesized in hexamethylphosphoramide/
toluene [r = 72 % (—60 °C)].

Heterotactic-Specific Polymerization
The stereostructure of heterotactic (ht-) polymer
is depicted as an h--PMMA in Fig. 18.
ht-Specific polymerization requires higher-
order stereoregulation than if- and st-specific
ones, since m-addition and r-addition have to
take place in an alternate manner. In fact, there
have been a limited number of reports on the
formation of highly Af-homopolymers by vinyl
polymerization.

CHg
CH,=C —m—
* coscHs CHs CHz  CHy
rsr——— CH3—C~<CH2—C—CH2—C%H
toluene éH CI:‘O é—O n
3 | B | B
CHs OCH; OCH,
CH,=C — mM-—
* T CosCHs CHs CHz  CHy
CH3—C~<CH2—C—CH2—C—}H
toluene CIJ—O é—O CI:—O n
| |
OiPr OCH; OCH;,
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CH3 CHs ht-Specific living anionic polymerization was
CHy=C_ CH,=C reported on primary alkyl methacrylates with
O/C_O HN/CZO a combined system of -C4HoLi and 7 in toluene

i I at low temperatures. The mr triad content of the
@CO QC@ resulting polymer was up to 95 % under opti-
mized conditions [5].

4 5 ht-Specific anionic polymerization of N,
N-diethylacrylamide = was  also  reported
by using 1,1-bis(4’-trimethylsilylphenyl)-3,3-
diphenylpropylpotassium/Et,Zn at 18 °C in

Stereospecific Polymerization, Fig. 10 Extremely
bulky monomers for it-specific polymerizations
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Stereospecific Polymerization, Fig. 16 Fluorinated
alcohols  employed  for  stereospecific  radical
polymerizations

THF. The addition of Et;B instead of Et,Zn was
also effective in the hz-polymer formation.

In fluorinated alcohols as solvents, ht-specific
radical polymerization was also reported [7].
Polymerization of vinyl pivalate with
(n-C4Hy)3B in the presence of a small amount of
air in (CF3);COH at —40 °C gave a ht-polymer
with mr = 61.0 %. Polymerization of NIPAAm

in toluene/fluorinated alcohol also gave
ht-polymers at —40 °C (mr = 75 %).
o, -Disubstituted Vinyl Monomers
The  o,B-disubstituted  vinyl  monomers

(CHY = CHX) can give stereoregular polymers
with “ditactic” stereosequences: erythrodiisotactic,
threodiisotactic, disyndiotactic, and diheterotactic
polymers (Fig. 19).

The examples of the ditacticity control of
crotonates (X = CO,R, Y = CHj3) are given
[5];  triphenylmethyl crotonate  afforded
a threodiisotactic polymer with fluorenyllithium
in toluene at —78 °C in the presence of TMEDA
(tetramethylethylenediamine). Group transfer
polymerization of methyl crotonate gave
a disyndiotactic polymer when 1-methoxy-1-
(triethylsiloxy)-2-methyl-1-propene, Hgl,, and
(C,H5)3Sil were used as an initiator, a catalyst,
and a cocatalyst, respectively. #-Butyl crotonate
gave an atactic polymer with +-C4HoLi in THF at
—78 °C but a diheterotactic polymer with
(CgHs),Mg in toluene at —78 °C.
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monomers

Dienes and Acetylenes

Butadiene, the simplest conjugated diene, can
give polymers with 1,2- and 1,4-substructures.
(in the case of asymmetric monomers (e.g., iso-
prene), 3,4-substructure is also possible) [11, 12].
Stereoregular polymers of butadiene are depicted

as follows: cis-1,4-, trans-1,4-, it-1,2-, and st-1,2-
polymers (Fig. 20).

Ziegler-Natta catalysts such as TiX4-R3;Al gave
polymers with high cis-1,4 contents, whereas
vanadium-based systems such as VX,-R3Al pro-
duced trans-1,4-polymers. Recently, complexes of
lanthanides, Nd, Sm, Gd, etc., were reported as
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catalysts for extremely high cis-1,4 selective poly-
merization (cis-1,4 > 99 %). Formation of sz-1,2-
polymers was also reported by using
acetylacetonato complexes such as AIR;—Co
(acac);—CS, (st-1,2 > 99 %), whereas
chromium-based systems such as AIR;3-Cr
(C = NPh)g gave it-1,2-ones [11].

The microstructures of poly(acetylene) chains
are normally depicted as shown in Fig. 21.

Acetylene can be polymerized with Ziegler-
Natta catalyst [Ti(O"Bu)4-Et;Al] to  give
cis-polymers at low temperatures (cis 98 % at
—78 °C), whereas trans-polymers are obtained
at high temperature (trans 100 % at 150 °C).
Rhodium complexes such as 13 and 14 (Fig. 22)
are effective for the polymerization of substituted

Stereospecific Polymerization

X X

light irradiation

X
Stereospecific Polymerization, Fig. 23 Polymeriza-
tion of muconic acid derivatives in crystalline state

Crystalline state

i

acetylenes such as phenylacetylene to form cis-
transoidal polymers [12].

Polymerization in Confined Media

Besides the solution polymerization, polymeriza-
tion in confined media, where monomers are reg-
ularly aligned, is an attractive way to synthesize
stereoregular polymers [13, 14]. Some kinds of
muconic or sorbic acid derivatives can be poly-
merized by light irradiation in the crystalline state
[13], giving “tritactic” stereoregular polymers
(topochemical polymerization) (Fig. 23).

Inclusion polymerization is a solid process
where monomer molecules are included as the
guest in channel-like cavities of host clathrate
crystals of urea, thiourea, etc. Under the irradia-
tion of vy-ray, st-poly(vinyl chloride) and
it-polyacrylonitrile were obtained.

Radical polymerization of MMA in a st-poly(-
methacrylic acid) porous film gave it-PMMA
[14]. The stereoregularity of PMMA prepared
within the st-poly(methacrylic acid) “template”
film was assumed to be due to stereocom-
plexation of these two polymers during the poly-
merization (Fig. 24).

Ring-Opening Polymerization (ROP)

Polymerization, in which stereoisomerism pre-
sent in the monomer is merely retained in the
polymer, is not regarded as stereospecific [3].
For example, the polymerization of a chiral
monomer, e.g., (R)-propylene oxide [(R)-
methyloxirane], with retention of configuration
is not considered to be a stereospecific reaction.
However, selective polymerization, with reten-
tion, of one enantiomer in a mixture of (R)- and
(S)-propylene oxide is so classified.
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Stereospecific Polymerization, Fig. 25 Two kinds of
ring-opening modes in the ROP of substituted oxiranes
and thiiranes

Oxiranes and Thiiranes

The mechanism of ring opening of substituted
oxiranes and thiiranes depends on the nature of
an initiator used (Fig. 25) [15, 16].

When cationic-type initiators are used, the
ring opening occurs to some extent at the
a-position, leading not only to an inversion of
configuration of the asymmetric carbon but also
to the appearance of irregular linkages, e.g.,
head-to-head and tail-to-tail units.

Anionic initiators usually open the ring spe-
cifically at the B-position and produce polymers
having more than 95 % head-to-tail linkages. If
during the polymerization the ring is opened
exclusively at the B-position, the configuration
of the asymmetric atom remains unchanged and
the polymer chain will be composed of repeating
units of the R and S types, which are dependent on
the absolute configuration of the chiral carbon
atom in the monomer.

Systems obtained by partial hydrolysis or
alcoholysis of organometallic compounds such
as MgEt,, ZnEt,, CdEt,, and AlEt; produce

ZnEt,-HyO (1:1)

_ R

R//I R B
o To A~
Stereospecific Polymerization, Fig. 26 Stereo-

selective polymerization of substituted oxiranes with
ZnEt,-H,0O mixture (1:1)

stereospecifically crystalline iz-polymers through
an ‘“anionic-coordinated” mechanism. However,
the stereospecificity of these initiators depends on
the degree of hydrolysis or alcoholysis of the
organometallic compounds. For instance, ZnEt,-
H,O (1:1) is a more stereospecific system both for
oxiranes and thiiranes (Fig. 26), than ZnEt,-H,O
(1:0.5) which shows some cationic behavior.
Cadmium tartrate shows very high stereospeci-
ficity in the case of thiiranes, in particular
tert-butyl thiirane [15].

The first clear example of enantiomer-
selective polymerization was demonstrated for
propylene oxide (methyloxirane). Polymeriza-
tion of racemic propylene oxide with a ZnEt,/
(+)-borneol or ZnEt,/(—)-menthol initiator sys-
tem gave optically active polymers, and the
unreacted monomer was rich in the (§)-isomer
(Fig. 27) [16].

The enantiomer selectivity is generally higher
in the polymerization of thiiranes than in that of
oxiranes. For example, in the polymerizations
with  ZnEty/(S)-(—)-2,2'-binaphthol at room
temperature, the consumption rate ratio of
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Stereospecific Polymerization, Fig. 27 Enantiomer-
selective polymerization of propylene oxide with ZnEt,/
(+)-borneol initiator system

Bu

15

Stereospecific Polymerization, Fig. 28 Bimetallic
complex for enantiomer-selective polymerization of
oxiranes

(S)-propylene sulfide (methylthiirane) to (R)-one
(ks/kg) was 20, whereas that of (S)-propylene
oxide to (R)-one (ks/kg) was almost unity. How-
ever, it was recently found that bimetallic complex
15 (Fig. 28) exhibits high enantiomer selectivity for
polymerizations of oxiranes, kg/kg up to 370 [16].

Lactide
Lactide is a cyclic dimer of lactic acid. Because
there are two stereogenic centers in one lactide
molecules, different stereoisomers of lactide are
distinguished, (S,5)-LA, (R,R)-LA, and meso-LA
(Fig. 29) [17, 18]. An equivalent mixture of (§,S)-
LA and (R,R)-LA is referred to as rac-LA [17].
The ROP of lactide proceeds via different
mechanisms, such as cationic, anionic, and
coordination-insertion mechanisms, depending
on the catalyst used. It is very difficult to obtain
PLA with high molecular weights via a cationic
mechanism. Anionic ROP of lactide has prob-
lems in controlling molecular structures of the
PLA product, which is mainly caused by side
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Stereospecific Polymerization, Fig. 29 Lactide

stereoisomers

reactions, such as epimerization, chain termina-
tion, and inter-/intramolecular transesterification
reactions. Therefore, lactide polymerization via a
coordination-insertion mechanism has become
important from the viewpoint of controlling
molecular structures.

Metal alkoxides are known to catalyze the
ROP of lactide via a coordination-insertion
mechanism, which involves four steps as
depicted in Fig. 30: (i) coordination of the lactide
monomer to the Lewis acid metal center, (ii) the
lactide monomer inserts into the metal-alkoxide
bond via nucleophilic addition, (iii) ring opening
of the lactide monomer via acyl-oxygen cleav-
age, and (iv) continuous insertion of lactide
monomers, followed by hydrolysis of the active
propagating chain end.

Stereoregular PLA can be prepared from rac-
or meso-LA via two different mechanisms. One is
a chain-end-control mechanism. The configura-
tion of the next inserted monomer in rac-LA
polymerization or the cleavage site of the mono-
mer in meso-LA polymerization is determined by
the stereogenic center in the last repeating unit
along the propagating chain. If the stereogenic
center in the last unit favors a meso-enchainment,
it-PLA 1is obtained from rac-LA (Fig. 31) and
ht-PLA is obtained from meso-LA (Fig. 32).

If the stereogenic center in the last unit favors
a racemo-enchainment, ht-PLA is obtained from
rac-LA (Fig. 33) and st-PLA from meso-LA
(Fig. 34).

The other is an enantiomorphic site-control
mechanism. The configuration of the inserted
monomer in rac-LA polymerization or the cleav-
age site of the monomer in meso-LA polymeriza-
tion is determined by the configuration of the
surrounding ligand, regardless of the stereogenic
center in the last repeating unit along the
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Stereospecific Polymerization, Fig. 31 Formation of i#-PLA from rac-LA via a chain-end control mechanism
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Stereospecific Polymerization, Fig. 32 Formation of 4#-PLA from meso-LA via a chain-end control mechanism

propagating chain. In the lactide polymerization
following an enantiomorphic site-control mecha-
nism, iz- and sz-PLA can be solely obtained from
rac- and meso-LA, respectively, unless the
exchange reactions between the propagating
polymer chains take place as mentioned below.

The ROP of rac-LA with an enantiomerically
pure initiator, i.e., 16a (Fig. 35), proceeds in an
enantioselective manner. In this polymerization,
at conversions less than 50 %, the polymer micro-
structure is predominantly isotactic, forming (R)-
PLA. The reaction reached 100 % conversion
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very slowly due to the fact that the polymeriza-
tion rate of (S§,5)-LA is much lower than that of
(R,R)-LA. The resulting PLA had a tapered
stereoblock microstructure, in which the
stereoblock distribution was changing from all
(R,R)-units to all (S,S)-units over the polymer
chain.

Stereospecific Polymerization, Fig. 36 Formation of
st-PLA from meso-LA via an enantiomorphic site-control
mechanism

The presence of a bimetallic side product was
discovered when preparing 16a. In order to elim-
inate the formation of this bimetallic side prod-
uct, 16b (Fig. 35) was prepared [17]. The ROP of
meso-LA with 16b yielded s+-PLA with
syndiotacticity of 96 % by an enantiomorphic
site-control mechanism (Fig. 36). The catalyst
selected one of the two enantiotopic acyl-oxygen
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Stereospecific Polymerization, Fig. 37 Polymer exchange mechanism for the formation of /4t-PLA from meso-LA

bonds at the initiation and the propagation. In
fact, the stoichiometric reaction of 16b with
meso-LA underwent bond cleavage at site
A with 97 % selectivity [18].

The ROP of meso-LA with racemic 16b gave
ht-polymer. To explain the novel formation of the
ht-structure from meso-LA by using racemic 16b,
a polymer exchange mechanism was proposed,
whereby each individual polymer chain

effectively switches between enantiomeric alu-
minum centers before the insertion of the next
monomeric units (Fig. 37) [17].

B-Lactones

Poly(3-hydroxybutyrate) (PHB) is a naturally
occurring polyester produced by a wide variety
of bacteria [18, 19]. Natural PHB consists of
a repeating unit of R configuration at the
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B-position of the ester carbon. PHBs can be pre-
pared by the ROP of B-butyrolactone. It is well
known that there are two mechanisms, i.e.,
anionic and coordination-insertion mechanisms,
for the polymerization catalyzed by metal alkox-
ides. In the anionic mechanism, the alkyl-oxygen
bond of B-butyrolactone (BL) gets detached,
resulting in the inversion of the configuration at
the B-carbon of the monomer (Fig. 38a). On the
other hand, in the coordination-insertion mecha-
nism, ring opening takes place via cleavage at the
acyl-oxygen bond with retention of the asymmet-
ric center configuration (Fig. 38b) [18].

The ROP of rac-BL via the coordination-
insertion mechanism gives if- or st-polymers
(Fig. 39). For example, achiral chromium(III)
salophen complexes 17 (Fig. 40) and silica-
supported Nd-bis(borohydride) species 18
(Fig. 40) produce the it-polymers. Alkyl tin com-
pounds such as 19 (Fig. 41) and achiral Group
3 metal complexes such as 20-22 (Fig. 41) pro-
vide the st-polymers [19].

The ROP of rac-BL with a chiral initiator
proceeds in an enantioselective manner. The
first example is a combination of simple Group
12/13 alkylmetals, such as ZnEt, and AlEt;, with

anionic

/ cleavage at a
o g

-t-- b
s)j
, coordination-

a insertion
cleavage at b

. 0
*'F;\)ko’fn

W

n

Stereospecific Polymerization, Fig. 38 Two kinds of
ring-opening modes in ROP of §-BL

Stereospecific R
Polymerization,

Fig. 39 Formation of it- or

st-polymers from rac-BL

Stereospecific Polymerization

(R)-3,3-dimethyl-1,2-butanediol. In this poly-
merization, the (R)-enantiomer of BL was pref-
erentially incorporated in the polymer chain
(Fig. 42) [19].

Ring-Opening Metathesis
Polymerization (ROMP)

ROMP is a way of making polymers from
a variety of cyclic olefins (Fig. 43) [20]. Strained
monomers are best suited for ROMP, since sec-
ondary reactions of relatively unstrained C=C
bonds in the resulting polymer can thereby be
minimized. Norbornenes and 2,3-disubstituted
norbornadienes have been popular, because they
are relatively inexpensive and can be prepared in
a large variety. The most basic features of the
primary structure of all ROMP polymers are cis
or trans C=C bonds between polymer repeating
units. The relative stereochemistry between
monomeric units (tacticity) is the next important
structural component. Formation of a polymer
with a single structure requires that the polymer-
ization proceeds via a single propagation step that
is a minimum of ~20 times faster than all other
possible propagation steps.

Norbornenes and Norbornadienes

Four regular structures of polynorbornene are
possible as a consequence of a repeated single
ROMP propagation step involving an achiral
monomer (Fig. 44).

Well-defined olefin metathesis catalysts have
been prepared: largely imido alkylidene catalysts
based on Mo or W in the highest possible
oxidation state or catalysts that contain Ru.

ot
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ular structures of polynorbornene
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Stereospecific Polymerization, “First-

generation” catalysts for ROMP

Fig. 45

The cis/trans structures and tacticities of ROMP
polymers have been mostly controlled by Mo and
W catalysts.

Imido alkylidene catalysts for the type M(NR)
(CHR)(OR"), (M = Mo or W), such as 23 and
24 (Fig. 45), are called “first-generation” cata-
lysts. “Second-generation” catalysts of the type
M(NR)(CHR')(diolate), where the diolate is
a chiral and often enantiomerically pure
biphenolate or binaphtholate such as 25 and 26
(Fig. 46), have been developed with a view
toward enantioselective organic reactions.
“Third-generation” catalysts of the type M(NR)
(CHR’)(OR")(Pyr) where Pyr is a pyrrolide or
a substituted pyrrolide such as 27-29 (Fig. 47)
are called MAP catalysts (for monoalkoxide
pyrrolide or monoaryloxide pyrrolide) and are

Stereospecific Polymerization

the first examples that contain a stereogenic
metal center.

Syn and anti alkylidene isomers are possible in
all Mo and W imido alkylidene catalysts for
a generic first-generation catalyst. When
norbornene adds through its exo C=C face to
the rear pseudotetrahedral face, which is formed
by the alkylidene C,, the imido N, and an alkox-
ide O atom at the corner (CNO) of the syn isomer
catalyst, with its ring structure oriented toward
the imido group (“eney,”), the metallacy-
clobutane intermediate is produced (Fig. 48a).
The metallacycle should open to yield the syn +

M, insertion product, if pseudorotation of the
C—C(R’) bond in the metallacycle is slower than
the ring opening of the metallacycle (Fig. 48a). If
the norbornene approaches in an ene,,,,; fashion,
the anti + M,,,,s insertion product should be
formed (Fig. 48b). The two possible additions of
norbornene to the anti isomer catalyst are also
shown in Fig. 48c—d. Any addition of norbornene
to the front CNO face would lead to the mirror
image of one of the insertion products. Therefore,
four energetically distinct pathways for the initi-
ation are possible. A trans double bond is formed
as a consequence of syn/ene,,, or antifeney,
steps, whereas a cis double bond is formed as
a consequence of syn/enesy, or antifene,,,; steps.
If the same CNO face is approached in each step
in the polymerization process of syn/ene,, or
antifene,,;, a cis, it-polymer is formed. If the
alternating CNO faces are approached in each
step, a cis, st-polymer is generated.

The syn and anti alkylidene isomers can inter-
convert at rates that vary by many orders of
magnitude (Fig. 49). The anti isomers bind 2e
donors such as THF more strongly and have
been observed to be much reactive toward some
ROMP monomers. The syn and anti isomers are
key to controlling the manner in which a ROMP
monomer is polymerized.

In a propagating process, the two M = C faces
are different as a consequence of the chiral Cg in
the alkylidene, so eight propagation pathways are
possible. If any alkylidene rotates about the M=C
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Stereospecific Polymerization, Fig. 47 “Third-generation” catalysts for ROMP

bond in the first insertion product (anti — syn or
syn — anti), a mirror image of one of the
remaining three insertion products is generated
(Fig. 50); for example, if anti + M,,,; rotates
180° about the M=C bond, the mirror image of
syn + My, 18 generated. Therefore, one of the
four regular structures could form in two ways.
For example, trans, st-polynorbornene can form
as shown in Fig. 50, if norbornene adds selec-
tively to one M = C face in response to the
chirality at the Cg (chain-end control). The two
mechanisms (syn/ene,,,; and antifene;y,) are dif-
ferent, but each consists of a single type of the
repeating monomeric unit. If other propagating
processes are accessible, a polymer with a single
structure would be less likely to be formed. In any

reaction between an achiral bisalkoxide and an
achiral cyclic olefin, a single tacticity is
a consequence of control via chirality at the Cg
in the alkylidene (chain-end control). It is not
possible to form the trans C=C bond in
a process that consists of one type of the propa-
gation mechanism without converting one
alkylidene isomer to the other before
a subsequent addition of monomer.

Catalysts of the type M(NR)(CHR')(diolate)
were developed in order to provide a higher
degree of tacticity control than that provided
through chain-end control. The asymmetric
nature of a chiral catalyst may control the stereo-
chemistry of monomer addition more efficiently
compared to the chiral Cg in a chain end, and



2300

I T
R"'"O —M R
R"O H

Rllo \;M
R'O H

|
", \\-'M:/\ —— R"O _M R
R"O
R"O/ H €Ne apti |
Ruo H
syn
c F|¥ ?
l H ﬁb N y
n e > Rllo _M
HH(")O/ R' er'|esyn
R"O R.
anti
d T* llq
NoH Ab N
RO M — Ro-mH
R"O R eneanti |
Ruo R‘
anti

Stereospecific Polymerization, Fig. 48

T T
A Ko N
— E—— —
R'O " M=C ‘k— "0 \/M C
R"O Rl s/a R"O H
anti syn

Stereospecific Polymerization, Fig. 49 Equilibrium
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higher tacticity polymers would be expected. If
a chiral metal complex forces the monomer to
add to the same CNO face in each propagation
step (enantiomorphic site control), an iz-polymer
will be formed.

An MAP catalyst has a stereogenic metal cen-
ter. The configuration of the metal can invert via
five-coordinate rearrangement processes. Thus,
the stereochemistry at the metal inverts as

Stereospecific Polymerization
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Four kinds of propagating steps in the ROMP of norbornene

a consequence of each forward metathesis pro-
cesses. A cis, st-polymer should be obtained, if
the monomer approaches in an eney,,, manner at
the trans position to the pyrrolide and the chiral-
ity of the metal inverts with each step (Fig. 51).
cis, st-Structures arise solely as a consequence of
each monomer being forced to add in an ene;y,
manner to syn intermediates, i.e., to the alternat-
ing faces of the M=C bond.

The metal center is the only chiral element
present in initiators. A stereogenic metal center
was proposed to exert a powerful electronic con-
trol on a metal-based catalytic reaction. Thus,
stereogenic metal control is electronic in origin
and is distinct from enantiomorphic site control
and chain-end control.

If the configuration at a stereogenic center
of racemic monomer is the primary
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determinant of which face of the M=C bond Cyclopropenes and Oxanorbornadienes

is attacked by a given ROMP monomer, cis, st-Polymers could be obtained by ROMP of
a cis, st-polymer that contains alternating racemic derivatives of cyclopropenes or
enantiomeric units in the chain will be oxanorbornadienes with MAP catalysts via
formed (Fig. 52). stereogenic metal control (Fig. 53).
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Abbreviations

ATRP Atom transfer radical

polymerization

BMA Butyl methacrylate
CRP Controlled radical polymerization
CTA Chain transfer agent
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DEAEMA  Diethylaminoethyl methacrylate

DMAEMA Dimethylaminoethyl
methacrylate

HPMA N-(2-Hydroxypropyl)
methacrylamide)

LCST Lower critical solution
temperature

LMWD Low molecular weight drugs

NHSAc N-Hydroxysuccinimide acrylate

PDS Pyridyl disulfide

PEAA Poly(ethylacrylic acid)

PEG Polyethylene glycol

PEGMA Polyethyleneglycol methacrylate

PGA Poly(glutamic acid)

pNIPAM Poly(N-isopropylacrylamide)

PPAA Poly(propylacrylic acid)

RAFT Reversible
addition—fragmentation chain
transfer polymerization

SA Streptavidin

Synonyms

Smart conjugates; Stimuli-responsive nanoparticles;
Stimuli-responsive polymer—protein conjugate

Definition

Stimuli-responsive bioconjugates are naturally
produced biomolecules such as protein that are
modified with stimuli-responsive polymers.

Introduction

Bioconjugates that utilize synthetic polymers
to modify naturally produced macromolecules
(e.g., protein, peptide, nucleic acid, etc.) have
a relatively long history of being utilized for drug
delivery, imaging, diagnostics, etc. For example,
poly(ethylene glycol) (PEG) (or its biomolecules)
exhibits nontoxic, nonimmunogenic, and biocom-
patible properties. Therefore, PEGylation that con-
jugates PEG to various biomolecules has been
widely employed to tune the activity of the
biomolecules or passively stabilizing the
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biomolecules in vivo to allow increased blood
circulation time or improved tumor targeting by
the enhanced permeation and retention effect.
Technologies, developed for PEGylation, have
been adapted for other synthetic polymers, which
may also enhance the stability and solubility of the
biological component to which they are attached,
while simultaneously providing responsive behav-
ior and numerous sites for subsequent functiona-
lization (e.g., to allow the attachment of cofactors,
targeting ligands, imaging reagents, etc.).

Stimuli-responsive polymers sharply and
reversibly respond to physical or chemical stim-
uli by changing their conformation and physical-
chemical properties, 1i.e., changing from
a hydrophilic state to a more hydrophobic state.
Poly(N-isopropylacrylamide), pNIPAAm, the
most extensively studied and utilized stimuli-
responsive polymer, exhibits a lower critical
solution temperature (LCST) behavior [1].
Below a defined temperature designated as the
LCST, it is hydrophilic and highly solvated,
while above the LCST, it is more hydrophobic
and aggregated. This temperature transition is
completely reversible and notably sharp around
32 °C. When the biomolecules such as proteins
conjugated with the polymer, the stimuli-
responsive transition properties are conferred to
the biomolecules. The biggest impact of stimuli-
responsive polymers has been in the biomedical
field, where the versatility and usefulness of these
polymers as molecular engineering tools have
been demonstrated in the development of biolog-
ical sensors, drug delivery vehicles, and tissue
engineering. Here we present an overview of
stimuli-responsive conjugates for therapeutic
and in vitro diagnostic applications.

Stimuli-Responsive Bioconjugates for
Therapeutic Applications

Currently, all proteins and peptide drugs target
extracellular receptors because of the difficulty of
intracellular delivery. The intracellular target
universe is rich in disease application space, and
many proteins/peptides are known to agonize or
antagonize key intracellular targets connected
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with a corresponding wide variety of specific
disease etiologies. The ability to deliver func-
tional biologic drugs to intracellular space
would also greatly enhance the capabilities of
the molecular imaging field in both in vivo and
in vitro applications. Viable therapeutic systems
must integrate numerous modular components
with different functional properties into a single
well-defined nanoparticle format. These compo-
nents include a pH-responsive segment that
enhances membrane transport selectively in the
low pH environment of the endosome, a targeting
element that directs uptake into specific cells, and
a versatile complexation element that allows for
spontaneous association with the biologic drug or
imaging agent. These individual functional
requirements must remain active once integrated
together into a total delivery system while
maintaining good biocompatibility. Controlled
radical polymerization (CRP) methodologies,
including the versatile reversible addition—frag-
mentation chain transfer (RAFT) polymerization
process, are rapidly moving to the forefront in
construction of drug and gene delivery vehicles.
RAFT polymerization in particular has allowed
previously unattainable polymeric architectures
to be prepared for pharmaceutically relevant con-
ditions. This unprecedented synthetic latitude is
for the first time allowing for the preparation of
water-soluble or amphiphilic architectures with
precise dimensions and appropriate functionality
for attachment and targeted delivery of diagnos-
tic and therapeutic agents.

Nanoparticle Synthesis

RAFT represents one of the most significant
recent advances in synthetic chemistry and its
application is revolutionizing a broad range of
disciplines from traditional polymer science to
biology. The versatility of RAFT lies in the ele-
gant simplicity of the technique, broad chemical
compatibility, and ease of use. RAFT employs
a thiocarbonylthio compound as a degenerate
chain transfer agent (CTA), which is most
commonly a dithioester or trithiocarbonate.
By simple manipulation of the initial monomer,
CTA, and radical initiator stoichiometry, it is
possible to prepare near-monodisperse materials
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Stimuli-Responsive Bioconjugate, Fig. 1 Synthetic outline for the preparation of sophisticated polymeric architec-
tures for drug delivery and diagnostic applications via RAFT polymerization

over a range of predefined molecular weights.
These agents contain the general structure
shown in Fig. 1, where R is a radical initiating
group and Z stabilizes the thiocarbonyl towards
radical addition. Through a series of chain trans-
fer steps, polymerization proceeds in a controlled
process with most polymer chains containing
R and Z groups at their alpha and omega chain
terminuses, respectively. Following polymeriza-
tion of a given monomer or monomers, the resul-
tant macroCTA can be isolated for use in
subsequent block (co)polymerization steps.
Because this methodology does not require the
use of any toxic metal catalysts, it is particularly
well suited for use in biotechnology applications.
Most commercially available RAFT CTAs,
which contain carboxylic acid functionality, are
modified using standard esterification/amidation
reactions. Because the functional groups are
introduced as part of the polymerization process,
this strategy eliminates the need for costly and
often ill-defined postpolymerization steps (sim-
pler than modification reactions). One particu-
larly  exciting application of R-group
functionalization involves coupling of an
NHS-activated RAFT CTA onto resin bound
oligopeptides [2]. Integrating this strategy into
biologic drug delivery systems has tremendous
potential because of the large number of
potential therapeutic and cell-specific targeting
peptides that can be generated via phage display.

Some examples of Z-functional RAFT CTAs have
also been reported. However, the synthetic meth-
odology needed to prepare these compounds is
less facile than the simple R-group modification.
The distinction between R- and Z-group func-
tionality can be an important criterion when
designing a biologic drug delivery system where
self-assembly of one of the polymeric segments
can sequester the associated group from the aque-
ous phase. Localization of the desired function-
ality on the prescribed chain segment is not
always possible through a simple reversal of the
polymerization steps because many monomer
families show a blocking order dependence. The
thiocarbonylthio group that presents at the omega
chain terminus is itself a versatile functional
group, and numerous examples of its reduction
to a biologically significant thiol group, either
through hydrolysis or aminolyis (if primary
amine is given as the reagent for aminolysis,
then reagent for hydrolysis needs to be given),
have been reported. The progress of these reac-
tions can be conveniently monitored by following
the disappearance of the thiocarbonylthio group
absorbance at 310 nm. Recently, it has also been
shown that a single discrete chemical functional-
ity can be placed at the omega chain terminus
through a chain extension approach. This strategy
takes advantage of the inability of maleimides to
homopolymerize under standard conditions
and eliminates the need for thiocarbonylthio
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cleavage, which can be important in biological
applications where other potential degradable
functionalities are present.

Drug Binding

The mechanism by which biologic drugs are teth-
ered to the polymeric delivery system is depen-
dent on the physiochemical nature of the
biomacromolecule and the clinical application
of the therapeutic construct. Nucleic acids such
as siRNA and plasmid DNA have historically
been tethered to polymer- and lipid-based syn-
thetic vectors by means of strong ionic interac-
tions between the negatively charged nucleic acid
and positively charged polymeric polyamines.
Polyplexes are particularly attractive as a means
of drug binding because these are formed/
obtained/prepared spontaneously simply by
mixing the polymer and drug. This approach
also eliminates the need for functionalized
nucleic acids as well as complex conjugation
reactions. In many cases, the synthetic
polycations are formulated with excess positive
charge relative to the nucleic acid in order to
facilitate nonspecific uptake and endosomal
escape via the so-called proton sponge effect.
This approach however requires the polyplex,
which formed spontaneously in aqueous solution,
to dissociate upon entering the cytoplasmic com-
partment. Quaternary ammonium polymers
containing associated ester functionality are
employed to facilitate greater nucleic acid
release. Upon entering the endosomal compart-
ment, ester moieties are hydrolyzed causing
a change in the polymeric repeat unit from cat-
ionic to zwitterionic. This change not only elim-
inates the strong charge—charge interaction
between the polymer and the nucleic acid but
also increases the biocompatibility of the
polymer.

While a number of synthetic polycations,
including poly(lysine), poly(ethyleneimine)
(both linear and branchy), and acrylic amines,
have been described, their clinical impact has
thus far been limited because of significant
in vivo toxicity. A number of elegant
synthetic approaches have been proposed in
order to enhance the biocompatibility of
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polycation-based delivery systems. These
approaches include the incorporation of degrad-
able linkages, such as disulfide and acetal, within
the polymer backbone and the incorporation of
neutral hydrophilic stabilizers such as polyethyl-
ene oxide. Despite these efforts, significant con-
cerns regarding the ultimate in vivo fate of these
agents remain. Polycation toxicity is mostly acute
when drugs are administered via intravenous
injection because of interaction with lung tissue.
For these reasons, clinical impact of polycation-
based vectors will likely be most significant in
applications such as vaccines and cancer therapy
where subcutaneous or intraperitoneal injections
are possible.

Direct biologic drug conjugates have been
proposed as an alternative mechanism for tether-
ing the polymeric delivery system to the thera-
peutic agent. In these systems, a covalent bond is
formed between the biologic drug and the poly-
meric scaffold. Ideally this bond is stable for
some time in circulation, but upon entering the
endosomal or cytoplasmic compartment, it is
degraded via chemical or enzymatic intervention.
Thiol-reactive pyridyl disulfide (PDS) groups
have been combined with RAFT and “click”
chemistry to prepare end-functionalized
polymer-dendritic carbohydrate scaffolds [3].
This synthetic approach is amenable to a range
of sugar functionalities and has been shown to
efficiently bind siRNA. We have also employed
pyridyl disulfide functional RAFT agents and
monomers to prepare a variety of biologic conju-
gates including peptide, protein, and siRNA. For
example, a pyridyl disulfide functional
trithiocarbonate was employed to prepare
a diblock copolymer containing a biocompatible
HPMA segment for drug binding and an
endosomal-releasing block. Conjugation and
subsequent delivery of the Bak peptide resulted
in pronounce increases in proapoptotic activity
over controls. While degradation of the polymer-
drug linkage is likely a required step for a number
of therapeutic applications, it may not be neces-
sary in all cases. Applications involving large
therapeutic molecules such as antibodies and
large peptides where the mechanism of action is
far from the polymeric tether may function
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effectively without cleavage from the delivery
system. Other applications, such as protein vac-
cines, where peptide linkages within the biologic
drug itself are degraded may provide an alterna-
tive means of drug release. Irreversible conju-
gates using model protein drugs have been
prepared via a variety of chemistries including
alkyne—azide click chemistry, NHS esters, and
thioether.

Cytosolic Delivery

The major challenge associated with the use of
biologic drugs is the need for these agents to be
delivered “outside-in” to the cytoplasmic com-
partment of target cells. Traditional therapies
based on low molecular weight drugs (LMWD)
do not, in most cases, require the use of
endosomal-releasing systems in order to reach
the cytosol. These compounds are able to pas-
sively diffuse through biological membranes
because of their hydrophobic nature and small
size. In contrast to LMWDs, biologic drugs
based on hydrophilic biomacromolecules are
unable to penetrate cell membranes and therefore
must contain some mechanisms of endosomal
escape in order to reach the cytosol. Viruses and
other pathogenic organisms such as Diphtheria
have evolved highly effective delivery systems
for getting nucleic acids and proteins to intracel-
lular locations and targets. These vectors mediate
endosomal escape by incorporating fusogenic
proteins (e.g., hemagglutinin) on their viral coat
that undergo a pH-induced conformational
change from hydrophilic at physiological pH
to hydrophobic in response to the acidic
endosomal environment. At physiological pH
(7.4), these proteins are in a ‘“stealth-like”
conformation, until they are brought into
endosomes. As the pH of these compartments
drops during endosomal trafficking to values of
pH 5.5 or lower, a conformational change is trig-
gered that exposes the membrane-destabilizing
domains.

Based on this biologic design, synthetic poly-
mers have been developed as means of facilitat-
ing cytosolic delivery of intracellular
therapeutics. These materials employ the same
bioinspired pH-sensing strategy by incorporating
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both carboxylic acids and hydrophobic alkyl seg-
ments throughout the polymer backbone. Under
normal extracellular conditions (pH 7.4), these
materials have sufficient negative charge to
render them hydrophilic, but upon exposure to
acidic endosomal compartments, the acid-base
equilibrium is shifted triggering a hydrophili-
c—hydrophobic conformational change. This
transition renders the polymeric materials mem-
brane interactive allowing them to disrupt
endosomal membranes. The pH-responsive
membrane-destabilizing activity of these bio-
logic drug delivery systems can conveniently be
evaluated using a red blood cell hemolysis assay.
In this assay, red blood cells are isolated and
resuspended in buffers chosen to closely mimic
physiological conditions as well as conditions
found in the early and late endosomes. Spectro-
scopic analysis of hemoglobin in the supernatant
can then be employed to quantitate the degree of
red blood cell lysis. This assay has been shown to
be a good indicator of successful intracellular
delivery with materials that display high levels
of red blood cell lysis under acidic conditions,
showing high levels of cytosolic delivery. Spe-
cifically, polyalkylacrylic acids such as poly
(ethylacrylic acid) (PEAA) and poly
(propylacrylic acid) (PPAA) have been shown
to significantly enhance the intracellular delivery
of proteins to the cytoplasm both in vitro and
in vivo.

As an alternative to the alkylacrylic acids,
particle-based delivery systems have been devel-
oped that contain a hydrophobic pH-sensing
endosomolytic  segments  surrounded by
a hydrophilic corona. This technology is based
on the incorporation of both a hydrophobic
membrane-interactive component (i.e., butyl
methacrylate, BMA) and a pH-responsive com-
ponent. These systems employ propylacrylic acid
(PAA) and dimethylaminoethyl methacrylate
(DMAEMA) in approximately equal stoichio-
metric ratios as the pH-sensing component with
between 30 % and 50 % BMA content. Concur-
rent protonation of both carboxylic acid and
amine residues throughout the tercopolymer
shifts the overall charge from approximately neu-
tral at pH 7.4 to a net cationic conformation at
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acidic pH values. In this conformation, the
micelle morphology is disrupted and the resulting
unimers become highly membrane disruptive. In
an iteration of this design, both the PAA and
DMAEMA residues are replaced with diethyla-
minoethyl methacrylate (DEAEMA). The
increased hydrophobicity of DEAEMA coupled
with the BMA content effectively sequesters the
membrane-interactive segment from the aqueous
phase until an acidic environment is encountered.
The optimum composition of DEAEMA to BMA
has been determined to be 60 mol % DEAEMA
and 40 mol % BMA. At this stoichiometric com-
position, the polymeric micelles undergo the
transition from inactive to membrane disruptive
at approximately pH 6.8. Manipulation of
this stoichiometry has been shown to allow
precise tuning of the pH at which the polymer
becomes membrane disruptive. Under extracel-
lular pH conditions, these materials spontane-
ously self-assemble to form  micelles
~30-50 nm in size.

Cell-Specific Targeting

Targeted delivery of biologic and small molecule
drugs has been studied extensively as a way of
improving therapeutic efficiency through the
mitigation of off-target effects and reduction
in effective dose. Targeting functionality is
especially important for applications such as
chemotherapy where the therapeutic agent may
have strong cytotoxic properties. Targeting
agents may be coupled to nanoparticle-based
delivery systems through the use of activated
ester-containing  compounds  resulting in
conjugates linked via stable amide bonds. Typi-
cal activated esters include succinimidyl
and pentafluorophenyl esters as well as
mercaptothiazoline. For example, the controlled
RAFT polymerization of N-hydroxysuccinimide
acrylate (NHSAc) and its copolymerization with
a variety of hydrophilic comonomers has been
reported as a means of preparing protein-reactive
polymers that can be dissolved directly in water
without any tedious (seems better) postpoly-
merization modifications. This approach is espe-
cially versatile for preparing therapeutic and
theranostic polymer—protein nanoparticles in
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that conjugation reactions can be conducted
directly in aqueous solution under mild pH con-
ditions so as not to disrupt secondary and tertiary
protein structures. Folic acid, which mediates
enhanced uptake in many cancers, has also been
coupled to polymeric nanoparticles. This
approach involves the preparation of functional
polymeric scaffold (e.g., amine or hydroxyl) to
which folic acid is then coupled using
carbodiimide chemistry. Folate functionalized
nanoparticles may also be prepared using folate
functionalized or (coupled/linked) RAFT CTAs
which eliminates the need postpolymerization
conjugation and purification steps. Similar to
protein-reactive scaffolds, these materials are
generally composed primarily of a neutral hydro-
philic monomer such as N-(2-hydroxypropyl)
methacrylamide (HPMA) or poly(ethylene gly-
col) methacrylate (PEGMA) with amine or
hydroxyl  functional = comonomers (e.g.,
aminopropyl methacrylamide or hydroxyethyl
methacrylate) added as a minor component.
Manipulation of this stoichiometric ratio pro-
vides a means by which multidentate materials
with controlled distribution of the targeting
groups throughout the polymeric backbone can
be synthesized.

Cell-specific antibodies and proteins may also
be incorporated into therapeutic/theranostic
nanoparticles by taking advantage of the strong
noncovalent interaction between biotin and
streptavidin (SA). This strategy involves the syn-
thesis of polymers/nanoparticles that contain bio-
tin residues, distributed throughout the polymer
backbone or at the chain terminus, that bind
spontaneously to SA-antibody conjugates
(Fig. 2). This approach has been employed to
target polymeric nanoparticles carrying therapeu-
tic RNA drugs to lymphoma cells. Here anti-
bodies targeting the CD22 receptor were
integrated into the delivery system resulting in
substantially higher levels of protein knockdown
(i.e., 70 % mRNA reduction versus 20 % for
negative control antibodies).

Circulation Stability and Biocompatibility
Conjugation of biologic drugs to water-soluble
polymers and nanoparticles has been shown to
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prolong circulation half-life and promote tumor
accumulation [4-6]. Polyethylene glycol (PEG)
conjugates have successfully been used clinically
for cytokine and enzyme delivery. Alternative
polymers to PEG have also been used to impart
protein stability and enhanced circulation time
in vivo including HPMA [7], poly-L-glutamic
acid (PGA) [8], styrene maleic anhydride copol-
ymers [9], and PEGMA. PEGMA is
a polymerizable PEG containing macromonomer
that has been widely employed as a precursor for
the preparation of therapeutic nanoparticles. The
wide variety of bioapplications of these polymers
stem from their water-soluble and biocompatible
properties and nonadhesive nature to proteins and
cells. Previously, various polymerization tech-
niques such as anionic, cationic, ring-opening
metathesis, and free radical polymerization
have been employed to polymerize PEG
macromonomers. The advent of CRP methods
such as atom transfer radical polymerization
(ATRP) and reversible addition—fragmentation
chain transfer (RAFT) polymerization has further
broadened the scope of available PEG-based
macromolecular architectures. The solution prop-
erties of PEGMA depend on its fine balance
between hydrophilic and hydrophobic groups.
While the ether oxygen atoms on the polyethyl-
ene oxide segment form stabilizing hydrogen
bonds with water, the apolar carbon—carbon
backbone increases hydrophobicity. As a result,
poly(PEGMA) with short PEG side chains is only
mildly hydrophilic, whereas poly(PEGMA) with
10 or more ethylene oxide units has enhanced
hydrophilicity [10].
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Stimuli-Responsive Bioconjugates for In
Vitro Diagnostic Applications

Stimuli-responsive bioconjugates are utilized for
biomolecules separation to improve clinical diag-
nostic tests and life science research (Fig. 3).
Immunoassay, one type of clinical diagnostic
tests, which detects trace amounts of certain pro-
teins in human plasma, has enabled clinicians to
identify harmful populations of cells and trouble-
some cellular processes and change clinical man-
agement. Improved assay analytical sensitivity
can help identify those individuals that need
immediate intervention and effectively rule out
disease, and as a result is very useful in screening
situations, where a second-line diagnostic strat-
egy can be used to diagnose disease. Therefore,
manufacturers are constantly improving the assay
sensitivity on their immunoassay analyzers. For
example, every generation of thyroglobulin assay
made improvements in sensitivity, which
resulted in better outcomes for patients after
treatment of thyroid cancer.

Immunoassay utilizes the specific binding
between immobilized antibodies at solid surfaces
and protein biomarkers in the sample fluid.
Antibody-biomarker binding for the immunoas-
say occurs at a solid-liquid interface, resulting in
mass transport barriers. Therefore, the main-
stream immunoassays with solid-phase supports
suffer from slow reaction kinetics due 