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ABSTRACT
The work described within this thesis focuses on the design, synthesis, and characterization of

new phosphazenes with potential in advanced matapglécations. Additionally, these unique

polymers required the development of novel reaction methods or the investigation of new
phosphazene chemistry to achieve their synthesis. Chapter 1 lays out some of the basic principles and
fundamentals of polymechemistry. A historical overview of phosphazenes is also included along

with an indepth look at the chemistry of polyphosphazenes and how they relate to advanced materials
for power generation and biomedical applications.

Chapter 2 investigates the usfeodinated polyphosphazenes asay opaque materials.
Singlesubstituent polymers with-ébdophenoxy or 4dodophenylanaline ethyl ester units as the only
side groups were prepared. Although a shsgibstitutent polymer with 3;8iiodotyrosine ethyl ésr
groups was difficult to synthesize, probably because of steric hindrance;sabxstituent polymers
that contained the neindinated ethyl esters of glycyine, alanine, or phenylalanine plus a
corresponding iodinated substituent, could be synthesiedtinuclear NMR spectroscopy was used
to follow the substitution of side groups onto the phosphazene back bone and judge the ratio of
substituents. Heterophase studies of the hydrolysis ofdaodoo acid/nofiodinated amino acid side
group species inalonized water at 37 °C followed a bulk hydrolysis profile, with the rates dependent
on the structure of the side groups. The effectiveness of these polymerayaspaque materials
was examined by the use of the poly(organophosphazenes) and convengania polymers as
filters for c-upgsteamolyBdenura radiation.eTihg phasphazene polymers that
contained iodine in the side groups were opaquetayX, whereas the conventional organic
polymers were essentially transparent to tleeseadiation.

Chapter 3 details the initial investigation into-8jAydroxy-L-phenylalanine ethyl ester and
dopamine substituted polyphosphazenes that could be applied to a number of applications. L
DOPAEE was acetonide protected to prevent crosslinigagtions by the catechole functionality.

Cyclic small molecule studies and macromolecular substitution reactions on the linear high polymer
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were conducted with the protectedDlOPA. After isolation of the substituted phosphazene, the
acetonide protectingroup was removed in acidic conditions. Attempts to acetonide protect dopamine
by the same method asROPA yielded 6,7dihydroxy-1,1-dimethyt1,2,3,4tetrahydre
isoquinolinium (DTTQ) by an acid catalyzed PieSggengler reaction. DTTQ was utilizeddhlorine
substitution reactions at both the trimer and polymer levels. Weather it was obtained as a single
substituent or glycine, alanine, or phenylalanine ethyl ester cosubstituted polymer, the hydrolytic
stability of DTTQ polyphosphazenes was evaluat@d a result or oxidative instability or coordinated
hydrochloric acid, the DTTQ substituted phosphazenes readily hydrolyzed when exposed to deionized
water. Continuing studies into protection of the dopamine catechol have elucidated a viable method
for the synthesis of amirlinked dopamine polymers.

Chapter 4 describes a method for the synthesis of phosphazenes with quaternary amine
complexes as potential antibacterial agents. Replacement reactions of pyridine alkoxides and
chlorophosphazenes weresfiattempted at the small molecule level to study the reactivities of
pyridine alkoxides. The formation of an insoluble product indicated the participation of pyridine
alkoxides in macromolecular substitution, but esabstituent was necessary for theriation of a
soluble product. In order to obtain a soluble product at the polymer level, a typiestepvaddition,
side group exchange reactions between poly[(trifluoroethoxy)phosphazenepgridide propoxide,
and a threestep addition were attengat. Only the threstep addition where the solubilizing-co
substituent is added first and last yielded soluble pyridine propoxy polymers. Pyridine methoxy
substituted polymers were noted to be more soluble than their pyridine propoxy analogues and a
homasubstituted pyridine methoxy polyphosphazene was obtained. Quaternization of the pyridine
nitrogen was possible when an excess amoumtobthohexane was added to the reaction. -Anti
bacteri al studies with | ow polnythesapeuticactvidlyi ngs (<90
Hi gher loadings (O 1500 e€g/mL) should be evaluat

Chapter 5 evaluates the potential for functioc

chemistry with the intent of forming pendenti[1,2,3}riazoles. Alkynoxides were cesubstituted
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on the cyclic trimer with trifluoroethoxide as a proof of concept. Theubistitution was translated to
the high polymer with both methoxyethoxyethoxide and trifluoroethoxide. Two different methods of
ficl i cko créutlimed.sThe fiyst method was the use of triphenylmethyl azide as an activated
species and subsequent deprotection of the-piityiected triazole. A second method utilized TMS
azide which directly produces theHLE[1,2,3}-riazole in relatively hig yield. This method has
prospective utility in the production of protaonducting membranes, metal coordination chemistry,
and many other areas.

Chapter 6 examines the hydrophobicity and reactivity of a phosphazene system with
engineered brancheswell defined length occurring at precise intervals along the polyphosphazene
backbone. Poly[(hexachlorophosphazo)tetrachlorophosphazene] was synthesized by the thermal ring
opening polymerization of its monomer which is prepared by the treatment of
hexactorocyclotriphosphazene with ammonia followed by phosphorous (V) chloride. The polymer
was treated with trifluoroethoxide and the hydrophobicity of fiber mats obtained by electrospinning
were evaluated. The increased fluorine loading found in this polgags not give an enhancement
of the hydrophobic character when compared to linear trifluoroethoxy substituted polyphosphazenes.
Cyclo-linear phosphazene polymers were synthesized from phosphazo precursors by adapting
methods developed for the living matic polymerization. Polymers contained 27, 2, or 1 P=N unit
between each ring in the structure. Phosphasegenic hybrid polymers were also prepared from the
phosphazophosphazene cyclic monomer and were connected by reacting with a diamine. Molecuar
weight analysis of these cyelmear polymers show that with optimization, it may be possible to

obtain high molecular weight species.
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Preface

Portions of this thesis have been adapted for publicaGbapter 2 was adapted for
publication inPolymer Chemistry201Q 1, 1467) and coauthored by H.R. Allcock, A.A.
Soudakov, G.H. Imler, C.T. Laurencin, and L.S. Nair. The work detailed in chapter 3 and chapter
5 was intended for eventual submissioMiacromolecules Portions of chapter 6 were adapted
for publication inJournal of Adhesion Science and Technol@&§09 23, 435) and coauthored

by H.R. Allcock, L. Steely, and A. Singh.
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Chapter 1

Introduction to Polymer Chemistry

1.1 History of Polymers

Despite thebeliefthat polymers and polymer chemistry are relatively new fields of
chemistry, humans have used polymers for many cenfuttesas notuntil the mid19" century
that contemporary polymer chemistry first took root. In the 1830s, the photochemical
polymerization of vinyl chloride and the polymerization of styrene into a glassy solid were two of
the first reported synthetic polymers. Ahet important milestone which occurred around the
same time was the vulcanization process (stifduced crosslinking) developed by Charles
Goodyear in 1838* Whether accidental or intentional, these discoveries spurred corporate
research and the dewpiment of polymer chemist/y:

Over the next 90 years, numerous polymers based on the chemical maodification of
cellulose, a natural polymer found in wood and cotton, were developed. Cellulose nitrate was one
such polymer obtained from the reaction elfidose and nitric acid. The work of Christian F.
Schdbein with cellulose nitrate led to the commercialization of this polymer as celluloid, one of
the first maAmade thermoplastics. During this time, Leo H. Baekeland formulated a synthetic
phenotformadehyde resifi”’ This product was widely commercialized as Bakelite beginning in
1907. Advancements in analytical methods and techniques also allowed researchers to gather
data supporting the #f@*hmacromol ecul ar hypothesis

In 1920, Hermann Staudingeroposed that polymers were covalently bonded
macromolecules rather than loosely associated clusters of small mafediilisstheory was

supported by his work with polystyrene, rubber and polyoxymethylene and the work of Emil
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Fischer on the structure pfoteins. The macromolecular theory was further supported by
Carothers when he synthesized high molecular weiglggpotes and polyesters from
thoroughly characterized, low molecular weight molectil&audinger was awarded the 1953
Nobel Prize in Chmistry for his advancement of polymer chemistry.

During World War Il, when traditional materials were being diverted toward the war
effort, new polymers werdevelopedapidly to fill technological and material voids. After the
war, theavailability of canpounds from the petrochemical industry allowed rapid development of
new polymers. Nowtilizedas nexpensi ve, commerci al icommodi
macromoleculediscovered in the short history of polymer chemistry have been studied
extensivelyand their potential applications determined. Research in polymer chemistry now
focuses on the development of novel Rgrformancepolymer systems or architectures which

are able to filspecializednarkets’?

1.2 Structural Classifications of Polymers

The etymology of polymer is from the classical Greek wgalg andmeroswhich are
roughly translatedsi many parts. 0 A homopol ymer can be

by a well defined repeating structure, where @dehticalrepeat unit is covantly bound to the

next wunit. The small mol ecul e repeat wunit is

important characteristics of a polymer is the molecular weight, or molar mass. Polymers of the
same chemical formula have distinctly differeragerties when a high molecular weight

polymer is compared to a low molecular weight polymer. There is a critical point where
properties become independent of weight and occurs at roughly 1000 to 2000 repeat units. An
oligomer is a polymer precursor wiery few repeat units joined in the chain. A polymer chain

is typically represented as a straight molecule. In reality, the polymer exists as a twisted and

t
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convolutedchain. Another factor that strongly influences polymer properties is the polymers

archtecture or chain structure. Examples of more common architectures are shown irLFigure

2,3,10,11
1.

1.2.1 Polymer Architectures

The most common polymer structure is the linear polymer where long chains of repeat
units are attached end to end. Most limgalymers are soluble in some organic solvent and the
viscosity of the resulting solution is proportional to the chain length of the polymer. Physical
properties of linear polymers are highly dependent on the chemical structure of the monomer unit.
Theresulting materials can be anything from amorphous materials to higshakine, glasslike
materials.

Relatedo linear polymers are branched and brush polymers. Thasemoleculeare
best described as linear polymers with random divergent sidesamaidérom the same repeat
unit. Many properties of branched polymers are similéinaseof analogous linear polymers.
However, branched polymers are less likely to crystallize and have lower solution \@sclsit
to their irregular structure. Bsh or comb polymers are similar to branched polymers exuapt
the divergent side chains occur at more regular intefvals.

A polymer which has multiple chains interconnected by covalent bonds is known as a
crosslinked or network polymer. The intehain bonds, or crodsks, can be formed either
during polymer synthesis if an appropriate monomer is utilized or by secondary reactions after
polymerization. These polymers will never dissolve in solvents, but can be swelled to various
degrees dependj on the density of crodimking. Variation in the crosslink density can produce

rubber like elastomers at low densities and thermally stable, rigid materials at high déHsities.
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Figure 1-1. Architectures of homopolymers.
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Star polymers and dendrimers are polymers where the chains extend from a central
mul tifunctional <core. These fAarmso are | inear
their lengh . Star polymers have a minimum of three
the core or attached as preformed polymers with a reactive functional group at éfe end.

While similar to star polymers in some aspects, dendrimerstareedimensional
structure with the chain ends forming a spherical shell around the core. Dendrimers are
synthesized by sequential reactions in either a divergent or convergent process. The divergent
process beings with the core and builds outward taglaing multifunctional monomers in
successive layers, or generations. In the convergent method, previously synthesized dendrimeric

fragments are affixed to the core molectite.

1.2.2 Copolymers

If the desied properties of a material a@ot be achievelly a homopolymer, it is
possible to form polymers with new properties using two or more different monomers. The
actual sequence of monomer units in the polymer backbone is determined by monomer
reactivities, the sequence of monomer addition to the ora@nd the polymerization
mechanism. Common sequences seen when two monomers are polymerized are random,
alternating, block, and graft copolymers (Figi2).>*"

Random copolymers, like their name suggests, have a completely random distribution of
the two monomers along the polymer backbone. The crystallinity of random copolymers is
greatly reduced, causing a drop in the melting temperatyje (T comparison to either of the
respective homopolymers because the polymer structure is largely irrefbiaglass transition

temperature (J) of the copolymer is expected to fall somewhere in between the values of the two

homopolymers. The other extreme is when the two monomers alternate regularly, arteeT]



values of an alternating copolymer apeitfid in the range of the respective values of the

homopolymerg:®**
— AV VVV—— U NNNN—— NN VW VoV
Random Alternating
NN
Block Graft

Figure 1-2. Structures of AB copolymers.

Block copolymers are polymers which contain large sectignthesized from a single
monomer which then abruptly changes to a different monomer. The properties of block
copolymers are a combination of the properties of each homopolymer as long as each block is
long enough. Graft copolymers are obtained eithgrdbymerization of monomer B from active
sites along polymer A or functional groups on preformed polymer B are reacted with polymer A.
Short grafts can be used to modulate th®flthe backbone polymer by reducing

crystallinity >

1.3 Methods ofPolymer Synthesis

Another method for the classification of polymerbyshe mechanisrthroughwhich the

polymer chain grows. There are three basic categories of polymerization mechanism with each



having many : 1) Stegrowth polymerization, 2) Chaigrowth Polymerization, and 3) Ring
opening polymerization. Many polymers can be synthesized using more than one polymerization
mechanism. The mechanism to be used in the polymerization of each monomer depends on the

type and number of functional groups seat.

1.3.1 StepGrowth Polymerization

Stepgrowth polymerizations are characterized by reactions between monomer functional
units which release a small molecule byproduct. These polymerizations are commonly referred to
as condensation polymerizations &ese many of the polymers formed give off water as the
byproduct. This occurs either by the reaction of a single difunctional monomer (AB monomer)
with another AB monomer to yield the ABAB dimer or the coupling of two monofunctional
monomers (AA and BB mmomers) to give the AABB product. In order to achieve high
molecular weight polymers by this polymerization mechanism, the monomer(s) must be pure and
the functional group pairs must present in exactly equal molar amounts. Following either of the
reaction formats, the polymer grows as the monomer is rapidly converted into oligomers. Even if
precautions are taken, lengthy reaction times are needed as truly high molecular weight polymers
are not formed until oligomers and other short chain species begpapee. Many commercial
polymers (Figurd-3); such as nylons, Kevlar, poly(ethylene terephthalate) (PET), and

polycarbonates; are synthesized by sjegwth polymerizations.
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Figure 1-3. Examples of stegrowth polymers.



1.3.2 ChainGrowth Polymerizations

In contrast to stegrowth polymerizations, chaigrowth polymerizations are initiated by
a reactive radical or ionic species and convert monomergliginato high polymers. Monomers
capable of participating in these polymerizations are characterized by unsaturation and include

ethylene, styrene, tetrafluoroethylene, and isobutylene (Figdye

Ethylene Styrene )
- EE— “
- L
> P AN N
Vinyl chloride ~ _ n
L Isobutylene -
=\ 5 //\(
Cl B 1
Cl n —_— //7<
F Fo]
Tetrafluoroethylene L /n
F F L Isoprene
—_— e /
F F
F F n

Figure 1-4. Olefin monomers and their polymerization products.

Regardless of the initiating species; radical, cation, or anion; the mechanism follows
three principle steps. First is the initiation step where the activeespgeaenerated by
dissociation reactions of peroxides, azo compounds, metal halides (e .BH{| metal
amides, oorganometalic compoundd he initiated monomer species is formed from the reaction
of a monomer molecule with the initiator. Durithge propagation step, the initiated monomer
reacts with other monomers rapidly forming a high molecular weight polymer with the active site
on the terminal repeat unit. Propagation will continue until a termination process quenches the

active site on thpolymer. This can occur by combination or disproportionatiomo active
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polymer chains or proton abstraction from another molecule. Living polymerizations are cases of
chaingrowth polymerizations where termination reactions do not occur or arsit#gerThese

living polymerizations are of interest because the reaction can be resumed by the addition of more
monomer. An example of chagrowth polymerization is the initiation of methy acrylate by

2 , -8z6bis(isobutyronitrile}**

Initiator dissociation

. + N=N

’:N

B
Y
o

Initiation
=N COOCH, ==N  COOCH;
’.:+ — —_— I(—:IZ .
Propagation
——=N COOCH; COOCH; —=N COOCH; COOCH;
A > LZ h’z .

C C
I |
Termination - combination

’:_N { COOCHﬂ COOCH, =N coocH,| [coocH,] =N
o Lo e 0 | %
Jc . - C [ C ‘

2 ‘ C

n

Termination - disproportionation

=N COOCH,|

N COOCH; COOCH; H,
H, | H, C H
C c — +

2 ‘ C
=N COOCH; COOCH;
mo | ]
]

n

3

n

Figure 1-5. Reaction sequence for the chgimowth polymerization of methyl acrylate.
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1.3.3 RingOpening Polymerization

Ring-opening polymerization (ROP) of cyclic monomers or oligomeasviersatile
method which has been applied to a number of organic and inorganic systems. While similar or
identical polymers can be synthesized by ipgning polymerization and stgpowth
polymerizations, the ring opening does not result in the loassofall molecule. Ringpening
polymerization also differs from chagrowth polymerizations in that no multiple bonds are lost
during the reactions. The main driving force for most-opgning polymerizations is the release
of ring strain, but a catalysr heat can be applied to facilitate the reactions. Epoxides, lactones,
lactams, siloxanes, and phosphazenes are some of the polymers which utiopenimy

polymerizations for commercial production (Figuré).

O
/ \ catalyst _ /F\/O%\ Epoxide
n
O
O _ ;
. catalyst
S N A4 Lactone
) m O
" I J

H (0]
N i .
(0]
M» N N e Lactam
)m ) " H-in
\\ ~ O\ /
S|1 Si _Acidor Base _ O\Si/O\Si/O\Si+ Organosiloxane
n

R
R\P/NXP/R ) |
R/ “ |\ R———> P—=N Phosphazene
N2 I|<
\ n
R R

Figure 1-6. Ring-opening polymerizationf selected organic and inorganic "monomers".
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1.4 Hykrid Inorganic -Organic Polymers

Since polymers entered the commercial market in tHec@6tury, the vast majority of
thesemacromoleculeare organic materials derived from petrochemicals or, more recently,
biomass stocks. The low cost of the organidista materials coupled with the breadth of
organic reactions and facile processing facilitated the development of many materials. Readily
available organic polymers are replacing much heavier materials like metal, glass, and wood.
Desite these advantag, organic polymers have several chemical and physical limitations. The
high carbon content makes many polymers chemically, thermally, oxidatively unstable. Organic
polymers are limited physically by dissolution or swelling in organic solutions anolneange
of operational temperatures.

In an effort to overcome tHamitations of purely organic polymers, novel polymers
which contain both organic and inorganic elements are being investigated. These hybrid
inorganicorganic polymers can have either an organic polymer backbone with inosgdic
substituents or an inorganic backe with organiside groups Either of these approaches can
yield polymers with improved physical and chemical properties. Two common hybrid inerganic

organic polymer systems are poly(organosiloxanes) and polyphosphazenesifegure

1.5 Polyphosphaenes

1.5.1 Significance

Polyphosphazenes are a type of hydrid inorgarganic polymers with an alternating
phosphorousitrogen backbone artd/o organic side groups attachede@ch phosphorous atom
(Figurel-7). The macromoleculaeplacemenof chlorine atoms by organic nucleophiles to

yield the final polymer is unusual in polymer synthesis. This method allows the polymer
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structure and chemical properties to be highly dependent on the organic side group, selected
contrast to common organpolymers where thignal properties are determined by the monomer.
However, the phosphazene backbone does contribute useful properties such asxtiuztive
stability, fireretardnce, and low glass transition temperatures. Tlsatidy of phosphaenes

has lel to the synthesis of several hundred discrete polymers with a wide array of physical and
chemical properties. Phosphazenes have been used as fire retardantypieatrmaterials,

ion and proton conduction, and biomedical materraS.

Cl Cl
\/ o o
T 20C o ||3_N Pels cl F|>—N—TMS
|| | in vacuo ‘ o CHCl,, 25°C -
CI—/P\N/P—CI ! !
cl cl n
NaOR H,NR
R R R
O/ |( O/ —‘ |(HN/ —‘
F}’:N |:3:N F}’:N
o \\HN J \\HN J
\R n \R n \R n

Figure 1-7. Synthesis of poly(dichloropbphazeneand macromolecular substitutitwy organic
nucleophiles

1.5.2 Synthesis

Althoughthe initial synthesis of a white crystalline compound was noted by Llebid
Rosé?in 1834, it was not until the 1870s that work by GerHar@ladston&, andWichelhaué"

elucidated the structure as hexachlorocyclotriphosphazene, a cycliensohatule trimer.
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Stokes first polymerized hexachlorocyclotriphosphazene (trimer) and higher cyclic species in the
1890s%* Subsequent work demonstrated that thisganic rubber was formed by a thermal ring
opening polymerizatian The polymedecomposeduringexposureo the atmospheré®

Progress in phosphazene chemistry was mostly stagnant until 1964 when Allcock and Kugel
discovered a method for preparatidrsoluble polyphosphazenes which is the basis for current
work with phosphazené&3!

The procedure begins with the purification of hexachlorocyclotriphosphazene by re
crystallization from hexanes or heptanes and subsequent sublimation. The purifital mate
sealed under vacuum in a glass tube and heated to 250°C for several hours. Progress of the
thermal ringopening polymerization is determined by viscosity and is terminated after anywhere
from 6 to 48 hours. The unconverted trimer-{&B4%) is sepated from the
poly(dichlorophosphazene) by sublimation. Low conversion during the melt polymerization is
standard, buis preferential to crosbnk formation at high conversiorReclaimed trimer can be
recycled in subsequent polymerizations. Whilegbly(dichlorophosphazene) obtained through
this method is very high molecular weight, there is no direct control over polydispersity or
molecular weight®

An alternaitve method of synthesizing poly(dichlorophosphazene) by a living cationic
polymerizationwas developed by Allcock, Manners, et’a The monomer,
trichloro(trimethylsilyl)phosphoranamine, éxposed t@ cationic initiator, usually phosphoros
(V) chloride (PCY), displacing the trimethylsilyl group to produce an active site for chaimtro
(Figurel-7). Unlike the thermal ringpening method, this method allows precise control over
the polydispersity and resulting molecular weight. The living chain end allows
poly(dichloroph@phazene) to be incorporated into complex polymer architestuch as block

copolymers?
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1.5.3 Macromolecular Substitution

The facile replacement of chlorine atoms by organic nucleophiles in phosphazene
synthesis is unique in polymer chemistry. The use of alkoxides, aryloxides, or amines has yielded
several hudred polyphosphazenes which contain a single side group. Even more phosphazenes
which are substituted with multiple side groups are obtained by either simultaneous or sequential
reactionswith differentnucleophiles (Figure1-7). The cesubstitution of posphazenes allows
for the optimization of the polymer properties fmmerousapplications. Bulk properties of the
final polymer are largely determined by the chemical functionality of the side groups. Some
examples are hydrophobic and supgdrophobicsurfaces from phosphazenes with highly
fluorinated side groups, water soluble and hydrolytically stable polymers withethatiic side
groups, and hydrolytically sensitive polymers for tissue engineering with amino acid side groups.
The macromoleculasubstitution allows tuning of the polymer properties by incorporation of a

secondary substituent rather than the synthesis of new monomers in organic ptlymers.

1.5.4 Polyphosphazene Architecture

The versatility of macromolecular substitution combinethhe living cationic
polymerization allows multiple architectures to be fashioned. While star polymers and
dendrimers have been synthesized from phosphazenes, linear, graft, and block copolymers are
more common (Figur&-8)."> Any polymer which has aterminal free amine can be used in the
formation of a phosphazene block copolymer. Some examples are polyphosgihazene
polyphosphazer&®, polyphosphazenrk-polystyrené®®’, and polyphosphazetepoly(ethylene

oxide) copolymer8*’. The phosphazene cyclic trimers, substituted by methods similar to the
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high polymer, have been incorporated into cyliziear polymer® and attached as pendent

groups to organic polyméts? as other methods for modification of the polymer properties.

OCH,CF, R R OCH,CF, P
| | | | o - NZ N
FaCH,CO—P=N—-|P=N|—P—N=P—N o | I
| | | | " m
R P

OCH,CF . R OCH,CF; R—/ AN /P\—R

Block Copolymer R R 0

r 7 ROV
_ | \P/
NZ N
ot
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\P/”"\'\q <
o R NP N R
\P/ R FI’ |||3 R \p/
N —
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| ” R—Pa. _P
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R—P P—R / \
/ \N P
R R
Pendent Trimer Cyclo-linear Matrix

Figure 1-8. Examples of phosphazenelitectures.

1.5.5 Applications

The properties needed fobeoadassortment of applications can usually be achieved by
some combination of side groups linked to the polyphosphazene backbone. One of the most
versatile classes of side groups are perflalkoxides. Polymers based on trifluoroethoxy
substituents are resistant to UV or gamma irridation and can be fabricated intbysino@hobic

surface$?

“4 Highly fluorinated polyphosphazenes cosubstituted with trifluoroethoxy,
octafluoropentoxy, androsslinkers produce elastomers which were used by the US military for

extreme temperature applicatiochi$® Polyphsophazenes with etheric side groups are used as
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ionic conductive membranes in battel&§. The low glass transition temperature artesi

groups, such as@-methoxyethoxy)ethoxy, allow ionic salts to be solvatedulting in high
conductivities™ Similarly, polyphosphazenes with sulfonic acid side groups are used as proton
conductive materials. Membranes have been fabricated neict diethanol fuel celf$:*
Phosphazenes with other side groups have been evaluated as electroluminescentirfaterials

retardant¥"®’, and biomateriat&® %,

o e, > NN
e i
‘L\/CF3 ‘L\/\O/\/O\

Poly[bis(2,2,2-trifluoroethoxy)phosphazene]  Poly[bis(2-(2-methoxyethoxy)ethoxy)phosphazene]

Hydrophobic Water Solubility and Ionic Conductivity

Oy

= i

T Ll

Poly[(3-methylphenoxy)(3-methyl-4- Poly[bis(ethylalinato)phosphazene]
sulfurylphenoxy)phosphazene]

Proton Conductivity
Proton Conductivity

Figure 1-9. Examples opolyphosphazenemdpotential applications.
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1.6 Biomaterials

Biomaterialsarerelatively newmaterials that are useddevices for correcting defects
eitherwithin or outsidethehuman body. The devices are fabricated out of matatamics, or
polymers and classified &#o-stable or biedegradable depending on the longevity of the device.
Metals and ceramics are typically used asdvable materials because they are not intended to
remodel over time. Gold, stainless steel, and titanium are used for dental replacements
orthopedic pins and screws, and joint replacements. The desirable pragdhése materials
are their mechanical strength, corrosion resistance, light weight. Ceramics areusexdstigr
materials for orthodontic repairs and bone cements. Oxisledoceramics, such as calcium
hydroxyapetite, are used in favor of rRoxide ceramic analogs. Polymeric materials are used for
contact lenses (poly(dimethylsiloxane), hydrophobic elastomers (polyamides), and sutures
(poly(methyl methacrylate))”

Biodeggradable, or bi@absorble materials, are generally characterized by hydrolytic or
enzymatic instability which allow these materials to be broken down into small molecules and
eventually excreted once placed within the human body. This class of masesiat®st
exclusively consists of synthetic polymers; such as polyanhydrides, polyfadilgcolic acid),
(PLGA), polycaprolactone, and poly(trimethylene carbonate); and several natural pobunérs;
ascollagen, chitosan, and alginates (Figix®0).>*" Many of these polymers have been studied
since the 1960s and harexievedFDA approval for use. While most polymers are used for drug
delivery and degradable sutures, some materials are being developed for more advanced

applications like tissue engiaring, bioadhesives, and many other applicafi6hs.
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Figure 1-10. Representative polymers ftsiomaterials with FDA approval.

1.7 Polyphosphazene Biomaterials

Phosphazene are of particular interest as biodegradable materials because they have the
potential to overcome the main drawbaéPLGA and other polyestets® Hydrolytic
degradation of PLGAgivesproductsthatcause a localized drop in pldéading to irritation or
tissue necrosis surrounding the implanted deVidehosphazenes with imidazgté’, amino acid

ester§®, lactidé®, glycolidé®, glucosyf®, and glyceryi’ side groups are hydrolytically sensitive
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and degrade to benign small molecules with meartral pHs. The mechanism of phosphazene
hydrolysis is similar for most materials and an example of an amino gteidpolyphosphazene

is discussed (Figure-11). The initial phase is the hydrolytic displacement of an amino acid ester
to form a POH linkage in the backbone. TheOM rapidly isomerizes to form a phosphazane
which further sensitizes the polymer to hylgtic degradatior?® After the phosphame is

formed, a second hydrolysis reaction results either in chain cleavage or displacement of the
second organic substituent on the phosphorous atom. Whichever route is followed, a third
hydrolysis reaction redis in the polymer backbone being rapidly converted to phospinate
ammonia The side chains are release@asno acid ester The rate of hydrolysis can be
controlled bythesteric hindrance along the polymer backbone or the introduction of orgdeic si
groups attached by-® linkages® Numerous polyphosphazenes have been studied as materials
for controlled drug delivery vehicles and for the formation of tissue engineering scaffolds.

In this thesis thelevelopment of new synthetic methods and phosphazene reaction
chemistriedor eventual use iadvanced applications is discussed. The research projects focused
on the design, synthesis, and structural characterization of novel polyphosphazenes for various
applications.Depending on the application and structure of the phosphazene, hydrolytic
sensitivity was evaluatedl he following chaptewill outline the use of polyphosphazenes as
radicopaque materialskFor examplethe incorporation of iodine inteetect side groupgor bio-
stable and biodegradable phosphazgnas accomplishedThe initial synthesis of
polyphosphazenes containibel,4-dihydroxyphenylalanine ethyl ester and dopamine was
investigated for materials with potential as bioadhesitsvel polyphosphazenes for
antibacterial coatings based on quaternized pyridinesalsseynthesized. Finally, novel
method for the synthesis of triazole containipglyphosphazenes and hydrophobic

phosphazenes were investigated.
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Chapter 2

lodine-Containing Radio-Opaque Polyphosphazenes

2.1Introduction

The increasing use of polymers for implantation in the human body is accompanied by
the challenge of monitoring these devices and their lifetimes by standandidaging
techniques. Most polymers do ratisorb significantly in the Xay region of the electromagnetic
spectrum, but recent reports have shown that polymers can be made opagqagdo Kitially,
these examples were metadide-polymer composites which require large amounts of inorganic
sals often with more than 25 wt % of barium sulfate or zirconium dioxide incorporated as a
composite. High inorganic salt loading has a detrimental effect on the physical properties of the
composite, and cyttoxicity issues arise resulting from lotgrm eyosure and leaching. A
second method for rendering polymers ragfi@que is via a chemical incorporation of a radio
contrast dye, typically containing bromine or iodfff&.Although the resultant polymers are
substantially more biocompatible than quosite polymer systems, they are hydrogels which lack
the necessary physical properii€sare too susceptible to hydrolytic degradatiam are too
hydrolytically stable for implants which remodel over tim& In this paper we report the
introdudion of iodine into theside group structure ofbpy(organophosphazenes) to facilitate
radiological imaging of these polymers.

Poly(organophosphazenes) are a broad class of hybrid inoaaicic polymers
usually produced by chlorireplacement reactiarcarried out on poly(dichlorophosphazene)
(1). The nucleophiles used for chlorine replacement include alkoxides, aryloxides, or amines, and
the different side groups control the properties and final uses of the polyphosphaltésalso

possible tayenerate mixegubstituent polyphosphazenes in which two or more different organic
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groups are linked to the phosphazene backbone. The emerging applications
polyphosphazenes includettey and solar cell electrolytes® optical materiaf$*® bioinert
elastomerS?, and bioerodible materiafs

Previous work in our program showed that specific poly(organophosphazenes) are
biocompatible while being either biostable or biodegradable. For example, the biostable polymer,
poly(diphenoxyphosphazeng), is resistant to hydrolytic degradation at body’pt&imilarly,
poly[bis(2,2,2trifluoroethoxy)phosphazenegy, is biostable, hydrophobic, and borders on
superhydrophobi& On the other hand, polyphosphazenes with amino acid ethyl ester side
groups linked through the amino terminus are hydrolytically sensitive and degrade to biologically
benign small mol ecul es. The st er-positioboiithek and
amino acid governs the rate of hydrolysis of these polyffiétPolyphosphazenes are an
attractive choice for Xay opaque applications. The presence of phosphorus atoms in the
polymer backbone, the use of various side groups that contain heavy elements such as iodine, and
the demonstrated turability of hydrolyic degradation provide potential starting points for
polyphosphazenes to be utilized in the field of rampi@aque polymers. This study has laid the
groundwork for the development of biocompatible polyphosphazenes that arepadice.

Poly[bis(4iodopheroxy)phosphazene], poly(diethoxyphosphazedeand6, were

i nvestigated initially as model Sy s tVé-Mrs . Thes

medical xrays to provide a baseline of radipacity. Information gathered from the synthesis
and chaacterization of these polymers was then applied to the design and synthesis ef iodine

containing radieopaque amino acid ester polyphosphazenes.
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2.2 Experimental

2.2.1Reagents and Equipment

All synthesis reactions were carried out under a dry argon ptraos using standard
Schlenk line technigues. Tetrahydrofuran (EMD);digkane (EMD), and triethylamine (EMD)
were dried using solvent purification colunifisEthanol (EMD) and 2,2;&ifluoroethanol
(Aldrich) were distilled from Cakland were storednaler dry nitrogen. 3;Biiodotyrosine ethyl
ester hydrochloride (Senn Chemicals), glycine ethyl ester hydrochloride (Bachem), alanine ethyl
ester hydrochloride (Chetmpex), phenylalanaine ethyl ester hydrochloride (Ghexpex), and
phenylalanine (Bachemyere used as received. Poly(dichlorophosphazene) was prepared by the
thermal ringopening polymerization of recrystallized and sublimed
hexachlorocyclotriphosphazene (Fushimi Chemical Co., Japan) in evacuated Pyrex tubes at
250°C. Chemicals and polymarst mentioned above were used as received without
purification. 3P, *3C, and'H NMR spectra were obtained with use of a Bruker 360 WM
instrument operated at 145 MHz, 90 MHz, and 360 MHz, respectively. Glass transition
temperatures were measured withAalnstruments Q10 differential scanning calorimetry
apparatus with a heating rate of 10°C/min and a sample size of ca. 10 mg. Gel permeation
chromatograms were obtained using a HevReitkard HP 1100 gel permeation chromatograph
equipped with two Phenagnex Phenogel linear 10 columns and a Hevidatitkard 1047A
refractive index detector. 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.
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2.22 Synthesis of Polymers 2

Polymers2-7 were synthesized in a similar fashion, with the synthesis of pol¥mer
described as an example. Poly(dichlorophosphazene) (5.00 g, 0.0431 mol) was dissolved in 500
mL of dry 1,4dioxane. Sodium metal (1.55 g, 0406mol) was suspended in 200 mL of dry-1,4
dioxane, and phenol (6.08 g, 0.0647 mol) was added. This suspension was stirred until the
sodium metal had been consumed by the reaction. Half of this solution was added dropwise to
the polymer solution. The mniure was refluxed for 24 hours as the progress of the reaction was
monitored by*'P NMR spectroscopy. Sodium metal (0.99 g, 0.0431mol) was suspended in 200
mL of dry 1,4dioxane and allowed to react withigdophenol (9.49 g, 0.0431 mol) until the
sodium metal had reacted. This solution was added dropwise to the polymer reactiom amctu
the solution was refluxed while the progress of substitution was monitoredl bR
spectroscopy. The reaction was completed by dropwise addition of the remaining sodium
phenoxide solution. When complete chlorine replacement was determifiedNyIR
spectroscopy, most of the solvent was remamagcuqg and the residue was precipitated into
water. Polyme# was purified by repeated precipitations from THF into water (2x) and hexanes
(2x) and was isolated as a-wfhite polymer (yield of 79%3oluble in THF and dioxane.

Characterization data for polymetsf areshown in Table 2 and Table 2.

2.2.3 Synthesis of 4odo-L-Phenylalanine (8)

This synthesis was adapted from previously published literdturePhenylalanine
(20.07 g, 121 mmolin 100 mL of HOAc and 15 ml of concentrated k6O, was stirred while
powdered4(12.35 g, 47.0 mmol) and Nal(5.09 g, 25.6 mmol) were added. The reaction

mixture was heated to 70 °C and NalO4 (1.0 g, 46.7 mmol). Reaction progress was monitored



30

by mas spectroscopy. The solution was concentrated and the residual oil was diluted with water.
The aqueous later was extracted with 50 mL eDEk2) and CHCI, (x2). The aqueous solution

was neutralized to precipitate the crude product. After chillirgctbde product was collected

by filtration and rinsed with a minimal amount of chilled water and ethanol yielding 4
iodophenylalanine (22.5 g, 64%} NMR (D,O) , ppm: a 7.55 (d, 2H),

3.08 (dd, IH), 3.2.95 (dd, 1H)p/z= 292[(M+H)"].

2.2.4 Synthesis of 4odo-L -Phenylalanine Ethyl EsterHydrochloride (9)**

Thionyl chloride (20.4 g, 0.172 mol) was added dropwise to 50 mL of ethanol chilled in
an ice bath. 4lodophenylalanine (10.0 g, 0.0343 mol) was added and the solution slowly
returned to room temperature. The reaction was heated for 12 h and the y@ragiiess was
monitored by mass spectroscopy. When complete, the reaction was dried to yield a white solid.
The crude product was dissolved in a minimum amount of hot methanol and recrystallized by the
addition of ether to give-tbdophenylalanine ethylster hydrochloride (11.34 g, 93%)4 NMR
oLo0), ppm: O 7.53 (d, 2H), 6.85 (d, 2H), 4.12

[(MiCl)]

2.2.5Synthesis of Polymerd0- 17.

Polymersl0-17 were synthesized in a similar manner, with the preparation of poli@ner
described as an example. Poly(dichlorophosphazene) (5.00 g, 0.0431 mol) was dissolved in dry
THF (500 mL). Alanine ethyl ester hydrochloride (11.58 g, 0.0754 mol) was susperif$ll in
mL of dry THF, and triethylamine (15.26 g, 0.151 mol) was added. This suspension was refluxed

for 24 hours, then filtered, and half of the reaction mixture was added dropwise to the polymer
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solution. The reaction mixture was refluxed and monitorettHNMR spectroscopy. 3,5
Diiodotyrosine ethyl ester hydrochloride (10.72 g, 0.0216 mol) was suspended in 200 mL of dry
THF, and triethylamine (4.36 g, 0.0432 mol) was added. This suspension was refluxed for 24
hours, then filtered and added dropwiséh® polymer solution. The mixture was refluxed for 24
hours, with the progress of the reaction again monitorédb)MMR spectroscopy. Complete
chlorine replacement was then achieved by addition of the remainder of the alanine ethyl ester
solution follbwed by heating the reaction mixture at reflux. After confirmation of complete
halogen replacement B}P NMR spectroscopy, the reaction mixture was filtered, concenirated
vacuq and the residue precipitated into hexanes. Pol{®esms purified by dilysis against
methanol (3 days) and, after solvent removal, was isolated as a palegeloye polymer (yield

of 82%). The resulting polymers are soluble in a variety of organic solvents such as methanol,

ethanol, THF, and dioxane. Characterizatiotadar polymersl0-17 areshown in Table 3.

2.2.6Hydrolytic Degradation of Polymers10-17

Polymersl0-17 (200 mg) were dissolved in 2 mL of chloroform (10% solution g/mL).
Films were solutiortast and aidried for 24 hours, then dried under reducesbspare for 7 days.

Each film had a thickness of approximately

500

test tubes containing 10 mL of deionized water (pH=6.0). The tubes were contained in a constant

shaker bath at 37°C. Three samples wer®venhat each of the time points: 7, 14, 21, 28, 35,

and 42 days. The weight loss was monitored for each solid sample and the pH of each hydrolysis

medium was analyzed'P and'H NMR techniques were utilized to follow the formation of any
small moleculéhydrolysis products dissolved in the agueous medium. Silver nitrate and
ninhydrin tests were employed to qualitatively determine the presence of phosphates and

ammonia or amino acids, respectively.



32
2.2.7Radio Opacity Testing

2.2.7.1Soft X-rays.

Polymes 2 and6 were solutiorcast from a 10% solution (g/mL) in THF and-dited
for 24 hours. The films were further dried under reduced pressure for 5 days. PGNawesse
heated to 210°C and then pressed into thin films at 3,000°1bBfitymersl0-17 were solution
cast from a 10% wt/vol solution in THF and-diied for 24 hours followed by reduced pressure
for 5 days. The films were then mounted on a support bar and placed in the patlyofram a

Cu KU source.

2.2.7.2Hard X-rays (Medical xray Condition).

Polymers2, 4,and5 were processed thermally in the manner described above, with the
exception that aluminum molds were used to obtain pellets of the polymers 2 cm in diameter and
4.80 mm or 1.97 mm thick. Polymet8-12 and14-17 were eitter solutioncast from 10% wt/vol
solutions, to yield films 0-A mm thick or thermally precessed into pellets 2cm in diameter and
4.80 mm thick. Polyethylene, poly(methyl methacrylate), polyvinyl chloride, polystyrene,
poly(ethylene oxide), poly(lactico-glycolic acid) (50/50), and poly(dimethylsiloxane) were
melt-processed in the 4.80 mthick molds. Xray images were obtained at The Pennsylvania
State University Health Center using a Kodak 7500 DR machine with a tungsten source at 50kV

and InAs.
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2.3 Results and Discussion

The synthesis of bioerodible polyphosphazenes with-agilmxy side groups presents a
challenge. Other investigatd7s* reportech method for iodination of aryloxyphosphazenes using
triflic acid and a pyridineodine complex, caditions that would lead to decomposition of the
amino acid ester polyphosphazenes that are the focus of this present work. All the polymers used
in the present work were prepared by the replacement of chlorine atoms in
poly(dichlorophosphazene})(by organic units that already contained iodinated substituents, thus
avoiding decomposition of the polymers during a subsequent iodination process. Three different
classes of poly(organophosphazenes) were synthesized. The first includeddisgleent and
mixed-substituent polymers with phenexy-iodophenoxy, trifluoroethoxy, or ethoxy side
groups. These are relatively straightforward syntheses carried out to gis@poodible
polymers for use as controls in the evaluations-odyXopacity. The tikage of the aryl units to
the skeleton via AD-P linkages generates hydrolytically stable polymers. The second group
included mixeesubstituent polymers that containedatiotyrosine side groups together with
norriodinated amino acid ester substitigrall linked to the skeleton through the amino terminus
of the side units. The third group of polymers contained iodophenylalanine either as single

substituent species or cosubstituted with aiedimated amino acid ester.

2.3.1Synthesis and StructuralCharacterization of Polymers 27.

In the first group, polymer2-7 were synthesized by the process shawfigure2-1.
The progress of each reaction was monitored US§IMR spectroscopy via the disappearance
of the PCJ peak at17 ppm and growth dhe peak that corresponds to P(@@)dicatedin

Table2-1), which represents full chlorine replacement. Formation of the ssodpistituent
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polymers2, 6, and7 usually required only 48 hours or less in refluxing THF to complete the
substitution. Howeer, the introduction of#bdophenoxy groups to form polym@&required at
least a week for complete halogen replacement to be achieved even after replacing the THF

solvent by refluxing dioxane at 18D

Cl (0]
JH o SN S
| 1,4-Dioxane, D | ‘
Cl (6]

L Yln
cl 0/\R 2:x=2,y=0
‘ P ‘ 3:x=15,y=05
PN NaO R PN 6:R=CF3 4:x=1,y=1
‘ J THF, D ‘ 7ZR=CH3 52X=0,y=2
Cl o R
n RN &

Figure 2-1. Synthesis of biestable polymerg-7.

The initial attempts to produce the mixsabstituent polymer8 and4 involved the
dropwise addition of sodiumibdophenoxide to poly(dichlorophosphazene) in refluxing dioxane
as the first substituent, followed by sodium phenoxide as the second substituent. However, loss
of the®'P NMR signal after 24 hours of refluxing dioxane indicated that the partially
substituted polymer had precipitated from solution. A change of solvent to THF or benzene did
not improve the solubility of this partyubstituted polymer. Therefore, a thetep addition of
the substituents wadilized for the synthesis of polymeBsand4 using boiling dioxane as a
solvent Half of the stoichometricallyequired sodium phenoxide was added first in a dropwise
manner to ensure that a wide distribution of phenoxy groups was obtained and tonntiaéntai
solubility of the polymer during the subsequent addition-mi®phenoxide. Th&P NMR

spectrum was monitored over the duration of the reaction to determine when substitution of each
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addition was complete. For example, after 24 hours of reflwatitige first stage, substitution by
the added reagent was complete and all of the stoichometiriegliyred 4iodophenoxide was
then added dropwise. The remaining sodium phenoxide was added after stabilization of the
chemical shifts in th&? NMR speaum indicated consumption of thei@dophenoxide. The
final *'P NMR spectrum showed only one peak for polyr@eFswhich indicated complete
chlorine atom replacement and a random distribution of the two side groups insthiestituted

polymers 8 and4).

2.3.2Thermal Characterization of Polymers 27.

The glass transition temperatureg)(df the iodinebearing aryloxyphosphazene
polymers2-5illustrate the influence of the iodine atoms. PolynZasnd3 share similar glass
transition temperatures, but the values4and5 are much higher than those2and3,
presumably due to restriction of free motion in the polymer brought about by their high loading

of iodine atomg*3°

2.3.3 Synthesis and Chareterization of 4-lodo-L -Phenylalanine Ethyl Ester (9)

This compound was synthesized by adapting previously published méthods.
Phenylalanine was iodinated directly usingid NalQ in an acidic solution. The structure and
purity were confirmed by mass spectroscopy #h#iIMR. The free amino acid was then
esterified for use in phosphazene synthesis. Thionyl chloride was used to convert the
iodophenylalanine into the acid chloriftem and facilitate esterification. Final structure and

purity of 4iodophenylalanine ethyl ester were confirmed#yNMR and mass spectroscopy.



Table 2-1. Structural data for biostable polyme&-s.

31 13 1
Polymer | Side Group P NMR C NMR HNMR
(ppm) (ppm) (ppm)
2 100% OPh | -16.47 | 1101 12081302 687 (31) 7.43 (2H)
S 89.2, 1215, 124.4, | 6.48 (1H), 6.75 (3H)
3 om o | 1683 | 1256,1208,140.1 692 (45H), 7.14
151.9 (1H)
. 50/50% 1664 f285'82’ 1123169é 1123‘;22’ 6.49 (2H), 6.78 (2H)
OPh/OPHI : & 1502 19920 6,90 (3H), 7.14 (2H)
5 100% OPH | -17.04 | °%7 705 13901 6 55 (21),7.08 (2H)
6 | 100% | 4 | Chy 062 1192  463(@H
y 128.9,140.8 (CF)
7 100% Ethoxy | -6.42 17'9((((::;9)’ 582 | 412 (2H) 1.22 (3H)
2

POPhrefers to phenoxy an@Phl refers tod-iodophenoxy

Table 2-2. Physical propdies for biostable polymeid 7.

. Mw Tg (lit"
Polymer Side Group (X1 g/mol) C)

2 100% OPh 1042 -5.63(-8)
3 75/25%0Ph/ OPH 3589 -4.64
4 50/50% OPh/OP 1912 18.90
5 100% OPH 916 40.08(43)
6 100% Trifluoroethoxy 762 -64.28(-66)
7 100% Ethoxy 473 -85.62(-84)

POPhrefers to phenoxy an@Phl refers tod-iodophenoxy

36
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(0] (0] (0]
HoN HoN HoN
? on  1»NalOj NalO, on  SOCL ? o
i — —
HOAC/H,S0,, A E{OH, 0°C
| |
8 9

Figure 2-2. Synthesis of4-lodo-L-Phenylalanine Ethyl Estefor use in a biodegradable
polyphosphazene.

2.3.4Synthesis and Structural Characterization of Polymerd0-17.

For polymers in the second group, attempts to synthesize the-sifgittuent polymer,
poly[bis(ethyl 3,5diiodotyrocinato)phosphazen€]J) in boiling THF or dioxane resulted in
precipitationof partly-substituted derivatives and an inability to replace the remaining chlorine
atoms. Moreover, the initial attempts to synthesize the ngxbdtituent diodotyrosine
polymers10-12, whichinvolved an initial incorporation of 3;8iiodotyrosine étyl ester R,) in
boiling THF, followed by completion of the substitution with the seconrdutastituent (glycine
ethyl ester, alanine ethyl ester, or phenylalanine ethyl éfein a 1:1 ratio, also resulted in a
loss of the’'P NMR signal before theesond substituent was added. Again, this indicated that
the partiallysubstituted polymers had precipitated from solution during the first phase of
substitution. The use of boiling dioxane in place of THF did not change this behavior. Therefore
a threestep addition of the reagents, similar to the syntheses used for poB/aretd, was
adopted Figure2-2). The chlorine replacement was monitoredByNMR spectroscopy as the

first portion ofRy, followed by all ofR,, and ending with the remaining quantityRfwere
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added to the polymer solution. For polym&ikl, the final ratio of substituents was 0.5:1.5
(R2:Ry).

The*P NMR spectra for polyme&10 showed only one broad peak for the final
product. This was itbuted to the presence of amino acid residues that generated skBletal
signals in the 1ppm téppm range and the presence of both geminal andj@mmal
substitution patterndH NMR spectroscopy was used to confirm the presence of both types of
organic side groups in approximately a 0.5:1.5 ratio based on shifts unique to each substituent.

For the third group of polymers, that contained the ethyl esteiaafaphenylalanine, the
restrictions to the syntheses were not so severe. Even thesibgfitcuent polymed7 could be
formed in refluxing THF. Although the mixezuibstituent iodophenylalanifmsed polymers,
14-16, were more soluble thal(-13, the three step method was used to ensure complete
substitution. Thus, half of the néndinatedR; reagent was added first. Wh&R NMR
spectroscopy indicated that all of tRenucleophile had reacteR; (4-iodophenylalanine ethyl
ester) was added to the reaction mixture. WRehad reacted completely, as determined by
NMR, the remaining portionf R, was added to the reaction mixture. The fil@land'H NMR
spectra for polymer$4-17 showed a single peak or peak integrations which indicated that all
these polymers contained a random distribution oRh@ndR, substituents in approximately a

1:1 ratio.
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- R _
_ _ o)
Cl 0 HN)}W/ ~
‘ HN K~ | o
- R -
—1—P N > P N
‘ THF, Et;N , o
(1)
I - R —n
OH
I
10: Ry=H I 14:R;= H
11: R4= CH3 Ro= CH;CeHol,0H  15: R,= CH;, R,= CH,CgH,l
12: R4= CH,CgHs 16: R4= CH,CgH5
13: Ry = Ry = CH,CgH,l,OH 17: Ry = R, = CH,CgHyl

Figure 2-3. Synthesis and structures of polymer$®B The ratio of 3 &liiodotyrosine ethyl ester

to glycine ethyl ester, alanine ethyl ester, or phenylalagtimgd ester was maintained at a 0.5:1.5
ratio. The ratio of 4odophenylalanine ethyl ester to glycine ethyl ester, alanine ethyl ester, or
phenylalanine ethyl ester was held at a 1:1 ratio.



40

Table 2-3. Structural and physical data for bioerodable iodioataining amino acid
polyphosphazenes

Polymer Side P NMR %C NMR 'H NMR M, T,
Groug” | (ppm) (ppm) (ppm) (x10°g/mol) | (°C)
13.5 (2 CH), 39.4
(1.5CH), 55.8 (2 | 1.24 (6H), 3.27
25/75% CHy), 61.2 (0.5 | (1H), 3.79 (3H),
10 L-TyrGly | 3% | cH), 126.3,127.9,| 3.94 (0.5H), 4.14| 123 231
130.2, 137.8 (4 Ar)| (4H), 6.89 (1H)
174.1 (2 C=0)
13.2 (2 CH), 19.5
(1.5 CH), 43.6 2 | 1.22 (6H), 1.39
p— CHICH,), 55.4 (2 | (4.5H), 3.24 (1H),
11 Tyl | 19 CH,), 60.9 (0.5 | 3.56 (0.5H), 3.60| 137 20.60
2 CH) 126.6, 128.3, | (1.5H), 4.14 (4H),
129.5, B7.6 (4 Ar), 6.89 (1H)
174.1 (2 C=0)
14.1 (2 CH), 41.1
(2CH,), 55.7 (2 | 0.88(6H), 3.01
25/75% CHy), 60.8 (2 CH), | (4H), 3.82 (4H),
12 I,-TyrPhe | 072 | 126.5,128.2,129.9] 4.30 (2H), 7.11 199 5252
137.8 (4 Ar), 174.1 (9.5H)
(2 C=0)
13.5(2CH), 394 | 4 54 61), 3.31
50/50% (CHp), 56.2 (CH), | 51y 359 (2H)
14 PheiGly | 293 | 612(CH), 926, | yag P o 246 34.91
131.4,137.1 B AN 500 B
174.1 (2 C=0)  f
13.2 2 CH), 195 | 4 53 g, 1.42
50/50% (Clj;:cHHa))’ 453564 2 | (8H),3.31(2H),
15 -1.86 AP 3.59 (2H), 4.09 126 35.81
I-Phe/Ala CHy), 611 (CH), | 36 03 3hy
92.6,131.4,137.1| ") AR
(3 Ar), 174.1 (C=0) :
14.1 (2 CH), 41.1
(2CHy),55.7 (2 | 1.25(6H), 3.49
50/50% CHy), 60.8 (2 CH), | (4H), 3.74 (2H),
16 I-phe/Phe| 231 | 925, 128.2,129.9, 4.09 (4H), 7.02 102 317.65
137.8 (4 Ar), 174.1|  7.80 (9H)
(2 C=0)
14.2(CH), 403 | 95 (31y). 3.00
100% (CHz), 55.7(CH), | 51y 3 93 (3H)
17 Bhe -2.47 614 (CH), 926, | &3 o Ve 120 38.75
1314, 1371 3 A 77 50
174.1 (C=0)

b ,-Tyr refers to ethyl 34liiodotyrosinyl, FPhe refers to ethyl-bdophenylalanyl, Gly refers to
ethyl glycinyl, Ala refers to ethyl alanyl, and Phe refers to ethyl phimylha
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2.3.5Thermal Characterization of Polymers107 17.

The glass transition temperatures (Tg) of polyni€¥47 are shown in Tablg-3. With
one exception (50%/50% (ethyl diiodotyrosinyl/ethyl glycinyl)) the glass transition temperatures
are at or above room temperature. This provides a range of properties for different medical
applications. The values for polymei@-12 cover a rangérom -2.31°C (10) to 52.52C (12).
The Ty's of these polymers are governed by the high level of incorporat®nrather than the
minority 3,5diiodotyrosine ethyl ester. The fange is wide because the steric size of the
substituents directly influees the thermal properties of the polymer. Poly[(ethyl
glycinato) s ethyl tyrosinata)sgohosphazene] has a glass transition temperature of 5.4°C which
is similar to the Tvalue of10 (-2.31°C).*®

With polymersl14-17, the Ty is dependent on both the@dophenylalanine ethyl ester
andR; because the substituents are present in roughly equal amounts0Thel#amhd15 are
much higher than the values for poly[bis(ethyl glycinato)phosphazene] or poly[bis(ethyl
alaninato)phosphazeneP(°C and-15°C respectively), but lower than thg @f poly[bis(ethyl
phenylalaninato)phosphazene] {63*° However, with16and17, the measuredg s ar e | ower
than for the phenylalanine singgebstituent polymer as the result of the increased free volume
from 4-iodophenylalanine ethyl ester units and the elimination of crystallinity which had

previously been detected.

2.3.6Hydrolytic Degradation of Polymers 810 and 1215.

Solution cast films 010-12 are insoluble in water. Previously reported studies have

shown that complete hydrolytic degradation of amino acid substituted polyphosphazenes yields

ammonia, phosphates, free amino acid, and etB&f6t:>® The high solubility of these products
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inwater all ows fAsinko conditions to be achieved
experimental section. Thus, a heterogeneous hydrolytic degradation profile was generated over a
period of 6 weeks. The initial mass of each film was recorded befordntheds immersed in

water. Each week, a set of samples was removed and the remaining portion of the film was
freezedried for at least one week. Fig@&A shows the mass retention for polym&és12.

Despite polymerd0andl1llosing 25% of their origial mass after only 7 days, by the end of 6
weeks, these polymers retained 65% and 62% of their initial weight. Palysbowed very

little mass loss over the duration of the study. The incorporation of 25% of the bulky,

hydrophobic 3,5iiodotyrosineethyl ester as the side group is not sufficient to slow the rate of
degradation. Thus, the -coibstituent (glycine, alanine, or phenylalanine ethyl ester) controls the
rate of hydrolysis. The rates of hydrolysis are consistent with the general tretha: thedirolytic

half-life of polyphosphazenes substituted with bulky, hydrophobic amino acid residues
(phenylalanine ethyl ester) is much longer than theltialbf polyphosphazenes that contain less
sterically hindered amino acids, such as glycineaming residues. When the mass loss of
polymersl14-17 (Figure2-4B) is compared to that of polymel8-12, the 4iodophenylalanine

polymers retained significantly more of their initial mass over the 6 week period with the

maximum mass loss of 30%. Althdugolymersl6andl17 might be expected to have slower

rates of hydrolysis than polymetd and15, theywere in fact found to hydrolyze faster. The 1:1

ratio of side groups in polymeisgl-17 allows the d4iodophenylalanine tmfluence the rate of

hydrolyss, resulting in the similar mass loss profiles for the polymers.

The hydrolysis media were analyzed in an attempt to assess the degradation mechanism
for polymersl0-17. The presence of phosphates was first detected after 2 weeks as a sharp peak
at 0 ppmin the®P NMR spectrum. The addition of silver nitrate to the hydrolysis medium
yielded a yellow precipitate of silver phosphate, confirming the presence of phosphates. Free

amino acid residues of glycine, alanine, and phenylalanine and ethanol esetpn théH
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NMR spectrum of the hydrolysis medium after 1 week. The fredi&y8otyrosine or 4
iodophenylalanine residues were not detectetHidMR spectroscopy until week three. The
presence of ammonia or the free amine termini of the amine aeid further confirmed by a

positive ninhydrin test.
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Figure 2-4. A) Mass loss profile of polymers0-12 during a 6 week hydrolysis study. Blass

loss profile of polymerd 2-15 during a 6 week hydrolysis study. C) pH measurements of the
hydrolysis media for polymer&10. D) pH measurements of the hydrolysis media for polymers
12-15.
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These results are consistent with a bulk erosion mechanism where the least sterically
hindered amino acid ethyl ester is cleaved from the polymer backbone. The order in which the
ester functionality is hydrolyzed and the side group is cleaved from the phosphazene backbone
cannot be determined from these results. However, the presence of pé®aphize aqueous
medium is consistent with a complete hydrolytic degradation of the phosphazene backbone.

The pH of each hydrolysis medium (Figu&4C & 2-4D) remained constant for the
duration of the 6 week study, with the exception of polyriérand17. Hydrolysis of the
polymer backbone yielded ammonia and phosphates which form a buffered solution that causes
little change in the pH of the hydrolysis medium. The decrease in the pH of the hydrolysis
medium for polymerd6and17is caused by thederation of trace amounts of hydrochloric acid
during hydrolytic degradation. Small molecule model studies have shown that two competing
equlibria exist for the hydrogen chloride byproduct of the macromolecular substitution of
poly(dichlorophosphazene) thian amino group. The hydrogen chloride can either be absorbed
by the triethylamine hydrochloride accepter or complexed with the basic nitrogen atoms in the
phosphazene, the latter making complete removal of the hydrochloride salt during purification
difficult.** The concentration of trapped hydrochloride salt necessary to affect the observed
changes in pH is well below the limit of detection'ByNMR spectroscopy. The acidic
hydrolysis medium also explains the accelerated hydrolysis of polyi@ersd17. Previous
studies have shown that when phosphazenes are exposed to an acidic solution, the degradation is
accelerated when compared to hydrolysis in deionized water or basic sol(itons.

The 3,5diiodotyrosine and 4odophenylalanine residuesleased as a result of
hydrolysis are expected to have minimal effect on biocompatabilityDigy8otyrosine is a
natural product which is used in the synthesis of Thyroxine, a thyroide hormone, and regulator of
thyroid peroxidasé’ 4-lodophenylalanineesidues have been used in numerous studies as a non

natural amino acid for fluorescence and bioluminescence modifi¢afibmuring its use as a
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radiological tag in brain tumor imaging, animal testing showed no acute physiological response to
dosesofl 0 my*Aldespite this evidence, further studies are needed to confirm the

biocompatability of these polymers.

2.3.7Radio Opacity Testing and Medical Imaging.

Small samples of the thermally fabricated polyn&Bswere characterized after
fabricatian utilizing *H and®P NMR, GPC, and DSC methods. The results were identical to the
initial characterization, which confirmed that no degradation occurred as a result of the
processing. As a preliminary test, polym2r<-6, 10-12, and14-17 were exposg to a copper
KU-rXay source. Their arbysWwas judged telativedtd tbecsdurcée hes e i
being completely blocked or unblocked. Although all the biostable poly@@&)sshowed some
ability to block this radiation, those polymers witidinated side groups were the most opaque.
Similarly, the thin films of the biocompatible polymers which averaged one iodine per repeat unit
were also opaque to therays. All the polymers were then characterized a final time to confirm
that shortternre x pos ur e -rtagy sif s sfutcth xa copper KU, do not ¢
of the polymer.
X-ray images were then obtained using a rheriumgstenmolybdenum target and a
protocol employed for the imaging of a broken finger. Thayimage of pgimers2, 4, and5 at
two different thicknesses [(A) 4.80mm and (B) 1.97mm] was obtained. PoBnvhich
contained no iodine, was transparent at both thicknesses. Incorporation of one or more iodine
atoms per repeating unit (polymerand5) is sufficient to render the polymers opaque to
tungsten xrays at either thickness. This series of polymers also shows that image contrast is
proportional to the amount of iodine incorporated into the polymer backbone and the thickness of

the polymer sample. Thadiologic opacity of the biocompatible polymés$12 and14-17 were
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evaluated as both solution cast thin films and pressed pellets. The thin films and pellets were
clearly visible in the image, which demonstrates the possibility for these polymerageden

their own as a bulk material or applied as a coating to a compatible substrate. To further illustrate
the uniqueness of the biostable and biocompatible polymer systems, Zgahews an Xray

image of selected polymers, (L2, 16, and17) alongside several common organic polymers.

Only two of the polymers imaged, poly(vinyl chloride) and poly(dimethylsiloxane), come close to
the opacity of the reference poly(organophosphazenes) and neither is as good a candidate for
most biomedical applit@ns due to the need for plasticizers and ctiod®rs, the toxicity of the
additives, or their mechanical properties. The polymer samples were again tested several times to

ensure that no degradation occurred as a result of the processing or expos@irdtaraysl 0 X
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Figure 2-5. Medical X-ray photograph of select common polymers thermoformed into 4.80mm
thick pellets for comparison to radio opaque polyphosphazenes. The position of each pellet is
outlined for clarity. A) Poly[bis(4odophenoxy)phosphazene]5)( B) Poly[(ethyl
phenylalanato)(ethyl -bdophenylalanato)phosphazene]16) C) poly[bis(ethyl 4
iodophenylalanato)phosphazene] 17) D) Poly[(ethyl phenylalanatp)ethyl 3,5
diiodotyrocinab), sphosphazene]1@). E) Polyethylene. F) Poly(methyl methacrylate). G)
Polyvinyl chloride. H) Polystyrene. [) Poly(ethylene oxide). J) Poly(lamiiglycolic acid)
(50/50). K) Polydimethylsiloxane.




























































































































































































































































