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ABSTRACT
The work in this thesis is divided into two main parts. The first part examines the
synthesis and characterization of polyphosphazenes as potential scaffolding materials usable for
hard tissue repair. The goal of this work was to design polymers containing acidic functional
groups in an attempt to encourage the deposition of calcium hydroxyapatite when the polymer is
exposed to simulated body fluids. The second part examines the development of a new polymeric
architecture which generates elastomeric properties without the use of traditional covalent or
physical crosslinks. The goal was to examine the effects of this new architecture on the physical
and mechanical properties of the final polymers. While the two main foci are very disparate, they
are connected by the fundamental quest to explore and expand the potential application of
polyphosphazenes.
Chapter 1 provides a general background for the two main focus areas mentioned above.
More specifically: a brief explanation is provided of the necessary physical and chemical
properties of a suitable hard tissue engineering scaffolding substrate, and the basis of those
requirements; together with an examination of the traditional ways in which elastomeric
properties are introduced into a polymeric sample. In addition, the chemistry and selected
applications of polyphosphazenes are also introduced.
Chapter 2 details the design and synthesis of polyphosphazenes bearing phosphonic acid
and phosphoester side groups using two different routes. The first route utilized a linker unit
which was functionalized with phosphoesters prior to its attachment to the polyphosphazene
backbone, while the second route involved attachment of the same linking group to the
polyphosphazene backbone before the introduction of the phosphoester moieties. In both cases,
the samples were treated with iodotrimethylsilane to cleave the ester bonds and afford the parent
phosphonic acid. Both routes proved successful. However, varying difficulties were encountered
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for each route. The attachment of a phosphonated side group allowed the synthesis of final
polymers with a higher total concentration of phosphonate groups. However, due to insolubility
issues encountered during the deesterification, only a portion of the ester groups were cleaved.
This resulted in a decreased concentration of acidic groups along the polymeric backbone. These
solubility issues were not encountered for the second route, in which the linker group was
phosphonated after attachment to the polymer backbone, resulting in complete removal of the
ester groups. However, due to a decreased efficiency of the phosphonation step, not all of the
linker groups could be functionalized, and this limited the total phosphonic acid content along the
polymer chain. The author was responsible for the synthetic work associated with the prior-sidegroup assembly route, while the post-side-groups assembly work was performed by Dr. Nicole
Morozowich. The manuscript is published in Macromolecules (year 2012, volume 45, pages 7684
– 7691).
In Chapter 3 we examine the ability of the phosphonic acid functionalized
polyphosphazenes described in Chapter 2 to mineralize calcium hydroxyapatite when exposed to
simulated body fluid, which has the same ion concentration as human blood plasma. Scanning
electron microscopy studies revealed that those polymers which were synthesized by
phosphonation of the linker group after its attachment to the polymer backbone had a higher
degree of inorganic deposition along the surface. However, these polymers had a lowed overall
concentration of phosphonate groups per polymer chain. The inability to fully remove the ester
protecting groups proved to be a key driving force for this increased activity. In addition, Time of
Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) analysis was utilized along with X-ray
scattering to provide confirmation that the deposited phase was calcium hydroxyapatite, the
natural mineral of bone. The author was responsible for the synthesis of the polymers in
collaboration with Dr. Nichole Morozowich. The ToF-SIMS analysis was performed by Dr.
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Jordan Lerach and Dr. Lauren Jackson working in the lab of Dr. Nicholas Winograd. The
manuscript is published in RSC Advances (year 2014, volume 4, pages 19680 – 19689).
Chapter 4 describes the development of a family of carboxylic acid functionalized
polyphosphazenes and the examination of their ability to mineralize calcium hydroxyapatite when
exposed to simulated body fluids. The acid moieties in this system are introduced by the
incorporation of the allyl esters of β-alanine or γ-amino butyric acid, followed by deesterification
to afford the parent carboxylic acid. These samples show a significant increase in their ability to
nucleate the growth of calcium hydroxyapatite along their surface, with the best sample doubling
in mass within 4 weeks, which is a major improvement over the phosphonic acid functionalized
samples described in Chapter 3. The author was helped by Ian Hotham with the synthesis and
testing of the polymers. The manuscript is published in Journal of Applied Polymer Science (year
2015, volume 132, DOI: 10.1002/APP.41741)
Chapter 5 contains an account of a new polymer architecture which imparts elastomeric
properties without the use of traditional covalent or physical crosslinks. The polymers were
synthesized with sterically bulky cyclotriphosphazene side groups linked directly to the
polyphosphazene backbone using a hydroquinone linker. The geometry of the linking unit, as
well as the large bulk of the side groups themselves, allowed the cyclotriphosphazene units to
protrude away from the polymer backbone in a manner similar to the oars on a Viking long ship.
This allowed them to interact physically with the “oars” on adjacent polymer chains, and lock the
chains in place, similar to the way in which the oars on one ship will interdigitate with the oars of
another ship if they get too close. These interactions allow the polymers to undergo extensive
elongation before breaking (≥ 1,600 % of their original length) and the ability to recover up to
90% of the elongation when extended to high strain (up to 1,000 % of their original length). The
manuscript is published in Macromolecules (year 2014, volume 47, pages 6776 – 6782).
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Chapter 6 expands the chemistry of the non-traditional elastomers described in Chapter 5.
Specifically, the substituent groups on the cyclotriphosphazene groups are changed from 2,2,2trifluoroethoxy to phenoxy, while the remaining chlorine atoms along the polymer backbone are
still replaced with 2,2,2-trifluoroethoxide. The new polymers are shown to have better
mechanical properties then the polymers described in Chapter 5. This change is attributed to the
increased ability of the cyclotriphosphazene side groups to interact via π-π interactions through
the presence of the phenoxy substituents. The ability to tune the final mechanical properties by
simply changing the chemical nature on the cyclotriphosphazene groups provides an easy route to
tailor the mechanical properties based on the final application. The author was helped by Emily
Wilts with the synthesis of the polymers. The intended target journal for submission is
Macromolecules.
Chapter 7 describes a further extension of the ideas in Chapters 5 and 6. Specifically it
involves the synthesis and mechanical testing of polyphosphazenes bearing oligo-p-phenylene
groups co-substituted with 2,2,2-trifluoroethoxide. The oligo-phenylene groups are incorporated
to act as variable length cross-linking moieties to further expand the new family of non-traditional
polyphosphazene elastomers. The mechanical and physical properties of these polymers reveal a
strong dependence on both the length and concentration of the oligo-phenylene minor cosubstituent groups. In order to better understand the role that the aryloxy side groups play, the
samples were examined using Small Angle X-Ray Scattering (SAXS). These studies showed that,
once the side groups were long enough, they are able to interact and cause a phase separation.
This results in an improvement in the mechanical properties of the final polymers. The author was
responsible for all synthesis and mechanical testing. The SAXS data acquisition was performed
by Nichole Wonderling, with the data analysis helped by Dr. James Runt. The intended target
journal for submission is Macromolecules.
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Chapter 1
Introduction

POLYPHOSPHAZENES
Phosphazenes are a family of compounds composed of an alternating nitrogen and
phosphorous skeleton, linked through formally alternating single and double bonds. Each
phosphorus atom bears two organic side groups which govern the physical and chemical
properties of the final polymer.[1, 2] These compounds can be either cyclic species, comprised of
a minimum of three P=N units or, following polymerization, can become linear macromolecules
comprised of upwards of 15,000 P=N units, Figure 1-1.
The starting material for most of phosphazene chemistry is the cyclic chlorophosphazene
derivative which was originally discovered and discussed in the early 19th century. The original
report dates back to 1834 when Rose reported the synthesis of a crystalline solid when he treated
PCl5 with NH3.[3] However the structure of this compound was not fully understood until it was
studied further by Stokes in the late 1890s. Based on observations, he proposed that the main
species present in the sample was hexachlorocyclotriphosphazene, which has a cyclic structure.
He was also able to isolate and verify the presence of higher cyclics with up to seven NPCl2 units.
However, these were present in much smaller quantities.[4, 5] In addition to identifying the cyclic
structure of the chlorophosphazenes, Stokes also reported that heating of the cyclics yielded a
new “synthetic rubber” which was insoluble in any solvent and hydrolyzed in the atmosphere.
While unknown to Stokes at the time, this observation represents the first report of the high
molecular weight polymeric derivative, poly(dichlorophosphazene). However, due to the method
of its synthesis, specifically exposure of the sample to atmospheric moisture, the polymers was
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Figure 1-1. Phosphazene structures.
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isolated as a highly crosslinked insoluble elastomer. Due to this inability to generate a soluble
material, this macromolecule was to remain a general curiosity awaiting additional synthetic
insights before it would become a usable polymer.
The next major improvement in phosphazene chemistry is attributed to Schlenk, who in
1924 updated the synthetic protocol leading to hexachlorocyclotriphosphazene by a reaction of
phosphorous pentachloride with ammonium chloride. This change resulted in a significant
increase in the yield of the cyclic trimeric derivative, and remains the method utilized today to
synthesize hexachlorocyclotriphosphazene (Figure 1-2).[6] However, the ability to synthesize a
soluble and stable polymeric material from the cyclic species would continue to elude chemists
for the next four decades.
It would not be until the 1960’s, when Allcock, Kugel and Valan published their seminal
papers in which they described a new method for the controlled thermal polymerization of
hexachlorocyclotriphosphazene at 250°C in an evacuated and sealed Pyrex® tube, that a fully
soluble poly(dichlorophosphazene) would be synthesized.[7-9] This simple insight of excluding
atmospheric moisture from the polymerization mixture proved to be the missing step which had
eluded many previous investigators. The newly synthesized macromolecule was soluble in
organic solvents and this allowed them to explore its chemistry and develop a new approach to
polymer synthesis which relies on macromolecular modification of the material after
polymerization. Through their subsequent work they were able to confirm that the isolated
material was a linear polymeric species with the general formula of (NPCl2)n, where n can be as
high as 15,000. They were able to show that the P-Cl bonds on the polymers are very labile, and
can be replaced by a wide range of nucleophiles leading to the formation of organic-inorganic
hybrid macromolecules, Figure 1-2.[10-13] Additionally, their work also revealed that the P-Cl
bonds on the polymeric derivatives are significantly more reactive then those in the small
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Figure 1-2. Polyphosphazene synthesis.

5
molecule cyclic derivatives, which accounts for the failure of the earlier attempts to isolate noncrosslinked materials.
To date more than 700 organic side group derivatives of polyphosphazenes have been
synthesized and developed for a wide array of applications ranging from biomedical materials, to
polymeric electrolytes and optical materials.[2]

Synthesis of Poly(dichlorophosphazene)

Thermal Ring Opening Polymerization
Poly(dichlorophosphazene) can be synthesized via two alternative routes. The first
utilizes the thermal ring-opening polymerization of hexachlorocyclotriphosphazene under
vacuum.[14] In order to ensure the production of a non-crosslinked high molecular weight
product, the starting material, hexachlorocyclotriphosphazene, must be purified extensively. This
is achieved by first recrystallizing the crude compound from hexanes, followed by sublimation at
45 – 50 °C under high vacuum. The initial recrystallization removes most of the byproducts,
while the sublimation is utilized to remove any higher cyclic derivatives which are known to
retard their rate of polymerization and result in decreased molecular weights. Once the starting
material is pure, it is sealed under vacuum in a Pyrex® tube and heated in an oven at 250 °C and
agitated by to prevent crosslinking of the growing polymer chains. This is accomplished by either
rocking or spinning the tube, until the liquid sample has reached a sufficiently high viscosity that
is indicative of a high molecular weight polymer. This time to completion generally takes from 12
to 24 h depending on the purity of the starting materials. After completion of the polymerization,
the product is cooled to room temperature, and flash frozen in liquid nitrogen to delaminate the
polymer from the glass walls. The glass tube is then broken under an inert atmosphere and any
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unpolymerized hexachlorocyclotriphosphazene is removed by sublimation to provide
poly(dichlorophosphazene) as an organic solvent soluble elastic amorphous gum.

Mechanism of the Thermal Ring Opening Polymerization of
Hexachlorocyclotriphosphazene
The reaction is believed to be initiated though the thermal cleavage of a P-Cl bond to
generate a phosphazenium ion. The phosphorus cation is then attacked by the loan pair of one of
the nitrogen atoms on an adjacent cyclotriphosphazene molecule. This results, in the breakage of
an adjacent P-N bond on the second cyclotriphosphazene and propagation of the positive charge
at the terminal phosphorus atom, where the reaction can continue with additional trimer units,
Figure 1-3.[15] This route provides the high polymer in a relatively good yield (> 40 %) and with
a high molecular weight (up to 15,000 repeat units). However, due to the random nature of the
initiation there is little control over the final molecular weight and this results in high PDI’s (≥
2.0). Although the proposed mechanism should generate polymers terminated with
cyclotriphosphazene rings, the cyclic terminal units have never been detected by 31P NMR
spectroscopy. This may be a consequence of the low concentration of the functionalized chain
ends in the final polymer, as well as the decreased sensitivity of 31P NMR below the 5 % level.
However there exists another possible explanation for the absence of the cyclotriphosphazene
functionalized chain ends. Studies have shown that PCl5, which may be left over from the initial
synthesis of the starting material, and which may not be fully removed by purification, may
participate in the reaction and act as a catalyst to initiate the polymerization.[14] If these species
are responsible for the initiation, then their presence could also account for the wide range in the
polymerization times needed to generate the high polymer. Specifically, the availability of
minute impurities in the starting material would govern the time required to increase the viscosity
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Figure 1-3. Thermal ring opening polymerization mechanism of hexachlorocyclotriphosphazene.
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Figure 1-4. Mechanism for the living cationic polymerization of trichloro(trimethylsilyl)phosphoranimine to poly(dichlorophosphazene).

9
of the melt by limiting the total number of polymer chains which can are initiated. However due
to the high temperatures needed for the ring opening polymerization, no direct analysis of the
reactants can be made during the reaction. Thus the contribution of trace impurities to the
synthesis of the high molecular weight polymers is unknown.

Solution Phase Living Cationic Polymerization
Beginning in the 1970s, and progressing through the early 1990s, a number of groups
attempted to develop a solution phase polymerization route to generate
poly(dichlorophosphazene).[16-21] However, these early attempts resulted in polymers with
either low molecular weights (≤ 600 kDa) or large PDIs (up to 1.7). These shortcomings were
eventually overcome by Honeyman, Manners, Morrissey and Allcock in 1995 through the
introduction of the living cationic condensation polymerization of a phosphoranimine in
methylene chloride at room temperature, with trace amounts of PCl5 used as the imitator (Figure
1-4).[22, 23]

Mechanism of the Solution Phase Living Cationic Polymerization of Phosphoranimine
The polymerization is initiated by the treatment of trichloro(trimethylsilyl)phosphoranimine (Cl3P=NSiMe3) with a catalytic amount of PCl5. The reaction starts with the
formation of the PCl4+ / PCl6˗ ion pair from the initiator, the cation of which then attacks the
phosphoranimine, resulting in the elimination of a trimethylsilyl chloride group. The new cationic
species then propagates the polymer chain by continuously reacting with the remaining monomer
molecules in solution until they are depleted. This route gives poly(dichlorophosphazene) with
excellent molecular weight control (≤ 1,000 KDa) with low PDIs (≤ 1.1).[23, 24]
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Properties and Applications
Due to the inorganic nature of the polyphosphazene backbone, the final polymers have
unique properties which set them apart from their carbon based counterparts. First, the bonds in
the P-N backbone give a very high degree of torsional mobility, which in turn allows for the
generation of polyorganophosphazenes with very low glass transition temperatures (Tg), down to
below -100 °C in some cases.[2] This high degree of torsional mobility may at first glance appear
to contradict the accepted structure of the polyphosphazene backbone. Specifically, the idea that
the nitrogen and phosphorus atoms are linked by alternating single and double bonds should lead
to very stiff polymer chains. This incongruity can be explained by considering the nature of the
bonds within the polyphosphazene backbone. The double bonds are not a standard pπ-pπ
interactions, as would be found in traditional carbon based polymers. Rather the unsaturation
comes from the interaction of the nitrogen p-orbitals with any one of four of the phosphorus dorbitals, in a pπ-dπ bonding motif.[2] This permits torsion around the bond as the nitrogen porbital moves from one phosphorus d-orbital to another. This interpretation would avoid the deep
energy wells that are typical of traditional pπ- pπ interactions.
The highly reactive nature of the P-Cl bond allows poly(dichlorophosphazene) to
undergo macromolecular substitution reactions with a large number of nucleophiles such as
alkoxides, aryloxides and amines. The type of side group attached to the backbone determines the
chemical and physical properties of the final polymer. This chemical versatility allows for the
design and synthesis of polymers for a wide range of applications.
Due to the presence of both nitrogen and phosphorus in the backbone, phosphazenes have
been examined as potential fire-retardant additives.[25-27] This property stems from the ability of
the phosphorus to create a heavy layer of char when burned, which can self-extinguish a flame.
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Additionally, if the side groups contain halogen atoms they can act as radical scavengers, which
can further reduce the flammability of the material.
The attachment of hydrophobic side groups, like 2,2,2-trifluoroethoxy or phenoxy,
permits the synthesis of semi-crystalline hydrophobic polymers, with water contact angles of up
to 110°.[2] Hydrophobic side groups also protect the backbone from hydrolysis even when the
polymer is completely submerged in water over a long period of time. The presence of two or
more different side-groups reduces microcrystallinity.
Correspondingly, the use of hydrophilic side groups, like 2-(2-methoxyethoxy)ethanoxy,
makes the final polymer hydrophilic and often completely soluble in water. Additionally,
incorporation of side groups linked though amino groups, sensitizes the backbone to hydrolytic
breakdown, with the proposed mechanism provided in Figure 1-5. Thus, side groups like amino
acid ethyl esters can be attached to the backbone to generate biologically compatible polymers,
the break down products of which (phosphate, ammonia, ethanol and the parent amino acid) are
biologically compatible. The rate at which the polymer breaks down is easily controlled by
altering the hydrophobicity/hydrophilicity of the polymer though the use amino acids with side
groups of varying chemical nature.[11, 13]. This makes polyphosphazenes a valuable platform for
biomedical applications. Specifically, they have been examined as potential materials for tissue
engineering scaffolds,[28-30] drug delivery vehicles[31] and dental applications[32].
Polyphosphazene based systems have also been examined as potential membrane
materials[33, 34], polymer electrolytes[35, 36] and high performance elastomers[37].
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Figure 1-5. Mechanism for the hydrolytic decomposition of poly(organo)phosphazenes.
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HARD TISSUE ENGINEERING
The field of tissue engineering can best be described by a quote from Richard Skalak, as
“the application of the principles and methods of engineering and life sciences towards the
fundamental understanding of structure-function relationships in normal and pathological
mammalian tissues and the development of biological substitutes to restore, maintain, or improve
functions.”[38]
This merging of engineering and the life sciences is used to repair and/or replace a
variety of tissues, including skin, ligaments, tendons and bone. The combination of both
biological and engineering principles is important because of the innate 3-dimentional nature of
all tissues. This means that living cells alone are insufficient to promote regeneration of most
tissues like bone, muscle or tendons.[39] In order to enhance the ability of the body to heal a
defect or wound in these tissues, a structural support or scaffold is required to act as a template
for the cell colonization and begin the regeneration process. In this approach, a scaffold is
fabricated to resemble the 3-dimentionaly morphology of the tissue in question. The material is
then seeded with the patient’s own cells, and the construct is implanted into the site of the injury
or defect to allow the body’s own regenerative mechanisms to repair the damage. This intimate
relationship between the scaffold and the patient’s own body imposes a number of requirements
on the scaffold material.
First, the scaffold needs to mimic the physical properties of the parent tissue which it will
be replacing. Specifically, for hard tissue repair, the scaffold needs to be strong enough to
maintain its shape under the loads experienced by the specific bone into which the sample is
implanted. This is important to prevent failure of the implant while the wound is healing. This
requirement has recently been shown to have additional benefits beyond just providing a rigid
matrix to fill the defect during healing. Numerous studies have shown that the mechanical
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properties of a scaffold can influence the differentiation of stem cells, without the need for the
presence of any other signaling motifs.[40, 41] Hence for a scaffold to facilitate the
differentiation of stem cells into mature bone cells, and accelerate the healing rate, the material
used to make the implant needs to mimic the mechanical properties of bone.
In addition to tailoring the physical properties of the scaffold, it is also necessary to
match the chemical composition and functionality to those found in the tissue. In the example of
bone regeneration, the inorganic/organic composite nature of bone needs to be considered and
mimicked. Bone is a natural composite material comprised of calcium hydroxyapatite (HAp)
(Ca10(PO4)6(OH)2) (~ 60 % of dry mass) deposited around highly aligned collagen bundles.[4244] While the nucleation mechanism is not yet fully understood (collagen is found in most
tissues, while only bone shows this composite architecture) the presence of additional charged
proteins and other ionic species is believed to encourage the deposition and alignment of the
hydroxyapatite crystals. In an attempt to mimic the composite nature of bone, hydroxyapatite has
been incorporated into polymeric scaffolds though either the physical mixing of the inorganic
material into the polymer matrix[45-48], or through the incorporation of acidic moieties to the
polymer backbone which encourage the nucleation of hydroxyapatite from solution[49-51]. These
studies have shown that the incorporation of HAp increases the cellular response to the scaffold
and facilitates the healing process.
Finally, in addition to matching both the mechanical and chemical properties of the
scaffolding material to those of the tissue, it is also necessary to consider the ultimate lifespan of
the implant and how it will be eliminated once it is no longer needed. While surgical removal
may be an option for implants which immobilize the wound site during the healing process, this
option becomes impossible for instances when the healing process results in complete engulfment
of the implant within the tissue. This is especially applicable for bone regeneration, because the
final scaffold would be designed to have a porous structure to allow the new bone matrix to
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penetrate the sample and fuse the scaffold into place. For such an application, the scaffold would
need to have the ability to break down in a controlled fashion into biologically benign products
which the body can then eliminate.[43] Thus, the rate of hydrolytic breakdown needs to be finetuned to allow the scaffold to maintain its shape and strength until the newly regrown tissue is
able to take over the full function. At the same time it needs to break down completely and be
easily removed by the body. Both natural (chitosan)[52] and synthetic (polylactic acid,
polyglycolic acid)[53] polymers have the ability to break down into non-toxic products, and
hence have been examined as potential scaffolding materials. However, these systems can suffer
from uncontrolled enzymatic degradation[54], in the case of polymers derived from living things.
Moreover, the release of byproducts may overwhelm the ability of the body to eliminate them,
and this can lead to tissue necrosis. Such drawbacks have been detected for some of the
polyesters[53, 55, 56].
Only by satisfying all of the above requirements, can a material be considered a potential
candidate for use as a tissue engineering scaffold.
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ELASTOMERS
Elastomers are among the most widely used polymeric materials. Their applications
range from membranes, to seals, O-rings or to biological implants.[57-59] Most of the currently
utilized elastomers are lightly crosslinked carbon or silicon based polymers with relatively low
glass transition temperatures (Tg). This requirement is imposed to avoid materials that become a
rigid glass at low operating temperatures.
Elastomers can be stretched when a load is applied and they undergo retraction when the
load is removed. In order to prevent complete chain slippage when samples are elongated, and to
allow the sample to regain its original shape when the load is removed, crosslinks are introduce
which lock the material into a permanent shape.
There are two main ways to introduce crosslinks into a polymeric system, depending on
the chemical nature of the sample. First, covalent bonds can be used to permanently link the
individual polymer chains (Figure 1-6). These materials can be synthesized either by the
introduction of a multifunctional monomer directly into the polymerization mixture to generate
the final crosslinked material, or by the compounding of a crosslinking agent into a previously
synthesized polymer and activating it once the sample has been molded into its final shape. These
crosslinks are usually permanent, which prevent the dissolution or reworking of the sample after
crosslinking. A prominent example of a chemically crosslinked elastomer is the radial car tire, in
which natural or synthetic rubber is crosslinked using sulfur containing reagents. These react with
sites of unsaturation along the polymer chain and lock the final shape of the material.[60]
The alternative route to generate crosslinked materials depends on the phase separation of
block copolymers (Figure 1-7). These materials consist of hard and soft blocks, which have Tg
values above and below the expected working temperature respectively. When these samples are
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Figure 1-6. Schematic representation of a covalently crosslinked matrix (A) which is stretched to
a defined length (B), followed by recovery of the initial shape once the load is removed (A).
(Note: Red ovals represent covalent bonds between polymer chains).
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Figure 1-7. Simplified representation of a phase separated multi-block co-polymer in a relaxed
state (A) and upon elongation (B).
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heated above the glass transition temperature of the hard segment, the material can be reshaped
into a new geometry. After cooling below the Tg of the hard segment, the polymer rearranges and
the two phases separate into distinct hard and soft domains. The soft segments in these samples
act as the elastic domains. These will stretch and align when elongated, and will allow the sample
to be stretched when the sample is placed under a load. The glassy hard domains cannot reorient
when the sample is stretched and act as crosslinks in these system. The absence of covalent bonds
between the individual polymer chains in these systems allows them to be recycled and reused.
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Chapter 2
Synthesis of Phosphonated Polyphosphazenes via Two Synthetic Routes

ABSTRACT
Phosphonate and phosphonic acid containing polymers are of interest for bone tissue
engineering because these species have the ability to bind calcium hydroxyapatite
[Ca10(PO4)6(OH)2], which comprises 70 wt % of bone. The synthesis of phosphoester
[−PO(OEt)2] and phosphonic acid [−PO(OH)2] functionalized polyphosphazenes is described.
These polymers could mimic the natural bone healing mechanism, making them excellent
candidates for implantable bone grafts. Two synthetic protocols have been developed to obtain
the polymers, herein referred to as prior- and post-side-group assembly. Prior assembly requires
the synthesis of a phosphonate-containing side group before attachment to the polyphosphazene
backbone through nucleophilic substitution, whereas post-assembly involves the synthesis of a
polyphosphazene containing free amino groups to which the phosphonate can be coupled by
Michael addition after polymer synthesis. The ﬁnal step for both routes require the deprotection
of the phosphoester to the corresponding phosphonic acid. The polymers were characterized by
1

H and 31P NMR, GPC, and DSC techniques. A six week hydrolysis study using phosphate

buﬀered saline (PBS) determined their hydrolytic sensitivity. All the polymers were
hydrolytically sensitive, as required for this purpose, and decomposed ∼2−50% by week six. The

hydrolysis products were analyzed by UV−vis techniques, and their release was monitored over

the course of the experiment. These results are in agreement with percent solid mass loss data. In
general, all the phosphonic acid polymers hydrolyzed at a faster rate than their corresponding
phosphoester derivatives.
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INTRODUCTION
Diﬃculties in the development of synthetic orthopedic biomaterials that are both
osteoconductive and osteoinductive have limited their use as implantable materials.
Osteoconductivity refers to the ability of bone cells to migrate to a scaﬀold surface, grow, and
replicate. Osteoinductivity is the ability of primitive stem cells, or immature bone cells, to
inﬁltrate the scaﬀold and grow into healthy, mature bone tissue. Although many polymers are
osteoconductive, few, if any, are osteoinductive. Currently, the design of an osteoinductive
scaﬀold requires the addition of growth factors or other additives such as autographic ﬁllers
(human bone) or nanohydroxyapatite.[1] The current fabrication method for this type of hybrid
scaﬀold is based on the physical mixing of the components. However, this method often leads to
poor dispersion of the ﬁller within the polymer matrix, and aggregates tend to form.[2] Another
approach is to chemically modify a polymer surface or the bulk material with anionic
phosphate,[3,4] phosphonate,[5-7] or bis-phosphonate groups[8] which are utilized to bind
minerals such as hydroxyapatite [(Ca10(PO4)6(OH)2)], which comprises 70 wt % of bone. Some
examples designed with these small molecules in mind are chitosan-,[5-8] methacrylate-,[9] and
acrylamide-based[6] copolymers. These materials are able to nucleate hydroxyapatite, but there is
no control over the rate of degradation and/or the mechanical properties which are insuﬃcient to
support bone growth unless an inorganic ﬁller is incorporated.
An alternative group of polymers developed extensively for orthopedic applications are
based on the polyphosphazene platform. The reactive intermediate, poly(dichlorophosphazene),
interacts with various nucleophiles to link diﬀerent side groups to the skeleton and generate
polymers with speciﬁc properties.[10,11] For example, poly(amino acid ester) phosphazenes have
been developed extensively for tissue engineering applications due to their ability to hydrolyze
into a buﬀered medium consisting of phosphates, ammonia, the parent amino acid, and the
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corresponding alcohol. The rate of hydrolysis can be controlled by varying the substituent at the
α-position of the amino acid ester.[12-14] This synthetic ﬂexibility has provided access to porous
materials with good osteocompatibility[15,16] both in vitro[18-20] and in vivo,[17] with little
acute inﬂammatory response.[21] Also, osteoblasts grown on these matrices expressed alkaline
phosphatase activity and mineral deposition.[18] Certain scaﬀold formulations have mechanical
properties in the range of trabecular bone[21] while others were combined with hydroxyapatite to
form higher mechanical strength composites.[22] However, these composites are likely to suﬀer
from the drawbacks mentioned earlier. The attachment of phosphonate groups to the
polyphosphazene skeleton should provide a facile way to generate biodegradable, high strength,
osteoconductive, and osteoinductive synthetic materials.
In this work, several phosphonate-containing polyphosphazenes have been synthesized
via two synthetic routes denoted by prior-side-group assembly and post-side-group assembly.
Prior-side-group assembly requires the synthesis of a small molecule phosphonate side group
before it is linked to the polymer backbone. Speciﬁcally, diethylvinylphosphonate was coupled to
tyramine, which contains both a hydroxyl and an amino group, by Michael addition.
Subsequently, this phosphonate derivative was linked to the polymer backbone by
macromolecular substitution through the pendant hydroxyl group. Tyramine was chosen as the
linker for its ability to undergo rapid Michael addition[23] and because of its use in several
biomedical applications.[24,25] In the post-side-group assembly route, polyphosphazenes bearing
N-boc-tyramine side groups were synthesized and then subjected to a secondary reaction
sequence to link the phosphonate to the polymer backbone. Speciﬁcally, the boc protecting
groups were removed under acidic conditions, to leave free amino units to which
diethylvinylphosphonate groups were linked by Michael addition. All the polymers were cosubstituted with amino acid ester side groups to facilitate hydrolytic instability. Both routes
required the de-esteriﬁcation of the phosphoester by treatment with iodotrimethylsilane to obtain
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the phosphonic acid polyphosphazene derivatives. A preliminary hydrolysis study was carried out
using phosphate buﬀered saline (PBS, pH 7.4) at physiological temperature (37 °C) to monitor
the percent weight loss over a six week period.
In the following section the polymer identiﬁcation code is the following: 1,
poly(dichlorophosphazene); 2a−5a, phosphonate polyphosphazenes synthesized by priorassembly; 2b− 5b, phosphonic acid polyphosphazenes synthesized by prior-assembly; 6b and 7b,
free amine polyphosphazenes synthesized by post-assembly; 6c and 7d, phosphonate
polyphosphazenes synthesized by post-assembly; 6d and 7d, phosphonic acid polyphosphazenes
synthesized by post-assembly.

RESULTS AND DISCUSSION
The syntheses of bioerodible polymers containing phosphonates were accomplished via
two synthetic routes: prior-side-group assembly and post-side-group assembly.

Synthesis of Polymers 2 − 5 by Prior-Modiﬁcation
Polymers 2−5 were synthesized by traditional polyphosphazene synthetic methods where
a phosphonate bearing linker, DPT, was fully synthesized before linkage to the polyphosphazene
skeleton. DPT contains a free hydroxyl group, suitable for covalent attachment to the polymer
backbone. Macromolecular substitution reactions were carried out on the reactive intermediate,
poly(dichlorophosphazene) (1), generated by the non-catalyzed thermal ring-opening
polymerization of hexachlorocyclotriphosphazene at 250 °C under vacuum. The chlorine atoms
were then replaced in a three-step sequence by ethyl ferulate, DPT, and then excess of an amino
acid ester as shown in Figure 2-1. All reactions were monitored by 31P NMR spectroscopy. The
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synthesis of a 50% DPT polyphosphazene was ﬁrst attempted, but this route was complicated by
the precipitation of the polymer from solution within 24 h of DPT addition. The linkage of ethyl
ferulate ﬁrst to the polymer backbone ensured polymer solubility during subsequent substitution.
The sodium salt of DPT was then linked to the polymer chain at either 25 mol% (2a and 3a) or
50 mol% (4a and 5a), which required long reaction times (∼ 9 − 13 days). In general, the more
sterically hindered the polymer, the longer is the reaction time due to the inability of a bulky
nucleophile to readily access the P−Cl bonds. The amino acid ester (either alanine or
phenylalanine ethyl ester) was incorporated last in the sequence to minimize the exposure of the
polymer to the HCl generated during the substitution reaction, which has been shown to lead to
chain cleavage. This also required long reaction times (∼ 6 − 14 days) due to the diﬃculty of the
nucleophile to access the shielded phosphorus atoms.
After the macromolecular substitution reactions were complete, the phosphoester units
were deprotected using mild conditions. This simple one step deprotection was accomplished by
treatment of polymers 2a – 5a with in-situ generated iodotrimethylsilane by treatment with
sodium iodide and trimethylchlorosilane in dry acetonitrile for 24 h as shown in Figure 2-1, with
the resulting silyl esters hydrolyzed to the corresponding phosphonic acid groups during dialysis
against methanol. The deprotection was monitored by 31P NMR spectroscopy. Upon 31P and 1H
NMR analysis, a maximum of 50 % of the phosphoester groups were deprotected, which is most
likely due to the decrease in solubility of the material that occurred as the reaction proceeded.
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Figure 2-1. Synthesis of Phosphonate Phosphazenes via Prior-Side-Group Assembly.
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Characterization of Polymers 2 − 5 by Prior-Modiﬁcation
The polymers were further characterized by 1H NMR, GPC, and DSC techniques and the
results are shown in Table 2-1. Because of the complexity of the 1H NMR spectra, the side-group
ratios were estimated by 31P NMR spectroscopy. The amount of phosphoester incorporated varied
from 20 to 45 mol%, within a 5 % error (theoretical 25 − 50 mol%). Polymers 2a − 5a showed
similar chemical shifts in the 31P NMR spectra. An example of the 1H and 31P NMR spectra and
an explanation of their interpretation are provided for polymer 4a, Figure 2-2. During the
deprotection of 2a − 5a, all polymers were only partially deprotected. This is evident in the 31P
NMR by the presence of two phosphonate peaks at δ = 30.5 and 23.2 ppm; δ = 30.5 ppm
represents the protected phosphonate (DPT, PO(OEt)2), and the signal at δ = 23.2 ppm is from the
partially deprotected phosphonate (PO(OEt)1(OH)1). This interpretation was conﬁrmed by 1H
NMR spectroscopy with the decrease, but not complete elimination, of the phosphoester peaks at
δ = 4.01 ppm (POCH2CH3) and 1.24 ppm (POCH2CH3).
Polymers 2a − 5a were soluble in THF and their molecular weights (Mw) were between
120 and 850 kDa. The higher Mw’s of polymers 2a and 3a, as compared to 4a and 5a, are due to
the smaller percentage of the amino acid ester units present along the polymer backbone, which
resulted in less HCl generation during the synthesis. Polymers 2b − 5b were insoluble in THF,
because of this the molecular weights could not be determined. However, free phosphates
(present in 31P NMR at ~0 ppm) which are indicative of polymer decomposition, were not
detected during the reaction or after workup. The glass transition temperatures (Tg) of 2a − 5a
ranged from −12.3 to 40.7 °C. In general, the higher the percentage of ethyl ferulate in the
specific polymer, the more sterically hindered is the backbone and the higher the Tg. Moreover,
the Tg had an inverse relationship to the concentration of DPT present. This correlation is thought
to be a result of the large free volume that the phosphoester creates, thus allowing increased
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Figure 2-2. 1H (left)/31P (right) NMR spectra of polymer 4a (black/bottom) and 4b (red/top)

(Side group ratios were calculated by 31P NMR, and an example is described for 2a: There were
three peaks present at δ = 30.9, -6 to -8, and -17 to -21 ppm. The chemical shift at δ = 30.9 ppm
represents DPT and the shift from δ = -6 to -8 ppm was attributed to backbone phosphorus atoms
bearing an amino acid ester and either DPT or ethyl ferulate. The last shift from δ = -17 to -21
ppm represents backbone phosphorus atoms bearing either two DPT, two ethyl ferulate moieties,
or one DPT and one ethyl ferulate.)
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skeletal motion. The Tg’s after deprotection for polymers 2b − 5b were in the range of 79.9−91.3
°C. The increase in the Tg is probably due to the presence of phosphonic acid units, which can
hydrogen bond between polymer chains and restrict backbone motion.

Synthesis of Polymers 6 – 7 by Post-Side-Group Assembly
The synthesis of polymers 6 and 7 required the preparation of a free amino
polyphosphazene to which the phosphonate could be coupled. A multifunctional linker (tyramine)
was used that contained a free hydroxyl and amino unit. Macromolecular substitution reactions
were conducted to link boc-protected tyramine and an amino acid ester to the phosphazene
backbone. Without boc protection of the amine, there would be a competitive reaction between
the amine and the hydroxyl group to replace the chlorine atoms. This would potentially cause
cross-linking and insolubilization.
A similar procedure was followed for the synthesis of 6a and 7a as shown in Figure 2-3,
and all reactions were monitored by 31P NMR spectroscopy. First, the sodium salt of boctyramine was added dropwise to a solution of poly-(dichlorophosphazene) (1) to ensure random
distribution along the polymer backbone. Once the substitution using boc-tyramine was complete,
the remaining chlorine atoms were replaced with an excess of the amino acid ester in the presence
of triethylamine as an acid scavenger. However, polymer 7a required a three-step procedure
because full chlorine substitution could not be achieved. The modiﬁed procedure was as follows:
First, the sodium salt of boc-tyramine was added dropwise to a solution of (1) to replace 30% of
the chlorine atoms in the polymer. Then phenylalanine ethyl ester was added to replace 50% of
the chlorine atoms. Finally, the remaining chlorine atoms were replaced with the sodium salt of
boc-tyramine. After chlorine replacement was complete, the boc protecting groups were removed
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Figure 2-3. Synthesis of Phosphonate Polyphosphazenes via Post-Side-Group Assembly a
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using mild acidic conditions at room temperature. No evidence of molecular weight decline was
detected by 31P NMR spectroscopy, with the absence of phosphate peaks at δ = ∼ 0 ppm.

The linkage of phosphonate groups to the polymer backbone was accomplished by

Michael addition of diethylvinylphosphonate to the free amine unit on tyramine on 6b and 7b as
shown in Figure 2-3. The progress was monitored by 31P NMR spectroscopy by looking for the
appearance of signals for MPT (δ = 32.7 ppm) and DPT (δ = 30.6 ppm). The signal for MPT
appeared ﬁrst in each case and was slowly converted to the signal for DPT. Full coupling was not
obtained, and the distribution of the phosphonates was random along the polymer backbone. The
percentage of MPT and DPT for 6c and 7c depended on several factors: speciﬁcally the amount
of free amine, molecular weight, steric hindrance generated by the side groups, and the reaction
concentration. In summary, higher coupling eﬃciencies were achieved under the following
conditions: (1) higher percentages of free amine units present, (2) lower reaction concentrations,
(3) lower polymer molecular weights, and (4) smaller substituents along the polymer backbone
(less steric hindrance). For example, polymer 6c, which had 45 % free amine, had a higher
percent coupling (16 % DPT and MPT) than polymer 7c (12.5 % DPT and MPT), which had
only 33 %free amine present. This also could be due to the higher spatial availability of the
amine, provided by the smaller cosubstituent, alanine, versus the larger cosubstituent,
phenylalanine. To test the coupling eﬃciency as a function of molecular weight, the Michael
addition of diethylvinylphosphonate to polymer 7c was carried out using polymers with diﬀerent
molecular weights (Mw = 88 and 220 kDa). The data shows that the polymer with the lower
molecular weight had a higher coupling eﬃciency when compared to the polymer with the higher
molecular weight (64 % vs 38 %). This could be due to fewer chain entanglements in the lower
molecular weight sample, thus allowing for easier access of the amines by the
diethylvinylphosphonate. It must also be noted that the coupling reactions occurred at a faster rate
when they were carried out in a more dilute solution. This could also be due to less chain
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entanglements between the polymer chains making the polymer more solvated in the dilute
solution.
The ﬁnal step to obtain polymers that contained phosphonic acid units was the
deesteriﬁcation of the phosphoesters. This was done in a similar manner to the process previously
described for polymers 2a − 5a. The deprotection was also monitored by 31P NMR spectroscopy
for the appearance of DPAT and MPAT, together with the disappearance of the phosphoesters
DPT and MPT. Polymers 6c and 7c were fully deprotected, unlike 2a − 5a. The diﬀerence may
be due to 6c and 7c containing less phosphoester units (12.5 – 16 mol%) than 2a − 5a (20 – 45
mol%), which caused a decrease in solubility during the reaction when full deprotection was
attempted. Also, 6c and 7c contained a large percentage of free amino groups, which would have
similar inﬂuence on solubility as the phosphonic acid units. By contrast, polymers 2a − 5a
contained two substituents (amino acid ester and ethyl ferulate) that generate diﬀerent solubilities
when compared to the phosphonic acid units. The presence of side groups that have drastically
diﬀerent solubilities could prevent the reaction from progressing past a certain point due to the
polymers precipitation from solution.

Characterization of Polymers 6 and 7 by Post-Side-Group Assembly
The polymers were further characterized by 1H NMR, GPC, and DSC techniques, and the
results are shown in Table 2-2. The side-group ratios were estimated by 1H NMR spectroscopy.
Polymers 6a and 7a contained ∼ 45 – 50 % boc-tyramine, within a 5 % error. Conﬁrmation of

deprotection for 6b and 7b was evident by 1H NMR spectroscopy by the reduction or

disappearance of the boc proton peaks at δ = 1.36 ppm. After deprotection, the coupling produced
phosphoester peaks at δ = 1.34 (POCH2CH3), 2.01 (NCH2CH2P), 2.31 (NCH2CH2P), and 4.07
ppm (POCH2CH3), which further supported the 31P evidence for the successful coupling between
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the amino groups on the polymer and diethylvinylphosphonate to form DPT and MPT. Because
of overlapping peaks in the 1H NMR, the ratio of DPT and MPT was determined by 31P NMR.
Example NMR spectra are provided in Figure 2-4 along with an explanation of the method of
calculating the side group concentration. Finally, after the phosphoester deprotection, the
phosphoester peaks at 4.01 (POCH2CH3) and 1.24 ppm (POCH2CH3) disappeared.
Polymers 6a and 7a were soluble in THF, and the molecular weights were 220 kDa (7a)
and 1,400 kDa (6a). Similar to polymers 2a − 5a, polymer 6a had a higher molecular weight than
7a because of the limited exposure to the HCl generated by the reaction with alanine ethyl ester
(3 days) versus phenylalanine ethyl ester (12 days). Molecular weights of 6b − d and 7b − d
could not be determined by GPC analysis due to the insolubility of the polymers in THF. 6b − c
and 7b − c were soluble in MeOH, and 6d and 7d were soluble in DMSO.
The Tg of 6a and 7a was 24.4 and 45.3 °C, respectively. The increase in steric hindrance
from the phenylalanine ethyl ester provided polymers with higher Tg’s due to the limited mobility
of the backbone. After deprotection, the Tg increased slightly to 34.0 (6b) and 48.1 °C(7b). After
phosphoester coupling, the Tg of 6c and 7c was 32.4 and 49.3 °C, respectively, which did not
change signiﬁcantly from 6b and 7b. Finally, after phosphoester deprotection, the Tg increased to
64 (6c) and 58.2 (7c) °C. The increase in the glass transition temperature can probably be
attributed to the presence of phosphonic acid unit hydrogen bonding between polymer chains
which would restrict backbone motion.
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Figure 2-4. 1H (left)/31P (right) NMR of polymer 6b (bottom/black) and 6c (top/red).

(Side group ratios were confirmed by 31P NMR spectroscopy: an example is described for 6a:
There are three chemical shifts present at δ = -2.7, -5.3, -16.0 ppm and two chemical shifts for 7a
at δ = -5.1 and -17.5 ppm. The chemical shift at δ = -2.7 ppm is indicative of phosphorus atoms
bearing two amino acid ester units. The second shift at δ = -5.3 ppm is from phosphorus atoms
with an amino acid ester and a tyramine unit. The third shift at δ = -16.0 or -17.2 ppm is
indicative of phosphorus atoms bearing two tyramine units.)
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Which Synthetic Route Is Preferred?
One synthetic method might be preferable over the other depending on the desired final
composition of the polymer. For instance, the prior-side-group modiﬁcation approach would be
preferable for polymers that contain a higher percentage of phosphoester side groups because up
to 45 mol% of DPT was incorporated (polymer 5a) whereas only 16 mol% DPT and MPT was
incorporated into polymer 6c. However, this required the addition of a third, less polar, side group
to increase the polymer’s solubility during macromolecular substitution, which ultimately results
in problems during the phosphoester deprotection. Therefore, to produce polymers with a larger
percentage of phosphonic acid groups, the post-side-group modiﬁcation route is preferable
because it does not suﬀer from the poor solubility associated with having substituents with
signiﬁcantly diﬀerent solubilities, thus allowing the reactions to progress to completion.

Structure−Property Relationships
The properties of the polymers assembled by the prior-side-group assembly route
reflected the presence of three diﬀerent types of side groups linked to the same polyphosphazene
chain: (1) a phosphonate-bearing group, (2) a hydrolytic destabilization unit, speciﬁcally an
amino acid ester, and (3) a solubilizing agent, to keep the polymer in solution during
macromolecular substitution, speciﬁcally ethyl ferulate, a well-known antioxidant. This route
generated hydrophobic polymers (water contact angles of 81 – 86 °) with relatively high glass
transition temperatures (80 − 91 °C) that were soluble in a range of solvents. The properties of the
polymers assembled by the post-side-group assembly route required the presence of two diﬀerent
side groups linked to the polyphosphazene chain: (1) a multifunctional linker containing a free
amino unit and (2) a hydrolytic destabilization unit. After the initial macromolecular synthesis
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was complete, the phosphonate group was then linked to the amino unit on the polymer substrate.
This route generated either hydrophilic or hydrophobic polymers (water contact angles of 61 –
84 °) with high glass transition temperatures (58 − 64 °C) that were soluble in polar solvents.
These properties ultimately determine the hydrolytic sensitivity and the bioactivity of the
polymers.

Hydrolysis Behavior of Polymers 2 − 5 in Phosphate Buﬀered Saline (PBS)
Phosphonate polymers (2a − 5a and 2b − 3b) were subjected to hydrolysis testing over a
period of six weeks in phosphate buﬀered saline (PBS) at pH 7.40 to determine their hydrolysis
proﬁles under physiological conditions. The results are summarized in Figure 2-5. The hydrolysis
proﬁle for the polymers varied, with the fastest degrading polymer being 2b (∼ 50 % mass
remaining after 6 weeks) and the slowest degrading polymer 2a (∼ 95% mass remaining after 6

weeks). The order of hydrolysis from the fastest to slowest for the phosphoester polymers was 5a
> 4a > 3a > 2a and 2b > 3b for the phosphonic acid polymers. It was found that the phosphonic
acid substituted polymers hydrolyzed at a faster rate than their corresponding phosphoester
derivatives. This is also in agreement with previous studies that showed that free carboxylic acid
moieties accelerate polymer hydrolysis.[29−31] The order of hydrolysis of the phosphoester
polymers (as detected by solid mass loss) depended on the initial molecular weight of the
polymer and the amount of phosphoester present. Lower molecular weight polymers hydrolyzed
faster than higher molecular weight counterparts (5a: 120 kDa > 2a: 850 kDa). Moreover, the
higher the phosphoester content, the faster the polymer hydrolysis (5a: 45% phosphoester >
2a:20%phosphoester).
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Figure 2-5. (a) Percent mass loss and of polymers 2a − 5a and (b) percent mass loss of polymers
2b and 3b.
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Figure 2-6. (a) Absorbance of Hydrolysis Products Detected at 276 - 279 nm of Polymers 2a – 5a
and (b) Absorbance of Hydrolysis Products Detected at 277 - 283 nm of Polymers 2b and 3b.
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Each aqueous medium was analyzed at weeks 1, 3, and 6 by UV−vis spectroscopy for the
hydrolysis products present. The following absorbencies were used as a reference: DPT at 222
and 277 nm, DPAT at 226 nm, and ethyl ferulate at 320 and 280 nm. Absorbencies were detected
at all weeks, but the relative concentration of individual species could not be determined due to
signal overlap. On the basis of this analysis, it appears that DPT is released ﬁrst during polymer
hydrolysis, followed by ethyl ferulate. For instance, at week 1 for polymer 2a, only DPT was
detected, but at weeks 3 and 6 both DPT and ethyl ferulate were detected. This evidence further
supports the mass loss indication that polymers with higher phosphoester content hydrolyze
faster. The order of hydrolysis as detected by UV−vis spectroscopy was 5a > 4a > 3a > 2a for the
phosphoester polymers and 2b > 3b for the phosphonic acid polymers. The concentration of the
hydrolysis products increased continuously throughout the six week hydrolysis period. The
results are shown in Figure 2-6.

Hydrolysis Behavior of Polymers 6 and 7 in Phosphate Buﬀered Saline (PBS).
Phosphonate polymers 6c/d and 7c/d were also subjected to hydrolysis testing as
described above. The results are summarized in Figure 2-7. The hydrolysis proﬁle for all four
polymers varied, with the fastest degrading polymer being 6d (∼ 21% at 6 weeks) and the slowest
degrading polymer 7c (∼ 2% at 6 weeks). The order of hydrolysis from the fastest to slowest was
6d > 7d > 6c > 7c. Phosphonic acid polymers (6d and 7d) hydrolyze faster than their
corresponding phosphoester derivatives (6c and 7c), as mentioned in the previous section. Also, it
is well-known that polyphosphazenes that bear small amino acids (alanine ethyl ester) hydrolyze
faster than those with more hindered amino acids (phenylalanine ethyl ester).[14,32] Therefore,
polymers 6c and 6d degrade faster than 7c and 7d, as shown in Figure 2-7.
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Figure 2-7. Percent mass loss for polymers 6c/d and 7c/d.
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Figure 2-8. Absorbance of Hydrolysis Products Detected at 275 - 277 nm for Polymers 6c/d and
7c/d
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The aqueous medium was analyzed at weeks 1, 3, and 6 by UV−vis for the hydrolysis
products. The following absorbencies were used as a reference: MPT at 222 and 275 nm, MPAT
at 225 nm, tyramine at 222 and 275 nm, DPT at 222 and 277 nm, and DPAT at 226 nm.
Polymers 6c/d and 7c/d at all weeks had an absorbance between 275−277 nm and another at 233
nm, suggesting the release of the respective side groups from the polymer backbone. Because of
signal overlap, the relative concentrations could not be determined. However, the overall
concentration of the hydrolysis products increased continuously throughout the six week
hydrolysis period. The data is provided in Figure 2-8. When comparing all four polymers, the
relative concentration of hydrolysis products increases from 7c < 6c < 7d < 6d. This is in
agreement with the relative mass loss of both samples.

MATERIALS AND METHODS

Reagents for Polymer Synthesis.
All synthesis reactions were carried out using standard Schlenk line techniques and a dry
argon atmosphere. The glassware was dried overnight in an oven at 125 °C before use.
Tetrahydrofuran and triethylamine (EMD) were dried using solvent purification columns, and the
final water content was monitored by Karl Fisher titration.[26] Ethanol and acetonitrile (EMD)
were distilled from sodium metal and stored over molecular sieves (4Å) before use.
Dichloromethane (EMD), methanol (EMD), hexanes (EMD), ethyl acetate (EMD), alanine ethyl
ester hydrochloride (Chem Impex), phenylalanine ethyl ester hydrochloride (Chem Impex),
sodium (Sigma), tyramine (TCI), ditert-butyl dicarbonate (Sigma), sodium bicarbonate (Sigma),
diethyl vinylphosphonate (TCI), ferulic acid (Sigma), trifluoroacetic acid (Sigma), sodium iodide
(Aldrich), and trimethylsilyl chloride (Fluka) were used as received. Spectra/Por molecular
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porous cellulose dialysis membranes with a molecular weight cutoff of 12,000 – 14,000 Da were
used for purification of the polymers. Diethylvinylphosphonate,[26] boc-tyramine,[27] and ethyl
ferulate[28] were synthesized following previously reported procedures.
Poly(dichlorophosphazene) was prepared by the thermal ring-opening polymerization of
recrystallized and sublimed hexachlorocyclotriphosphazene (Fushimi Chemical Co., Japan, or
Ningbo Chemical, China) in evacuated Pyrex tubes at 250 °C.[11]

Equipment for Polymer Characterization
31

P and 1H NMR spectra were obtained with a Bruker 360 WM instrument operated at

145 MHz and 360 MHz, respectively. 31P shifts are reported in ppm relative to 85% H3PO4 at 0
ppm. Glass transition temperatures were measured with a TA Instruments Q10 differential
scanning calorimetry apparatus with a heating rate of 10 °C/min and a sample size of ca. 10 mg.
Gel permeation chromatography was performed using a Hewlett-Packard 1047A refractive index
detector and two Phenomenex Phenogel linear 10 columns. The samples were eluted at 1.0
mL/min with a 10 mM solution of tetra-n-butylammonium nitrate in THF. The elution times were
calibrated with polystyrene standards. Mass spectrometric analyses were performed using a
Waters LCT Premier time-of-flight (TOF) mass spectrometer in positive or negative ion mode,
using electrospray ionization (ESI). Ultraviolet spectra were obtained with a double-beam
spectrophotometer (Varian, Cary 500). Measurements were conducted for samples in de-ionized
water or in a 10 mM phosphate buffered saline solution (PBS)
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Synthesis of bis-(diethyl phosphonate)-N,N-diethyltyramine (DPT) and (diethyl
phosphonate)-N-ethyltyramine (MPT)
Tyramine (1.73 g, 12.6 mmol) and diethylvinylphosphonate (3.60 g, 21.9 mmol) were
dissolved in de-ionized water (160 mL) and the solution was heated at 50 °C for 48 h. The sample
was cooled and extracted with DCM. The organic layers were combined and dried over
magnesium sulfate, filtered, and the solvent was removed under reduced pressure to afford the
product as a crude oil. The product was purified on a silica column with an EtOAc:MeOH:water
(80:15:5) mobile phase. The final products were isolated as brown oils (67 % di, <5 % mono).
DPT 31P (145 MHz, CDCl3) δ (ppm): 31.2 (s); 1H NMR (360 MHz, CDCl3) δ (ppm): 6.97 (d, 2H,
aromatic protons), 6.81 (d, 2H, aromatic protons), 4.11 (m, 8H, POCH2CH3), 2.86 (m, 4H,
NCH2CH2P), 2.61 (s, 4H, C6H4CH2CH2N), 1.94 (m, 4H, NCH2CH2P), 1.36 (t, 12H, POCH2CH3);
MS (ESI+, DCM): 466 m/z ([M+H]). MPT 31P (145 MHz, CDCl3) δ (ppm): 30.1 (s); 1H NMR
(360 MHz, CDCl3) δ (ppm): 7.01 (d, 2H, aromatic protons), 6.77 (d, 2H, aromatic protons), 4.30
(bs, 1H, CH2NH), 4.09 (m, 4H, POCH2CH3), 3.01 (m, 2H, NHCH2CH2P), 2.90 (t, 2H,
C6H4CH2CH2N), 2.77 (t, 2H, C6H4CH2CH2N), 2.08 (dt, 2H, NCH2CH2P), 1.32 (t, 6H,
POCH2CH3); MS (ESI+, DCM): 302 m/z ([M+H]).

Deprotection of bis-(diethyl phosphonate)-N,N-diethyltyramine (DPT) and (diethyl
phosphonate)-N-ethyltyramine (MPT) to form bis(phosphonic acid)-N,N-diethyltyramine
(DPAT) and (phosphonic acid)-N-ethyltyramine (MPAT)
The synthesis of DPAT and MPAT followed a similar procedure with slight
modification.[23] A 1:1 mixture of DPT: MPT (0.131 g, 0.281 mmol : 0.0846 g, 0.281 mmol)
was dissolved in dry acetonitrile (10 mL) and cooled to 0 °C. To this was added sodium iodide
(0.487 g, 3.25 mmol) and trimethylchlorosilane (0.353 g, 3.25 mmol) sequentially and the
reaction was stirred for 1 hr at 0 °C and 3 h at 70 °C. The sample was then cooled, the solvent
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was removed under reduced pressure, and dried further under vacuum to afford the crude product.
DPAT 31P NMR (145 MHz, D2O) δ(ppm): 21.1 (s); 1H NMR (360 MHz, D2O) δ(ppm): 7.09 (d,
2H, aromatic H), 6.76 (d, 2H, aromatic H), 3.34 (m, 6H, C6H5CH2CH2N(CH2CH2)2), 2.82 (t, 2H,
C6H4CH2CH2), 2.01 (m, 2H, NCH2CH2P); MS (ESI+, D2O): 352 m/z ([M-H]). MPAT 31P NMR
(145 MHz, D2O) δ(ppm): 19.1 (s); 1H NMR (360 MHz, D2O) δ(ppm): 7.09 (d, 2H, aromatic H),
6.76 (d, 2H, aromatic H), 3.16 (m, 4H, C6H5CH2CH2NCH2CH2), 2.89 (t, 2H, C6H4CH2CH2), 2.01
(m, 2H, NCH2CH2P); MS (ESI+, D2O): 244 m/z ([M-H]).

Polymer Synthesis for Prior-Side-Group Assembly

Synthesis of Polymers 2a and 3a.
The synthesis of polymers 2a and 3a followed a similar three-step sequential addition
procedure, with a representative example given for polymer 2a. Poly(dichlorophosphazene) (1)
(1.00 g, 8.63 mmol) was dissolved in THF (150 mL). In a separate vessel, ethyl ferulate (2.69 g,
12.1 mmol) was dissolved in THF (50.0 mL), to which sodium (0.258 g, 11.2 mmol) was added.
Once the sodium was consumed (24 h), the sodium salt was added to the polymer solution, and
the mixture was stirred for 48 h at 25 °C. In a separate vessel, sodium (0.0990 g, 4.31 mmol) was
added to a solution of DPT (2.40 g, 5.16 mmol) in THF (50 mL), and the mixture was stirred at
25 °C. When all the sodium had been consumed (24 h), the resultant sodium salt was added to the
polymer solution, and the mixture was reﬂuxed for 13 days. In another ﬂask, L-alanine ethyl ester
hydrochloride (5.30 g, 34.5 mmol) was suspended in THF (100 mL) with triethylamine (12.0 mL,
86.3 mmol), and the reaction mixture was reﬂuxed for 24 h. This solution was added to the
polymer solution by ﬁlter addition, and the reaction mixture was reﬂuxed for an additional 9 days
before cooling and removal of the salts by centrifugation. The resulting solution was puriﬁed by
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Table 2-1. Characterization Data for the Polymers Assembled by Prior-Side-Group Attachment
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dialysis versus methanol:water (50:50) to aﬀord the ﬁnal product as an oﬀ-white solid in 92%
yield. Physical and structural characterization data are presented in Table 2-1.

Synthesis of Polymers 4a and 5a
The synthesis of polymers 4a and 5a followed a similar three-step sequential addition
procedure, with a representative example given for 4a. Poly(dichlorophosphazene) (1) (1.00 g,
8.63 mmol) was dissolved in THF (150 mL). In a separate vessel, ethyl ferulate (1.15 g, 5.17
mmol) was dissolved in THF (50 mL), to which sodium (0.0990 g, 4.31 mmol) was added. Once
the sodium was consumed, the sodium salt was added to the polymer solution which was stirred
for 48 h at 25 °C. In a separate vessel, sodium (0.198 g, 8.62 mmol) was added to a solution of
DPT (4.42 g, 9.50 mmol) in THF (50 mL) and was stirred at 25 °C. After the sodium was
consumed, the sodium salt was added to the polymer solution, and the mixture was reﬂuxed for 9
days. In another ﬂask, L-alanine ethyl ester hydrochloride (5.30 g, 34.5 mmol) was suspended in
THF (100 mL) and triethylamine (12.0 mL, 86.3 mmol) and reﬂuxed for 24 h This solution was
added to the polymer solution by hot ﬁlter addition, and the mixture was reﬂuxed for an
additional 6 days before cooling and removal of the salts by centrifugation. The resulting solution
was puriﬁed by dialysis versus methanol:water (50:50) to aﬀord the ﬁnal product as an oﬀ-white
solid in 98% yield. Physical and structural characterization data are presented in Table 2-1.

Deprotection of Polymers 2a − 5a
The deprotection protocol was similar for polymers 2a−5a, with the procedure for
polymer 2a given as an example. Polymer 2a (0.300 g, 0.573 mmol) was dissolved in dry
acetonitrile (20 mL), and the solution was cooled to 0 °C before the sequential addition of NaI
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(0.172 g, 1.15 mmol) and trimethylchlorosilane (0.125 g, 1.15 mmol). The solution was then
warmed to room temperature and was stirred for 24 h while monitoring by 31P NMR spectroscopy
for the reduction of the phosphoester peak at δ = 31.3 ppm and the appearance of phosphonic acid
derivative peaks between δ = 25 and 19 ppm. The reaction mixture was then diluted with
methanol and dialyzed versus methanol:dichloromethane (50:50). The solvent was removed to
aﬀord the ﬁnal product as an oﬀ-white solid in 82.5% yield. Results and characterization data are
presented in Table 2-1.

Polymer Synthesis for Post-Side-Group Assembly

Synthesis of Polymer 6a
Poly(dichlorophosphazene) (1) (1.00 g, 8.63 mmol) was dissolved in dry THF (100 mL).
In a separate vessel, sodium (0.217 g, 9.44 mmol) was added to a solution of N-boc-tyramine
(2.45 g, 10.3 mmol) in dry THF (125 mL). This mixture was allowed to react for 72−96 h at room
temperature and was then added dropwise to the polymer solution. The mixture was stirred for
24 h at room temperature to obtain a partially substituted polymer. In a separate vessel, alanine
ethyl ester hydrochloride (3.98 g, 25.9 mmol) was suspended in THF (75 mL) with triethylamine
(7.22 mL, 51.8 mmol). This suspension was reﬂuxed for 24 h and then added to the polymer
solution by ﬁlter addition. The reaction mixture was stirred under reﬂux for 72 h, followed by
cooling, centrifugation to remove the remaining salts, and precipitation into water (×3). Physical
and structural characterization data are shown in Table 2-2.
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Table 2-2. Characterization Data for Polymers Synthesized by Post-Side-Group Assembly
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Synthesis of Polymer 7a
Poly(dichlorophosphazene) (1) (1.00 g, 8.63 mmol) was dissolved in dry THF (100 mL).
To a separate vessel containing a solution of boc-tyramine (1.23 g, 5.18 mmol) in dry THF (150
mL) was added sodium (0.118 g, 5.13 mmol). This mixture was allowed to react for 48−72 h at
room temperature, and then added dropwise to the polymer solution. The resulting mixture was
stirred for 24 h at room temperature to obtain a partially substituted polymer. In a separate vessel,
phenylalanine ethyl ester hydrochloride (9.91 g, 43.1 mmol) was suspended in THF (100 mL)
with triethylamine (9.62 mL, 69.0 mmol). This suspension was reﬂuxed for 24 h, ﬁltered, and
added to the polymer solution. The reaction mixture was stirred under reﬂux for 12 days. To this
was added an additional 2.0 equivalents of boc-tyramine (4.09 g, 17.2 mmol) and sodium (0.395
g, 17.2 mmol) in THF (100 mL), and the mixture was reﬂuxed for an additional 48 h and
subsequently cooled, centrifuged, and dialyzed versus DCM:MeOH (50:50) for 5 days. Physical
and structural characterization data are shown in Table 2-2.

Boc-Deprotection of Polymers 6a and 7a
The deprotection of polymers 6a and 7a followed similar procedures. A representative
example of polymer 6a is described below. Polymer 6a (2.00 g, 5.19 mmol) was dissolved in
THF (12 mL, 0.43 M), and triﬂuoroacetic acid (16.1 mL, 210 mmol) was added. This solution
was stirred at room temperature for 48 h It was then neutralized with triethylamine, diluted with
methanol, and dialyzed versus methanol for 5 days. The solvent was removed under reduced
pressure, and the residue was dried under vacuum for 24 h Physical and structural
characterization data are presented in Table 2-2.
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Coupling of Diethylvinylphosphonate to Polymers 6b and 7b
The coupling followed similar procedures. A representative example of polymer 6b is
described below. Polymer 6b (1.03 g, 3.48 mmol) was dissolved in methanol (20.5 mL, 0.17 M).
To this was added diethylvinylphosphonate (1.17 g, 7.13 mmol). The reaction mixture was stirred
for 14 days at 70 °C and was monitored by 31P NMR for the appearance of DPT at δ = 32.7 ppm
and MPT at δ = 30.6 ppm. When no further changes in the DPT and MPT signals were detected,
the reaction mixture was cooled, dialyzed versus methanol for 5 days, and dried under vacuum.
Note: there was a ∼38% coupling eﬃciency, and the phosphonates were randomly distributed
along the polymer backbone. Results and characterization data are presented in Table 2-2.

Phosphonate Ester Deprotection of Polymers 6c and 7c
The deprotections followed similar procedures. A representative example of polymer 6c
is described below. Polymer 6c (0.500 g, 1.42 mmol) was suspended in dry acetonitrile (45 mL,
31.6 mM), and sodium iodide (0.420 g, 2.84 mmol) and trimethylchlorosilane (0.309 g, 2.84
mmol) were added sequentially. This solution was stirred at 45 °C for 24 h The precipitate was
dissolved in methanol and dialyzed versus methanol for 5 days. The solvent was removed under
reduced pressure, and the residue was dried under vacuum for 24 h Results and characterization
data are presented in Table 2-2.

Hydrolysis Study of Polymers and Detection of Hydrolysis Products
Polymers 2a−5a were dissolved in unstabilized THF, polymers 2b and 3b were dissolved
in a 50:50 mixture of chloroform (CHCl3) and methanol (MeOH), polymers 6c and 7c were
dissolved in MeOH, and polymers 6d and 7d were dissolved in dimethyl sulfoxide (DMSO)
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(2.5% w/v, 10 mL) and cast into ﬁlms (6 cm × 2.5 cm). The solvent was removed by air-drying
for 48 h followed by 96 h under vacuum. The ﬁlms were divided into 18 samples ∼10 mg each

and were placed in 5 mL of a 10 mM phosphate buﬀered saline (PBS) solution at an ionic

strength of 138 mM NaCl at pH of 7.40. The samples were maintained in a shaker bath at 37 °C
for 6 weeks. Each week three samples were removed for each polymer, the aqueous medium was
decanted, and the samples were dried by lyophilization. The solid samples were weighed to
determine the percent weight loss. UV−vis spectroscopy was used to determine the hydrolysis
products released from the polymers. Polymers 4b and 5b could not be examined as solids due to
their solubility in water. UV-Vis analysis revealed that there was no diﬀerence in the
absorbencies for the free DPT (222 and 275 nm) and ethyl ferulate (220, 293, and 320 nm) and
the molecules attached to the polymer; therefore, the release of the side groups could not be
monitored for these two polymers.

CONCLUSIONS
This is the ﬁrst reported synthesis of bioerodible polyphosphazenes that contain
phosphoester and phosphonic acid substituents. Two synthetic routes were developed, and both
are equally feasible. The amount of phosphoester incorporated could be varied from 13 to 45
mol%. Both routes required the subsequent deesteriﬁcation of the phosphoester to the
corresponding phosphonic acid. However, only polymers synthesized by post-side-group
assembly were deprotected completely, whereas polymers synthesized by prior-side-group
assembly were only partially deprotected. The amount of phosphonic acid incorporated varied
from 10 to 27 mol% of the total polymer. The hydrolysis of all the polymers in PBS at 37 °C for
six weeks varied from 2 to 50 %. In general, all the polymers with phosphonic acid substituents
hydrolyzed at a faster rate than their corresponding phosphoester counterparts. Polymers 6d and
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7d appear to be the best candidates for use as scaﬀolding materials for hard tissue engineering
because of their phosphonic acid content, hydrolysis proﬁle, high glass transition temperatures,
and their hydrophilicity. Currently, the phosphonic acid polymers are under investigation for their
bioactivity when exposed to simulated body ﬂuid (SBF)
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Chapter 3
Characterization of Hydroxyapatite Deposition on Biomimetic
Polyphosphazenes by Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS)

ABSTRACT
Synthetic bone grafts that promote the natural mineralization process are excellent
candidates for the repair and replacement of bone defects. In this study, a series of phosphoester
and phosphonic acid containing polyphosphazenes were examined for their ability to mineralize
calcium hydroxyapatite (HAp) during exposure to a solution of simulated body fluid (SBF) for a
period of four weeks. Although all the polymers showed an initial mineralization response, the
amount of deposition and the time scale were dependent on the polymer side group chemistry.
After exposure to SBF for one week, all the polymers mineralized HAp. After three weeks in
SBF, polymers containing phosphoester substituents showed no significant change, with a weight
gain of < 1 %, while polymers containing phosphonic acid substituents underwent a significant
increase in the amount of mineralized HAp, with weight gains between 5 - 10 %. The
morphology of mineralized features was examined with Environmental Scanning Electron
Microscopy (ESEM). However, due to the structural complexity of the mineralized polymers, the
identity of the mineralized phase could not be definitively identified using traditional
characterization techniques such as energy dispersive spectroscopy (EDS), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), or X-ray photoelectron spectroscopy
(XPS). Time-of-flight secondary ion mass spectrometry (ToF-SIMS), a technique not previously
explored for this type of application, successfully reveals details of the chemistry associated with
the mineralized phase, details that could not be detected by XRD analysis.
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INTRODUCTION
More than 2.2 million bone graft procedures are performed annually worldwide.[1]
The majority of these procedures rely on autografts and allografts, but due to the associated risks
of these procedures, a variety of synthetic bone grafts have been developed.[2] In order for the
graft to be successful, it must match both the chemical and physical properties of bone.[3]
Several synthetic and natural polymers have been investigated for this application,
including poly(lactic-co-glycolic acid) (PLGA)[4], poly(L-lactic acid) (PLA)[4-6],
polycaprolactone (PCL)[4,7,8], bacterial cellulose[9], chitosan[10,11], and silk[12]. Although
many of these polymers show promising results, a number of limitations prevent their use as
implantable scaffolds. One of the main limitations is their lack of osteoinductive properties.
Methods have been developed to improve these properties by means of incorporating growth
factors[13] or other additives, such as autographic fillers and hydroxyapatite (Ca10(PO4)6(OH)2),
into the polymer matrix by a physical mixing of the two components.[14-18] The incorporation of
hydroxyapatite allows the materials to better mimic the chemical and physical properties of
natural bone, as it comprises nearly 70 wt % of dry bone. Although the osteoinductive properties
of these materials are enhanced, the mechanical properties suffer due to poor dispersion of the
particles in the bulk polymer.[14,19]
One alternative to the use of particulate hydroxyapatite fillers to improve the
osteoinductive properties of a material is to coat the sample with calcium phosphates, or to
functionalize polymers with acidic (negatively charged) substituents to allow them to coordinate
calcium and phosphate ions, thus promoting the mineralization of hydroxyapatite.[3,20,21] Many
different types of polymers have been investigated for their ability to mineralize hydroxyapatite
(HAp) using this method, and in most cases some type of biological apatite was deposited on the
surface.[8,9,22] Studies have shown that these polymer scaffolds coated with hydroxyapatite had
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improved osteoinduction in-vivo.[23,24] Moreover, in principle these functional polymers should
have better mechanical properties because of their ability to chemically bond to the
hydroxyapatite.[25,26]
Traditional techniques used to characterize the mineralized phase rely heavily on
scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS), X-ray
diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR).[5,8,27] X-ray
photoelectron spectroscopy (XPS) is also used but to a much lesser extent.[28] These techniques
may be suitable for proper characterization of most polymer systems. However more complex
systems may require alternative characterization methods, especially when the sample size is
small and/or more than one phase is present on the sample.
An alternative analytical tool that is utilized to study such complex polymer systems is
time-of-flight secondary ion mass spectrometry (ToF-SIMS). ToF-SIMS can provide excellent
sensitivity, detecting attomolar concentrations for a variety of analytes[29], as well as having the
ability to generate chemical images of a surface with submicron spatial resolution. Chemical
imaging capabilities can yield the location of specific analytes within a system. This is
particularly advantageous in situations where complementary ESEM images can be correlated.
By collecting ToF-SIMS spectra over the same 2D array, the accurate location of specific features
can be determined with chemical specificity. ToF-SIMS has been utilized previously for
exceedingly complex systems, such as differentiation between multiple biologically-relevant
apatite phases[30], and for the chemical imaging of eukaryotic cells[31,32]. Furthermore,
advancements in primary ion sources, specifically the shift towards cluster ions, such as C60+,
allows researchers to investigate a multitude of sample varieties including both polymeric[33,34]
and inorganic[35,36] substances, whereas, some atomic sources have proven much less
effective.[37-39]
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Recently, a number of polyphosphazene-based polymers have been developed and
evaluated for their potential use in tissue engineering applications. Polyphosphazenes are tunable
inorganic-organic hybrid polymers consisting of a backbone of alternating nitrogen and
phosphorus atoms, with each phosphorus atom bearing two organic side groups.[40,41] The
synthetic flexibility of this system has provided access to biocompatible and biodegradable
polymers that show good osteocompatibility[42,43] both in-vitro[44,45] and in-vivo[44,46], with
little acute inflammatory response[47] and mineral deposition[27]. More recently, a number of
phosphonic acid containing polyphosphazenes have been synthesized and characterized[48] in
order to generate bioactive polymers capable of inducing in-situ hydroxyapatite mineralization. In
this work, their ability to mineralize hydroxyapatite from a simulated body fluid (SBF) solution
was examined. The use of SBF to predict the in-vivo bioactivity of a material has been wellestablished in the literature.[49]
Due to the complex nature of the mineralized polymers, their chemical composition was
characterized by ToF-SIMS and morphologically by ESEM. As a means to confirm the presence
of HAp detected by ToF-SIMS, XRD was used. To provide a unique and thorough
characterization using ToF-SIMS, complete phase identification and relative quantification of
HAp was accomplished using a QSTAR® XL ToF-MS which possesses both high mass accuracy
and high mass resolution, while 2D chemical images that show distinct HAp localization were
obtained on a Bio-ToF MS. With C60+ primary ion bombardment a number of characteristic and
non-coincidental ions from HAp and the polymer are observed. Utilizing these ions as a marker,
the location of HAp can be determined with chemical specificity, and in the case of the relative
quantitation scheme, a relative amount of HAp within a sample. The identities of the HAp ions
are confirmed with high mass resolution measurements and with MS/MS analyses. The
information obtained identifies HAp features and the relative amounts on the surface of the
samples.
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RESULTS AND DISCUSSION

Polymer Design
The polyphosphazenes used in this work were synthesized as described previously.[48]
The characterization data are provided in the Experimental section, with representative 1H and 31P
NMR spectra provided in Figures 3-11 and 3-12. All the polymers were designed with specific
functional groups to meet three requirements: (1) spontaneous mineralization of HAp from a SBF
solution, (2) bioerosion, and (3) high mechanical stability. The functional groups incorporated
were: (1) phosphonic acid moieties due to their ability to coordinate calcium ions and promote
HAp mineralization, (2) amino acid ester units to sensitize the polymers to hydrolysis, and (3)
bulky aromatic units to provide polymer stiffness. Figure 3-1 provides a representation of the
chemical makeup of all polymers studied. Although the chemical structures seem similar, all of
the polymers (PEA, PEPA, PAA and PAPA) have different properties which determine their
mineralization behavior. For instance, polymers PEA and PEPA are hydrophobic with relatively
high glass transition temperatures, and are soluble in chloroform or dimethylsulfoxide.
Alternatively, polymers PAA and PAPA are hydrophilic with high glass transition temperatures,
and are soluble in dimethylsulfoxide or methanol.

Mineralization Experiments and Composite Characterization by ESEM
The polymers were tested for their mineralization behavior using a dynamic treatment
with 1.5x SBF for a period of four weeks. The SBF solution was exchanged daily for dynamic
treatment and was utilized because it was found to be the most effective method of
mineralization.[9] Also, a four week period was chosen that should allow adequate time for
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Figure 3-1. Chemical composition of polymers studied, functionalized with phosphonic acid
derivatives along with calcium binding modes available based on side group composition. The
percentages listed represent the relative amounts of each side group attached to the polymer
backbone and does not imply any regularity in the substitution pattern. (PEA: poly(PhosphoEsterAlanine)phosphazene;
PEPA:
poly(PhosphoEster-PhenylAlanine)phosphazene;
PAA:
poly(PhosphonicAcid-Alanine)phosphazene;
PAPA:
poly(PhosphonicAcid-Phenyl
Alanine)phosphazene).
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mineralization to be detected. All the polymers showed mineralization behavior to some extent,
with the final amount of apatite deposited dependent on the polymer composition and time
immersed in solution. The lowest to highest amount of mineralized deposits occurred in the
following order: PEA ≈ PEPA < PAA < PAPA.
When compared to the as-prepared clean sample which was not exposed to SBF, all
the polymers showed evidence of small inorganic crystalline deposits after 1 and 2 week exposure
to SBF. These were detected by ESEM and are shown in Figure 3-2, with all samples showing a
heterogeneous distribution of particles across their surface. These samples were further analyzed
using EDS. Calcium and phosphorus signatures were found for all mineralized samples using
EDS, which indicated that some type of apatite was present (Figure 3-3). However, the specific
apatite phase could not be determined by the Ca/P ratio due to the presence of phosphorus in the
polyphosphazene backbone. HAp is the most likely candidate based on the tendency of dissolved
phosphate ions to mineralize HAp because of their high chemical affinity for calcium ions,[50,51]
coupled with HAp being the most thermodynamically stable phase precipitated from SBF under
the conditions used[52], HAp is the most likely candidate.
After 3 and 4 weeks in SBF, PEA and PEPA underwent no significant changes beyond
the results at weeks 1 and 2. However, PAA and PAPA showed a strikingly different behavior,
with 3 morphologies of mineral deposits detected on their surfaces. The first deposit type was the
same as those observed at weeks 1 and 2, with small inorganic deposits distributed
homogeneously on the surface. The second and third were clusters of inorganic deposits
distributed heterogeneously across the surface, with one cluster type possessing an irregular shape
and the other exhibiting a globular morphology. Using EDS, both clusters were found to be
apatite phases showing intense calcium signatures, and were probably the same phase, but in two
different morphologies. The morphology of both the globular clusters[22,27,53] and the
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Polymer

PEA

PEPA

PAA

PAPA

Week 0

Week 2

Week 4

Figure 3-2. ESEM images of polymer samples before mineralization (clean PEA film provides a
representative of all polymers), and after 2 and 4 weeks exposure to simulate body fluid (SBF.
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Figure 3-3. (A) An EDS spectra obtained for PEA (left), showing calcium phosphate deposition
after 1 week exposure (similar spectra were obtained for all polymers during first 2 weeks, and
for PEA and PEPA at weeks 3 and 4), along with an EDS spectrum of PAPA (right) after 4
WEEK treatment with SBF. (B) An XRD pattern of PAA after 4 weeks exposure to SBF.
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irregularly-shaped clusters[7,54] have been identified as HAp in previous literature reports. This
behavior was not found for PEA and PEPA, which is a direct result of the difference in side
group chemistry, shown in Figure 3-1. Because the mineralization process begins with the initial
binding of calcium ions to the free phosphonic acid groups, the accessibility of these groups to
the SBF solution becomes the limiting factor, and this ultimately determines the mineralization
behavior.[3,53] Based on this, PAA and PAPA which contain phosphonic acid substituents with
six P-OH groups per site available for calcium binding, should perform better than PEA and
PEPA which contain phosphoester derivatives that contain only two free P-OH groups per site
available for calcium binding. An increase in the number of P-OH linkages increases the number
of binding modes available to calcium, thus increasing the probability of mineralization. This
hypothesis is supported by the weight gain data noted in the following section. The presence of
HAp was later confirmed by ToF-SIMS and XRD. To date, this is the first reported, fully
characterized polyphosphazene that mineralized HAp from SBF.

Weight Gain after Mineralization in SBF
All the polymers were tested for their weight gain after exposure to SBF. Pre-weighed
samples of the polymers were immersed in an SBF solution which was exchanged daily. After
each week three samples were removed, rinsed with de-ionized water, and lyophilized. The thendry samples were reweighed to determine the additional mass gain from the apatite deposits
before further analysis by ESEM, ToF-SIMS, and XRD. All mass changes were normalized to the
percent mass loss due to hydrolysis, which was estimated from exposure of the polymer to a
solution of phosphate buffered saline (PBS), also exchanged daily. The results are shown in
Figure 3-4. PAA and PAPA gained the most weight, with approximately 4.5 and 10 % weight
gains, respectively, while PEA and PEPA had less than 1 % weight gain.
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Figure 3-4. Percent weight gain of apatite for all polymers studied, after exposure to SBF for 4
weeks
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ToF-SIMS Findings
The similarity in the chemical composition of the polymer to HAp causes unreliability
with characterization methods such as EDS, FTIR, and XPS. The phosphate unit is present in
both the polymer and HAp, and it would be impossible to differentiate the source of the signal,
thus complicating the chemical characterization of the mineralized polymers. Furthermore, XRD
data (Figure 3-3) provides some chemical evidence for HAp formation, but the highly amorphous
nature of the polymer masks most of the diffraction characteristics for HAp.
With C60+ primary ion bombardment, a large number of characteristic, noncoincidental ions from HAp and the polymer are detected from the collected spectra. This
diversity in ion identity allows for the differentiation of HAp ions due to any number of
characteristic ions that cannot be generated from the polymeric component. The ion identities
were compared to HAp reference material and ions [CaO]+, [Ca2O]+, [Ca2O2]+, [Ca2PO3]+,
[Ca2PO4]+, [Ca3PO5]+, and [Ca4PO6]+ well represent the HAp moiety. Also, polymeric samples
which had no exposure to SBF yielded characteristic ions of [C7H7]+ and [C6H5]+ due to
fragmentation of the functionalized polymer side-groups. Furthermore, identification is aided by
utilizing instrumentation which possesses high mass accuracy and tandem MS capabilities
(Figure 3-7). It should be noted that poly(dimethylsiloxane) (PDMS) was also detected at the
surface of all polymers. The most intense ions in the polymer spectra at m/z 73 and 147 are due to
PDMS contamination. In light of this information the characteristic ions chosen to represent the
polyphosphazenes and HAp phase are non-isobaric with the PDMS ions. It was found that solvent
washes in hexanes diminish the PDMS signal from the polymer surface Figure 3-5. Given the
current capabilities of ToF-SIMS instruments, chemical images can be created using mass spectra
obtained at various points across a sample, allowing for the generation of a 2D representation of
the distribution of analytes on a sample (Figure 3-6). Also, by examining the relative ion signal
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Figure 3-5. Mass spectra from the polymer region of PAA Week 3 are compared to a polymer
reference spectrum and a polymer reference following triplicate washes in an excess on nhexanes
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Figure 3-6. (Top left and right) ESEM images of PAA at week 3. (Bottom) ToF-SIMS of the
same region. Yellow pixels in the SIMS image represent the characteristic HAp ions and the
purple ones represent the characteristic polymer ions.
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strength among a group of samples, the amount of HAp present at each time point may be
relatively quantified (Figure 3-10).
Imaging work was performed on a Bio-ToF mass spectrometer.[55] Control spectra for
HAp and of the unexposed polymers were analyzed and compared to identify unique, abundant
ions for both species.
PAA and PAPA were examined first since they showed evidence for the most apatite
deposition by ESEM and weight gain analyses. Thus, spectra were obtained for PAA and PAPA
after mineralization in SBF for 1, 2, 3, and 4 weeks. Before ToF-SIMS imaging analysis, the
mineralized samples were mapped using ESEM due to the heterogeneous deposition of HAp. By
imaging the entire sample with ESEM, the HAp regions were identified, and then samples with
abundant HAp localization were subsequently transferred to the mass spectrometer. Analysis of
the pre-mapped ESEM samples allowed a comparison of the ToF-SIMS images with the ESEM
images, to allow chemical identification of coincidental features. The HAp had characteristic
peaks at m/z 56, 96, 112, 159, 175, 231, and 287 which were assigned as [CaO]+, [Ca2O]+,
[Ca2O2]+, [Ca2PO3]+, [Ca2PO4]+, [Ca3PO5]+, and [Ca4PO6]+ respectively. The polymer had unique
ions at m/z 77 and 91 which are indicative of the [C6H5]+ and [C7H7]+ ions. These unique
identifiers allow characterization of complex samples.
After analysis, the intensities of the ions listed for HAp and the polymer were utilized to
generate 2D chemical images. Mass spectra were collected over a 2,008 x 2,008 μm2 field-ofview (FOV) for PAA and PAPA at before and after exposure to SBF for 2 and 4 weeks, where
the peaks previously mentioned were used to create the 2D images. The integrated intensity for
the mass spectra at each pixel in a 256 x 256 array was summed together for each respective ion,
then the intensities were summed together for each pixel. The 2D chemical image for PAA
showing the HAp signal as yellow pixels and polymer in purple is compared to the same area
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analyzed by ESEM in Figure 3-6. The figure clearly shows localization of the HAp signal to the
surface features on the polymer in the ESEM images. Analysis of other polymer samples shows
no distinguishable surface features after 1 and 2 weeks of SBF exposure. However, in samples
with 3 to 4 weeks of SBF exposure surface features were observed. This localization is believed
to be a consequence of the PDMS detected which would have changed the surface chemistry
based on the local PDMS content, allowing only portions of the sample to effectively interact
with the SBF and coordinate the necessary ions to allow for the growth of HAp on the surface.
Confirmatory results which differentiate an HAp signal from the polymer signal are
shown in Figure 3-7. In this figure mass spectra from regions of interest of the provided SIMS
image (Fig 3-6 top left) of PAA week 3 are shown. In Figure 3-7 (bottom) characteristic mass
regions of the HAp feature are plotted along with HAp reference material. In Figure 3-7 (top)
exposed polymer regions are plotted with PAA reference before and after hexane washes, which
show an increase in the characteristic [C7H7]+ and [C6H5]+ fragments. Full spectra and
highlighted regions of interest are provided in Figures 3-8 and 3-9, respectively. From these
spectra the ion signatures from each region uniquely identify HAp compared to polymeric regions
allowing for differentiation based on ion signatures.
As shown in Figure 3-7, there is a direct overlap between the HAp phase detected by
ToF-SIMS and the surface features observed by ESEM. The areas of high electron density in the
ESEM images correlate in the ToF-SIMS image to HAp (yellow). The chemical image provided
for polymer PAA at week 3 provides clear evidence for HAp mineralization. However,
identification of HAp after 1 and 2 weeks mineralization in SBF for polymers PAA and PAPA
was not possible using the Bio-ToF due to low or no HAp signal detected.
The signal to noise ratio for the ToF-SIMS spectra obtained for PAA and PAPA after 1
and 2 weeks of SBF treatment was not sufficient to distinguish background from small quantities
of HAp. To overcome this limitation the samples were analyzed using a QSTAR® XL triple
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Figure 3-7. Select polymer region compared to PAA reference and PAA reference after triplicate
hexane washes (top). Select regions of mass spectra from Regions of Interest from PAA week 3
for HAp feature as compared to HAp reference (bottom). Characteristic ions are observed in the
respective spectra.
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Figure 3-8. Mass spectra from the HAp feature on PAA week 3 are compared to HAp reference
spectrum.
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Figure 3-9. The SIMS total ion image of PAA at week 3 with displayed regions of interest for
open polymer region (oval) and HAp features (rectangle). Individual mass spectra from each
region of interest were summed and are compared to reference spectra.

82
quadrupole ToF-MS modified with a 20 keV C60+ primary ion source to enable SIMS analysis.
This system possesses higher mass accuracy (10 ppm) and mass resolution (m/Δm > 12,000) than
the Bio-ToF instrument albeit with less reliable imaging capabilities. Empirical masses were
compared to their calculated exact mass values and their subsequent assignments verified.
Because the exact masses of several ions that relate to HAp were identified and separated
from interfering signals, a relative quantitation study was performed to determine the amount of
HAp deposition as a function of exposure to SBF. The abundances of several HAp ions were
compared and all were found to increase in intensity during the exposure time to SBF.
Relative Quantitation Data are shown in Figure 3-10 for the [Ca2O2]+, [Ca2PO3]+,
[Ca2PO4]+ and [Ca4PO6]+ ions. The overall trend is toward an increase in HAp signal compared
to each individual group. These results support the weight gain data (Figure 3-4), which showed
a progressive increase in the weight of the samples with increasing exposure time to SBF. It also
supports the data presented in Figure 3-2 and 3-4, where PAA and PAPA mineralized
significantly more HAp than PEA and PEPA.
The magnitude of the standard deviation is not surprising considering the
heterogeneous deposition of HAp on the polymer surface, as shown by SIMS and ESEM
imaging. Also, SIMS relative quantitation can be accomplished more readily on samples with a
lower surface roughness[56] than that observed for the mineralized samples. Despite this, an
increase in the HAp signal as a function of SBF exposure time for each polymer was clearly
established. In some instances, the specific ion signal was detected before SBF exposure, but was
attributed to be background noise.
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Figure 3-10. Relative quantitation trends of some HAp ions observed in the QSTAR® XL.
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Phase Confirmation of Mineralized Polymers by XRD
Following ESEM evaluation, all the polymers were characterized by XRD to confirm the
identity of the nucleated apatite from SBF. The XRD patterns of polymers PEA and PEPA
before and after mineralization were identical, with no observable signal for HAp. They both
contained two predominant amorphous peaks centered at 2θ = 5.21° and 21.36° (not shown).
Thus, there was not enough of the mineralized phase present. These results wareere in accordance
with the observed weight gain of less than 1 %.
XRD patterns of polymers PAA and PAPA were also obtained before and after
mineralization. Before mineralization, both polymers contained two predominant amorphous
peaks centered at 2θ = 6.87° and 19.26°. After incubation in SBF for 1 and 2 weeks, the XRD
patterns did not change, even though mineralized deposits were detected on their surface by
ESEM. However, after incubation in SBF for 3 and 4 weeks, a new peak appeared at 2θ = 31.7°,
as shown in Figure 3-3. The reflection at 31.7° (211) is characteristic of the strongest reflection
from hydroxyapatite [HAp, Ca10(PO4)6(OH)2, FIZ 97849, major 2θ = 31.7° (211 hkl), 32.2° (112
hkl), and 32.9° (300 hkl)]. Like many examples in the literature, the 2θ peaks for nucleated HAp
are broad.[6-8,22] For example, the three intense peaks for HAp listed above usually appear as
one broad peak, centered at 31.7°, representing nano-crystalline HAp.[57]

MATERIALS AND METHODS

Reagents and Equipment for Polymer Synthesis
All synthesis reactions were carried out using standard Schlenk line techniques and a dry
argon atmosphere. The glassware was dried overnight in an oven at 125 °C before use.
Diethylvinylphosphonate[58], boc-tyramine[59], and ethyl ferulate[60] were synthesized
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following previously reported procedures. The syntheses of bis-(diethyl phosphonate)-N,Ndiethyltyramine (DPT), (diethyl phosphonate)-N-ethyltyramine (MPT), bis-(phosphonic acid)N,N-diethyltyramine (DPAT), and (phosphonic acid)-N-ethyltyramine (MPAT) are described in
an earlier publication.[48] Poly(dichlorophosphazene) was prepared by the thermal ring-opening
polymerization of recrystallized and sublimed hexachlorocyclotriphosphazene (Fushimi Chemical
Company, Japan or Ningbo Chemical, China) in evacuated Pyrex tubes at 250 °C.[41]

31

P and 1H

NMR spectra were obtained with a Bruker 360 WM instrument operated at 145 MHz and 360
MHz, respectively. 31P shifts are reported in ppm relative to 85% H3PO4 at 0 ppm. Glass
transition temperatures were measured with a TA Instruments Q10 differential scanning
calorimetry apparatus with a heating rate of 10 °C/min and a sample size of ca. 10 mg. Gel
permeation chromatography was performed using a Hewlett-Packard 1047A refractive index
detector and two Phenomenex Phenogel linear 10 columns. The samples were eluted at 1.0
mL/min with a 10 mM solution of tetra-n-butylammonium nitrate in THF. The elution times were
calibrated with polystyrene standards. Water contact angle measurements were obtained using a
Rame’-Hart contact angle goniometer. Images were produced with “Snappy” video and analyzed
using Image J.

Polymer Synthesis and Hydrolysis
The synthesis of all polymers was reported previously.[48]
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Figure 3-11. 1H (top) / 31P (bottom) spectra of PEA
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Characterization Data for PEA and PEPA
Side group ratios were calculated by 31P NMR due to a large degree of signal overlap in
the 1H spectra, and an example is described for PEA with the 31P and 1H NMR spectra provided
in Figure 3-11: Three peaks were present at δ = 25.4, -3.71 and -16.6 ppm. The chemical shift at δ
=25.4 ppm represents the phosphoester group present on DPT, while the shifts at δ = -3.71 and 16.6 ppm represent polymer backbone phosphorus atoms bearing either (1) an amino acid ethyl
ester and an oxygen linked DPT or ethyl ferulate or (2) two oxygen linked DPT or ethyl ferulate
moieties, respectively.
PEA: Composition: 60 mol% ethyl ferulate, 20 mol% phosphoester, 20 mol% alanine
ethyl ester; 31P (145 MHz, CDCl3/MeOD (50:50)) δ (ppm): 25.5, -3.73, -15.7; 1H (360 MHz,
CDCl3/MeOD (50:50)) δ (ppm): 7.33, 6.71, 6.13, 4.16, 4.04, 3.57, 4.44, 1.93, 1.65, 1.54, 1.43,
1.05; Tg: 79.9 °C; Total Yield: 57.9 %.
PEPA: Composition: 55 mol% ethyl ferulate, 25 mol% phosphoester, 20 mol%
phenylalanine ethyl ester; 31P (145 MHz, CDCl3/MeOD (50:50)) δ (ppm): 23.9, -6.11, -16.8; 1H
(360 MHz, CDCl3/MeOD (50:50)) δ (ppm): 7.24, 6.86, 6.13, 4.13, 4.06, 3.48, 2.76, 1.91, 1.52,
1.22; Tg: 91.3 °C; Total Yield: 25.7 %. (Note: Molecular weights could not be determined due to
the polymers insolubility in THF)

Characterization Data for PAA and PAPA
Side group ratios were calculated by 31P NMR, and an example is described for polymer
PAPA with the 1H and 31P NMR spectra provided in Figure 3-12. In the 31P NMR spectra two
peaks were present at δ = 16.2 and -6.3 ppm. The chemical shift at δ = 16.2 ppm represents the
phosphonic acid group present on DPT, while the shift at δ = -6.3 ppm represents the polymer
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Figure 3-12. 1H (bottom) / 31P (top) spectra of PAPA

89

Figure 3-13. Hydrolysis data showing total films remaining (in percent or original mass) for all
polymers studies as a function of time immersed in phosphate buffered saline
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backbone phosphorus atom bearing an amino acid ethyl ester and an oxygen linked DPT or
tyramine.
PAA: Composition: 55 mol% alanine ethyl ester,15 mol% phosphonic acid, 30 mol%
tyramine; 31P (145 MHz, D6-DMSO) δ (ppm): 18.8, 5.10, -15.9; 1H (360 MHz, D6-DMSO) δ
(ppm): 9.47, 6.93, 3.90, 3.20, 3.17, 2.68, 2.51,1.05; Tg: 64.1°C; Total Yield: 38.0%.
PAPA: Composition: 45 mol% tyramine, 15 mol% phosphonic acid, 40 mol%
phenylalanine ethyl ester; 31P (145 MHz, D6-DMSO) δ (ppm): 16.2, -6.3; 1H (360 MHz, D6DMSO) δ (ppm): 9.49, 7.10, 4.16, 3.67, 3.36, 2.68, 0.75; Tg: 58.2°C; Total Yield: 40.3 %. (Note:
Molecular weights could not be determined due to the polymers insolubility in THF)

Hydrolysis Profiles of All Polymers Studied
Hydrolysis was performed on 10 mg samples immersed in phosphate buffered saline at
pH = 7.4 and maintained at 37 °C, with samples taken out every week in triplicate and dried to
determine film mass loss. The order of increasing film mass loss after 4 weeks is: PEPA < PAPA
< PAA < PEA. The data is provided bellow in Figure 3-13.

Preparation of Simulated Body Fluid Solution
A 1.5x SBF solution was prepared following the procedure reported by Kokubo et al.[61]
Briefly, analytical grade NaCl, NaHCO3, KCl, K2HPO4 •H2O, MgCl2•6H2O, 1M HCl, CaCl2, and
Na2SO4 were added sequentially to deionized water and buffered to a pH of 7.25 with THAM.
The final concentrations of ionic species (in mM) was 213 Na+, 7.5 K+, 2.3 Mg2+, 3.8 Ca2+, 221.7
Cl-, 6.3 HCO3-, 1.5 HPO4-, and 0.8 SO42-. The solution was stored at 5 °C before use.
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Mineralization of Polymers in SBF
Individual polymers were dissolved in dimethylsulfoxide (2.5 wt/v %, 10 mL) and
solution cast into films (6 cm x 2.5 cm x 0.2 mm). To obtain the initial mineralization response
the experiment was carried out on a small scale by dividing the films into 8 samples (~15 mg
each) and placing them in 7.5 mL SBF. The samples were maintained in a shaker bath at 37 °C
for 4 weeks, with a daily exchange of the SBF solution. Two samples were removed every week
for each polymer, rinsed with deionized water several times, and dried by lyophilization. After
the small scale experiment, a larger scale experiment was conducted by dividing the same size
films into 4 samples (~50 mg each) and placing them into 20 mL of SBF. The samples were
maintained in a shaker bath at 37 °C for 4 weeks, with a daily exchange of the SBF solution. Two
samples were removed every two weeks for each polymer, rinsed with de-ionized water several
times, and dried by lyophilization.

Equipment for the Characterization of Polymer-Apatite Composites
The samples obtained from SBF were analyzed by the methods described below.

Morphology by ESEM
The morphology was determined by environmental scanning electron microscopy
(ESEM). Images were obtained using a Phillips REI Quanta 200 ESEM. Low vacuum mode was
used for imaging uncoated samples under the following conditions: 20 KeV source voltage,
pressure of 0.68 Torr, and a working distance of 12 mm. Energy dispersive spectroscopy (EDS)
was performed to determine the presence of calcium utilizing an Oxford EDS attachment and
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analyzed using INCA software. The Ca/P ratio was not calculated due to the polymer itself
containing phosphorus.

Phase Identification and 2D Chemical Imaging using a Bio-ToF SIMS Instrument.
Chemical-imaging analyses were carried out on a ToF-SIMS instrument previously
described in detail.[55] In brief, an IOG-C60 C60+ (Ionoptika, Southampton, UK) primary ion
source was utilized on a pulsed extraction SIMS instrument. The primary ion gun used produced
a 40 keV C60+ 50 ns pulsed primary ion beam of 50 - 125 pA for sample interrogation. The ToFSIMS instrument utilized pulsed extraction at +2500 V stage bias and mass discrimination with a
dual-stage reflectron. The primary ion beam was rastered across the sample in a 2008x2008 μm2
area while collecting spectra at each pixel in a 256x256 array. A total of 30 spectra per pixel
were obtained to generate chemical images. The Bio-ToF mass spectrometer is capable of
reaching mass resolution of m/Δm of 5,000, however the height of the samples varied greatly
over the acquisition areas which caused a severe decrease in mass resolution. The total primary
ion dose at the sample surface (<1x1010 C60+/cm2) was well below the static limit so no
interference from chemical damage is visible. Control spectra were obtained for the HAp phase
and compared to the polymer-based samples. A series of masses unique to the polymer and HAp
phase that were distinguishable from the background signal were chosen. Polymer ions chosen
were at m/z 77 and 91. The HAp ions chosen were at m/z 56, 96, 112, 159, 175, 231 and 287 and
their identities are verified by high mass resolution measurements on the QSTAR® XL.
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High Mass Resolution and Accuracy ToF-MS and Relative Quantitation with QSTAR® XL
ToF-SIMS Instrument
The QSTAR® XL (Applied Biosystems/MDS Sciex) was modified in-house to
incorporate a 20 keV C60¬+ source (Ionoptika Ltd.) for SIMS analysis.[62,63] The QSTAR® XL
system is a tandem quadrupole orthogonal time-of-flight mass spectrometer. For all
aforementioned samples, an approximately 15 pA current beam of C60+ was produced by a 20
keV Ionoptika C60+ source operated in direct current mode. The relative quantitation scheme was
adapted from previously reported research[56] and briefly described here, as used on the
QSTAR®XL system. While collecting each surface spectrum, the sample stage was rastered
continuously across the surface of the samples in 10 μm steps. The samples used for analysis
each had a surface area of approximately 5 x 5 mm. Three trials for each polymer at each time
point were collected. For each trial, 180 successive scans were collected by multi-channel
acquisition, thus, all aforementioned scans are summed in a running total of intensities from the
first to the last scan. Each multi-channel acquisition scan lasted 0.33 seconds. Peak assignments
are determined with < 10 ppm accuracy. The average intensity and the standard deviation of the
three trials per sample are calculated to enable a more accurate and precise measurement of the
yield of the ions of interest from each sample.

Phase Identification by XRD
The mineral phase was determined by X-ray diffraction (XRD). XRD patterns were
collected using a PANalytical X-Pert Pro MPD Theta-Theta goniometer with Cu-Kα radiation,
and fixed slit incidence (0.25 deg. divergence, 0.50 deg. anti-scatter, specimen length 10 mm) and
diffracted (0.25 deg. anti-scatter, 0.02 mm nickel filter) optics. Samples were prepared by
flattening the mineralized film onto a zero background holder using a glass slide. Data were
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collected at 45 kV and 40 mA from 5 - 50 deg. 2θ using a PIXcel detector in scanning mode with
a PSD length of 3.35 deg. 2θ and 255 channels for a duration time of ~20 minutes. The resulting
patterns were analyzed with Jade+9 software and compared to patterns found in the International
Center for Diffraction Data (ICDD) database and the Inorganic Crystal Structure Database
(ICSD). The percent weight gain of the mineralized phase was determined by weighing samples
before and after mineralization. Each sample was normalized using the weight loss obtained from
the phosphate buffered saline specimens.

CONCLUSION
A series of phosphoester and phosphonic acid polyphosphazenes were examined for their
bone-bonding ability in real-time when exposed to SBF containing near physiological ion
concentrations. The final results show a clear dependence on the side group chemistry of the
different polymers. During the four week period, phosphoester containing polymers (PEA and
PEPA) show a minimal HAp mineralization response, with a total weight gain of less than 1
wt%, whereas the phosphonic acid polymers (PAA and PAPA) have a much greater response,
with ~ 4.5 – 10wt % gain by week 4. Due to the complex nature of the mineralized polymers,
ToF-SIMS was the primary method of HAp characterization. The Bio-ToF mass spectrometer
was used for 2D chemical imaging and phase identification, whereas the modified QSTAR®XL
mass spectrometer modified for ToF-SIMS was used for phase identification and relative
quantification of HAp. ESEM and XRD were used to support the ToF-SIMS results. This is the
first report showing the utility of ToF-SIMS to characterize a type of apatite deposited onto a
polymer substrate. This method provides another means of characterization when existing
methods such as XRD, FTIR, and EDS prove insufficient. PAPA is an excellent candidate for an
implantable bone graft, not only for its ability to nucleate HAp, which will increase the polymers
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osteoconductivity and osteoinductivity, but for its ability to hydrolyze at a similar rate to HAp
mineralization thus providing the cavities necessary to mineralize throughout the entire graft,
while also maintaining the mechanical stability required.
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Chapter 4
Deposition of Calcium Hydroxyapatite on Negatively-Charged
Polyphosphazene Surfaces

ABSTRACT
A number of polyphosphazenes with negatively charged β-alanine (β-Ala) and γ-amino
butyric acid (GABA) side groups were synthesized and studied for their ability to initiate the
growth of hydroxyapatite (HAp) during exposure to simulated body fluid (SBF). All the polymers
were hydrolytically sensitive, with the final hydrolysis rate dependent on the specific active side
groups (GABA > β-Ala). These systems also underwent extensive mineralization, with calcium
phosphate deposited across their entire surface during exposure to SBF (up to 115 wt% gain after
4 weeks). This degree of deposition is a major advance over previously reported polyphosphazene
systems, which underwent a maximum of 27 wt% gain after immersion in SBF for 4 weeks. The
extent of mineralization over the surface was monitored using environmental scanning electron
microscopy (ESEM) coupled with energy dispersive X-ray spectroscopy (EDS). In addition, Xray diffraction (XRD) was used to determine the identity of the mineralized material.

INTRODUCTION
More than 2.2 million bone graft procedures are performed world-wide each year, with
autografts and allografts used to treat most cases.[1,2] However, due to the drawbacks associated
with these procedures, the use of synthetic polymeric tissue engineering scaffolds would be a
major advance in the field.[3] In the tissue engineering approach, a biodegradable 3-dimentional
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scaffold is utilized as a foundation to carry signaling motifs to enhance cellular response and
facilitate infiltration by new tissue as the injury site heals.[4]
Earlier investigations into the development of scaffolding materials have focused on the
use of synthetic organic polymers (eg, polylactic or polylactic-co-glycolic acid) which are
capable of mimicking the physical properties of bone, primarily its load bearing capability.[5-7]
However, these polymers hydrolyze to acidic products that can lower the local pH and lead to a
decrease in tissue ingrowth and, in extreme cases, to tissue necrosis[6,8,9] Polymers derived from
living things, such as chitosan, have also been studied extensively due to their enhanced cellular
adhesion and recognition.[10] However, most of these naturally derived polymers have poor
mechanical properties that make them unsuitable for load bearing applications.[11] Furthermore,
the polymer backbone is susceptible to enzymatic attack which makes the rate of hydrolytic
breakdown unpredictable.[12]
In an attempt to mimic the composite nature of bone, macromolecules have also been
functionalized with acidic (carboxylate and phosphonate) groups to facilitate the binding of
calcium and to nucleate the growth of hydroxyapatite (HAp) to better mimic the composite
structure of the parent tissue.[10,13-16] However, as these systems generally use the above
mentioned polymers, they also suffer from the drawbacks associated with those materials.
In the current study, polyphosphazenes were synthesized with negatively charged γamino butyric acid (GABA) and β-alanine (β-Ala) side groups designed to coordinate calcium
ions and allow the deposition of HAp during exposure to a simulated body fluid (SBF) solution.
Polyorganophosphazenes (POPs) are hybrid inorganic/organic polymers with an alternating
nitrogen and phosphorus backbone, with each phosphorus atom functionalized with two organic
side groups which govern the chemical and physical properties of the final material.[17,18]
Previous work has shown that polyphosphazenes with appropriate side groups are
biocompatible[19,20], have highly tunable rates of hydrolytic breakdown[21] and are capable of
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producing a minimal inflammatory response when implanted in-vivo[19,22]. We have also
investigated polyphosphazenes containing phosphonic acid functionalized side groups, in an
attempt to generate materials capable of nucleating the growth of hydroxyapatite during exposure
to SBF.[23,24] Although these materials were shown to have hydroxyapatite deposits on their
surface, the coatings were sparse, with very little HAp deposited during the 4 week trial. In this
work, we shifted the focus toward maximizing the acidic content of the polymers in order to
optimize their potential to coordinate calcium ions from solution and facilitate the growth of
hydroxyapatite over the entire surface. The new polymers were shown to be biodegradable and
possess the ability to grow significant amounts of hydroxyapatite uniformly across the entire
surface when exposed to SBF.

RESULTS AND DISCUSSION

Synthesis of Polymers
All the polymers in this study were synthesized following a similar procedure. The
reactive intermediate, poly(dichlorophosphazene) (1), was synthesized via a previously reported
route.[18] The chlorine atoms were replaced in two steps to generate the final fully substituted
materials as shown in Figure 4-1. The characterization data are provided in Table 4-1. First,
poly(dichlorophosphazene) (1) was treated with the sodium salt of p-cresol to replace either 25 (2
and 4) or 50 (3 and 5) mol% of the chlorine atoms, followed by the replacement of the remaining
halogen atoms by either β-Ala-AE (2 and 3) or GABA-AE (4 and 5). The amino linked group
was introduced second in order to limit the total exposure time of the polymer to the hydrogen
chloride generated during the substitution reaction. This was done to minimize backbone
cleavage.[7] After the macromolecular substitution reactions were complete, the ester units were
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Figure 4-1. Schematic of the synthesis of β-alanine and γ-amino butyric acid containing
polyphosphazenes.
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Table 4-1. Characterization Data for the Polymers Assembled by Prior-Side-Group Attachment
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deprotected by means of the Pd(0)-catalyzed allyl transfer reaction under mild conditions to
afford the final polymer with carboxylic acid units. This route allowed the complete deesterification of polymers 3 and 5, as confirmed by 1H NMR. However, polymers 2 and 4
precipitated prematurely from solution during the deesterification step, which resulted in their
retention of 7 to 10 mol% of their original allyl ester groups present. In addition, due to their high
acid group content, these polymers were completely water soluble. Because of these two factors,
polymers 2a and 4a could not be examined for their solid state hydrolysis or mineralization
profiles.

Polymer Hydrolysis
The hydrolysis of solid polymers 3a and 5a was carried out over a 6 week period in TRIS
buffered saline at pH=7.35 and at 37°C to simulate physiological conditions. The results are
summarized in Figure 4-2. The rates of hydrolysis depended on the nature of the acidic linker
group, with the GABA-containing 5a hydrolyzing at a significantly faster rate (complete
degradation within 3 weeks) than the β-Ala-containing 3a (10% film mass remaining after 6
weeks). This difference may stem from the higher molecular flexibility of the GABA groups
compared to β-Ala, a consequence of the extra methylene unit in the carbon chain. This allows
the carboxylic acid unit easier access to the backbone and leads to an increased rate of hydrolysis
via acidic cleavage. Previous work has shown this mechanism results in the cleavage of the side
group from the polymer which results in the formation of a P-OH moiety in its place, which then
rearranges to the phosphozane structure which ultimately leads to polymer backbone
cleavage.[13,18,30] The hydrolytic breakdown is further facilitated by the hydrolytically labile
nature of the P-N bond linking the side group to the polymer backbone, which has been shown to
be hydrolytically unstable even in the absence of acidic side groups.[13,18,21] These hydrolysis
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Figure 4-2. Hydrolysis of polymers 3a and 5a as a function of time exposed to TRIS buffered
saline at pH = 7.35.
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rates are also significantly higher than those measured for the previously published phosphonic
acid system[24], and can be explained by the significantly higher loading of acidic side groups in
these polymers.

Mineralization of Hydroxyapatite
The mineralization of polymers 3a and 5a was examined in 1.5X SBF at 37°C over a
period of four weeks, a period chosen to allow sufficient time for mineralization to occur. A
dynamic treatment was used, with the solutions changed every 24 h Calcium phosphate
deposition was detected on both polymers, with the total amount dependent on the nature of the
acidic side group present (GABA > β-Ala). The data are provided in Figure 4-3. Beginning with
the first week of exposure to SBF, both polymers 3a (15 % mass gain) and 5a (21 % mass gain)
showed uniform deposition of calcium phosphate across their entire surface, as detected by
ESEM (Figure 4-4) coupled with EDS. However, because phosphorus is also present in the
polymer backbone, the calcium phosphate phase could not be identified using the Ca:P ratio
calculated using EDS. After two weeks exposure to SBF, polymer 3a (50 % mass gain) began to
show irregularly shaped structures, while 5a (105 % mass gain) underwent the formation of
globular features across its surface. This trend continued into week 3, with a general increase in
the density of the mineralized material. This is in contrast to previously developed
polyphosphazene samples which showed mostly sporadic deposition of calcium phosphate along
their surface which resulted in a maximum of 27 % mass gain after immersion in SBF for 4
weeks.[23,31,32]
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Figure 4-3. Mineralization profiles of polymers 3a and 5a over 4 weeks exposure to SBF.
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Figure 4-4. ESEM micrographs of polymers 3a (left) and 5a (right) after exposure to SBF.
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A major difference between these two systems was evident after 4 weeks of exposure to
SBF. At this point, polymer 3a showed a general expansion of the irregularly shaped surface
features which were first seen at week 2. The calcium signal also increased in intensity in the
EDS spectra. However, polymer 5a showed a significantly larger increase in the thickness of the
deposited material together with a significant increase in the Ca2+ signal, as indicated by EDS
(Figure 4-5). This is also supported by the mass gain data in which polymer 3a showed a
maximum of 79 % mass gain, while polymer 5a showed an increase of 115 %. The deposited
material had a dense, mainly featureless surface with a thickness that was easily discernible in the
ESEM images.
The difference in both the rates and extent of mineralization is attributable to the different
types of acidic side groups on each polymer. The mineralization process begins with the
coordination of solution-state Ca2+ ions to the carboxylic acid groups.[33] In this case, the extra
methylene unit present in the GABA side group, compared to β-Ala, extends the carboxylic acid
unit further from the hydrophobic p-cresol co-substituents, and this allows easier access to the
SBF and facilitates Ca2+ coordination. This is illustrated in Figure 4-6. After binding of the
calcium, the now-positively charged surface should attract negatively charged phosphates from
solution. This process is then repeated to form the observed inorganic deposits.
To determine the type of calcium phosphate phase deposited on the polymers, the
samples were examined using XRD. The XRD patterns obtained for polymers 3a at weeks 0, 1, 4
and for polymer 5a at weeks 0 and 4 of mineralization are shown in Figure 4-7.
Before mineralization, both polymers showed strong broad peaks at 2θ = 18 - 25°,
centered around 2θ = 20°, with polymer 5a also generating a second peak at 2θ = 6.8°. These
peaks may be attributed to low level chain packing in these materials, facilitated by hydrogen
bonding between the carboxylic acid units. After incubation in SBF, polymer 3a showed no
changes when compared to the original polymer even after 4 weeks immersion (Figure 4-7).
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Figure 4-5. EDS spectra of 5a before mineralization (a), after 4 weeks exposure to SBF (b), and
polymer 3a after exposure to SBF for 4 weeks (c).
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Figure 4-6. Mineralization mechanism for polymers 3a and 5a when immersed in simulated body
fluid.
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Figure 4-7. XRD traces of (a) polymer 3a after exposure to SBF solution for 0 weeks (bottom
trace), 1 (middle trace) and 4 (top trace) weeks, (b) polymer 5a before exposure to SBF and (c)
after 4 weeks immersion in SBF overlaid with the trace for hydroxyapatite.
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The absence of a signal from the deposited material is probably due to the smaller amount of
calcium phosphate deposited on the polymer.
Similarly, the XRD pattern for polymer 5a did not show major changes during the first 3
weeks of exposure to SBF. However, after 4 weeks, the XRD spectra underwent a drastic change
(Figure 4-7). New, broad signals were detected at 2θ = 26 and 31-34°, similarly to signals
observed in our previous work.[31] By comparing this spectrum with the XRD spectrum of
hydroxyapatite, the new signals may be indicative of the 002 and 211/112/300 planes of
hydroxyapatite, respectively. The breadth of these peaks is consistent with previously reported
examples of HAp deposited on surfaces[23,34,35] and may correspond to signal broadening
reported for amorphous deposited inorganic phosphates[36].

MATERIALS AND METHODS

Reagents
Tetrahydrofuran (THF) and triethylamine (TEA) were dried using solvent purification
columns. Acetyl chloride (Acros Organics), β-alanine (Chem-Impex), γ-amino butyric acid
(Chem-Impex), L-aspartic acid (Chem-Impex), L-glutamic acid (Chem-Impex), p-toluene
sulfonic acid monohydrate (Aldrich), toluene (EMD), dichloromethane (EMD), sodium carbonate
(Aldrich), magnesium sulfate (anhydrous, Alfa Aesar), ethanol (absolute, Decon Laboratories), pcresol (Aldrich), sodium hydride (60 % in mineral oil, Aldrich), tetra-n-butylammonium nitrate
(Alfa Aesar), tetrakis(triphenylphosphine)palladium(0) (Aldrich), morpholine (Aldrich),
methanol (EMD), dimethyl sulfoxide (EMD), chloroform (OmniSolve),
tris(hydroxymethyl)aminomethane (Alfa Aesar), sodium chloride (EMD), sodium bicarbonate
(Aldrich), potassium chloride (J. T. Baker), potassium phosphate dibasic trihydrate (Acros
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Organics), magnesium chloride hexahydrate (J. T. Baker), hydrochloric acid (EMD), calcium
chloride (Aldrich) and sodium sulfate anhydrous (AQUA Solutions) were used as received.
Dialysis of polymers was performed using Spectra/Por molecular porous cellulose dialysis
membranes with molecular weight cutoffs of 12,000-14,000 Da. Poly(dichlorophosphazene) was
synthesized by the uncatalyzed thermal ring opening polymerization of
hexachlorocyclotriphosphazene (Fushimi Chemical Company, Japan) in evacuated Pyrex tubes at
250°C. The polymerization product was purified by sublimation of the unreacted cyclic species
to leave the polymer as a colorless elastomeric material.

Equipment for Polymer Synthesis and Characterization
Unless otherwise stated all syntheses were performed using standard Schlenk-line
techniques under a dry argon atmosphere. The glassware was dried for 24 h in an oven at 140°C
and cooled under vacuum before use. Glass transition temperatures were measured using a TA
Instruments Q10 DSC operating at a heating rate of 10°C/min and a samples size of 10 - 15 mg,
with analysis performed on TA Instruments Universal Analysis 2000 software. 1H and 31P NMR
analysis made use of a Bruker AV-360 instrument operating at 360 and 145 MHz, respectively.
31

P NMR shifts are reported in ppm relative to 85% H3PO4 at 0ppm. Gel permeation

chromatographs were obtained using a Hewlett-Packard 1047A refractive index detector and two
Phenomenex Phenogel linear 10 columns, eluted at a rate of 1.0 mL/min using a 10 mM solution
of tetra-n-butylammonium nitrate in THF. The elution times were calibrated with polystyrene
standards.
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Equipment for Characterization of Mineralized Polymer Composites
The extent of surface mineralization was determined using environmental scanning
electron microscopy (ESEM). The images were obtained using a FEI Quanta 200 Environmental
SEM operating at 20.0 KV, 0.60 Torr pressure and a working distance of 12.0 mm. Energy
dispersive X-ray spectroscopy (EDS) was performed using an Oxford EDS attachment and
analyzed using INCA software.
The deposited inorganic phase was identified using X-ray diffraction (XRD), by means of
a PANalytical X-Pert Pro MPD 2θ goniometer with Cu Kα radiation, fixed slit incidence (0.25°
divergence, 0.50° antiscatter and 10 mm specimen length) and diffracted (0.25° antiscatter and
0.02 mm nickel filter) optics. Samples were flattened onto a zero background holder using a glass
slide, and the data were collected at 45 kV and 40 mA from 5-50° 2θ using a PIXcel detector in
scanning mode with a PDS length of 3.35° 2θ and 255 channels over ~20 min. The resulting
patterns were analyzed using Jade+10 software and compared to standard spectra found in the
International Center for Diffraction Data (ICDD) database.

Esterification of Asp, Glu, β-Alanine and γ-Amino Butyric Acid
The synthesis of Asp-AE and Glu-AE followed a similar procedure, with a representative
example given for Asp-AE. L-aspartic acid (50 g, 0.376 mol), allyl alcohol (218 g, 3.76 mol), ptoluenesulfonic acid (78.7 g, 0.414 mol) and toluene (500 mL) were charged into a 1 L three neck
flask equipped with a Dean-Stark water separator, and refluxed for 24h Once the appropriate
amount of water was generated, the solvent was removed under reduced pressure and the
resulting sample dried further under vacuum. The sample was then dissolved in DCM (250 mL),
washed twice with saturated aqueous sodium carbonate and dried over magnesium sulfate. In a
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separate vessel, absolute ethanol (34.7 g, 0.752 mol) was added to dry DCM (250 mL) and the
solution cooled to 0°C. Once chilled, acetyl chloride (44.3 g, 0.564 mol) was added dropwise to
the alcohol solution, and the system was stirred for 1hr before adding the allyl protected aspartic
acid solution in small portions. After the addition, the solvent was removed under reduced
pressure and the sample dried further under high vacuum to afford the final product in 70 % yield
as a white solid. 1H NMR (360 MHz, CDCl3) δ(ppm): 8.77 (s, 3H, protonated amine), 5.84 (m,
2H, CO2CH2CHCH2), 5.22 (m, 4H, CH2CHCH2), 4.64 (dd, 4H, CO2CH2CHCH3), 4.57 (1H, t,
NH2CHCO2), 3.30 (2H, t, NH2CHCH2CO2): MS (ESI+, H2O): 214 m/z ([M+H] -HCl). Glutamic
acid allyl ester: 75 % yield; 1H NMR (360 MHz, D2O) δ(ppm): 5.89 (m, 2H, CO2CH2CHCH2),
5.25 (m, 4H, CO2CH2CHCH2), 4.61 (dd, 4H, CO2CH2CHCH2), 4.16 (t, 1H, NH2CHCO2), 2.61
(m, 2H, NH2CHCH2CH2CO2), 2.20 (m, 2H, NH2CHCH2CH2CO2): MS (ESI+, H2O): 228 m/z
([M+H] -HCl).
The esterification of β-Ala and GABA followed a similar procedure, with a
representative example given for β-Ala. Acetyl chloride (24.3 g, 0.309 mol) was added dropwise
to allyl alcohol (213 g, 3.66 mol) at 0°C, and stirred for 30 min. To the resulting acidic solution
was added β-Ala (25.0g, 0.281 mol) and the resulting solution was refluxed overnight. The
solution was then cooled and the remaining allyl alcohol removed under reduced pressure. The
resulting sample was dried under high vacuum to afford the title compound in >95% yield as a
slightly yellow waxy solid with trace amount of remaining allyl alcohol; 1H NMR (360 MHz,
CDCl3) δ(ppm): 8.08 (s, 3H, protonated amine), 5.86 (m, 1H, CO2CH2CHCH2), 5.21 (m, 2H,
CO2CH2CHCH2), 4.57 (d, 2H, CO2CH2CHCH3), 3.36 (m, 2H, NH2CH2CH2CO2), 2.93 (t, 2H,
NH2CH2CH2CO2); MS (ESI+, H2O): 171 m/z ([M+H] –HCl). GABA-AE; >95% yield; 1H NMR
(360 MHz, CDCl3) δ(ppm): 8.06 (s, 3H, protonated amine), 5.81 (m, 1H, CO2CH2CHCH2), 5.16
(m, 2H, CO2CH2CHCH2), 4.50 (d, 2H, CO2CH2CHCH2), 3.04 (m, 2H, NH2CH2CH2CH2CO2),
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2.47 (t, 2H, NH2CH2CH2CH2CO2), 2.05 (m, 2H, NH2CH2CH2CH2CO2); MS (ESI+, DCM): 144
m/z ([M+H] –HCl).

Synthesis of Allyl Ester Protected Polymers
The synthesis of polymers 2-5 followed a similar procedure, with a representative
example given for polymer 2. Poly(dichlorophosphazene) (3.00 g, 25.9 mmol) was dissolved in
tetrahydrofuran (THF) (300 mL). In a separate vessel, p-cresol (1.67 g, 15.5 mmol) was added to
a suspension of sodium hydride (NaH) (60% w/w) (0.52g, 13.0 mmol) in THF (200 mL). Once
the NaH was consumed, the sodium aryloxide salt was added slowly to the polymer solution and
the mixture was stirred at 25 °C for 24 h Progress of the reaction was monitored by 31P NMR
spectroscopy. In a separate vessel, triethylamine (TEA) (26.2 g, 259 mmol) was added to a
suspension of β-alanine allyl ester hydrochloride (17.2 g, 104 mmol) in THF (200 mL) and the
mixture was refluxed for 4 hours before being transferred to the polymer solution via filter
addition. The resulting solution was then refluxed for an additional 48 h Once the substitution
was complete, the polymer solution was concentrated under reduced pressure and precipitated
twice into water from THF before drying under high vacuum to afford the product as a white
solid. The characterization data are provided in Table 3-1. (Note: During the synthesis of
polymers 4 and 5, neither the amino-containing reactant nor the polymer solutions were refluxed.
The polymer solutions were heated to ~50 °C and stirred for 72 h after amine addition which was
sufficient to obtain complete chlorine replacement)
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Deprotection of Allyl Ester Units
The deesterification of the polymers followed an adopted literature procedure.[25] The
characterization data are provided in Table 3-1.

Deprotection of 75% Amino-Bearing Polymers 2 and 4
A representative example is given for polymer 2. To a solution of 2 (3.00 g, 10.3 mmol)
in THF (600 mL) was added morpholine (8.97 g, 103 mmol) and Pd(PPh3)4 (0.119 g, 0.103
mmol). The resulting solution was stirred for 1 h at room temperature, during which time the
polymer precipitated as a fine powder. Methanol (100 mL) was added to the suspension, causing
the powder to collect into a single mass. The solid sample was purified in a Soxhlet extractor for
two days using THF to remove any remaining palladium. The product was then dried under high
vacuum to afford the final polymer as a brittle, off-white solid with <10 mol% allyl ester groups
remaining as determined by 1H NMR.

Deprotection of 50% Amino Group Polymers 3 and 5
A representative example is provided for polymer 3. To a solution of polymer 3 (2.00 g,
7.14 mmol) in THF (500 mL) was added morpholine (6.18 mL, 71.4 mmol) and Pd(PPh3)4 (0.205
g, 0.179 mmol). This solution was stirred for 1 h at 25 °C before concentration of the sample
under reduced pressure and dialysis against methanol:dichloromethane (1:1) for 3 days. The
solvent was then removed under reduced pressure to give the final polymer as an off-white solid.
The complete removal of allyl ester groups was confirmed by 1H NMR.
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Hydrolysis of Polymers 3a and 5a
Polymer films were cast using 20 mL of a 5% w/v solutions of the polymers in a 1:1
mixture of chloroform:methanol in Teflon-coated boats (25 cm2). The solvent was allowed to
evaporate slowly at 25°C until only a polymer film remained. The films were then dried further
under high vacuum for an additional 48 h The films were cut into 10mg squares (~ 1 cm2) and
were immersed in 5 mL of TRIS buffered saline (50 mM TRIS, 150 mM NaCl) at pH=7.35 and
maintained at 37°C. Three samples were removed every week for 6 weeks, the solution removed
and the solid sample dried under vacuum and reweighed to determine film mass loss. The data are
summarized in Figure 3-2.

Preparation of 1.5X Simulated Body Fluid
The 1.5X SBF solution was prepared according to a previously reported procedure.[26]
Specifically, NaCl, NaHCO3, KCl, K2HPO4•3H2O, MgCl2•6H2O, 1M HCl, CaCl2, Na2SO4 and
TRIS were added sequentially to deionized water, with additional 1M HCl added to adjust the pH
to 7.35. Final ion concentrations in solution were: Na+ (213.0 mM), K+ (7.5 mM), Mg2+ (2.3
mM), Ca2+ (3.8 mM), Cl- (221.7 mM), HCO3-(6.3 mM), HPO42- (1.5 mM), and SO42- (0.75 mM).

Mineralization of Polymer 3a and 5a
Polymer films, cast by the above described procedure were dried and cut into 50mg
squares (~ 5 cm2), immersed in 15mL of 1.5X SBF[27,28] at pH=7.35, agitated, and maintained
at 37°C. The solutions were changed daily to maintain a constant ion concentration, which has
been shown to provide the most accurate results.[29] Films were immersed for up to 4 weeks,
with samples taken out every week in triplicate and washed with deionized water before being

124
freeze-dried. The samples were analyzed for mass change along with ESEM / EDS and XRD
analysis to determine the extent and type of inorganic mineralized phase. The mass gain data is
summarized in Figure 3-2. ESEM images and representative EDS spectra are provided in Figures
3 and 4, respectively.

CONCLUSION
Polyphosphazenes with acidic β-alanine and γ-amino butyric acid side groups are capable
of nucleating the growth of calcium phosphate during exposure to SBF. Exposure of these
polymers to SBF resulted in the growth of inorganic deposits on their surface beginning within
the first week. Compared to previously studied polyphosphazenes designed for this application,
which showed inhomogeneous deposition of calcium phosphate on their surface even after 4
weeks immersion in SBF, the new polymers undergo a marked increase in both the rate and
amount of deposited inorganic phase over their entire surface. Polymer 5a gained a total of 115%
mass by week 4, while polymer 3a showed a lower mass gain of 79%. This can be compared to
the maximum 15 - 30 mass % increase in previously developed systems.[23,31] ESEM and EDS
analysis allowed a qualitative identification of the deposited mineral. Thus, both visual
appearance and the concurrent increase in the EDS calcium signal, which was uniform and dense
across the entire surface of the polymers, should make these polymers good candidates for
potential bone graft scaffolding materials. XRD analysis supports the conclusion that the
deposited material on polymer 5a is calcium hydroxyapatite. However, due to the breadth of the
peaks, it is probably amorphous. This combination of both rapid and extensive calcium phosphate
deposition over the entire surface of polymer 5a makes it the most promising polyphosphazenebased candidate for potential applications as a bone tissue engineering scaffold.
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Chapter 5
An Unusual Polymer Architecture for the Generation of Elastomeric
Properties in Fluorinated Polyphosphazenes

ABSTRACT
We report the synthesis and characterization of a new linear polyphosphazene
architecture in which rigid, bulky side units provide the possibility of interdigitation with their
counterparts on neighboring chains to generate non-covalent crosslinks and distinct elastomeric
properties. The bulky side groups are cyclotriphosphazene rings substituted with trifluoroethoxy
groups connected to the main chain via aryloxy spacers. These bulky units are distributed along
the polymer backbone and separated from each other by trifluoroethoxy units linked directly to
the main chain. Compared to the well-known poly[(bis-2,2,2-trifluoroethoxy)phosphazene],
[NP(OCH2CF3)2]n, which is a microcrystalline film- and fiber-forming polymer, several of the
new materials are elastomers with properties that arise partly from interactions of the protruding
cyclotriphosphazene side units with those on nearby polymer chains. Specific elastomers are
capable of regaining up to 89% of their original shape when elongated to high strain (up to 1,000
%) over 4 elongation cycles, and show even longer elongations at break (> 1,600 %). The overall
physical properties depend on the ratios of the cyclic trimeric side units to main chain linked
trifluoroethoxy side groups. The polymers were characterized using 1H and 31P NMR, DSC,
TGA, X-ray diffraction, GPC, and stress-strain techniques.
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INTRODUCTION
Elastomers comprise one of the most important categories of polymeric materials, with
applications that range from impact-absorbing, aerospace, automotive, and biomedical devices, to
membranes, seals, O-rings and surface coatings.[1-3] Most of the known elastomers are lightly
crosslinked flexible organic polymers or poly(organosiloxanes), many of which have properties
that are compromised by solvents, oils, fire, or high temperature oxidation. One class of
elastomers, based on the polyphosphazene platform, has properties that are a distinct
improvement over many of the classical counterparts. These are macromolecules with a backbone
of alternating phosphorus and nitrogen atoms, with two fluorinated alkoxy groups attached to
each phosphorus. If only one type of fluorinated side group is present, the polymers are
microcrystalline thermoplastics (Figure 5-1, Structure 1), but the presence of two different
fluoroalkoxy groups in roughly equal amounts lowers the symmetry, eliminates the crystallinity,
and allows low Tg elastomeric properties to emerge. The best-known example of this class is
“PN-F” or “Eypel-F” (Figure 5-1, Structure 2), an elastomer developed originally for use in
challenging automotive and aerospace environments, but also studied for cardiovascular
applications and commercialized as a dental material.[4-6]
The crosslinking of classical organic elastomers is accomplished by the formation of
covalent bonds, or by the phase separation of block or graft copolymers in which the rigid
domains serve as meltable connection sites. The covalent crosslinking method is a permanent
change so that the elastomer is no longer soluble and cannot be recycled by solution or thermal
techniques. Like many traditional polymers, PN-F elastomers are crosslinked covalently by free
radical coupling via allyl groups on aryloxy minor co-substituents.[7]
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Figure 5-1. Structures of poly(bis-2,2,2-trifluoroethoxy)phosphazene (1) and PNF (2).
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Figure 5-2. Schematic representation of the proposed interdigitation of cyclic trimeric side groups
linked to the polyphosphazene backbone.
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Figure 5-3. Structure of cyclotriphosphazene containing polyphosphazene elastomers.
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In this chapter a new method for the generation of elastomeric properties in fluoroalkoxyphosphazene polymers is described. It is based on the idea that rigid, bulky cosubstituents reduce
crystallinity and may interdigitate with their counterparts on neighboring chains in such a way
that adjacent chains become physically locked to reduce chain slippage when tensile stress is
applied. This principle is illustrated in Figure 5-2. The concept can be likened to the interaction
between the oars of rowed boats (think of rowing eights, Viking long ships, or Venetian galleys)
when adjacent vessels move so close that their oars interlock and prevent independent motion of
individual units.
Thus, the polymers described here consist of a polyphosphazene backbone with a
majority of the side groups comprised of trifluoroethoxy units, but with up to 20 mol % of the cosubstituent groups being p-aryloxy units terminated by cyclic trimeric phosphazene rings, which
also bear trifluoroethoxy side groups (Figure 5-3, Structure 3). The rubbery elastomeric character
of several of the new polymers, with striking tensile behavior, is in sharp contrast to the rigidity
of organic backbone polymers with cyclophosphazene side groups.[8,9]

RESULTS AND DISCUSSION

Synthesis of Cyclotriphosphazene Side Groups.
The design of the functionalized cyclic trimer units was based on two main criteria. First,
each bulky side group requires the presence of a single hydroxyl-terminated functional unit to
allow for its eventual attachment to poly(dichlorophosphazene). This requirement was imposed to
avoid covalent crosslinking, which may occur through the use of multi-functional side units
during macromolecular substitution reactions.[10] Second, the reactive linking species was
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Figure 5-4. (a) Assembly of the cyclic trimeric phosphazene side groups. (b) Linkage of the side
groups to the polyphosphazene chain.
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chosen to be a hydroxyl-terminated aryloxy species to provide rigidity and maintain chemical
stability.[10,11]
To fulfill these requirements, the phosphazene cyclic trimeric group was synthesized via
a three-step procedure (Figure 5-4), which generated the final mono-hydroxy functionalized side
group. Specifically, hexachlorocyclotriphosphazene (4) was treated with the sodium salt of 4methoxyphenol to generate the protected mono-substituted intermediate 5. This reaction was
monitored using 31P NMR spectroscopy by following the disappearance of the
hexachlorocyclotriphosphazene phosphorus peak at δ = 20.0 ppm, and the appearance of new
signals at δ = 22.8 (d, 2P) and 13.4 (t, 1P) ppm, which represent phosphorus atoms bearing either
two chlorine atoms or one chlorine and one 4-methoxyphenol group, respectively. Next, the five
remaining chlorine atoms on the ring were replaced using the sodium salt of 2,2,2trifluoroethanol to generate the fully substituted cyclic trimer. The progress of this reaction was
also monitored by 31P NMR spectroscopy, with the composition of the side group precursor
confirmed by both 1H NMR and mass spectrometry. Finally, the compound was treated with BBr3
to remove the methoxy group to generate 6 and afford the required hydroxyl moiety.
Characterization of the product indicated complete removal of the methoxy group with no
detectable degradation of the structure, as indicated by 31P and 1H NMR spectroscopy.

Synthesis of Polymers 8 – 15
The synthesis of polymers 8 - 15 followed a similar synthetic protocol (Figure 5-4).
Specifically, poly(dichlorophosphazene) (7) was first prepared via the non-catalyzed thermal ring
opening polymerization of hexachlorocyclotriphosphazene (4). The chlorine atoms in this
polymer were then replaced in a two-step procedure to generate the final
poly(organophosphazenes) (polymers 8 – 15). The reactions were monitored using 31P NMR
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spectroscopy. The bulky cyclotrimeric side groups were linked to the backbone first, followed by
the trifluoroethoxy cosubstituents. For polymers with a trimer content of less than 10 mol% (8 13), the introduction of the trimer units onto the polymer backbone was accomplished at room
temperature. However, for polymers 14 and 15, which contain 14.1 and 20.8 mol% of the cyclic
trimer species, the reaction required heating at reflux to ensure the complete linkage of the trimer.
This need to reflux the reaction mixture probably stems from the large steric bulk of the side
group, which can partially shield the chlorine atoms attached to adjacent phosphorus atoms. Thus,
a roughly 20 mol% loading of the bulky side groups was the maximum attainable under the
available reaction conditions. Moreover, the reaction sequence in which the bulkiest side groups
were introduced first favors structures in which the cyclic trimeric units are well separated along
the polymer backbone. Figure 5-5 illustrates the ability of the cyclic trimer group to shield the
surrounding chlorine atoms after its linkage to the polymer backbone, and hence to limit the total
number of cyclic trimeric units that can be attached to the polymer. A total of eight polymers with
different ratios of the two groups were synthesized, with their physical properties controlled by
the ratio of the two side groups. Characterization data are provided in Table 5-1.

Synthesis of Polymer 1
Polymer 1, used for comparison purposes, was synthesized by the complete replacement
of all the chlorine atoms in poly(dichlorophosphazene) (7) by the sodium salt of trifluoroethanol
at room temperature in tetrahydrofuran (THF). This macromolecular substitution reaction was
also monitored using 31P NMR spectroscopy. Once the reaction was complete, the product was
purified by precipitation from THF into water and hexanes. The resulting material is a tough
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Figure 5-5. Ball-and-stick (left) and space filling (right) models of the polyphosphazenes after the
introduction of the cyclotriphosphazene side groups, but before replacement of the remaining
skeletal chlorine atoms by trifluoroethoxy groups. The space filling model illustrates the
extensive steric bulk of the trifluoroethoxy-substituted cyclotriphosphazene side group and its
shielding effect on the surrounding chlorine atoms.
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Table 5-1. Characterization data for polymers 1 and 8 – 15. 1A T1 transition was not detected for
these systems. TFE= 2,2,2-trifluoroethoxy; trimer = penta-trifluoroethoxy-cyclotriphosphazen

Polymer

Composition

1
8

100 % TFE
0.6 % Trimer
99.4 % TFE
1.2 % Trimer
98.8 % TFE
2.3 % Trimer
97.7 % TFE
4.0 % Trimer
96.0 % TFE
5.8 % Trimer
94.2 % TFE
9.3 % Trimer
90.7 % TFE
14.1 % Trimer
85.9 % TFE2
20.8 % Trimer
79.2 % TFE

9
10
11
12
13
14
15

Tg
(°C)

T1
(°C)

MW
(106 Da)

PDI

Yield
(%)

-62.0

79.7

1.945

1.60

82.3

-66.5

62.8

5.082

2.33

72.0

-60.8

62.8

2.324

1.86

52.2

-59.2

57.8

4.721

1.99

37.9

-50.9

49.2

4.239

1.86

51.0

-49.2

40.4

3.922

1.64

66.4

-40.6

NA1

4.687

1.77

81.7

-38.0

NA1

1.439

1.32

66.6

-26.4

NA1

4.759

1.56

63.3
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and opalescent micro-crystalline polymer, with a high molecular weight and a low glass transition
temperature (Tg) (Table 5-1). This is consistent with previously published results for this
polymer.[12]

Characterization of the Polymers.
Characterization data for polymers 1 and 8 - 15 are shown in Table 5-1.

Molecular weights and distributions.
The gel-permeation chromatography derived molecular weights of the polymers (Table 51) are in the range of 1.5 - 5 million, which is typical of fluoroalkoxyphosphazenes obtained from
poly(dichlorophosphazene) that has been prepared via the non-catalyzed ring-opening
polymerization route. In the case of the present polymers, this represents degrees of
polymerization in the range of 3,000 to 20,000 repeat units, depending on the side group trimer
content. Thus, the synthesis protocol leads to minimal chain cleavage, and this is undoubtedly a
factor favoring elastomeric behavior.

Glass and mesophase transition temperatures
Figure 5-6 shows the differential scanning calorimetry (DSC) traces for the synthesized
polymers. The data reveal a near linear increase in the glass transition temperature (Tg) with an
increase in the side chain trimer content, Figure 5-7. Specifically, the Tg increases from -64.4 °C
for poly[(bis-2,2,2-trifluoroethoxy)phosphazene] (1), to -26.6 °C for the polymer with 21 mol%
of the cyclotriphosphazene side group (15). This increase is consistent with the influence of the
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bulky cyclotriphosphazene rings, which restrict the polymer backbone motion by steric
interactions. Similar trends have been noted for simpler polyphosphazene systems: for example,
replacement of trifluoroethoxy groups in polymer 1 by aryloxy units results in an increase in the
Tg.[13]
The T1 transition that is strongly evident in [NP(OCH2CF3)2]n (1) shifts from 79.7 °C to
40.4 °C, and decreases in intensity when only 5.9 mol% of the cyclic trimeric side groups are
present. Previous X-ray diffraction studies on fluoroalkoxyphosphazene polymers showed that
this transition arises from a crystalline-to-mesophase transformation, which corresponds to a
significant, but not complete, loss of modulus in samples heated above this temperature.[14-17]
These decreases in the intensity of the T1 transition signal in the new polymers supports the idea
that the crystallinity is decreased as the cyclic trimer side group content increases. Once the
trimer content is higher than 5.9 mol%, the mesophase transition peak disappears, which probably
is close to the critical trimer concentration above which the trifluoroethoxy units between the
cyclic trimer side groups can no longer pack sufficiently well to allow efficient crystallization.
This is a critical characteristic for the onset of elasticity. However, the physical properties of 13
suggest that small domains of crystallinity may persist up to a trimer loading of ~10 mol% or
higher even though it is not detectable by DSC.

Polymer Crystallinity by X-Ray Analysis
X-Ray diffraction patterns were obtained for the new polymers (Figure 5-8) reinforces
the conclusion that the crystallinity is decreased as the content of the cyclic trimeric side group is
increased. All the polymers show the very strong reflection at 2θ = 21°, which has been reported
previously for [NP(OCH2CF3)2]n (1).[15-17] This signal is strong and sharp for the polymers that
contain 0, 0.6, 1.2 and 2.3 mol% cyclic trimer side units (1 and 8 – 10), but it decreases in
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Figure 5-6. Differential Scanning Calorimetry (DSC) traces of polymers 1 and 8 – 15.
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Figure 5-7. Trend line of Tg as a function of cyclotriphosphazene concentration.
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Figure 5-8. Powder XRD traces of trimer side group containing polyphosphazenes.
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intensity and broadens extensively for the polymers with a trimer content at or above 5.9 mol%
(12 – 15). However, polymer 11, which has 4.0 mol % of the trimeric side group, shows an
intermediate, slightly broadened, but still easily discernable signal at 2θ = 21°, showing that the
sample still maintains a small degree of crystallinity. This information is consistent with the DSC
data, and shows that the crystallinity of the polymers decreases, but is not completely eliminated,
until the trimer content is at or above 5.9 mol%. As mentioned above, some crystalline domains
may persist in the presence of up to ~10 mol% trimeric side groups. The decrease in the
crystallinity with increasing trimer concentration is readily understood, but the balance between
crystallinity and elastomeric behavior may be a consequence of the two different interactions,
which are discussed in a later section.

Thermal Stability and Resistance to Combustion
Polymer 1 is known to undergo depolymerization-type thermal breakdown to
trifluoroethoxy-substituted phosphazene cyclic oligomers when heated above ~300 °C.[18,19]
TGA plots show that polymers 8-15 behave in a similar way, Figure 5-9. However, the presence
of the side group cyclic trimer units appears to raise the depolymerization onset temperature and
increases the temperature for T10 weight loss by as much as 100 °C. It is possible that the bulky
cyclic trimeric side units inhibit back-biting, which is often a prerequisite for depolymerization.
Previous work has shown that polymer 1 is resistant to combustion in air, although its
utility in in this regard is compromised by melting at the flame front.[20] However, polymers 8 –
16 are self-extinguishing in air and retain their physical structure during the initial pyrolysis.
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Figure 5-9. Structure of cyclotriphosphazene containing polyphosphazene elastomers.
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Mechanical Properties
As the ratios between the two types of side groups are changed, the mechanical properties
also change, with the result shown in Table 5-2. Representative stress-strain curves are shown in
Figure 5-10.
The mechanical testing revealed that increases in the content of the cyclic trimeric side
groups moved the properties though three distinct phases. First, the micro-crystalline polymers 1
and 8-10, with the smallest amounts of cyclophosphazene side groups (0 - 2.3 mol% respectively)
are relatively tough materials which orient and crystallize readily under tension, and break at
comparatively low strains (400 – 500 %). Polymers 1 and 8 – 10 also show the weakest ability to
retract after being elongated. For example, polymer 8 retracted only 30 % of its stretched length
after being elongated to 250 % of its original gauge length. Figure 5-11 shows a representative
hysteresis curve of polymer 8. In this sense, 8-10 have properties that are minor variations of 1.
However, even low concentrations of the cyclic trimeric side groups brings about an increase in
both the Young’s modulus (60.5 – 114.4 MPa) and yield strength (4.23 – 4.90 MPa), and this
suggests a strong influence on these properties by even these small amounts of the bulky side
units.
Second, polymers 11 and 12 with 4 and 5.9 mol% cyclic trimeric side units are unusual
elastomers. Even though they are not covalently cross-linked, they display properties that would
be typical of a lightly cross-linked organic elastomer. The tensile strengths (1.68 – 4.06 MPa) are
one fifth to one half those observed for their microcrystalline counterparts (1 and 8 – 10), and the
Young’s modulus (0.131 – 0.35 MPa) is also decreased by two to three orders of magnitude.
Moreover, these polymers can undergo significant elongations (≥ 1,600 %) before rupturing, and
they possess a remarkable capacity to retract after extensive elongation. For instance, these
samples are capable of retracting between 66 and 85 % of their stretched length after being
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Table 5-2. Mechanical Properties of Polymers 1 and 8 – 15.
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Figure 5-10. Representative stress vs. strain curves of the microcrystalline (9), midrange (11), and
non-crystalline (13) polymers.
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Figure 5-11. Hysteresis cures for polymers 8, 11 and 13.
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elongated to 600 – 1,000 % of their original gauge length over four elongation cycles. Figure 5-11
shows the hysteresis data for polymer 11. It is speculated that this may reflect a ratcheting
behavior that involves the cyclotriphosphazene rings on adjacent chains slipping past each other
during polymer elongation before encountering consecutive trimer units. This allows the ring-ring
interchain interactions to be broken and reformed continuously, which maintains the strength and
some memory by the system as it is elongated.
However, polymers 13 - 15, with 9.3 - 20.8 mol % cyclic trimeric side units are relatively
soft, self-adhesive materials, with a diminished ability to retract after stretch elongation.
Interestingly, they show a similar elongation to polymers 11 and 12 before rupturing. Polymer 13
(9.3 mol% trimer) has properties that are intermediate between those of 11 and 12 and the
completely amorphous 14 and 15. The hysteresis curve is shown in Figure 5-11. The three
stress/strain and hysteresis curves in Figure 5-10 and 5-11 illustrate the change in behavior as the
bulky side group concentration is increased. Species 13 – 15 have relatively high trimer content
but no evidence of crystallinity. Thus it is concluded that the combination of microcrystallinity
and bulky cosubstituents is responsible for the unusual behavior of polymers 11 and 12.

Conclusions regarding the elastomeric properties
The system described here is an unusual example of elastomer structure/property tuning
without the use of covalent crosslinking. Inter-chain packing in 1 leads to high levels of
microcrystallinity; especially after orientation by tension. By comparison, the elasticity of 2
reflects the disruption of microcrystallinity following the introduction of the longer (but still
flexible) fluoroalkoxy cosubstituent groups, although covalent crosslinking is still needed to
generate good elastomeric strength under tension.
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A different mechanism appears to be operative in the new polymers described here. Two
forms of interchain interactions could influence the physical properties. First, the physical
crosslinking provided by microcrystallites decreases as bulky cosubstituents are introduced due to
disruption of order by the bulkier side groups, until detectable crystallinity is lost when roughly
10 mol% of the larger side groups are present. In a classical polymer this would probably lead to
the conversion of a microcrystalline solid to a marginally elastic extensible gum. This does not
happen with polymers 11 - 15 where significant retraction after stretching is evident. We attribute
this to the opportunities that exist for intermolecular interactions that involve the bulky cyclic
trimeric side groups, perhaps by interdigitation. For polymers 14 and 15, which have the longest
extensions tolerated before rupture and show a slight decrease in their ability to retract when the
samples are allowed to relax after elongation, it is possible that interdigitation is the main
mechanism that retards chain slippage, while the combination of interdigitation and residual
microcrystallinity is responsible for the high elastic recovery of 11 - 13. A possible model for the
side group – side group interactions is suggested in Figure 5-12.

MATERIALS AND METHODS

Reagents and Equipment for Polymer Synthesis
Unless otherwise stated all syntheses were performed using standard Schlenk-line
techniques under a dry argon atmosphere. Glassware was dried for 24 h in an oven at 140°C
before use. Tetrahydrofuran (THF) was dried using solvent purification columns. 2,2,2trifluoroethanol (Halocarbon) was distilled over sodium and stored over molecular sieves (type
4A, EMD). Dichloromethane (EMD), hexanes (EMD), acetone (EMD), magnesium sulfate
(anhydrous, Alfa Aesar), sodium hydride (60 % w/w in mineral oil, Aldrich), and
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Figure 5-12. 3D representation of polymer chains interacting, showing the trimer-trimer spacing
along both chains and the pocket which would accept trimer units from adjacent chains to
facilitate the trimer-trimer interactions. These interactions are also favored by the ability of the
trifluoroethoxy groups on the trimeric side groups to interact with the trifluoroethoxide groups
attached to both adjacent trimer units and the polymer backbone.
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tetra-n-butylammonium nitrate (Alfa Aesar) were used as received. Dialysis of polymers was
performed using Spectra/Por molecular porous cellulose dialysis membranes with molecular
weight cutoffs of 12,000-14,000 Da. Hexachlorocyclotriphosphazene (Fushimi Chemical
Company, Japan) was purified by recrystallization from hexanes followed by sublimation.
Poly(dichlorophosphazene) was synthesized by the uncatalyzed thermal ring opening
polymerization of the purified hexachlorocyclotriphosphazene in evacuated Pyrex tubes at 250
°C. Unreacted cyclic trimer was removed by vacuum sublimation, leaving the polymer as a
colorless elastomeric material.

Equipment for Polymer Characterization
Glass transition temperatures were measured using a TA Instruments Q10 DSC unit
operated at a heating rate of 10°C/min and a samples size of 10-15 mg, with analysis performed
by means of TA Instruments Universal Analysis 2000 software. 1H and 31P NMR analyses made
use of a Bruker AV-360 instrument operated at 360 and 145 MHz, respectively. 31P NMR shifts
are reported in ppm relative to 85% H3PO4 at 0 ppm. Gel permeation chromatographs were
obtained using a Hewlett-Packard 1047A refractive index detector and two Phenomenex
Phenogel linear 10 columns, eluted at a rate of 1.0 mL/min using a 10 mM solution of tetra-nbutylammonium nitrate in THF. The elution times were calibrated with polystyrene standards.
Mechanical measurements were obtained with use of an Instron® 5866 tensile testing instrument
at a fixed crosshead speed of 100 mm/min at ambient temperature using a 100 N load cell.
Polymer films were cut into dog-bone shaped samples according to ASTM D-1708 using a
PioneerDietecs die. A minimum of 6 samples were tested for each polymer.
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Synthesis of N3P3(Cl)5(OC6H4OCH3) (5)
To a suspension of sodium hydride (11.5 g, 0.288 mol) in THF (100 mL) was slowly
added a solution of 4-methoxyphenol (35.8 g, 0.288 mol) in THF (150 mL). After the sodium
hydride was consumed, the solution was added dropwise to a solution of
hexachlorocyclotriphosphazene (4) (100 g, 0.288 mol) in THF (1 L) at 0 °C. The resultant
mixture was allowed to warm slowly to room temperature overnight while monitored by 31P
NMR spectroscopy. After replacement of one chlorine atom was complete, the solvent was
removed under reduced pressure. The resulting sample was purified by vacuum distillation at a
pressure of 4.5x10-1 Torr, to afford 5 in 36.7 % yield. 31P NMR (145 MHz, CDCl3) δ(ppm): 22.9
(d, 2P), 13.4 (t, 1P).

Synthesis of 6
To a suspension of NaH (24.0 g, 0.601 mol) in THF (200 mL) at 0 °C, was slowly added
2,2,2-trifluoroethanol (43.9 mL, 0.601 mol). Once the NaH was consumed, the sample was added
slowly to a solution of 5 (50.0 g, 0.116 mol) in THF (200 mL) at 0 °C, and the mixture was
stirred under continuous cooling for 8 h before removal of the solvent under reduced pressure.
The resulting oil was dissolved in dichloromethane and washed with water, before removal of the
solvent under reduced pressure and drying further under high vacuum. The sample was then
deprotected by redissolution in dry DCM (300 mL) to which was added BBr3 (14.2 mL, 0.147
mol), and the mixture was stirred for 18 h at room temperature. The sample was then added to
water (200 mL) at 0 °C and stirred vigorously for 30 min. The organic layer was isolated and
washed with sodium carbonate (1N) and brine before drying over magnesium sulfate. The solvent
was then removed under reduced pressure to afford 6 in 85% yield and 90 % purity w/w (with
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10% hexa(2,2,2-trifluoroethoxy)-cyclotriphosphazene impurity) as an oil. 31P NMR (145 MHz,
CDCl3) δ(ppm): 16.6 (dd, 2P), 13.4 (t, 1P). 1H NMR (360 MHz, CDCl3) δ(ppm): 7.10 (d, 2H),
6.83 (d, 2H), 5.51 (s, 1H), 4.44 (m, 2H), 4.29 (m, 4H), 3.95 (m, 4H). MS (ESI+, DCM): 740 m/z
(M+H+).

Poly[bis(trifluoroethoxy)phosphazene] (1)
This polymer was synthesized by methods reported earlier[12], and was purified by
precipitation from THF into water three times and hexanes once to afford the title polymer as an
opaque leathery material. Confirmatory characterization data are provided in Table 5-1.

Synthesis of Polymers 8-15
All syntheses followed a similar procedure, with an example provided for 13. To a
suspension of NaH (0.692 g, 17.3 mmol) in THF (200 mL) was added 6 (14.2 g, 17.3 mmol) and
the mixture was stirred. Once the NaH had been consumed, the sodium salt was added slowly to a
solution of poly(dichlorophosphazene) (7) (10.0 g, 86.3 mmol) in THF (1 L) and stirred at 25 °C
for 24 h and monitored by 31P NMR. In a separate vessel, 2,2,2-trifluoroethanol (11.9 mL, 163.9
mmol) was added slowly to a suspension of NaH (6.56 g, 163.9 mmol) in THF (300 mL) and the
reaction mixture was stirred until the NaH was consumed. After the cyclic trimeric side group had
been linked to the polymer backbone (as indicated by 31P NMR), the sodium salt of
trifluoroethanol in THF was added to the polymer solution and the mixture was stirred at room
temperature for 8 h Once complete, the reaction mixture was precipitated into water and the
sample was dried under high vacuum. The resulting material was then dissolved in acetone and
dialyzed against 15 % v/v methanol in acetone, before removal of the solvent under reduced
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pressure to afford the final polymer as a translucent elastomeric material. Characterization data
for all polymers are presented in Table 5-1. (For polymers 14 and 15, the solution was heated at
reflux for 24 h after addition of the cyclic trimer 6, followed by replacement of the remaining
chlorine atoms using 2,2,2-trifluoroethoxide at room temperature.)

Elasticity comparison for polymers 1 and 8 – 15
The polymers were solvent cast with use of the following protocol. Specifically, ~18 g
samples of each polymer were dissolved in acetone (250-350 mL), before being poured into a 6
cm x 25 cm Bytac® coated dish. The solvent was allowed to evaporate at room temperature in an
acetone-saturated atmosphere until the polymer formed a coherent film. Each film was then dried
further under high vacuum at room temperature for an additional 48 h The final films were
smooth with a uniform thickness across the entire sample. After cutting into dog-bone shaped
samples using a prefabricated die, the samples were stored under vacuum before testing. The
polymers were evaluated using an Instron® 5866 tensile testing instrument at a fixed crosshead
speed of 100 mm/min at ambient conditions.

3D Structure Rendering
3-Dimensional structures of the cyclotriphosphazene containing polymers (Figures 5-5
and 5-12) were obtained using ChemBio3D Ultra 11.0, utilizing the standard MM2 minimization
function to generate the lowest energy structures.
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Chapter 6
Elastomeric Polyphosphazenes with
Phenoxy-cyclotriphosphazene Side Groups

ABSTRACT
New polymers with a phosphazene backbone and both 2,2,2-trifluoroethoxy- and
phenoxy-functionalized cyclotriphosphazene substituents exist in three phases depending on the
side group ratios. At low concentrations of the bulky substituents (up to ~ 7 mol %), the polymers
are semi-crystalline thermoplastics, with properties that are minor variations of poly[bis(2,2,2trifluoroethoxy)phosphazene]. However, after the incorporation of between ~ 7 mol % and ~ 20
mol % of the bulky cyclic trimeric side groups, the polymers lose their semi-crystalline properties
and become amorphous elastomers. At still higher trimer loadings (> 20 mol %) the materials
develop gum-like behavior. The elastomeric phase appears to be generated by inter-digitation or
agglomeration of the bulky aryloxy-cyclotriphosphazene side groups, which act as quasi physical
crosslinks between the polymer chains. The presence of these interactions allows the samples to
experience high strain values before rupture (up to 1,000 %), and elastic recovery of more than 85
% of the original dimensions when stressed up to 60 % of the break elongation over 4 cycles. In
addition, the chemical and physical nature of the substituents on the cyclic trimeric side groups
alters the physical characteristics of the polymer in a way that provides a facile method to tune
the properties.
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INTRODUCTION
The utility of a large part of polyphosphazene chemistry rests on the ease of linkage of a
wide variety of organic side groups to the inorganic backbone.[1-11] This has allowed the
development of a substantial number of polymers with properties that vary from semicrystalline[4, 5] or amorphous thermoplastics, to low Tg elastomers, hydrophobic films and fibers,
polymer dyes, water-soluble polymers and bio-medically useful materials. Thus, the ease of
chemical manipulation is one of the most important features of this field. Especially interesting is
the influence of bulky side groups on the physical properties of the polymers.
In a recent publication[12] we described the first members of a novel class of polymers
based on a polyphosphazene backbone with 2,2,2-trifluoroethoxy side groups and a small
percentage (0.5 – 20 mol %) of bulky cyclotriphosphazene units which themselves bear
trifluoroethoxide units (Figure 6-1, structure 1). The bulky cyclic trimeric side units in that
system act as anchoring points or inter-digitation sites, and function as physical “crosslinks” to
impart elastomeric properties to polymers that would normally be either microcrystalline
thermoplastics or non-crystalline, non-elastomeric gums. Several questions arose from that study,
including the possible effects of linking even bulkier co-substituent groups to the
polyphosphazene backbone, and the influence that larger side groups might have on the
elastomeric properties.
Thus, in this paper we report the synthesis of a new series of phosphazene polymers
(Figure 6-1, structure 2) that bear a majority of 2,2,2-trifluoroethoxy side groups plus small to
medium ratios (0.7 – 22 mol %) of cyclotriphosphazene units each decorated with phenoxy
substituents. In principle, the aryloxy functionalized cyclophosphazene co-substituents could
increase the inter-chain interactions in three ways. First, the increased steric bulk and rigidity of
the aryloxy units, compared to the trifluoroethoxy counterparts, could generate stronger inter- and
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Figure 6-1. Structures of polyphosphazenes bearing cyclotriphosphazene side groups
functionalized with 2,2,2-trifluoroethoxy (left) and phenoxy (right) groups.
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intra-molecular steric interactions. Second, the phenoxy groups might undergo π – π interactions,
which could further increase the strength of the interchain forces. Third, the presence of both
aryloxy and 2,2,2-trifluoroethoxy substituents may cause them to phase separate, with the aryloxy
units occupying clusters or agglomerates that resemble the more traditional physical crosslinks in
block copolymers.
Analysis of the newly synthesized macromolecules revealed that the aryloxy
functionalized cyclotriphosphazene groups do indeed have a significant influence on the
mechanical properties of the polymers. Specifically, the new polymers have a higher Young’s
modulus and tensile strength than the series 1 polymers (Figure 6-1) at similar loadings. This
change is evidence of increased interactions between the bulky side units as well as a decrease in
overall polymer chain flexibility. Thus, in the following sections the emphasis is on the
similarities and differences between polymers of types 1 and 2 (Figure 6-1).

RESULTS AND DISCUSSION

Synthesis of Aryloxy Functionalized Cyclotriphosphazene Side Group 5
Compound 5 was synthesized using a three step procedure (Figure 6-2), which resembles
the protocol employed for the trifluoroethoxy-substituted counterpart.[12] First,
hexachlorocyclotriphosphazene was treated with the sodium salt of 4-methoxyphenol to replace
one of the six chlorine atoms to generate intermediate 3. The progress of this reaction and
subsequent steps were monitored by 31P NMR spectroscopy. Once the substitution was complete,
the product was purified extensively to eliminate any impurity with more than one aryl-methoxy
group attached to the cyclotriphosphazene ring. Any multi-functional impurities would ultimately
be a source of covalent crosslinking during subsequent synthesis steps.
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Figure 6-2. Synthesis of the aryloxy functionalized cyclotriphosphazene side group 5/5a. (5a is
the deprotected unit after coupling to the polymer skeleton)
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After the mono-substituted intermediate 3 had been isolated and purified, it was treated
with an excess of sodium phenoxide to replace the remaining five chlorine atoms on the
cyclotriphosphazene ring to give 4. Treatment with BBr3 removed the methyl ether unit and
generated the required mono-hydroxyl functionalized 5. The structure of 5 was confirmed by both
1

H and 31P NMR spectroscopy.

Synthesis of Polymers 6 – 10
These polymers are variations of structure 2 (Figure 6-1) with five different side group
ratios. The synthesis of these species followed three-step procedures (Figure 6-3), with the
preparation of polymer 6 following a slightly different procedure than the one used for polymers
7 – 10.
First, for polymers 7–10, which were designed to have 5 – 20 mol % of 5a, respectively,
95 – 80 mol % of the chlorine atoms along the polymer backbone were replaced by the sodium
salt of 2,2,2-trifluoroethanol to generate a partially substituted intermediate. To favor a random
distribution of the remaining chlorine atoms, the sodium salt solution was added dropwise to a
vigorously stirred polymer solution at room temperature. This procedure allowed the required
number of chlorine atoms to be left unreacted. Thus, their subsequent replacement by the sodium
salt of 5 would control the loading of the cyclic trimeric groups along their backbone. The
progress of these and future steps were monitored using 31P NMR spectroscopy. The reaction
mixture was then treated with a four-fold excess of the sodium salt of 5 to replace the remaining
chlorine atoms. This large excess allowed a near-complete replacement of the remaining chlorine
atoms by 5. Finally, any remaining P-Cl bonds, below the detection limit of 31P NMR signals,
were replaced by a second treatment of the polymer with the sodium 2,2,2-trifluoroethoxide. This
protocol ensured the formation of chlorine-free, un-crosslinked polymers.
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Figure 6-3. Reaction scheme for polymers 6 – 10.
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Table 6-1. Characterization data for polymers 6 – 10.
Polymer
6
7
8
9
10

Composition
Tg / T1
mol % CTP.
°C
0.7
-61.0 ± 1.1 / 60.9 ± 1.6
6.3
-21.4 ± 0.9 / 56.5 ± 4.3
10.9
-19.2 ± 0.9
17.0
-3.2 ± 0.4
22.3
4.8 ± 0.1

Mw
kDa
4,400
2,100
2,000
1,600
1,100

PDI
1.95
2.35
2.13
1.79
1.87

Yield
%
51
18
67
41
19
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The synthesis of polymer 6 followed a slight variation of the above procedure due to the
extremely low loading of 5a. In the first step only 90 mol % of the chlorine atoms were replaced
using sodium 2,2,2-trifluoroethoxide. This was necessary due to the difficulty of preparing an
intermediate with only 0.5 mol % of the chlorine atoms remaining. By leaving 10 mol %
unreacted chlorine atoms, it was then possible to incorporate the precise amount of 5a in the
second step, and to then replace the remaining chlorine atoms by trifluoroethoxy units to generate
polymer 6.
These synthetic procedures yielded fully substituted polymers in moderate to good yields
(15 – 67 %) and with high molecular weights (≥ 1,000 kDa). Characterization data are provided
in Table 6-1.

Solubility and Surface Character
All the polymers described here are soluble in tetrahydrofuran, acetone, methyl ethyl
ketone, and a number of other traditional organic solvents, and showed little deviation from the
solubility profile of the parent [NP(OCH2CF3)2]n. The water contact angles for all polymers are
in the range of 82 – 97 degrees, with no discernable influence based on the concentration of 5a.
This too reflects the properties of the parent [NP(OCH2CF3)2]n. Thus, the bulky phenoxy
functionalized cyclotriphosphazene groups have no appreciable influence on the surface
properties of these polymers.

Thermal Transition
Table 7-1 shows characterization data for these polymers. The Tg/T1 data are from DSC
experiments. The important trends are (1) the glass transition temperatures rise as increasing
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Figure 6-4. Glass transition temperatures of polyphosphazene elastomers bearing phenoxy and
2,2,2-trifluoroethoxy[12] functionalized cyclotriphosphazene co-substituents.
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Figure
6-5.
3D
rendering
of
the
2,2,2-trifluoroethoxy(left),
2,2,2trifluoroethoxycyclotriphosphazene (middle) and phenoxycyclotriphosphazene (right) side
groups. These groups extend from the polyphosphazene backbone by ~ 4.8 Å, 14.8 Å and 16.5 Å,
respectively.
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numbers of the bulky side groups are present along the chains, and (2) the T1 transition, which is
a well-known feature of the parent polymer [NP(OCH2CF3)2]n,[4, 5] persists only until the
loading of the bulky groups exceeds ~ 6 – 7 mol %. A further indication of the loss of the T1
transition is evident from the X-ray scattering data (see later). The increase of the Tg is almost
certainly a consequence of steric restrictions to backbone torsional motions caused by intra- and
inter-molecular interactions, which reduces torsional freedom and yields a stiffer polymer.[2]
Apart from purely steric interactions the possibility also exists that the aromatic nature of the
substituents on polymers of series 2 (Figure 6-1) may further limit polymer flexibility though π –
π interactions.
This is a similar trend to that found for polymers of type 1 (Figure 6-1).[12] Figure 6-4
shows a comparison of the Tg values as a function of side group concentration for the polymers of
types 1 and 2 (Figure 6-1). The Tg values measured for the polymers of type 2 (Figure 6-1) are on
average 20 – 30 °C higher than those of their counterparts of type 1 (Figure 6-1) at comparable
concentrations. Figure 6-5 shows a 3D comparison of the size of the two bulky side groups,
together with the 2,2,2-trifluoroethoxy unit for comparison.
Although the Tg values of the polymers are influenced by the bulk of the
cyclotriphosphazene groups, the T1 transition appears to be relatively insensitive to the size of the
larger substituents. Earlier reports have suggested that this transition represents a conversion of
the microcrystallites found in the parent [NP(OCH2CF3)2]n to a secondary mesophase.[5, 13]
Thus, because the larger side groups are associated with the non-crystalline sections of the chains
it is understandable that changes in the size of the bulky side groups should have a minimal effect
on the behavior of the crystallites.[12] Thus, the presence or absence of this transition is a simple
indicator of whether the polymer retains crystallinity or is amorphous. Only polymers 6 and 7
show evidence of this transition, while polymers 8 – 10 do not. This suggests that the loading of
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bulky groups required to eliminate crystallinity (between 6 and 10 mol %) is fairly constant
regardless of the size or character of the bulky groups, at least within this polymer system.

Wide Angle X-Ray Scattering (WAXS) Data and Crystallinity
Additional evidence of the change from semi-crystalline to amorphous was provided by
wide angle x-ray scattering (WAXS) analysis. Figure 6-6 shows the patterns collected for
polymers 6 – 10. All the patterns reveal the presence of two signals centered at 2θ ≈ 9 and 21
degrees. The same signals are also found for the previously studied polymers of series 1 (Figure
6-1).[12] Based on the earlier work, these diffraction peaks represent the inter-chain spacing and
the near-cis-trans planar repeat unit lengths, respectively.[13-17]
The data suggest two main conclusions. First, the WAXS patterns obtained for polymers
6 and 7 contain sharper signals than those of polymers 8 – 10. This confirms that 6 and 7 are
semi-crystalline, while 8 - 10 are amorphous, and reinforces the conclusion that the loading of the
bulky co-substituents required to transform a semi-crystalline polymer, like [NP(OCH2CF3)2]n to
an amorphous material (5 – 10 mol %), is more a function of its concentration than its size.
Second, although the steric bulk of the co-substituent group appears not to alter the
loading at which the transition from semi-crystalline to amorphous occurs, it does influence the
degree to which the polymer chain packing is disrupted at higher co-substituent loadings.
Specifically, the WAXS trace of polymer 10, which contains 22.3 mol % of 5a, shows a nearly
complete elimination of the two main signals at 2θ = 9 and 21 degrees. This is in contrast to its
counterpart of series 1 (Figure 6-1) [12} which retains stronger crystalline signals at a similar
cyclotriphosphazene loading. Thus the larger size of 5 appears to have a greater disruptive effect
on chain packing than does its counterpart of series 1 (Figure 6-1).
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Figure 6-6. Wide Angle X-Ray Scattering (WAXS) patters for polymers 6 – 10. (Note: the
patterns for polymers 8 and 9 show very minor, sharp signals from traces of sodium chloride and
other salt impurities that were not completely removed though purification)
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Evaluation of Mechanical Properties
The mechanical properties of polymers 6 – 10 were examined using an Instron® tensile
testing instrument. The data are summarized in Table 6-2, with representative stress-strain curves
shown in Figure 6-7.
The mechanical properties of the polymers follow the trends seen in the DSC and X-ray
results and fall into three main groups at room temperatures: (a) semi-crystalline (6 and 7), (b)
amorphous elastomers (8 and 9) and (c) low Tg gum (10).
The semi-crystalline polymers 6 and 7, which contain 0.7 and 6.3 mol % of 5a,
respectively, are relatively tough materials. This is a consequence of their micro-crystallinity,
which is responsible for the highest tensile strength (3.9 to 5.6 MPa) and Young’s Modulus (12.2
to 19.5 MPa) and the shortest elongation at break (440 to 720 %). For polymer 6, these properties
are a minor variation of those found for its counterpart of series 1 (Figure 6-1)[12], and indeed of
the single-substituent [NP(OCH2CF3)2]n. Thus, within this range, the major contributing factor to
the mechanical behavior is the semi-crystalline structure, with a minimal influence by the small
amounts of the bulky co-substituents. However, for polymer 7 the mechanical properties are
changed significantly compared to those for series 1(Figure 6-1)[12]. Specifically, the tensile
strength and Young’s Modulus are increased by a factor of two and one hundred, respectively,
and the elongation at break is only half of the value measured for its counterpart in series 1
(Figure 6-1)[12]. This change almost certainly originates from the onset of interactions between
the aryloxy-cyclotriphosphazene side groups. These interactions could involve phase separation
between aryloxy and fluorinated domains, π-π stacking of the aryl groups, or interdigitation of the
cyclotriphosphazene units. All three influences could generate properties that would normally be
ascribed covalent or physical crosslinks.
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Table 6-2. Mechanical properties of polymers 6 – 10.
Polymer
6
7
8
9
10

Tensile
Strength
MPa
5.6 ± 0.5
3.9 ± 0.3
2.2 ± 0.3
2.1 ± 0.1
0.47 ± 0.04

Yield
Strength
MPa
1.8 ± 0.1
1.0 ± 0.1
0.05 ± 0.01
0.04 ± 0.01
0.03 ± 0.01

Break
Elongation
%
440 ± 40
720 ± 80
1,400 ± 120
2,200 ± 70
3,100 ± 300

Young’s
Modulus
MPa
19.5 ± 2.3
12.2 ± 2.7
0.24 ± 0.05
0.48 ± 0.15
0.42 ± 0.15
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Figure 6-7. Representative stress-strain curves for polymers 6 – 10.
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Once the microcrystallinity is eliminated by the incorporation of more than ~ 10 mol %
of side group 5a (polymers 8 and 9), the mechanical properties undergo a major change which
becomes manifest in the appearance of elastomeric properties. Thus, amorphous polymers 8 and 9
show a good retention of tensile strength (2.2 and 2.1 MPa, respectively), while their Young’s
Modulus decreases (0.24 and 0.48 MPa, respectively). In addition, the elongation at break (1,400
and 2,200 %, respectively) is two to three times larger than that found for the semi-crystalline 6
and 7. These changes are attributable to the elimination of crystallinity, which is confirmed by
both WAXS and DSC analyses. In addition, the tensile strength and Young’s modulus are twoand ten-fold larger (respectively) than in the polymer 1 series (Figure 6-1)[12] for an equivalent
loading of the cyclotrimeric side group. This increased tensile strength and Young’s modulus
probably originate from the ability of the bulky side groups to co-associate and form stronger
inter-chain interactions than in series 1 (Figure 6-1)[12].
However, once the content of 5a reaches 22.6 mol % (polymer 10), the polymers take on
the morphology of self-adhesive, low Tg gums, with a drastic loss of tensile strength (0.47 MPa)
and a further increase in the break elongation (3,100 %). These results are similar to those
reported for the polymers based on structure 1 (Figure 6-1).[12] The change in physical behavior
is accompanied by an almost complete elimination of chain packing order, as detected in the
WAXS data. This could be a result of steric crowding of 5a units along the polymer backbone,
and the elimination of free volume needed to permit interdigitation. Thus, to summarize, it
appears that the incorporation of ~ 20 mol %, or more of bulky co-substituent groups causes
polyphosphazenes to lose their elastomeric properties and to behave like uncross-linked gums.
Elasticity can then be retained only by the presence of covalent crosslinks introduced, for
example, by cross-coupling through unsaturated cosubstituents.
However, the main point is that the increase in both the tensile strength and Young’s
modulus of the elastomeric polymers 8 and 9, compared to their counterparts of type 1 (Figure 6-
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1)[12], illustrates that the mechanical properties can be controlled by the size and structure of the
bulky substituents, and that this offers opportunities for the fine-tuning of useful properties.

Evaluation of Elastomeric Recovery
The elastomeric recovery of the polymers was examined by elongation of dog-bone
shaped samples up to 60 % of their break elongation, before retraction back to their original
length. This cycling was performed 4 times, and the elastic recovery was calculated using the
degree of non-recoverable permanent deformation remaining after the 4th cycle. The data are
summarized in Table 6-3. The degree to which the samples were capable of retracting to their
original shape correlates well with the concentration of the cyclotriphosphazene side group 5a.
The elastomeric recovery information confirms the conclusions described above.
Thus, the semi-crystalline polymers 6 and 7 had the lowest ability to retract after being
elongated (27 % and 43 %, respectively). This low elastic recovery is similar to that measured for
[NP(OCH2CF3)2]n (~ 25 %), and is almost certainly a result of the semi-crystalline character of
the samples. However, once the concentration of 5a is increased to above ~ 7 mol %, the
polymers (8 and 9) become amorphous, and they show a drastic increase in their degree of elastic
recovery (> 85%), which resembles the behavior of polymers of series 1 (Figure 6-1)[12] at
similar cyclic trimeric side group loading. The ability of these materials to retract back to almost
their original shape exemplifies the crosslink-like interactions caused by the cyclotriphosphazene
side groups 5a. However, once the concentration of 5a is higher than ~ 20 mol % (Polymer 10),
the sample become a self-adhesive gum-like material with a minimal ability to undergo elastic
recovery. This appears to be a result of the nearly complete loss of chain orientation as indicated
in the WAXS study described earlier, and the probable decreased ability of the cyclotrimeric side
groups to interdigitate, thus leading to a decrease in “crosslink” efficiency.
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Table 6-3. Elastic recovery of polymers 6 – 10 after 4 elongation cycles up to 60 % of their break
elongation.
Polymer
6
7
8
9
10

Elastic
Recovery
27 %
43 %
88 %
87 %
NA
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MATERIALS AND METHODS

Reagents and Equipment for Polymer Synthesis
The syntheses were carried out using standard Schlenk-line techniques under a dry argon
atmosphere, unless specified otherwise. All glassware was dried in an oven at 140 °C overnight
before use. Tetrahydrofuran (THF) was dried using solvent purification columns. 2,2,2Trifluoroethanol (Halocarbon) was distilled over sodium and stored over molecular sieves (type
4A, EMD). Phenol (TCI) was sublimed under reduced pressure (10-2 mbar) and stored under dry
argon before use. Dichloromethane (EMD), hexanes (EMD), sodium carbonate (Alfa Aesar),
sodium hydride (60 % w/w in mineral oil, Aldrich), acetone (EMD), methanol (EMD), and tertan-butylammonium nitrate (Alfa Aesar) were used as delivered. Dialysis was accomplished using
Spectra/Por molecular porous cellulose dialysis membranes with molecular weight cutoffs of
12,000 – 14,000 Da. Hexachlorocyclotriphosphazene (Fushimi Chemical Company, Japan) was
purified by recrystallization from hexanes followed by vacuum sublimation (10-2 mbar) at 50 °C.
Poly(dichlorophosphazene) was synthesized by the uncatalyzed thermal ring opening
polymerization of the purified hexachlorocyclotriphosphazene at 250 °C in an evacuated and
sealed Pyrex ® tube. The unreacted trimer was removed by vacuum sublimation (10-2 mbar) at 50
°C, to leave the polymer as a colorless elastomeric material.
1

H and 31P NMR spectroscopy made use of a Bruker AV-360 instrument operated at 360

and 145 MHz, respectively. 31P NMR shifts are reported in ppm relative to 85 % H3PO4 at 0 ppm.
Thermal transitions were measured using a TA Instruments Q10 DSC unit operated at a heating
rate of 10 °C/min, under a nitrogen stream with a sample size of 10 – 15 mg. Data analysis was
carried out with use of TA Instruments Universal Analysis 2000 Software. Polymer molecular
weights were obtained using gel permeation chromatography using a Hewlett-Packard 1047A
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refractive index detector and two Phenomenex Phenogel linear 10 columns, eluted at a rate of 1
mL/min using a 10 mM solution of tetra-n-butylammonium nitrate in tetrahydrofuran. The elution
times were calibrated using polystyrene standards.

Synthesis of Cyclotriphosphazene Intermediate 3
To a suspension of sodium hydride (60 % w/w in mineral oil) (34.5 g, 0.863 mol) in
tetrahydrofuran (0.25 L) at 0 °C was slowly added a solution of 4-methoxyphenol (107 g, 0.863
mol) in tetrahydrofuran (0.25 L). Once the addition was complete, the reaction mixture was
allowed to warm slowly to room temperature and was stirred overnight. After the sodium hydride
was consumed, the mixture was added dropwise to a vigorously stirred solution of
hexachlorocyclotriphosphazene (300 g, 0.863 mol) in tetrahydrofuran (1.5 L), and the resulting
reaction mixture was stirred for 48 h at room temperature. Once the substitution was complete,
the solvent was removed under reduced pressure and the resulting oil was purified by vacuum
distillation at 170 °C and 10-2 mbar. The collected material contained 3 in 37 % yield with no
multifunctional groups detected by 31P NMR. 31P NMR (145 MHz, CDCl3) δ (ppm): 22.9 (d, 2P),
13.4 (t, 1P).

Synthesis of Cyclotriphosphazene Side Group 5
To a suspension of NaH (60 % w/w in mineral oil) (16.6 g, 0.416 mol) in tetrahydrofuran
(0.5 L) at 0 °C, was slowly added phenol (39.1 g, 0.416 mol). After the NaH was consumed,
intermediate 3 (30.0 g, 0.070 mol) was added to the main reaction solution which was stirred at
reflux for 24 h. The progress of the reaction was monitored using 31P NMR spectroscopy. After
this reaction was complete, the solvent was removed under reduced pressure and the resulting oil
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was re-dissolved in dichloromethane (0.5 L) and was washed with water (2X) and brine (2X),
before drying the organic phase over anhydrous magnesium sulfate and removal of the solvent
under reduced pressure. The resulting product was centrifuged, and the mineral oil was removed
from the surface of 4, which was a viscous oil. The product was dried further under high vacuum
to remove any remaining moisture. Once dry, 4 was redissolved in DCM (0.15 L), to which was
added BBr3 (10.0 mL, 0.11 mol), and the solution was stirred at room temperature overnight. The
solution was then poured into water (0.2 L, 0 °C) and the mixture was stirred vigorously for 30
minutes. The organic phase was isolated, washed with 0.1 M sodium carbonate (2X), and brine
(2X), before removal of the solvent to afford 5 as an oil in 89.5 % yield. 31P NMR (145 MHz,
CDCl3) δ (ppm): 9.39 (m). 1H NMR (360 MHz, CDCl3) δ (ppm): 7.26 – 7.10 (m, 15 H), 6.95 (d,
10 H), 6.76 (d, 2H), 6.64 (d, 2H), 5.66 (s, 1H).

Synthesis of Polymer 6
To a suspension of sodium hydride (60 % w/w in mineral oil) (2.97 g, 77.58 mmol) in
tetrahydrofuran (200 mL) was slowly added 2,2,2-trifluoroethanol (5.65 mL, 77.58 mmol). The
resultant solution of sodium trifluoroethoxide was added dropwise to a vigorously stirred solution
of poly(dichlorophosphazene) (5.00 g, 43.1 mmol) in tetrahydrofuran (750 mL). The mixture was
then stirred at room temperature for 24 h. The progress of the substitution was monitored using
31

P NMR spectroscopy. In a separate vessel, which contained a suspension of sodium hydride (60

% w/w in mineral oil) (0.02 g, 0.43 mmol) in tetrahydrofuran (100 mL), was added 5 (0.30 g,
0.43 mmol). After the NaH was consumed, this solution was added to the polymer solution and
the reaction mixture was stirred at room temperature for 48 h. In a separate vessel, 2,2,2trifluoroethanol (0.62 mL, 8.63 mmol) was added to a suspension of sodium hydride (60 % w/w
in mineral oil) (0.33 g, 8.63 mmol) in tetrahydrofuran (100 mL). Again, after the NaH was
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consumed, the mixture was added to the polymer solution. This solution was stirred at room
temperature for 2 h, after which time the product was concentrated under reduced pressure and
was precipitated into water. The solid polymer was re-dissolved in acetone and dialyzed against
20 % v/v methanol in acetone for 4 days. The solution was then concentrated under reduced
pressure and was precipitated into water before being dried under high vacuum to afford the final
material in 51 % yield. Characterization data for all polymers are provided in Table 6-1.

Synthesis of Polymers 7 – 10
Polymers 7 – 10 were synthesized by followed a slightly different procedure, with a
representative example provided for species 8. To a suspension of sodium hydride (60 % w/w in
mineral oil) (1.18 g, 31.0 mmol) in tetrahydrofuran (100 mL) was added 2,2,2-trifluoroethanol
(2.26 mL, 31.0 mmol). After the NaH was consumed, the solution was added dropwise to a
vigorously stirred solution of poly(dichlorophosphazene) (2.00 g, 17.2 mmol) in tetrahydrofuran
(300 mL). The resultant mixture was stirred at room temperature for 24 h while the progress of
the reaction was monitored using 31P NMR spectroscopy. In a separate vessel, which contained a
suspension of sodium hydride (60 % w/w in mineral oil) (0.53 g, 13.8 mmol) in tetrahydrofuran
(200 mL) was added 5 (9.77 g, 13.8 mmol). After hydrogen evolution had ceased, this mixture
was added to the polymer solution and the reaction mixture was stirred for 48 h at room
temperature. In a separate vessel, 2,2,2-trifluoroethanol (0.24 mL, 3.45 mmol) was added to a
suspension of sodium hydride (60 % w/w in mineral oil) (0.13 g, 3.45 mmol) in tetrahydrofuran
(100 mL). Once the NaH had been consumed, the sodium trifluoroethoxide solution was added to
the polymer solution and the reaction mixture was stirred for an additional 2 h at room
temperature. This ensured the total replacement of the remaining chlorine. The product was then
concentrated under reduced pressure and precipitated into water. The solid was re-dissolved in
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acetone and dialyzed against 20 % v/v methanol in acetone for 4 days. The resultant solution was
concentrated under reduced pressure, precipitated into water, and the precipitate was dried under
high vacuum to afford the final material in 67 % yield. Characterization data for all the polymers
are provided in Table 6-1.

Evaluation of the Mechanical Properties of Polymers 6 – 10
The polymers were solvent cast from acetone (1.5 g in 50 mL) in Bytac® coated dishes
(6 x 6 cm). The solvent was allowed to evaporate slowly in an acetone-saturated atmosphere.
Once solid, the films were dried under high vacuum for an additional 48 h. The resultant films
were cut into dog-bone shaped samples according to ASTM D-1708 using a PioneerDietics die.
The samples were kept under vacuum before testing.

Tensile Testing
Evaluation of mechanical properties was carried out with the dog-bone shaped films
described above. The samples were pulled at a fixed cross-head speed of 100 mm/min until
failure, using an Instron® 5866 Tensile Testing System at ambient temperature using a 100 N
load cell. The results are summarized in Table 6-2.

Comparison of Elasticity
The samples were cast and cut in a similar manner as described above. They were pulled
at a fixed cross-head speed of 100 mm/min up to 60 % of their previously determined break
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elongation, and retracted back to their original length. This cycling was performed 4 times per
sample, and the percent recovery after the 4th cycle is reported in Table 6-3.

Wide Angle X-Ray Scattering
Wide Angle X-Ray Scattering (WAXS) patterns were obtained using a PANalytical XPert PRO MPD Theta-Theta goniometer with Cu-Kα radiation, and fixed slit incidence (0.25
degree divergence, 0.50 degree anti-scatter, specimen length 10 mm) and diffracted (0.25 degree
anti-scatter, 0.02 mm nickel filter) optics. Sample films were cast using a method described in a
previous section. The film samples were placed in a zero background holder for testing, and the
data were collected at 45 kV and 40 mA from 5 – 50 degrees 2θ using a PIXcel detector in
scanning mode with a PSD length of 3.35 degrees 2θ and 255 channels for a duration of ~ 20
minutes. The resulting patterns were analyzed using Jade+10 software. The WAXS patterns for
polymers 5 – 9 are provided in Figure 6-6.

3D Structure Rendering
3-Dimensional structures of 2,2,2-trifluoroethoxy, phenoxy functionalized
cyclotriphosphazene and 2,2,2-trifluoroethoxy functionalized cyclotriphosphazene side groups
(Figure 6-5) were generated using ChemBio3D Ultra 11.0, utilizing the MM2 minimization
function to generate the lowest energy structure.
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CONCLUSIONS
New phosphazene polymers were synthesized with phenoxy-functionalized
cyclotriphosphazene side groups at various concentrations (0.7 – 22 mol %), with the remaining
sites along the polymer backbone occupied by 2,2,2-trifluoroethoxy groups. The incorporation of
~ 10 – 22 mol % of the cyclotrimeric species disrupts the crystallinity characteristic of the parent
poly[bis(2,2,2-trifluoroethoxy)phosphazene] polymer, and leads to the appearance of elastomeric
properties. Due to the aromatic nature of the substituent groups present on the trimer units, and
their incompatibility with the 2,2,2-trifluoroethoxy units along the polymer backbone, the new
polymers are tougher materials in terms of their tensile strength and Young’s modulus compared
to their counterparts with 2,2,2-trifluoroethoxy functionalized cyclic trimeric units at comparable
concentrations. This strengthening is attributed to the rigid aromatic nature of the
cyclotriphosphazene side groups, which allows them to interact though phase separation or
interdigitation, possibly augmented by π-π interactions. However, larger amounts of the bulky
groups eliminate the elastic properties and generate gums. Thus the shape and size of the
cyclotriphosphazene cosubstituent groups are the main factors that control the mechanical
properties of the polymers. A very wide range of organic groups can be linked to phosphazene
rings.[2, 3, 17, 18] Thus, the opportunities for property tuning are almost unprecedented and
provide a broad portfolio of options for the further development of this field.
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Chapter 7
Polyphosphazene Elastomers Containing Interdigitated Oligo-pphenyleneoxy Side Groups: Synthesis, Mechanical Properties, and X-Ray
Scattering Studies

ABSTRACT

The range of polyphosphazene-based elastomers has been expanded through the use of
phenoxy or oligo-p-phenyleneoxy minor co-substituent side groups with majority 2,2,2trifluoroethoxy side groups. Specifically, polymers with both trifluoroethoxy and low ratios of
phenoxy, p-phenylphenoxy, p-diphenylphenoxy, or p-triphenylphenoxy cosubstituents can
generate non-crystalline, non-covalently cross-linked elastomers. These are formed through the
steric interactions of the oligo-p-phenyleneoxy side groups. Small angle x-ray scattering (SAXS)
analysis of polymers containing p-diphenylphenoxy or p-triphenylphenoxy cosubstituents,
suggest that these macromolecules contain micro-domains caused by the phase separation of the
trifluoroethoxy and aryloxy groups, through stacking or agglomeration of the aryloxy units, and
that those serve as non-covalent cross-linking points. Moreover, annealing of the polymers at
elevated temperatures (150 °C) causes a decrease in the average spacing between the aryloxy
aggregates and has a direct effect on the mechanical properties, similar to the toughening caused
by increases in the crosslink density in conventional elastomers.

INTRODUCTION
The macromolecular substitution approach to polymer synthesis, while rare for classical
organic polymers, has many advantages for polyphosphazenes where the facile replacement of
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side group chlorine atoms by organic or organometallic nucleophiles opens many opportunities
for new polymer architectures and the development of novel properties.[1] For example, although
single-substituent polyphosphazenes such as [NP(OCH2CF3)2]n are semi-crystalline film- and
fiber-forming materials, the random introduction along the chain of a second type of side group,
such as HCF2(CF2)xCH2O-, can reduce molecular symmetry and eliminate crystallinity.[1]
Polymers of this type, when covalently crosslinked via allyl phenoxy minor co-substituent
groups, are elastomers with low glass transition temperatures (Tg ≈ -60 °C).[2-4]
In a recent report[5] we described an unusual variation of this structure that yields an
elastomer based on a polyphosphazene functionalized with 2,2,2-trifluoroethoxy substituents
together with a minor percentage of bulky cyclotriphosphazene side groups also functionalized
with 2,2,2-trifluoroethoxy units. Even without covalent crosslinking, these polymers are low Tg
elastomers in which the bulky side units appear to prevent chain slippage under tension via an
inter-digitation and ratcheting effect. In this present study, we have explored the possibility that
this phenomenon can be extended to the use of other inflexible minor co-substituent groups such
as phenoxy (1) and oligo-p-phenyleneoxy units (2 – 4) of the types shown in Figure 7-1.
The choice of the oligo-p-phenyleneoxy groups was based on the following factors. First,
the length and rigidity of these substituents provides a graded sequence of possible inter-chain
interference behavior, with substituent lengths that can be varied over a useful range from ≈ 3 Å
for 2,2,2-trifluoroethoxide, ≈ 4.5 Å for 1, through ≈ 9 Å for 2, ≈ 13 – 14 Å for 3, and ≈ 18 Å for
4. These values can be compared to the ≈ 13 – 14 Å span of the pentakis(2,2,2-trifluoroethoxy)cyclotriphosphazene side units used in the earlier work.[5] Thus, considering the extended
conformation of the aryloxy groups, the possibilities for interdigitation and microcrystallite
disruption should vary in a predictable way. Second, from an experimental viewpoint, the
synthesis and linkage of aryloxy side groups 1 – 4 to the polyphosphazene skeleton should be
simpler and less prone to side reactions than in the case of the complex cyclic trimeric side group.
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Figure 7-1. Structures of the oligo-phenyleneoxy groups 1 – 4.
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Third, the aromatic nature of these side units might allow π – π stacking interactions, which could
enhance the interchain associations. Finally, the possibility exists that elastomers with properties
comparable to those of commercial PN-F materials, [NP(OCH2CF3)1(OCH2(CF2)xCF2H)1]n, might
be accessible without the use of the expensive fluorotelomer alcohols required for their
synthesis.[2]
All these requirements were potentially satisfied by the selected side groups 1 – 4 (Figure
7-1). Specifically, the hydroxyl functionality of the aryloxy groups can readily be converted to
sodium salts, by sodium hydride or metallic sodium, thus allowing their facile attachment to the
polymer backbone. Furthermore, the presence of the oxygen connector group between the skeletal
phosphorus atoms and the aryl units should provide some orientational adaptability and chemical
stability.
In addition to examining the influence that the aryloxy co-substituent groups 1 – 4 have
on the mechanical properties of these polymers, it was of interest to use Small Angle X-ray
Scattering (SAXS) and Wide Angle X-Ray Scattering (WAXS) to study the effects of the cosubstituent groups on the polymer microstructure, and possibly to allow an assessment to be made
of the inter-chain interactions and possibilities for physical crosslinking.

RESULTS AND DISCUSSION
Incorporation of oligo-p-phenyleneoxy minor co-substituent side groups along with
2,2,2-trifluoroethoxy units onto the polyphosphazene backbone generates fluorinated elastomeric
materials. The phenylene groups disrupt the semi-crystalline nature of [NP(OCH2CF3)2]n once
their concentration is at or above 5 mol %, regardless of their length. In addition, Small Angle XRay Scattering (SAXS) studies of the materials revealed that the polymers which contain aryloxy
side groups 3 or 4, showed the presence of a new signal which we believe originates from the
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phase separation between the 2,2,2-trifluoroethoxide and the aromatic minor co-substituent
groups. The presence of this signal correlates well with observed changes in mechanical
properties, and provides similar results to those expected if the materials were chemically or
physically crosslinked. Specifically, the samples that yield this signal show an increase in their
tensile strength and Young’s modulus, while their break elongation decreases with an increase in
the aryloxy side group concentration. However, for polymers containing aryloxy side groups 1 or
2, which do not show this signal in their SAXS traces, the materials become low Tg gums as the
phenylene side group concentration is increased.

Synthesis of Oligo-p-Phenyleneoxy Side Group 4
The synthesis of 4 followed a similar procedure to the method used for 3[6] as shown in
Figure 7-2. Specifically, a Suzuki cross-coupling reaction between 4’-bromo-(1,1’-biphenyl)-4-ol
(5) and 4-biphenyl boronic acid (6) was employed in the presence of catalytic amounts of
tetrakis(triphenylphosphine) palladium (0) in a basic solution of potassium carbonate in
tetrahydrofuran and water (4 : 1), along with a few drops of a phase transfer catalyst (Aliquat336). The sample was obtained as a white solid in high yield (79%).

Synthesis of Polymers 9 – 31
The synthesis of all the polymers followed a similar protocol (Figure 7-3). First,
poly(dichlorophosphazene) (7) was synthesized by the uncatalyzed thermal ring opening
polymerization of hexachlorocyclotriphosphazene, (NPCl2)3, in an evacuated Pyrex® tube at 250
°C. After removal of unpolymerized cyclic trimer, the chlorophosphazene polymer (7) was
treated with the sodium salt of 2,2,2-trifluoroethanol (8) to replace 75 mol % of the chlorine
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Figure 7-2. Synthetic scheme of aryloxy side group 4.
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Figure 7-3. Synthetic scheme for polymers 9 – 31.
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atoms along the polymer chain. To favor a random distribution of the remaining chlorine atoms,
this sodium salt was added dropwise to a vigorously stirred polymer solution. The progress of the
substitution reactions was monitored using 31P NMR spectroscopy.
After the partial substitution was complete, the sodium salt of the corresponding aryloxy
side group (1 – 4) was introduced to replace a portion of the remaining chlorine atoms to generate
polymers containing from 0.5 to 15 mol % of the aryloxy species. Attempts to monitor this
substitution using 31P NMR spectroscopy were difficult due to the relatively poor sensitivity of
31

P NMR spectroscopy in the low concentration range. However, monitoring of the polymers

containing more than 5 mol % of their corresponding aryloxy side group revealed that the
reaction was complete within 72 h at room temperature, regardless of the side group used. Based
on this information, it seemed reasonable to assume that a similar time should be sufficient for the
other polymers which had a final phenylene concentration lower than 5 mol %. Once the aryloxy
side groups were linked to the polymers, a 10 mol % excess of sodium 2,2,2-trifluoroethoxide
was introduced to replace any remaining chlorine atoms. After the final addition of the 2,2,2trifluoroethoxide salt, the reaction mixtures were stirred for an additional two hours at room
temperature before the polymers were isolated and purified (see Materials and Methods section).
These experimental conditions avoided the possibility of organic side group exchange processes
during the syntheses, and minimized the possibility of main chain cleavage. However, when more
forcing conditions (higher temperatures and longer reaction times) were used, displacement of
some aryloxy groups by 2,2,2-trifluoroethoxide, and some chain cleavage, was detected.

Characterization of Polymers 9 – 31
Characterization data for the polymers are provided in Table 7-1. In addition, differential
scanning calorimetry (DSC) traces for all polymers (9 – 31) are shown in Figure 7-4. For
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Table 7-1. Characterization data for polymers 9 – 31.
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Figure 7-4. DSC traces of polymers 9 – 31.
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polymers containing side group 4, no more than 8 mol % of the aryloxy group could be
introduced presumably for steric hindrance reasons, but also because of a decrease in the
solubility of the polymers in THF. This reduced solubility is the reason for our inability to obtain
molecular weight data by gel permeation chromatography (GPC) for polymer 31 which contains
~ 8 mol % of 4.

X-Ray Diffraction Studies

Wide Angle X-Ray Scattering (WAXS).
WAXS analysis was used to determine the effects of the side groups on the crystallinity
of the final polymeric materials. Figure 7-5 shows the WAXS traces for all polymers (9 – 31).
All the polymers yielded two main diffraction peaks centered around 2θ ≈ 9 and 21
degrees, which have been identified for other polyphosphazenes as derived from the interchain
spacing distance (11.8 Å) and the near cis-trans planar repeat-unit length (4.2 Å),
respectively.[7,8] From these data, three main points emerge.
First, as the aryloxy side group concentration is increased, both signals begin to lose
intensity and broaden, which can be correlated with a loss of crystallinity. This is consistent with
the differential scanning calorimetry (DSC) data (Table 7-1 and Figure 7-4) which show a similar
trend of decreasing order, as revealed by the shift of the T1 transition to lower temperatures and a
decrease in its intensity as the aryloxy side group concentration is increased. This behavior is also
similar to that of the related polymers described in a previous publication.[5] Thus, it may
represent a general trend, in which the introduction of more than ~ 5 mol % of a bulky cosubstituent destroys the crystallinity found in some homo-substituted polyphosphazenes.
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Figure 7-5. Wide angle X-ray scattering patterns for polymers 9 – 31.
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Second, the signal at 2θ ≈ 9° does not completely disappear, even for the polymers that
are apparently completely amorphous, based on the absence of the T1 transition in the DSC traces
(Table 7-1). This implies that the macromolecules retain some of their orientation even when
microcrystallites are absent. This ability to retain a degree of orientation may stem from the
relatively low concentration of the aryloxy side groups, and their inability to completely disrupt
chain stacking. This partial retention of order may be a contributing factor to the unique
elastomeric properties of these samples as described in a later section.
Finally, the signal at 2θ ≈ 21° does not change significantly irrespective of the nature of
the aryloxy side groups present (1 – 4), or over the concentration range studied (~0.5 to 15 mol
%). Thus, the average polymer chain repeat distance stays relatively constant as the different cosubstituents are introduced. This is consistent with previous studies on polyphosphazenes which
suggested that the average repeat unit length does not change significantly over a broad range of
different side groups, such as chloro, 2,2,2-trifluoroethoxy, phenoxy, etc.[9-11]

Small Angle X-Ray Scattering (SAXS)
SAXS information has been used to examine the structure of other polymeric materials
because of its ability to reveal features in the ~ 1 – 100 nm range, and it is a good complement to
both WAXS and optical microscopy data that are used to examine the atomic and microscopic
features of materials, respectively.[12-14] The SAXS data presented here are given in terms of q
(Å-1), which is obtained from 2θ using 𝑞𝑞 �Å−1 � = (4𝜋𝜋 sin(0.01745𝜃𝜃))⁄1.5418Å.
Influence of Aryloxy Side Group Concentration on the Microstructure of the Polymers
Possible microstructure changes caused by alterations to the concentration of the aryloxy
groups along the polymer chains were studied using polymers 21 – 26, which had from 0.79 to
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16.8 mol % of side group 3. The SAXS patterns obtained on the PANalytical Empyrean with the
ScatterX78 attachment are shown in Figure 7-6, with the spacings given in Table 7-2 by
converting the signals into Å using 𝑑𝑑 �Å� = 2𝜋𝜋⁄𝑞𝑞. In addition, the signals for polymers 21 – 23

were confirmed using a dedicated Rigaku (Molecular Metrology) SAXS system, with the patterns
and signal positions provided in Figure 7-7 and Table 7-2, respectively.
The SAXS patterns shown in Figure 7-6 and Figure 7-7 indicate that the signal shifts

from q = 0.190 Å-1 to q = 0.022 Å-1 as the concentration of side group 3 decreases from 16.8 mol
% (polymer 26) to 0.79 mol % (polymer 21). Moreover, there is a major shift in the signal
between polymers 23 (0.026 Å-1) and 24 (0.149 Å-1). This change occurs in parallel with the
conversion of the polymer from semi-crystalline (21 – 23) to amorphous (24 – 26), and as such it
is likely that the detected SAXS signals arise from different phenomena in the two sets of
polymers.
For the semi-crystalline polymers 21 – 23, the spacing (286 – 242 Å) (Table 7-2)
apparently arises from the average separation between lamellae in the crystalline domains. This
spacing is consistent with the average lamella spacing found in other semi-crystalline
polymers.[13,15] The absence of this signal in the non-crystalline polymers 24 – 26 provides
additional support that this signal originates from the crystalline domains.
As stated above, the SAXS signal detected for polymers 24 – 26 is shifted to higher q
values, 0.149 – 0.190 Å-1 respectively. However, unlike polymers 21 – 23 which are semicrystalline, 24 - 26 are amorphous as determined by both DSC (Table 7-1 and Figure 7-4) and
WAXS (Figure 7-5) analysis. Thus, the signal cannot represent lamellar spacings. For these
polymers it seems likely that the signal represents the average spacing between aryloxy
aggregates which are formed by the phase separation of the aryloxy and 2,2,2-trifluoroethoxy side
groups, caused by agglomeration and/or interdigitation of the aryloxy side groups. The formation
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Figure 7-6. SAXS patterns from polymers 21 – 26 showing the position of the SAXS signal for
each specimen as collected on a PANalytical Empyrean system with the ScatterX78 attachment.
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Table 7-2. Position of the SAXS signal together with the calculated average spacing in Å for
polymers 21 – 26.

Polymer
21 (0.79 mol%)
22 (1.32 mol%)
23 (1.93 mol%)
24 (5.50 mol%)
25 (9.74 mol%)
26 (16.8 mol%)

Molecular
Metrology
q (Å-1) Å
q (Å-1)
0.022 286
0.024
0.027 233
0.024
0.026 242
0.027
0.149 42
0.182 34
0.190 33
PANalytical
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Figure 7-7. SAXS data obtained using a dedicated Rigaku (Molecular Metrology) for polymers
21, 22 and 23.
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of these aggregates may originate from two contributing factors. First, according to the WAXS
data (Figure 7-5), the polymer chains retain a degree of their orientation, even when all crystalline
character is eliminated as determined by DSC analysis (Table 7-1), which could allow for
interchain interactions to occur. Second, the length of aryloxy side group 3 (~ 13 – 14 Å) should
allow it to protrude beyond the 2,2,2-trifluoroethoxy groups (~ 3 Å), as well as allow it to span
the interchain spacing (11.8 Å), and permit it to interact with its counterparts on adjacent polymer
chains. If these interactions are the cause for the SAXS signal, then the average spacing between
these aggregates should be determined by the concentration of the aryloxy side groups along the
polymer backbone. This would translate into an inverse relationship between the two, in which
the average spacing between the aggregates should decrease as the concentration of aryloxy side
groups along the backbone increases. This is found to be the case experimentally as shown by the
data (Table 7-2).

Effects of Aryleneoxy Group Length on Micro Phase Separation
In order to determine if the length of the phenyleneoxy side groups had an influence on
their ability to form separate domains, polymers 12, 18, 24 and 30 were compared, all of which
contain approximately 5 mol % of the corresponding aryloxy side groups (1 – 4). The patterns
obtained with use of the PANalytical Empyrean system with the ScatterX78 attachment are shown
in Figure 7-8.
Like the results examined earlier, both polymers 24 and 30, which contain co-substituents
3 (13 – 14 Å) and 4 (18 Å), show the presence of a new signal at q = 0.149 Å-1 and 0.146 Å-1
respectively. Based on the fact that the only difference between these two polymers is the
absolute length of their oligo-p-phenylene groups, and that all the samples are amorphous, it
seems likely that the signal represents the same phenomenon described earlier. Specifically, the
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Figure 7-8. SAXS patterns collected on a PANalytical Empyrean system with the ScatterX78
attachment for polymers 12, 18, 24 and 30 containing 5 mol% of the different aryloxy side groups
(1 – 4).
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average spacing between the phenylene domains caused by the phase separation of the 2,2,2trifluoroethoxy and oligo-p-phenylene groups along the polymer backbone.
However, unlike polymers 24 and 30, macromolecules 12 and 18, with aryloxy groups 1
and 2 respectively, do not show any X-ray scattering signals below q = 0.35 Å-1 (2θ ≈ 5°). This
can probably be attributed to the shorter length of the aryloxy side groups (1 (~ 4.5 Å) and 2(~ 9
Å)) and their inability to extend beyond the boundary of the 2,2,2-trifluoroethoxy (~ 3Å)
substituents, nor able to span the average interchain distance (11.8 Å) as determined by WAXS
analysis. Both of these facts would preclude the aryloxy groups from interacting with each other
and prevent the phase separation identified for the samples containing side groups 3 and 4.
The presence or absence of this apparent phase separation will be shown in a later section to have
a marked effect on the mechanical properties of the polymers.

Influence of Annealing on the Phase Separation of Polymer 26
The effect of thermal annealing on the microstructure of polymer 26 was also examined.
The polymer was first solution cast into a film, from which two samples were cut. One was
analyzed directly, while the second was annealed at 150 °C for 8 h before analysis. The data are
shown in Figure 7-9. The SAXS patterns show that the signal shifts from q = 0.190 Å-1 (before
annealing) to q = 0.202 Å-1 (after annealing). This represents a small decrease in the average
spacing between the aryloxy aggregates from 33 Å to 31 Å, which could represent a slight
rearrangement in the distribution of the aryloxy aggregates to favor a more efficient packing of
the polymer chains. The ability of these aggregates to reorganize during annealing has a
significant effect on the mechanical properties of the material.

211

Figure 7-9. SAXS patterns for polymer 26 before (bottom) and after (top) annealing for 8 h at 150
°C.
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Table 7-3. Mechanical properties of polymers 9 - 31
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Mechanical Properties of Polymers 9 – 31
The mechanical properties of these polymers depend on two main factors: the length of
the aryloxy side groups (1 – 4), and their loading along the polymer backbone. The data are
summarized in Table 7-3.
Polymers 9 – 14 and 15 – 20, which contain aryloxy side groups 1 and 2 respectively,
revealed similar trends in their mechanical properties. Both sets undergo a continuous decrease in
their tensile strength (9 – 14: 7.4 MPa to 2.7 MPa; 15 – 20: 6.0 MPa to 3.9 MPa) and Young’s
modulus (9 – 14: 110 MPa to 4.6 MPa; 15 – 20: 38 MPa to 0.19 MPa) as the concentration of the
aryloxy side units increased from ~ 0.5 to 15 mol %. In addition, the elongation at break
increased from about 400 % at lower loadings of the aryloxy units, to more than 1,000 % when
the aryloxy concentration was higher than 2 to 3 mol %. Both of these trends can be attributed to
two influences. First, as the aryloxy side group concentration increases, the crystallinity of the
samples first decreases, and then completely disappears, as shown by both WAXS and DSC
analyses. This loss of microcrystallites weakens the polymers and increases their break
elongation. This is a similar trend to that found in our earlier work which examined
polyphosphazenes bearing cyclotriphosphazene side groups,[5] and it is also consistent with
observations for other semi-crystalline polymers.[16,17] Second, the absence of a signal in the
SAXS patterns (Figure 7-8) shows that the interactions between the aryloxy side groups on
adjacent polymer chains are minimal or non-existent. Hence, as the polymers become weaker due
to the elimination of their crystalline domains, there are no secondary interactions that can replace
them, and results in an overall weakening of the polymers.
However, polymers 21 – 26 and 27 – 31, which contain side groups 3 and 4 respectively,
show a discernable difference in their mechanical properties as changes are made to the aryloxy
side group loading (Table 7-3). First, as the aryloxy concentration increases from ~ 0.5 mol % to
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~ 5 mol %, there is a steady decrease in the tensile strength (21 – 24: 6.2 MPa to 5.5 MPa; 27 –
30: 7.6 MPa to 7.0 MPa) and Young’s modulus (21 – 24: 61 MPa to 1.0 MPa; 27 – 30: 170 MPa
to 100 MPa). This is the same effect discussed previously, specifically the decrease and eventual
disappearance of the crystallinity of these samples as indicated by WAXS and DSC analyses.
However, unlike polymers 9 – 20, the properties do not continue to deteriorate after the
crystallinity is eliminated. In fact the opposite is found. The tensile strength (25: 7.2 MPa; 26: 9.3
MPa; 31: 6.6 MPa) and Young’s modulus (25: 44 MPa; 26: 173 MPa; 31: 200 MPa) either
remain constant or increase in parallel with the aryloxy side group concentration. This increase is
consistent with the idea that the aryloxy side groups 3 and 4 are able to interact with each other
and form physical “crosslinks” between the polymer chains.
Moreover, the ability of the aryloxy units to act as labile crosslinks can also be inferred
from the measured elongation at break of these samples. Thus, these polymers showed a
continuous increase in the break elongation in step with the increase in the aryloxy side group
concentration from ~ 0.5 to ~ 5 mol % (Table 7-3), which parallels the decrease in the crystalline
nature of these species. However, when the aryloxy side group concentration is above ~ 5 mol %,
the elongation at break begins to decrease, a consequence of the aryloxy side groups interacting
with each other to cross-couple the polymer chains. In addition, the polymers that contain side
group 4 (27 – 31) break at a lower elongation then those with side group 3 (21 – 26). This
probably reflects the difference in the lengths of the two aryloxy side groups, in which a stronger
interaction exists between the longer groups of type 4 (18 Å) than those of type 3 (13 – 14 Å).
Finally, the higher glass transition temperatures of the polymers that contain aryloxy side
groups 3 and 4, compared to their counterparts with aryloxy side groups 1 and 2, may also reflect
the ability of the former to interact and restrict skeletal torsional mobility. Similar effects are
known for covalently crosslinked polymers.[18]
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Effects of Annealing on the Mechanical Properties of Polymer 26.
Annealing of polymer 26 not only brings about a change in the SAXS pattern but also
changes the mechanical properties (Table 7-4). Specifically, the tensile strength, break strength
and Young’s modulus all increase, which would be expected if the cross-coupling is increased by
a reorientation of the aryloxy side groups. Moreover, the break elongation is decreased by an
order of magnitude after annealing, which should also occur if the non-covalent crosslink density
is increased.

Surface Characteristics (Water Contact Angle)
Both 2,2,2-trifluoroethoxy and aryloxy side groups are hydrophobic. Thus, it is not
surprising that solvent cast films of polymers 21 – 26 have fairly uniform water contact angles of
between 90 – 95 degrees, irrespective of the aryloxy side groups concentration. These results are
in the same range as previously reported polymers functionalized with both 2,2,2-trifluoroethoxy
or phenoxy side groups (95 – 107 degrees).[19] Thus, the longer aryloxy side groups have only a
minor influence on the surface properties of polymers 21 – 26, and the surface characteristics
depend mainly on the 2,2,2-trifluoeothoxide groups.

MATERIAL AND METHODS

Reagents
Unless otherwise stated, all syntheses were performed using standard Schlenk-line
techniques and a dry argon atmosphere. Exclusion of moisture is essential to generate fully
substituted non-crosslinked soluble polymers. Thus, glassware was dried for 24 h in an oven at
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Table 7-4. Mechanical properties of polymer 26 before and after annealing at 150 °C for 8 h
Tensile
Break
Break
Young’s
Strength Strength Elongation Modulus
(MPa)
(MPa)
(%)
(MPa)
Before
9.34
7.64
317.2
173.48
After
10.83
8.46
24.9
256.76
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140 °C before use. Tetrahydrofuran (THF) was dried using solvent purification columns. 2,2,2Trifluoroethanol (Halocarbon) was distilled over sodium and was stored over molecular sieves
(type 4A, EMD). Acetone (EMD), methanol (EMD), dimethylsulfoxide (BDH), hexanes (EMD),
phenylboronic acid (Aldrich), 4’-bromo-(1,1’-biphenyl)-4-ol (Alfa Aesar), 4-biphenylboronic
acid (Combi-Blocks Inc.), Aliquat-336 (Acros Organics), Pd(PPh3)4 (Aldrich), potassium
carbonate (Alfa Aesar), magnesium sulfate (anhydrous, Alfa Aesar), sodium hydride (60 % w/w
in mineral oil, Aldrich), and tetra-n-butylammonium nitrate (Alfa Aesar) were used as received.
Hexachlorocyclotriphosphazene (Fushimi Chemical Company, Japan) was purified by
recrystallization from dry hexanes followed by sublimation. Poly(dichlorophosphazene) was
synthesized by the uncatalyzed thermal ring opening polymerization of the purified
hexachlorocyclotriphosphazene in evacuated Pyrex tubes at 250 °C. Unreacted cyclic trimer was
removed by vacuum sublimation, leaving the polymer as a colorless elastomeric material.

Phenols
Phenol (1) (TCI) and 4-phenylphenol (2) (Aldrich) were sublimed before use. The
synthesis of 3 followed a previously published procedure[6] with a yield of 51.2 %. Side group 4
was produced from a mixture of 4’-bromo-(1,1’-biphenyl)-4-ol (5.00 g, 20.07 mmol), 4biphenylboronic acid (4.37 g, 22.08 mmol), 2 M potassium carbonate aq. (degassed) (50 mL),
Pd(PPh3)4 (0.38 g, 0.33 mmol) and a few drops of Aliquat-336 in THF (200 mL) and the mixture
was refluxed for 24 h during which time the product precipitated from solution. The suspension
was then cooled to room temperature and the solvent was removed under reduced pressure to give
the crude product as a yellow solid. The solid was then washed with water and acetone before
drying under high vacuum to afford the potassium salt of 4 in 79 % yield. 1H NMR (360 MHz,
DMSO) δ(ppm): 7.77 (m, 10H), 7.53 (m, 4H), 7.40 (m, 1H), 6.82 (d, 2H).

218
Synthesis of Polymers 9 – 31
All the syntheses followed a similar procedure, with an example provided for polymer
18. To a suspension of sodium hydride (1.24 g, 31.0 mmol) in THF (100 mL) was added 2,2,2trifluoroethanol (2.25 mL, 31.0 mmol), and the resulting suspension was stirred at room
temperature. Once the sodium hydride was consumed, the mixture was added dropwise to a
vigorously stirred solution of poly(dichlorophosphazene) (2.00 g, 17.3 mmol) in THF (300 mL).
The reaction mixture was then stirred for 24 h at room temperature. In a separate vessel, 4phenylphenol (4) (0.29 g, 1.73 mmol) was added slowly to a suspension of sodium hydride (0.07
g, 1.73 mmol) in THF (100 mL) at room temperature. After the sodium hydride had been
consumed, the sodium salt was transferred to the polymer solution, and the resulting mixture was
stirred at room temperature for an additional 72 h. In a separate vessel 2,2,2-trifluoroethanol (0.32
mL, 4.33 mmol) was added to a suspension of sodium hydride (0.17 g, 4.33 mmol) in THF (100
mL). Once the sodium hydride was consumed, this sodium salt was added to the polymer solution
in a third step, and the resulting mixture was then stirred for an additional 2 h at room
temperature. After this final reaction was complete, the solution was concentrated under reduced
pressure, precipitated into water, and the resulting solid sample was dialyzed using 20 % v/v
methanol in acetone. After dialysis, the product was precipitated a final time into water and dried
under high vacuum to afford the polymer as a white elastomeric solid in moderate yield (62 %)
with high molecular weights (2,500 KDa). Characterization data for all polymers are listed in
Table 7-1.
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Equipment for Polymer Purification and Characterization
Dialysis of polymers was accomplished using Spectra/Por molecular porous cellulose
dialysis membranes with molecular weight cutoffs of 12,000-14,000 Da. Glass transition
temperatures were measured using a TA Instruments Q10 DSC unit operated at a heating rate of
10 °C/min and a samples size of 10 – 15 mg, with analysis performed by means of TA
Instruments Universal Analysis 2000 software. 1H and 31P NMR analyses made use of a Bruker
AV-360 instrument operated at 360 and 145 MHz, respectively. 31P NMR shifts are reported in
ppm relative to 85 % H3PO4 at 0 ppm. Gel permeation chromatographs were obtained using a
Hewlett-Packard 1047A refractive index detector and two Phenomenex Phenogel linear 10
columns, eluted at a rate of 1.0 mL/min using a 10 mM solution of tetra-n-butylammonium nitrate
in THF. The elution times were calibrated with polystyrene standards.

Measurement of Mechanical Properties
The polymer samples were solvent cast using a uniform procedure. Specifically, 30 %
w/v polymer solutions in acetone were poured into Bytac® lined dishes (50 mL / 36 cm2). The
solutions were allowed to dry slowly in an acetone-saturated atmosphere at room temperature.
Once the films were dry to the touch, they were dried for an additional 24 h in ambient air, before
additional drying under high vacuum for 48 h. The resulting films were cut into dog-bone shaped
samples according to ASTM D-1708 using a Pioneer-Dietecs die, and were stored under vacuum
before testing. Mechanical characteristics were obtained with use of an Instron® 5866 tensile
testing instrument at a fixed crosshead speed of 100 mm/min. at ambient temperature using a 100
N load cell.
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Wide Angle X-Ray Scattering (WAXS)
Wide angle X-ray scattering was performed using a PANalytical X-Pert Pro MPD θ-θ
goniometer with Cu Kα radiation, with a fixed slit incidence (0.25° divergence, 0.50° anti-scatter
and 10 mm specimen length) and diffracted (0.25° anti-scatter and 0.02 mm nickel filter) optics,
on polymeric films made in a manner described in the previous section. The data were collected
at 45 kV and 40 mA from 5 – 50° 2θ using a PIXcel detector in scanning mode with a PDS length
of 3.35° 2θ and 255 channels over ~20 min. The resulting diffraction patterns were analyzed
using Jade+10 software. Patterns for all polymers (9 – 31) are provided in Figure 7-5.

Small Angle X-Ray Scattering (SAXS)
Small and wide angle x-ray scattering (SAXS/WAXS) data (Figures 7-6, 7-8 and 7-9)
were collected under vacuum (10-3 kPa) using a PANalytical Empyrean θ-θ diffractometer
equipped with the ScatterX78 attachment in transmission geometry, on polymeric films. Cu-Kα
radiation (λ = 1.5418 Å; 1,800 W, 45 kV, 40 mA) was utilized via a focusing mirror fitted with a
1/32° divergence slit. Scattered radiation was detected using a PIXcel3D detector in 1D scanning
mode. Scans were collected from -0.1 – 40° 2θ for a total data collection time of 40 minutes.
Experimental data were analyzed using the PANalytical EasySAXS software. All patterns were
background corrected by using an empty sample holder to collect a background file and the x-axis
was converted to q (Å-1) values. Additional SAXS scattering data (Figure 7-7) were collected
under vacuum (10-3 kPa) on a Molecular Metrology (Rigaku) system equipped with a Bede sealed
tube micro-source (Cu-Kα λ =1.5418 Å, 45 kV, 0.66 mA) and point focus optics. Scattered
radiation was collected for 1 hour per specimen on a 2D wire array detector. Images were
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processed and converted to 1D plots using SAXSGUI (v2.05.07) software by Rigaku Innovative
Technologies, Inc. and JJ X-ray Systems ApS.

Water Contact Angle
Advancing water contact angles were determined using of a Ramé-Hart automated
goniometer/tensiometer (Succasunna, NJ) with DROPimage Advanced v2.6 at room temperature.
Polymer films were solution cast using a previously described procedure, and samples were cut
and attached to glass slides using double sided tape before analysis. A drop volume of 2 µL
deionized water was used for each test. The images were analyzed using ImageJ software and the
reported results are averaged over 10 measurements.

CONCLUSIONS
The incorporation of oligo-p-phenyleneoxy side groups into trifluoroethoxy substituted
polyphosphazenes has a dramatic influence on the polymer morphology and mechanical
properties. Specifically, if the length of the aryloxy side groups allows them to protrude beyond
the boundaries of the 2,2,2-trifluoroethoxy co-substituents and span the average interchain
spacing, they can participate in aryl cross-coupling interactions that have the character of noncovalent crosslinks. These interactions convert a microcrystalline thermoplastic to an amorphous
elastomer, a change that offers an alternative method to achieve the unusual and much valued
properties of the PN-F series of elastomers with the use of simpler chemistry and more facile
processing.
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