Chapter 10 )
Polyphosphazenes as an Example s
of the Element-Blocks Approach to New
Materials

Harry R. Allcock

Abstract Polyphosphazenes are inorganic-organic high polymers with a backbone
of alternating phosphorus and nitrogen atoms and two organic or organometallic side
groups attached to each phosphorus. Most of these polymers are synthesized by
macromolecular substitution reactions carried out on poly(dichlorophosphazene),
(NPCl,),. The chlorine substitution reactions involve alkoxides, aryloxides, primary
or secondary amines, or a range of organometallic reagents. Structural variations are
accomplished via the use of one, two, or more different nucleophiles and substituents
along the polymer chain and by the employment of reagent size and reactivity to
control polymer properties and emphasize specific uses. Applications have been
developed for these polymers as elastomers, thermoplastics, biostable or bioerodible
medical materials, fire-resistant lithium battery electrolytes, films, or foams, and gas
and liquid separation membranes.

Keywords Polymers - Polyphosphazenes - Macromolecular substitution -
Properties - Uses

10.1 Introduction

Numerous advantages exist for the incorporation of inorganic elements into poly-
mers. The inorganic elements broaden the range of structures and properties that are
accessible. They also allow the use of nonclassical synthesis reactions and utilize
starting materials other than oil or natural products. Moreover, the presence of
inorganic elements in polymers provides access to materials that are resistant to
extreme conditions. Examples of these advantages are provided by the
polyphosphazene platform — a group of several hundred different polymers with a
wide range of properties that in many cases cannot be generated from classic
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hydrocarbon-based macromolecules. These advantages have led to advances in
elastomer technology, biomedical materials, non-flammable lithium battery electro-
Iytes, gas transmission membranes, coatings, and textiles [1].

Polyphosphazenes are high molecular weight polymers with a backbone of
alternating phosphorus and nitrogen atoms with two organic inorganic or organo-
metallic side groups attached to every phosphorus atom (Fig. 10.1). The synthesis of
most of these polymers is almost unique since it involves the use of macromolecular
substitution, a process in which a broad range of different side groups and combi-
nations of different groups are linked to the polyphosphazene chain after the
polymerization process has been completed. Thus, one of the main features of this
system is the use of the polyphosphazene backbone as a platform for the introduction
of a wide variety of useful side group structures into a polymer system.

10.2 History

The origins of this field can be traced to the early 1800s when Liebig and Rose [2, 3]
reported that phosphorus pentachloride and ammonia or ammonium chloride react to
yield crystalline solids with the composition NPCl,. Sporadic studies in Europe were
followed by the work of H. N. Stokes in the USA in the 1890s [4], who proposed that
these compounds are ring systems of formula (NPCl,)s 4, 5 ... with alternating
single and double phosphorus-nitrogen bonds. Stokes also found that if any of these
ring systems was heated to ~250 °C, the molten material gelled to a rubbery
elastomer. However, the elastomer was insoluble in all solvents and slowly
decomposed on exposure to atmospheric moisture — a characteristic of
phosphorus-chlorine bonds. Moreover, with modern insight, it is clear that its
insolubility was a strong indication of a cross-linked structure.

We began our studies by showing that the chlorine atoms in the cyclic trimer,
(NPCl,)3, could be replaced by organic groups to produce water-stable derivatives,
and this raised the question of whether Stokes’ high polymeric elastomer would react
in a similar manner. Unfortunately, although some chlorine replacement occurred, the
substitution was incomplete, and the insoluble cross-linked structure remained. As a
result, it became clear that the preparation of stable, high polymeric polyphosphazenes
from poly(dichlorophosphazene) depends on avoiding the cross-linking process. Thus,
the breakthrough experiment was the demonstration that careful purification of the
cyclic trimer and protection of it from the atmosphere, followed by heating at
200-250 °C, resulted in the formation of a polymer that was soluble in benzene,
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toluene, tetrahydrofuran (THF), and other solvents. Once this had been accomplished,
the path was open to replacement of all the approximately 2000-30,000 chlorine
atoms in each high polymer molecule by organic nucleophiles. This remains today the
main method for the synthesis of several hundred different poly(organophosphazenes)
[5-71.

10.3 Polyphosphazene Synthesis

The conventional synthesis of classical organic polymers is accomplished by addi-
tion, condensation, or ring-opening polymerization processes [8, 9] in which the side
groups destined for the final polymer are already covalently linked to the monomer.
A number of poly(organophosphazenes) have been synthesized by similar methods,
especially by condensation reactions [10—15] or by the ring-opening polymerization
of partially organic-substituted small-molecule phosphazene rings. The ring-opening
method is effective only if three or four of the six chlorine atoms remain linked to the
cyclic trimer. However, the molecular weights tend to be much lower than those
obtained via the polymerization of (NPCl,); followed by halogen replacement
reactions carried out on poly(dichlorophosphazene). Thus, this last method has
evolved as the preferred route to exploit the broad scope of this system. Condensa-
tion routes to poly(dichlorophosphazene) are an alternative to the (NPCl,); ring-
opening polymerization process but have a more specialized utility [10-17]. For
example, the living cationic polymerization route to (NPCl,), is a vehicle for the
synthesis of block copolymers [16, 18].

The macromolecular substitution route (Fig. 10.2) [5-7] places few limits on the
types of side groups or the combinations of different side groups that can be
incorporated into the polymers, and this allows a broader range of properties and
potential uses than in almost any other existing synthetic macromolecular system.
Moreover, the main chain lengths are very high — typically from 1000 to 15,000
repeating units depending on polymerization conditions. Each different side group
arrangement gives a polymer with different properties and potential uses.

Thus, to summarize, this synthesis protocol is a two-step process in which a
small-molecule cyclic phosphazene with chlorine side groups is first thermally melt-
polymerized to a reactive polymer, and the chlorine atoms in this high molecular
weight macromolecule are then replaced by a wide variety of different nucleophiles
such as alkoxides, amines, or organometallic reagents either to give single-
substituent or mixed-substituent polymers. Many of these side groups would not
survive the polymerization process if they were present initially on the cyclic trimer,
or they would inhibit the polymerization process. For some phosphazene polymers, a
third step is also possible in which deprotection chemistry is subsequently carried
out on the organic side groups to introduce specific functional units such as
hydroxyl, carboxylic acid, amino, or organometallic units. An idea of the scope of
this approach can be gauged by the abbreviated list of side groups that have been
linked to a polyphosphazene chain shown in Table 10.1.
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Fig. 10.2 The polyphosphazene macromolecular substitution approach

Table 10.1 Polyphosphazene molecular and materials design by side group variations™ ®

For films and fibers For elastomer formation For hydrophobicity
OCH,CF; OCH,CF5/ OCH,CF;
OCH,(CF,),CF,H
OCH,(CF,),CF,H OC¢Hs/OCcH4CHj3 OCH,(CF,),CF,H
OC¢Hs OCH,CF5/OCH,Si(CH;3); | OCgHs
OCsHy (cyclo) OCH,CF5/ OCgFs, OC¢H,F,
cyclophosphazenes
OCgHy; (cyclo) OCH,CFj5/oligophenylenes | OC4H; (cyclo)
OCH,CF5/OCH,)5Si OC5sHy (cyclo)
(CHs); OCgH,; (cyclo)
OCgH,Fs «
OC¢H,Ce¢Hs

For surface hydrophilicity

Bulky side groups with
special properties (1)

Bulky side groups with special
properties (2)

OCH,CH,OCH,CH,OCH; Adamantane Organic dyes
and branched analogs
OCgH4COOH (PCPP) and Na | Cyclodextrin Phthalocyanines
salt
OCgH4SO3Na Cyclotriphosphazene Phthalocyanine-metal complexes
OCeH4SO:H Cyclotetraphosphazene Tetraphenylporphyrin
OC¢H4NH, Oligophenylenes Ferrocene
Glucosyl, POSS Phenanthrene
Glyceryl Phosphazo Carboranes
NHCH; Azo dyes

For ionic coordination (Li ion
batteries and fuel cell
membranes)

For high Tg’s (above
37°C)

For solubility in water

(continued)
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Table 10.1 (continued)

OCH,CH,OCH,CH,0CHj; NHC¢Hs; NHCH;
and branched analogs
Crown ethers OCgH4CgHs OCH;
OC¢Hs/OCcH4SOzH OC¢H4COOH OCH,CH,OCH,CH,0OCHj3; and
branched analogs
OC¢Hs/OCcH4P(O)-(OR),OH | OCcH,COONa OC¢H,COONa
OC¢Hs/OCcH4P(O)NHS- OC¢H,N=CHR OC¢H,SO;H
0,CF; Glucosyl Glucosyl
Glyceryl
High refractive index glasses | For pyrolysis to ceramics | For electronic conductivity
OCgH4CgHs Borazine side groups TCNQ derivatives

O-naphthalene

O-anthracene

Aryloxy-Cl, Br, 1

S-containing side groups

Amino side groups

Pyrrole, thiophene, furan groups

Ferrocene

Metal coordination groups

For micelle formation

For fire retardance

Phenanthrolene-metal

Bipyridine-metal

Terpyridine-metal

Phthalocyanine-metal

Carboranyl

Metallocenes

Imidazolyl

Pyridinyl

OCH,CH,SCH;

OC¢H,PPh,

Block copolymers with
hydrophobic and hydro-
philic blocks

Most low- or medium-carbon
side groups such as:

OCH,CCl,

OCH,CF;

OC5H5

OCH,CH,0OCH,CH,0CHj;

Photonic/NLO/liquid crystal-
line polymers

Organoboron and
organosilicon side groups

Organometallic side groups

OCgH4CgHs Carboranes Ferrocene
OCgH4N=NC¢H,OCH; Borazines Metal carbonyls such as
O(CH,CH,0),- C¢H;N=N- OCH,Si(CH3)3 Co,(CO)g
aryl
OCH,CH,N(Et) O(CH,);Si(CH3); FeCp(CO),
CgHyN=NCgH N O,
O(CH,CH,0),- OCg¢H,Si(CH3)3
CgH4,N=NCgH5C4Ho
Spiropyrans NH(CH,);Si(CH3),Si
(CH;)3
O-naphthalene NH(CH,);POSS
O-anthracene
Halogenoaryloxy
S-containing groups
Tissue engineering applica- Tissue engineering appli- | For biostability

tions (1)

cations (2)

(continued)
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Table 10.1 (continued)

Ferulic acid Serine OCH,CF;

Aldehyded dextran Threonine OCH,(CF,),CF,H

Citronellol Dipeptide OCeHsR

OCHQCH:; Vitamins OCstl(CH3)3

Ethyl glycinate Phosphoesters OCH,CH,OCH,CH,OCH;

Ethyl alanate Choline

Ethyl phenylalanate Glucosyl

Bioerodible polymers (1)

Bioerodible polymers (2)

Bio-imaging and drug delivery

Ethyl glycinate

Ferulic acid

Gold nanospheres with PCPP
coatings

Ethyl alanate Aldehyded dextran Iodine-containing amino acids

Ethyl phenylalanate Citronellol

Serine OCH,CH;

Threonine Vitamins

Dipeptides Phosphoesters

Imidazolyl Choline

Glucosyl Glyceryl

For linkage to bioactive Polymeric drugs Microsphere or micelle

agents Jformation

OCgH4NH, Ciprofloxacin OCcH,COOH

OC¢H,COOH Norfloxacin OC¢H,SOsH

OCH,N*R3Br- Cis-platinum Hydrophobic polyphosphazene
plus hydrophilic organic block
copolymer

OCH,CH,OCH,CH,NH, Catecholamines Hydrophilic polyphosphazene

Proteins plus hydrophobic block

copolymer

“Details regarding these polymers can be found in Ref. [1] and in the other sources listed here
Note that all of these side groups can also be accompanied along the polymer chain by other groups
to allow different properties to be combined. Block copolymers are also utilized to combine two sets

of properties

10.4 Challenges in the Macromolecular Substitution

Process

The macromolecular substitution route to poly(organophosphazenes) is feasible
mainly because of the high reactivity of the phosphorus-chlorine bonds in poly
(dichlorophosphazene). However, this advantage must be balanced by several
restrictions. First, by the end of the macromolecular substitution process, all the
chlorine atoms must have been replaced by organic groups. Failure to accomplish
this would leave the polymer liable to at least partial hydrolytic decomposition as
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residual P-CI groups were hydrolyzed to P-OH units, which could then react to form
cross-links or trigger hydrolytic cleavage at various sites along the chain. Perhaps the
most remarkable thing about this synthesis is the fact that thousands of substitution
reactions can be carried out efficiently on each macromolecule. Full substitution
usually requires that a small excess of reagent is needed to ensure complete chlorine
replacement.

Second, di- or multifunctional reagents cannot be employed directly for the
macromolecular substitution reactions. The presence of more than one functional
group in each nucleophile would allow it to react with two or more polyphosphazene
chains to cross-link the system before halogen replacement is complete. This
limitation can be circumvented by using protection techniques for some of the
reactive units on a multifunctional reagent, followed by deprotection once the
organic group has been linked to the main chain [19]. For example, the alkyl ester
of p-hydroxy sodium benzoate reacts cleanly with poly(dichlorophosphazene) to
yield a polymer with aryloxy ester side groups. Subsequent hydrolysis of the ester
groups to carboxylic acid units generates the functional polymer [NP
(OC¢H4COOH),],,. This could not have been accomplished by the direct reaction
of p-hydroxybenzoic acid with poly(dichlorophosphazene). Protection-deprotection
techniques have been used extensively in our laboratory for the linkage of biolog-
ically useful organic groups to the polymer chain [19].

Third, macromolecular S2 substitution reactions are sensitive to steric inhibition
if bulky nucleophiles such as steroids [20], iron porphyrins [21], or carboranes [22]
are employed. However, in such systems typically ~10 to 50% chlorine substitution
by bulky nucleophiles can be achieved, and this can then be followed by replacement
of all the remaining chlorine atoms by less-hindered reagents. Some of the most
interesting polymer produced in our laboratory in recent years have utilized this
technique to yield mixed-substituent polymers with unexpected and useful proper-
ties [23-28]. Inherent in this technique is the question of the pattern of chlorine
replacement (Fig. 10.3) and the effect of the substitution pattern on properties.

For example, following the replacement of the first chlorine atom somewhere
along the polyphosphazene chain, the possibility exists that the second substitution
will occur either at that same phosphorus atom or at a distant location along the
chain. Steric hindrance will play a role in this process, which should (and does)
become evident with the bulkiest nucleophiles. Alternatively, strong electron
withdrawal by that first side group could favor the second substitution at the
same phosphorus atom (geminal) or at a nearby phosphorus atom. Identifying
these substitution patterns with a high polymer is a major challenge that can
sometimes be approached through the study of >'P NMR spectra as the reaction
proceeds.

In spite of these limitations, more than 250 different organic side groups have
been linked to the polyphosphazene chain, to give one of the largest known synthetic
polymer systems.
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Fig. 10.3 Alternative substitution sites along the polyphosphazene chain following the first
chlorine replacement reaction

10.5 Broader Perspective

The differences between this polymer chemistry and traditional macromolecular
science will be clear from the preceding discussion. However, it is necessary to
view the polyphosphazene field further from two related but different points of view.
First, there are inherent properties that arise because of the presence of inorganic
elements in the backbone. Second, there are properties and design opportunities that
result from the backbone being used as a carrier for specific side groups. The
properties uniquely depend on both the backbone and the side groups, and only in
a few cases, where the backbone is buried beneath massive side group structures, is
the influence of the backbone relatively unimportant. The following discussion is
organized into these two aspects.

10.6 Properties Generated by the Inorganic Backbone

The following special properties are a consequence of the phosphorus-nitrogen
backbone.

1. High skeletal flexibility. Unlike organic polymers such as polyacetylene that have
conjugated electronic unsaturation along the main chain, the polyphosphazene
skeleton has a high flexibility based on an unusually low barrier to torsion of the
P-N bonds. This becomes manifest in low glass transition temperatures in the
range of —100 to —60 °C, provided the side groups are themselves flexible or
have small dimensions. For example, with flexible side groups such as ethoxy,
propoxy, butoxy, etc., T,’s in the —90 to —100 °C are accessible [29]. Even with
fluoroalkoxy side groups, the T,’s are generally below —40 °C [30]. Only when
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Fig. 10.4 Highly simplified bonding scheme for polyphosphazenes in which a mismatch of orbital
signs at the 3d orbitals of phosphorus prevents long-range electron delocalization. (a) Electrons
beyond those required for the sigma-bonded skeleton, which may interact in highly unusual ways to
stabilize the P-N bonds. (b) The pi-bond “island” model proposed to explain why long-range
delocalization of pi-electrons is apparently absent. (c) Illustration of why the barrier to torsion of the
backbone bonds is so low, because the nitrogen lone pair orbitals can overlap different d-orbitals as
the bond undergoes torsion

rigid, bulky side groups are linked to the chain do the T, values start to climb.
Poly(diphenoxyphosphazene) has a T, near 0 °C [31], and the related polymer
with p-phenylphenoxy side groups has a T, near 90 °C [32]. 2-Naphthoxy side
groups raise the T, to ~40 °C. In the simple valence bond model, the skeletal
flexibility is attributed to the presence of P-N-P three-center “islands” of d,-p,
character (Fig. 10.4) rather than the stiff, broadly delocalized p,-p, chains as
found in organic semiconductors. In the polyphosphazene chain, there is a
mismatch of orbital signs at every phosphorus atom, which restricts electron
delocalization to just three skeletal atoms.

2. Radiation stability. The polyphosphazene backbone is transparent throughout the
visible region of the spectrum and into the 220 nm region of the ultraviolet, again
a consequence of limited electron delocalization and a large band gap. This
transparency provides resistance to photolytic decomposition in sunlight. More-
over, the free radical skeletal decomposition pathways that are common in
classical polymers appear to be absent in this system.
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3. Nonmetallic appearance. Polymers with broadly delocalized electrons in the
main chain, such as polyacetylene or polythiazyl, have a metallic appearance.
Polyacetylene resembles either silver or gold in appearance and polythiazyl is
gold. No polyphosphazenes synthesized to date have this characteristic, which is
a strong indicator of a high band gap and poor electron delocalization along the
backbone.

4. Fire resistance. One of the most serious defects associated with many classical
organic polymers is their combustibility, due to the thermo-oxidative free radical
sensitivity of C-C and C-H bonds. Attempts to confer fire resistance on classical
polymers are often made by the addition of organophosphorus small molecules.
These small molecules can migrate in the solid or volatilize from the material over
time. However, many phosphorus-nitrogen-based polymers have been shown to
be inherently fire resistant throughout their lifetime [33-35].

10.7 Properties Generated by the Organic Side Groups

The sensitivity of P-Cl bonds to nucleophilic substitution is well known for small-
molecule phosphorus compounds such as PCl; and PCls, and this is also the key to
the macromolecular substitution pathways on which most of the chemistry of
polyphosphazenes is based. Thus, this inorganic backbone is an excellent platform
for the linkage of a broad range of different organic substituents that confer special
properties on the polymers. In this way the characteristics of the final polymers can
be controlled by the broad range of available organic nucleophiles, including
properties that result from the permutations of two or more different side groups
along the same chain. The following observations summarize some of the main
trends. Specific examples are shown in Table 10.1.

1. Alkoxy side groups. Short, non-fluorinated alkoxy side groups have a high
torsional mobility, and this, combined with the flexibility of the backbone,
leads to the formation of polymers with low glass transition temperatures (Ty).
For example, the following T, values are associated with polyphosphazenes that
bear side chains such as ethoxy (—84 °C), propoxy (—99 °C), n-pentoxy
(=102 °C), n-hexoxy (—104 °C), and n-octoxy (—104 °C) [36]. Ethoxy side
groups impart hydrolytic sensitivity [37], a property that suggests biomedical
uses since the hydrolysis products are an innocuous mixture of phosphate,
ammonia, and ethanol.

2. Cycloalkanoxy side groups. This series of polymers [38] (Fig. 10.5) provides an
excellent example of how an increase in the dimensions of side groups linked to a
polyphosphazene chain affects the ease of chlorine replacement and the glass
transition temperatures. The glass transition temperatures rise steadily from
—60 °C when all the side groups are cyclo-butanoxy to +40 °C for cyclo-
octanoxy groups. Cyclobutanoxide through cyclohexanoxide anions react with
poly(dichlorophosphazene) to give transparent, hydrophobic, film-forming
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polymers. However, the increased steric hindrance along this series requires
increasingly more forceful conditions to replace all the chlorine atoms. The
reaction of poly(dichlorophosphazene) with the cyclohexanoxy anion is one of
the slowest reactions encountered in all the macromolecular substitution reactions
studied, and forcing conditions (high temperatures, a large excess of nucleophile,
and prolonged reaction times) are needed to ensure complete chlorine replace-
ment. However, only the cyclo-octanoxy anion failed to replace all the chlorine
atoms along the chain even under the most forcing reaction conditions. Molecular
modeling of this system [38] illustrates clearly how the remaining P-Cl bonds are
effectively buried within the electron density of the organic side groups already
present. Nevertheless, separation of these cyclic structures from the reactive site
by the introduction of methylene spacer groups allows even the most hindered of
these rings to be linked to all of the reactive sites along the polymer chain. Partial
substitution with cycloalkanoxy groups leaves P-Cl units that can be replaced by
other less-hindered groups, such as trifluoroethoxy groups.

-0—

& O O

3. Fluoroalkoxy side groups. Fluoroalkoxy side groups such as trifluoroethoxy,
CF3;CH,0-, or octafluoropentoxy (HCF,(CF,);CH,O- have proved to be some
of the most useful side units in the polyphosphazene series [1, 5, 6, 39, 40]. The
polymer with trifluoroethoxy side groups is a hydrophobic, opalescent, micro-
crystalline, and film and fiber former (T, = —66 °C, T\, = 242 °C) with numerous
intermediate phase transitions, whereas the counterpart with octafluoropentoxy
side groups is a soft, transparent film former (Tg = —64 °C). Combined as a
50-50 ratio in one polymer, these side groups yield amorphous, gum-like mate-
rials, but when lightly cross-linked, they are converted to elastomers [40]. These
mixed-substituent, cross-linked polymers have been commercialized under the
trade names such as PN-F® or Eypel-F® and have been utilized both for severe
environment aerospace applications and as dental materials. Research is currently
ongoing to optimize them as cardiovascular elastomers.

4. Aryloxy groups. Numerous poly(organophosphazenes) with aryloxy side groups
have been reported. As mentioned above, non-fluorinated phenoxy side groups,
with their moderately bulky profile, have the effect of raising the glass transition
temperatures to —8 °C [15, 41, 42]. They yield flexible fiber- and film-forming
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materials rather than soft elastomers. Polyphosphazenes with substituted phenoxy
side groups have been studied in detail [41]. Larger aryloxy units such as
biphenyloxy (T, = 93 °C), triphenyleneoxy, tetra-phenyleneoxy, etc. progres-
sively reduce the chain mobility and raise the glass transition temperatures. With
linear tri- and tetra-phenyloxy groups, 100% replacement of the chlorine atoms in
(NPCl,), is not possible due to steric hindrance, although partial substitution
below 50% is feasible [24-26]. The remaining chlorine atoms can be replaced by
smaller side groups such as trifluoroethoxy. Noncrystalline elastomers are formed
from normally microcrystalline polymers when ~5 to 8% of the side groups are
bulky co-substituents.

Fluoroaryloxy groups have two influences on polymer properties. First, they
withdraw electrons from the skeleton, which is a stabilizing effect.
4-Fluorophenoxy side groups increase hydrophobicity but have little effect on the
T, (—6.6 °C). However, as the level of side group fluorination increases beyond this
point, the T, values rise and the solubility in organic solvents falls.
Pentafluorophenoxy side groups can replace all the chlorine atoms in (NPCl,), but
only under forcing reaction condition. Moreover, the molecular rigidity of this
system is such that the detection of T, and Ty, transitions becomes difficult. These
side groups confer special properties on the polymers including resistance to non-
polar solvents. Trifluoromethyl side groups linked to the phenoxy units have only a
marginal effect on the chlorine replacement reactions but have a marked effect
through an increase in hydrophobicity and general chemical stability.

5. Alkyl ether side groups. Oligo-ethyleneoxy-type side groups can be readily
linked to a polyphosphazene chain via the sodium salts of the appropriate
alcohols [43-45]. For example, complete chlorine replacement occurs with
nucleophiles such as NaOCH,CH,OCH,CH,0OCHj; and its branched isomers.
The resultant polymers are water-soluble and water-stable and form hydrogels
when lightly cross-linked by exposure to gamma irradiation. In the anhydrous
state, these polymers are excellent solid ionic conductors for lithium ions, with
conductivities of ~107> S/cm in the absence of etheric solvents, but have values
higher than 1072 S/cm when small amounts (~10%) of etheric solvents are
present. Experimental non-flammable lithium ion batteries with either graphite
or metallic lithium electrodes and these electrolytes have been fabricated and
tested in our program.

6. Alkylamino and arylamino groups. As shown in Fig. 10.2, chlorine replacement
in (NPCl,), is also possible using primary or secondary amines as nucleophiles
[7]. In most reactions a tertiary amine such as triethylamine is present to capture
and insolubilize the hydrogen chloride formed in these processes. These reactions
are particularly important for the linkage of biologically interesting side groups to
the polyphosphazene skeleton. Typical amines that have been used in these
reactions include ethylamine, propylamine, etc.; amino acid esters such as the
ethyl esters of glycine, alanine, and phenylalanine [19]; and a range of bioactive
molecules with NH functional units. Hydrogen bonding between NH bridging
units within the polymer matrix is believed to be responsible for higher T, values
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than in the case of similar side groups linked to the skeleton through alkoxy or
aryloxy bonds.

7. Organometallic side groups. A variety of different organometallic side groups
such as metal carbonyls or metallocenes have been linked to the phosphazene
skeleton. These substitutions are somewhat more challenging than the reactions
of oxo- or nitrogen nucleophiles with poly(dichlorophosphazene) because some
organometallic nucleophiles can coordinate to the polymer backbone nitrogen
atoms via their lone pair orbitals. Thus, the following special techniques were
developed to circumvent this problem.

First, small-molecule model reactions were explored to optimize reaction condi-
tions [46—48].

Second, an avoidance of organometallic side reactions was accomplished by the
use of an alternative strategy, using the following logic. Because coordination of
metallo species to the backbone nitrogen lone pair orbitals leads to side reactions,
withdrawal of those electrons from nitrogen by the use of fluorophosphazenes
should lead to halogen replacement rather than nitrogen coordination. The linkage
of ferrocenyl side groups to a polyphosphazene chain was accomplished by an
unusual variation of the polyphosphazene substitution route. Thus ferrocene was
first linked to a fluorophosphazene cyclic trimer, either through a single linkage or
through a transannular structure, and that trimer was thermally polymerized
[48]. The remaining fluorine atoms in the resultant polymer were then replaced by
trifluoroethoxy groups. Ring strain in the transannular trimer provides an extra
driving force for the ring-opening polymerization.

Polymerization of (NPF,); to (NPF,),, followed by replacement of fluorine, in the
manner discussed for chlorophosphazenes, is not possible because the high polymer
is insoluble in all except a few rare fluorocarbon solvents. Thus, this pathway has not
been developed. However, the cyclic trimer N3P3FsCgHs does polymerize to an
organic soluble polymer, and this then allows direct replacement of P-F bonds by
organic or organometallic anions.

8. Metal coordination side groups. Coordination of metals to a polyphosphazene
can be accomplished either through the skeletal nitrogen atoms or through
nitrogen, sulfur, or phosphine ligands in the side group structure. Thus, pendent
macrocyclic rings, thioethers, phosphine, or amino ligands provide a facile means
for the immobilization of metal atoms or clusters [49]. Some of these are of
interest as immobilized catalysts.

9. Substituent exchange. Replacement of all the chlorine atoms along a
polyphosphazene chain by organic groups is not necessarily the final process
since some organic side groups already present may be displaced by other
alkoxides [50, 51]. For example, the aryloxyphosphazene polymer [NP
(OCgHs),], in solution can be modified by exposure to nucleophiles such as
sodium trifluoroethoxide. Trifluoroethoxy groups have been displaced in
solution-state reactions by longer-chain fluoroalkoxy groups to give mixed-
substituent species. Of additional interest is the possibility that such side group
exchange reactions can take place selectively at the surface of a solid polymer
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fiber or film leaving the interior polymer intact. Thus, a hydrophobic polymer
may be modified by surface exchange to have a hydrophilic interface. Such
reactions become important for the modification of bio-implantable polymers in
the body, where the deposition of biomolecules on the surface is required for
maximum biocompatibility.

An alternative approach for surface modification is to use an environmental
oxygen or nitrogen plasma [52] to implant hydrophilic amino, oxo, or hydroxy
groups into the surface of a hydrophobic material. The relative stability of the
inorganic polymer backbone to plasmas reduces the possibility of general
degradation.

10.8 Design Opportunities Connected with the Introduction
of Bulky Side Groups

As mentioned earlier, the dimensions of the reactants influence the progress of
nucleophilic substitutions, even when two small molecules are involved in the
process. Steric influences become even more important when a small-molecule
nucleophile reacts with a macromolecule. The twisting and coiling of a polymer
molecule in solution present a hindered target for the nucleophile especially when
many of the reactive sites on the polymer are shielded by substituents already
present.

This is certainly the case for the reactions of poly(dichlorophosphazene) with
bulky aryloxides or amines. In many cases the steric hindrance will be inconsequen-
tial at the start of the chlorine replacement process, but it will become increasingly
restrictive as fewer and fewer P-Cl units remain along the chain. Thus, studies with
bulky nucleophiles, such as those shown in Fig. 10.5, assume a special significance
if these groups are designed to confer special properties on the polymers. Such
groups include multi-ring aromatic chromophores, transition metal catalysts, or
photonic species. Large amino acid esters or steroids and other biologically inter-
esting units are bulky structures that are attractive side groups for linkage to a
polyphosphazene chain.

Recent work in our program has revealed another aspect of this principle — the
design and synthesis of new polyphosphazene elastomers based on what appear to be
the intermolecular interactions between bulky side groups. This becomes manifest in
polyphosphazenes that contain minor percentages of bulky side groups interspersed
among a majority of smaller side groups. Some of the bulky side groups shown in the
polymers in Fig. 10.5 illustrate this principle.

A striking example of the influence of bulky side groups is where the
polyphosphazene with all trifluoroethoxy side groups is a microcrystalline, film-,
or fiber-forming polymer. It can be oriented by stretching, but it is not elastomeric.
However, the presence of roughly 5-8% of bulkier side groups (such as the two
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shown at the top of Fig. 10.5) eliminates the crystallinity and converts the material to
a rubbery elastomer, without chemical cross-linking [23-26].

Polyphosphazenes that bear end groups or side groups that associate with other
molecules via a “lock and key” arrangement have also been studied [53]. Thus,
polyphosphazenes that bear hydrophobic adamantane units linked to the ends or
middle units of a chain form host-guest complexes with beta-cyclodextrin units
arrayed along an organic polymer. These complexes form a variety of structures
such as “palm tree” or reversible cross-linked arrangements.

10.9 Practical Applications of Polyphosphazenes

The ability to use the polyphosphazene chain as a carrier for different side groups
opens numerous avenues for addressing practical problems, and many of these
possibilities remain to be exploited. Two summaries that address this topic were
published in 2003 [1, 54]. The following are a few examples that illustrate both the
earlier and more recent initiatives.

1. Biomedical Applications. First, the coupling of biologically useful side groups to
the phosphazene polymer chain can be utilized for the controlled delivery of
drugs either for subcutaneous implantation or as soluble molecules or
nanospheres or microspheres that circulate in the blood. Polymers have been
also designed to self-destruct by hydrolysis to release the drug following changes
in pH or other stimuli [55-58].

Second, pH- or ion strength-responsive alkyl ether-substituted polyphosphazene
membranes have been fabricated for the controlled release of drug molecules, or for
the incorporation of enzymes, the permeability of which can be controlled by pH
variations in the body [59].

Third, an appropriate choice of amino acid ester side groups can yield a polymer
that serves a structural role in the body before bioeroding by hydrolysis to harmless
products in what is called a tissue engineering procedure. Such polymers can in
principle be used as resorbable surgical sutures, woven surgical mesh, or bone
regeneration matrices. Bone regeneration has been a particular target in our
collaborative program with the group of C. Laurencin at the University of
Connecticut [60—64].

In another medical application, gold nanospheres coated with a polyphosphazene
with ionically cross-linkable functional groups (PCPP) have been utilized by our
collaborators at the University of Pennsylvania both for the imaging and identifica-
tion of diseased tissue or for targeted drug delivery [55].

Dentistry is an area of biomedical materials development that has long utilized
polyphosphazene elastomers [65]. The elastomers in question are mixed-substituent
fluoroalkoxy polymers of the “PN-F” type (see earlier) which are incorporated into
an interpenetrating network with a second polymer such as ethylene glycol
dimethacrylate or trimethylolpropane trimethacrylate. The composite material has
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advantages over other materials because of its antifungal properties and its ability to
absorb energy without instant rebound. It is also considered to be a favorable
material for maxillofacial prosthetics.

Finally, cardiovascular devices and microspheres have been coated with the
hydrophobic [NP(OCH,CF;),],, or similar fluorophosphazenes to retard detrimental
blood/materials interactions. This application is in semi-commercial use for drug
delivery applications and for coating implanted anti-thrombogenic treated
devices [66].

2. Battery and Solar Cell Electrolytes. As mentioned earlier, the MEEP family of
polyphosphazene (with alkyl ether side groups) has been investigated in some
detail for rechargeable lithium battery electrolyte applications. These polymers
are good solid or gel solvents for lithium salts, and the gel forms provide
conductivities above 10~ C/cm. The fire-retardant characteristics of these poly-
mers are particularly interesting in view of the known flammability of most
organic liquid electrolytes [67, 69].

3. Hydrophobic and Super-hydrophobic Films, Fibers, and Foams. The combina-
tion of water repellency and limited organic solvent solubility means that
fluoroalkoxy and fluoroaryloxy polyphosphazenes have some advantages over
classical fluorocarbon polymers. In particular, nanofiber mats made by
electrospinning or surface coatings or wire coatings applied from solution have
potential uses in aircraft anti-icing surfaces and (as mentioned above) in biomed-
ical devices. The solubility of [NP(OCH,CFj3),],, in supercritical carbon dioxide
has facilitated the fabrication of expanded hydrophobic foams for possible use as
fire-resistant flotation constructs [70].

4. Traditional Photographic Applications. Patents have been issued by Fujii Photo
Film, Eastman Kodak, and Konica for the use of alkyl ether- or phenyl alkyl
ether-substituted polyphosphazenes as antistatic agents in silver halide films and
as components in processing solutions [71-73]. It appears that these applications
are based on the cation coordination properties of the polymers and the
amphilicity.

5. Fire-Resistant Applications. Small-molecule cyclic phosphazenes with aryloxy
side groups have been offered commercially for several years as fire retardants
additives for conventional organic polymers. An application for the polymers is
as fire retardants for polyurethanes in which the polyphosphazene becomes
chemically bonded into the polyurethane network [74].

6. Optical and Photonic Applications. The control of refractive index by side group
variations is being considered for a number of optical applications [75, 76]. More-
over the linkage of nonlinear optical side groups suggests applications in pho-
tonic switches. Dye molecules linked to the polyphosphazene chain have been
proposed as non-light-scattering primary color filters for imaging sensors [28]. In
earlier work polyphosphazenes with liquid crystalline and photochromic side
groups have been studied in some detail [76]. Light-emitting polymers with
phosphazene components have also been described [77].
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7. High-Performance Elastomers. One of the earliest uses for fluoroalkoxy or
aryloxy polyphosphazenes was as energy-absorbing, solvent- and fire-resistant
elastomers for uses in aircraft, satellites, or fuel lines in automobiles. This interest
continues as one of the major applications of polyphosphazenes [1].

8. Membranes. Numerous technological membrane applications for both gas and
liquid separations have been studied [78, 79]. The most recent interest is in
polyphosphazenes for carbon dioxide separations as part of the CO, sequestration
program for counteracting global warming [79]. As with many other phosphazene
applications, the ease of manipulating properties by side group variations is
considered to be a major advantage compared to other polymers.

10.10 The Future

The broad span of side groups and skeletal architectures currently known for the
polyphosphazene platform already exceeds the scope of most other synthesized
macromolecular systems. However, this is just a fraction of the number of different
polymers and architectures that will probably become accessible in the future based
on an expansion of current knowledge. Moreover, the practical applications of these
polymers are only just beginning to be investigated, and this aspect also foretells a
promising prospect in the coming years. The diversity of the polyphosphazene
platform is also an indicator of what can be expected for other, still undeveloped
polymers and materials that combine the attributes of the inorganic and organic
elements.
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