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ABSTRACT

This

thesis

focuses

on

the

recent

investigation

of

biodegradable

polyphosphazenes to be utilized in biomedical application. Chapter 1 provides an
overview of phosphazene chemistry and describes previous work on biodegradable
polyphosphazenes. Chapter 2 describes the synthesis and characterization of aspartic
acid, glutamic acid, serine and threonine containing polyphosphazenes.

Chapter 3

addresses fundamental phosphazene chemistry by exploring the reactivity and
hydrolytic behavior of the amide linkage on the phosphazene backbone. Synthesis
and characterization using acetamide and benzamide side groups on the cyclic and
polymeric phosphazenes were performed.

The initial results revealed that the

benzamide side group imparts hydrolytic instability to polyphosphazene. Chapter 4
investigates novel properties of poly(diethoxyphosphazene) as a potential candidate
as surgical adhesive and in tissue engineering. This elastomer has a water contact
angle of 62.1º, and degrades in aqueous media at different pH conditions. Finally,
Chapter

5

examines

the

surface

modification

of

poly[bis(trifluoroethoxy)phosphazene) with sodium ethoxide nucleophile. A model
reaction in solution was performed to determine the extent of the reactivity of the side
group exchange reaction.
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Chapter 1
Introduction

1.1 Polyphosphazene

Polyphosphazenes make up the largest organic-inorganic macromolecules in
this class.

The primary architecture is based on linear chains, although other

architectures also exist (Figure 1.1). The inorganic backbone consists of alternating
phosphorus and nitrogen atoms. Organic side groups are covalently linked to the
phosphorus atoms. The phosphorus nitrogen backbone offers unique advantages like
biocompatibility, fire resistance, flexibility, near IR transparency and γ-radiation
stability. Through the macromolecular substitution route, high molecular weight
polyphosphazenes can be synthesized. Due to the ease of side group modification,
the chemical and physical properties can be tuned to tailor a broad range of
applications. Over the years, more than 250 side groups have been substituted and
over 700 polyphosphazenes have been synthesized.1
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1.1.1 History

In 1890s, an American chemist, H. N. Stokes,2-8 identified a series of cyclic
structures with the empirical formula of (NPCl2)x, where x ranges from 3 to 7. The
pyrolysis of these materials yielded elastomers that were known as “inorganic
rubber.”2 Later development in phosphazene chemistry revealed that these inorganic
elastomers were sensitive to moisture in the atmosphere and consequently, formed
cross-linked polymers. Unaware of this phenomenon, Stokes puzzlingly found his
polymers to be insoluble in all organic solvents. In 1936, using X-Ray diffraction
analysis, Meyer, Lotmar, and Pankow strongly suggested that (NPCl2)n forms linear
polymeric chains.9 Not much progress was made in phosphazene science until the
1960s, with major advancement made by three researchers: Allcock, Kugel and
Valan.

The three researchers revolutionized phosphazene chemistry with the

synthesis of the first stable polyphosphazenes.10-12 The P-Cl bonds in these polymers,
as they found out, were unstable in the presence of air. With careful control of
conditions such as time and temperature, stable high molecular weight
polyphosphazenes were produced by the replacement of the halogen side groups with
organic nucleophiles. Since their discovery, many laboratories and industries in the
world have been studying phosphazene chemistry using the early synthetic method.
Today, phosphazene chemistry has made significant contributions to the advancement
of polymer science.

4

1.1.2 Synthesis of Chlorophosphazenes

1.1.2.1 Thermal Ring Opening Polymerization

The reaction of PCl5 and NH3 yields hexachlorotricyclophosphazenes (cyclic
trimer)

and

octachlorotetracyclophosphazenes

(cyclic

tetramer).

Hexachlorotricyclophosphazene is the most important member of the cyclic
phosphazene class because it is the starting point for the synthesis of the phosphazene
polymers. Cyclic trimer and cyclic tetramer are purified by recrystallization from
heptanes

and

separated

by

vacuum

sublimation.

Upon

heating

hexachlorocyclotriphosphazene in a sealed Pyrex glass tube at 250 ºC,
poly(dichlorophosphazene) intermediate is formed. The polymerization progress is
monitored by the visual inspection of the flow of the molten material. The reaction is
terminated just before the viscous flow stops. The tube is then removed from the
oven and cooled at room temperature.
conversion

because

crosslinking

can

This method usually results in 70-75%
take

place

beyond

this

point.13

Poly(dichlorophosphazene) intermediate is separated from the un-reacted cyclic
trimer by vacuum sublimation. The purity in cyclic trimer, polymerization time and
temperature are three important factors that can affect the rate of polymerization.

5

1.1.2.2 Living Cationic Polymerization of Phosphoranimine Monomers

Another procedure in the synthesis of poly(dichlorophosphazene) intermediate
involves a living cationic polymerization of phosphoranimine monomers at 25 ºC in
the presence of PCl5 in dichloromethane (Figure 1.2).14,15

Advantages to this

technique included controlled molecular weight, narrow polydispersity index (PDI),
block copolymer synthesis and relatively mild reaction condition temperature. A
disadvantage is the need for high monomer purity and the difficulty of monomer
storage.

6

Cl3P=NSiMe3

PCl5, 250C
DCM

Cl
N P

-Me3SiCl

Cl

Figure 1.2: Synthesis of poly(dichlorophosphazene) by living cationic
polymerization.

n
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1.1.2.3 Macromolecular Substitution of Poly(dichlorophosphazenes)

The highly reactive P-Cl bonds in poly(dichlorophosphazenes) can be
replaced with many different nucleophiles through the macromolecular substitution
route (Figure 1.3).

This is the main method in synthesizing the majority of

polyphosphazenes in our laboratory.13 Phosphorus NMR spectroscopy is used to
confirm complete replacement of the chlorine atoms on the phosphazene backbone
with the side group units. Alkoxy, aryloxy, amines are the most common substituents
on the phosphazene backbone.

Typically, substitutions made through the P-O

linkages yield hydrolytically stable polymers whereas substitution made via the P-N
linkages produce hydrolytically sensitive materials. The nature of these chemical
bonds between the phosphazene backbone and the side groups has been exploited in
many applications such as optical, electro-optical, and biomedical. Additionally, the
physical properties of phosphazene polymers can be tuned by the co-substitution of
alkoxy or aryloxy with amino side groups. Thus, the ease in side group modification
yields polyphosphazenes with unique physical and chemical properties that can be
tailored to a variety of applications.
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Figure 1.3: Macromolecular substitution of poly(dichlorophosphazene).
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1.2 Biodegradable Polyphosphazenes

Special research interests have been focused on biodegradable polymers due
to their broad range of applications.16,17

Common organic polymers such as

polyethers,18 polyannhydrides,19 and polyesters20 have been examined as potential
candidates for biodegradable polymers.

Compared to these classical polymers,

polyphosphazenes are a relatively new class of inorganic-organic macromolecules
that have been recognized as bioerodible polymers.21-23 Phosphates, ammonia and the
corresponding side groups are released upon hydrolysis.

The ease of synthesis

through macromolecular substitution tailors the physico-chemical properties in
accordance to the specific application. Polyphosphazenes have been shown to have
excellent osteocompatibility.24

Furthermore, they have been successfully

demonstrated as drug delivery vehicles and in treatment for tissue regeneration.24
Due to the hydrolytic instability of the P-N bond when certain side groups are
present, some aminated polyphosphazenes are excellent candidates as biodegradable
polymers. Their rate of degradation depends on the lability of the bonds to the side
group and the water uptake by the polymer matrix, which reflects the degree of
hydrophobicity/hydrophilicity of the polymer. A number of hydrolytic mechanisms
can be envisaged. Protonation at the nitrogen backbone by a water molecule can
result in cleavage of the phosphazene skeleton. Nucleophilic attack by a hydroxide
ion to replace the side group on the phosphorus atom forms a hydroxy phosphazene,
followed by migration of the proton onto the nitrogen atom to form a phosphazane
intermediate, leading ultimately to the backbone cleavage.

In poly[(amino acid

10
ester)phosphazenes] (Figure 1.4), the ethyl ester protecting group at the C-terminus
introduces another mean for controlling the rate of hydrolysis. Hydrolysis of the ester
group yields carboxylic functionality, which can attack the nitrogen atom on the
phosphazene backbone.13

The substituent on the α-carbon of the amino acid side

group strongly controls the hydrophobicity/hydrophilicity of the polymer, which can
either retard or speed up the rate of hydrolysis. Amine substituted polyphosphazenes
are typically more sensitive at acidic pH values than at neutral or basic pH. Their rate
of degradation is substantially faster in acidic media.25
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R
HN CHCOOR'

N P

n

N CHCOOR'
H
R

R= amino acid side chain
R’= -CH2CH3

Figure 1.4: Poly[(amino acid ester)phosphazenes]
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Previous research has shown that the imidazole side group has one of the
fastest rates of hydrolysis when substituted on a phosphazene polymer.26

This was

attributed to the hydrophilic characteristic of the side group, which favors ingress of
water into the polymer matrix and thus, increases the rate of degradation. The
synthesis of alanine amino acid co-substituted with imidazole side group on the
poly(dichlorophosphazene) was studied by Veronese et al.20

This polymer was

shown to be useful as biodegradable membranes for treating rabbit tibia defects. The
substitution of phenylalanine amino acid with imidazole on polyphosphazenes
resulted in biodegradable microspheres for drug delivery applications. This polymer
exhibited excellent kinetics for periodontal disease treatment. It has the potential as a
candidate in tissue engineering when mixed with hydroxyapatite. Passi et al25 found
that

implants

derived

from biodegradable

polyphosphazenes

triggered

no

inflammatory response and their physical property was ideal as bioabsorbable
membranes in periodontal therapy.
Polyphosphazenes containing the glycine amino acid side groups have shown
to support the growth of osteoblast cells when used in skeleton tissue regeneration
application.27

The substitution of alanine side group on the phosphazene backbone

was utilized in periodontal disease treatment28 and nerve guide conduit for
regeneration of severed nerves.29

Good osteocompatibility was reported by

Laurencin, Allcock and coworkers when polyphosphazenes containing alanine were
utilized as a tissue engineering scaffold.30.31

Singh et al.31 studied the effect of

alanine side groups on the properties of polyphosphazenes when co-substituted with

13
p-methylphenoxy, p-phenylphenoxy and glycine ethyl ester. Hydrolysis rates and
hydrophilicity properties were strongly dependent on the sterics of the co-substituent.
Allcock and coworkers32 investigated the synthesis of tyrosine bearing
polyphosphazene.

Two different types of linkages were available: the hydroxyl

linkage on the phenoxy side group (O-linkage) of the α-carbon and the amine linkage
on the N-terminus (N-linkage). When co-substituted with propoxy, tyrosine bearing
polyphosphazenes via the O-linkage yielded a stable polymer, whose solubility
strongly depended upon the pH of the aqueous media. Additionally, when Ca2+ ions
were

added

as

crosslinking

agents,

a

stable

hydrogel

was

obtained.

Polyphosphazenes possessing tyrosine side group via the amine linkage yielded
hydrolytically unstable polymers.

These different modes of connection of the

tyrosine side group increased its versatility as a biomedical material.

1.3 Research Objectives

1.3.1 Synthesis and Characterization of Glutamic Acid, Aspartic Acid, Serine
and Threonine-containing Polyphosphazenes

Chapter 2 reports the synthesis and characterization of polyphosphazenes with
novel acidic and polar amino acid side groups. The introduction of glutamic acid and
aspartic acid as side groups to polyphosphazenes was achieved by first converting the
carboxylic acid functionality on the amino acid side chains of the α-carbon and the C-

14
terminus into ethyl ester units, followed by the replacement of the chlorine side units
by the protected amino acids to the phosphazene backbone via their amine
functionality (N-terminus). Substitution reactions made through the N-terminus of
serine and threonine ethyl ester side groups on the polyphosphazenes produced
hydrolytically unstable polymers.

Furthermore, they possess a free hydroxyl

functionality that undergoes grafting reactions with l-lactide. Graft densities of ratios
2:1, 1:4 and 1:5 of amino acid ester containing phosphazenes to poly(l-lactic acid)
(PLA) grafts were synthesized and characterized. Polyphosphazenes with serine and
threonine amino acid residues attached through their hydroxyl functionality (Olinkage) were water soluble and hydrolytically stable materials. Treatment with
calcium ions in aqueous media caused ionic crosslinking through the serine and
threonine amino acid units to form hydrogels.

1.3.2 Synthesis and Characterization of Cyclic Phosphazenes and
Polyphosphazenes Bearing Benzamide and Acetamide

Chapter 3 describes the reactivity of phosphazenes containing the amide
functionality.

The synthesis and characterization of cyclic phosphazenes and

polyphosphazenes containing benzamide and acetamide side groups was attempted.
31

P NMR analysis indicated that these side groups did substitute on the cyclic and

polymeric phosphazenes, but full substitution was not achieved. After exposing
polyphosphazenes containing acetamide and benzamide side groups to an aqueous

15
environment, hydrolytic degradation was detected, and was most likely due to the
water sensitivity of unreacted P-Cl bonds along the backbone. To circumvent the side
group solubility challenge, 2,2,2-trifluoroethoxy was co-substituted with benzamide
in a 1:1 ratio to yield a fully substituted polymer. A 7-day hydrolysis experiment of
this polymer showed a strong phosphate signal in 31P NMR spectrum, indicating that
degradation had occurred.

1.3.3 The Synthesis, Characterization and Properties of
Poly(diethoxyphosphazenes)

Chapter 4 explores the synthesis of poly[di(ethoxy)phosphazene] by the
reaction of sodium ethoxide with poly(dichlorophosphazene). The final product was
isolated as a high molecular weight elastomer. Structural characterization using
and

1

H

NMR

spectroscopy

confirmed

the

product

31

P

formation.

Poly(diethoxyphosphazene) is a hydrophilic polymer, as indicated by the water
contact angle of 62.109º from Rame’-Hart goniometer.

Differential Scanning

Calorimetry (DSC) and X-Ray Diffraction (XRD) analysis classified it as an
amorphous polymer with a glass transition temperature of -50ºC. The hydrolytic
stability/ sensitivity property was investigated.

A five week hydrolysis study

concluded that this polymer is hydrolytically unstable and that the degradation rate
was faster in acidic than in neutral or basic media.
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1.3.4

Poly[bis(trifluoroethoxy)phosphazene]

Films

by

Sodium

Ethoxy

Nucleophile

Chapter

5

investigates

the

surface

property

of

poly[bis(trifluoroethoxy)phosphazene] after the surface exchange reaction with
sodium ethoxide. This was first carried out as a solution reaction to gauge the extent
of the side group exchange. The product was isolated after 28 days as yellow brittle
solids.
ethoxy

31

P and 1H NMR spectroscopy confirmed that the product only contained

side

groups

on

the

phosphazene

backbone.

The

reaction

of

poly[bis(trifluoroethoxy)phosphazene] films with sodium ethoxide reagent resulted in
no change in surface property. The addition of the phase transfer reagent, tetra-nbutylammonium bromide, resulted in 24º decrease in water contact angle
measurements. SEM micrographs of the treated films show some surface roughness.
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Chapter 2
Synthesis and Characterization of Glutamic Acid, Aspartic Acid, Serine and
Threonine-Containing Polyphosphazenes

2.1 Introduction
Biodegradable polymers have considerable potential as biomaterials.1,2 Their
unique physical and chemical properties make them especially attractive in
applications such as tissue engineering scaffolds,3,4,5 biodegradable sutures,6,7 and
controlled drug delivery.8,9 The requirements for biodegradable polymers include
hydrolytic sensitivity, controlled rates of hydrolysis, biocompatibility, and non-toxic
products during hydrolysis.
Polyphosphazenes form a class of polymers with a wide range of properties
that make them suitable in many different uses, especially for biomaterial
applications.10,11,12

Poly(dichlorophosphazene) has a backbone that comprises

alternating phosphorus and nitrogen atoms, with two chlorine atoms covalently
attached to each phosphorus atom.
poly(dichlorophosphazene)

is

The polymerization process that yields

accomplished

by

heating

sublimed

hexachlorocyclotriphophazenes in a sealed Pyrex glass tube at 250 ºC. Alkoxy,
aryloxy and amines are common nucleophilic reagents for replacement of the chlorine
atoms through a macromolecular substitution route. Because of the ease of chlorine
replacement, polyphosphazenes are highly tailorable and their chemical and physical
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properties can be controlled to suit a variety of applications by the incorporation of
different side groups.
Poly(amino
extensively.13,14,15

acid

ester)

phosphazenes

have

been

investigated

These polymers are biocompatible, biodegradable and

hydrolytically sensitive. During hydrolysis, phosphates, ammonia, ethanol and the
corresponding amino acid side group are released.6,16 The rates of hydrolysis of
poly[(amino acid ester)phosphazenes] depends on the steric characteristics of the unit
at the α- carbon of the amino acid. Studies have shown that polyphosphazenes with
non-polar amino acid ester side groups have good compatibility with mammalian
cells in bone regeneration.3,17 Herein; we report the synthesis and characterization of
polyphosphazenes that bear polar and acidic amino acid side groups. The effects of
acidic amino acid substituted polyphosphazenes on the rates of hydrolysis and tissue
regeneration applications have not been previously investigated. Thus, aspartic acid
and glutamic acid were chosen for this project. Esterification reactions at the Cterminus of these amino acids and at the side chain were performed before subsequent
macromolecular substitutions with poly(dichlorophosphazene) were carried out.
With serine and threonine substituents, two different sites of attachment are available.
They can be linked via the N-terminus or via the hydroxyl functionality. Attachment
through the nitrogen atom produced hydrolytically sensitive polymers, whereas
hydroxyl attachment produced a hydrolytically stable polymer. In aqueous media,
presence of polyvalent cations like Ca2+ yielded stable hydrogels.
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2.2 Materials and Method

2.2.1 Reagent and Equipment

All synthetic reactions are carried out under a dry nitrogen atmosphere using
standard Schlenk line techniques. Tetrahydrofuran (EMD), triethylamine (EMD) and
benzene (EMD) were dried using solvent purification columns.18

Ethanol was

distilled from CaH2 under a dry nitrogen atmosphere. Glutamic acid (Alfa Aesar),
aspartic acid (Alfa Aesar), serine ethyl ester hydrochloride (Bachem), boc-serine
methyl ester (Aldrich), boc-threonine methyl ester (Aldrich), sodium hydride
dispersed in mineral oil (60%) (Aldrich) and acetyl chloride (Aldrich) were used as
received. Serine ethyl ester and threonine ethyl ester were synthesized according to a
previously reported literature method.19 Poly(dichlorophosphazene) were obtained by
the polymerization of recrystallized and sublimed hexachlorotriphosphazene (Fushimi
Chemical Co., Japan) in a sealed Pyrex glass tube at 250 ºC.20 All 31P and 1H NMR
spectra were obtained with the use of a Bruker 360WM instrument operated at 145
MHz and 360 MHz, respectively. Glass transition temperatures were measured with
a TA instruments Q10 differential scanning calorimetry apparatus with a heating rate
of 10 ºC/ min and a sample size of ca. 10 mg. The second scan between -100 ºC to
100 ºC was used to identify glass transition temperatures. Molecular weights were
estimated using a Hewlett-Packard HP 1090 gel permeation chromatograph equipped
with two Phenomenex Phenogel linear 10 columns and a Hewlett-Packard 1047A
refractive index detector. The samples were eluted at 1.0 mL/min with a 10 mM
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solution of tetra-n-butyl ammonium nitrate in THF. The elution times were calibrated
with polystyrene standards.

2.2.2 Synthesis of Aspartic Acid Diethyl Ester and Glutamic Acid Diethyl Ester
Containing Polyphosphazenes (Polymers 2 and 3)

Figure 2-1 shows the syntheses of polymers 2 and 3. Both of these polymers
syntheses were carried out in similar fashion. Thus, only the procedure for polymer 3
is discussed in detail. The following esterification preparation was adapted from a
previously published literature.21 Acetyl chloride (7.7 mL, 0.108 g) was added dropwise to a solution of distilled ethanol (50 mL) at 0 ºC, and the reaction mixture was
stirred at room temperature for 30 minutes. Glutamic acid (5.00 g, 0.027 mol) was
added via an addition funnel and the solution was heated to a gentle reflux overnight.
The reaction mixture was then concentrated under vacuo to form an oily residue
which, when triturated with ether, yielded a white powder. The resultant product was
used in the next step. Glutamic acid diethyl ester (21.04 g, 0.104 mol) was suspended
in a solution of refluxing triethylamine (24 mL, 0.173 mol) and benzene (200 mL).
Polymer 1 (5.00 g, 0.0432 mol) was dissolved in benzene (500 mL). The side group
reagent was added to the polymer solution and the reaction was allowed to proceed
for 48 hours. The solid was filtered and dialyzed in methanol for 3 days to yield a
yellow, brittle solid. The final yields were 71-79%. 1H and

31

P NMR spectroscopy

were used to verify the structures of the esterified products and the final polymers.
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O
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R

1

Polymer 2: R = CH2COOEt
Polymer 3: R = CH2CH2COOEt

Figure 2-1: Synthesis of polyphosphazenes with aspartic acid diethyl ester (2) and
glutamic acid diethyl ester (3) side groups.
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2.2.3 Synthesis of Polyphosphazenes with Serine Ethyl Ester and Threonine
Ethyl Ester Side Groups Linked via the N-Linkage (Polymers 4 and 5)

Polymers 4 and 5 were synthesized in the same manner, as shown in
Figure 2-2. The synthesis of polymer 4 is described as an example. Polymer 1 (3.00
g, 0.0259 mol) was dissolved in dry THF (300 mL). Serine ethyl ester (10.54 g, 62.1
mmol) was added to a mixture of triethylamine (15 mL, 0.1036 mol) and THF (300
mL) solution. The side group reagent was added to the polymer 1 solution and the
reaction mixture was refluxed for 72 hours. The product was isolated by the removal
of the solvent under reduced pressure, dialysis in methanol for another 72 hours
followed by precipitation from THF into hexanes. The final product was isolated as a
yellow, brittle solid. The final yields were 85-87%. Structural identifications were
accomplished by 1H and 31P NMR spectroscopy.
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Polymer 4: R = CH2OH
Polymer 5: R = CH(CH3)OH

Figure 2-2: Synthesis of polyphosphazenes with serine ethyl ester (4) and threonine
ethyl ester (5) side groups through the N-linkage.
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2.2.4 Synthesis of Polyphosphazenes with Boc-Serine Methyl Ester and BocThreonine Methyl Ester Side Groups Linked Via the Oxygen (Polymers 6 and 7)

As shown in Figure 2-3, polymers 6a and 7a were synthesized by following a
similar procedure. The synthesis of 7a is described as an example. Polymer 1 (2.00
g, 173 mmol) was dissolved in dry THF (150 mL). Boc-threonine methyl ester (9.65
g, 41.4 mmol) was added to a suspension of sodium hydride (60% dispersed in
mineral oil, 1.63 g, 40.7 mmol) in dry THF (50 mL). This was added to the polymer
solution and the reaction mixture was refluxed for 72 hours.

The mixture was

concentrated under reduced pressure and dialyzed in methanol for 72 hours to give a
yellow, brittle material. The final yields were 86-90%. The product was identified
using 1H and 31P NMR spectroscopy.

2.2.5 Deprotection of 6a and 7a

Polymers 6a and 7a were deprotected in the same manner, as depicted in
Figure 2-3. The following procedure was used in the synthesis of 7b. Polymer 7a (1
g, 20 mmol) was allowed to swell in THF (100 mL). Potassium tert-butoxide (3.08 g,
27.5 mmol) was suspended in dry THF (50 mL) at 0º C. A catalytic amount of water
was then added to this mixture to generate KOH. The resultant solution was added
slowly to the polymer solution via an addition funnel. The reaction was allowed to
proceed at room temperature for 24 hours before hydrochloric acid (100 mL) was
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added, and the solution was concentrated under vacuo. The product was dissolved in
a 50:50 mixture of trifluoroacetic acid and CH2Cl2 (100 mL in total) and dialyzed in
methanol for 72 hours.

The final product was a yellow solid.

characterization was accomplished by 1H and
were 90%.
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Structural

P NMR spectroscopy. Final yields
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Figure 2-3: Synthesis of phosphazenes with serine and threonine side groups linked
through the hydroxyl functionality.
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2.2.6 Synthesis of Poly[bis(Serine Ethyl Ester)Phosphazene]-graft-Poly(L-Lactic
Acid) and Poly[bis(Threonine Ethyl Ester)Phosphazene]-graft-Poly(L-Lactic
Acid) (Polymers 8,b,c and 9a,b,c)

Table 2-1 shows the amounts of reactants.

As illustrated in Figure 2-4,

polymers 8 and 9 were synthesized following the same procedure. The procedure
used for polymer 8a is described. All reactions were carried out in an inert argon
atmosphere glove box. Polymer 4 (500 mg, 1.62 mmol) was dissolved in dry THF (5
mL). Napthalene (829 mg, 6.47 mmol) was added to sodium (149 mg, 6.47 mmol) in
dry THF (2 mL). The sodium/ naphthalenide salt (1 mL) was added to the polymer
solution, and the reaction was allowed to proceed for 20 minutes. L-lactide (4.66 g,
32.3 mmol) was dissolved in THF (5 mL), and this solution was added to the solution
of polymer 4. The reaction mixture was stirred overnight, and acetic acid was added
to terminate the reaction. The solvent was removed under vacuo and a white, brittle
product was obtained after three precipitations into methanol. The final yields were
50-70%. Molecular characterization of polymers 8 and 9 was accomplished by 1H,
31

P NMR spectroscopy and diffuse reflectance infrared Fourier transform (DRIFT)

spectroscopy.
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Polymer

Polymer 1

Sodium

Napthalene

(mg, mmol)

(mg, mmol)

(mg, mmol)

L-lactide
(mg, mmol)

8a

500, 1.62

149, 6.47

829, 6.47

4660, 32.3

8b

500, 1.62

18.6, 0.808

104, 0.080

583, 4.04

8c

500, 1.62

9.29, 0.404

51.8, 0.404

466, 3.23

9a

500, 1.62

136, 5.93

760, 5.93

4270, 29.6

9b

500, 1.62

17.0, 0.741

95.0, 0.741

543, 3.71

9c

500, 1.62

8.52, 0.371

4.75, 0.371

427, 2.96

Table 2-1: Weight and stoichiometric amounts used in the preparation of polymers
8a-c and 9a-c.
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Figure 2-4: Synthesis of polyphosphazenes possessing serine (8a-c) or threonine (9ac) ethyl ester side groups linked to the main chain through the N-terminus, with
poly(l-lactide) grafts attached via the hydroxyl functionality.
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2.3 Results and Discussion

2.3.1 Synthesis of Aspartic Acid Diethyl Ester and Glutamic Acid Diethyl Ester
Containing Polyphosphazenes (Polymers 2 and 3)

The carboxylic acid groups of the aspartic acid and glutamic acid residues
were esterified using acetyl chloride and ethanol. As shown in Table 2-2, complete
replacement of the chlorine atoms was accomplished by aspartic acid diethyl ester
and glutamic acid diethyl ester substituents on poly(dichlorophosphazene).

Full

substitution was confirmed by a single peak in the 31P NMR spectra at -1.1 and -0.09
ppm, respectively. Polymers 2 and 3 were soluble in benzene, methanol and ethanol.
Further structural characterization using data obtained from 1H NMR and GPC
analysis are given in Table 4-2. The glass transition temperatures measured by DSC
analyses for polymers 2 and 3 are 51 ºC and 20 ºC, respectively, with no melting
transitions detected.

This result shows that the aspartic acid diethyl ester and

glutamic acid diethyl ester containing polyphosphazenes are amorphous. This may be
due to the bulkiness of the amino acid ester units which allows disorder around the
backbone and prevents crystallinity from occurring.
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2.3.2 Synthesis of Polyphosphazenes with Serine Ethyl Ester and Threonine
Ethyl Ester Side Groups Linked via the N-Linkage (Polymers 4 and 5)

Table 2-2 shows the structural characterization data based on 31P and 1H NMR
analyses, together with data from GPC and DSC experiments.

The serine and

threonine ethyl ester side groups were linked to the phosphazene chain through the Nterminus in the presence of triethylamine.

Purification of the products yielded

yellow, brittle solids that were soluble in THF, chloroform and methanol.
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P NMR

analysis of polymer 4 showed broad peaks at -0.9 ppm and at -1.3 ppm for polymer 5,
which indicated that all the chlorine atoms on the phosphorus backbone had been
displaced by amino substituents. The molecular weights for polymers 4 and 5 were
265,000 g/mol and 244,000 g/mol, according to GPC data. DSC analysis showed that
the polyphosphazenes that contained serine ethyl ester and threonine ethyl ester side
groups are amorphous, as supported by the failure to detect melting transitions. This
suggests that the segmental motion of the backbone is relatively high, and that the
steric hindrance of the side groups inhibits the formation of crystalline domains.
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Polymer

P NMR

(ppm)

1

H NMR

Molecular weighta

(ppm)

(g/mol)

Tg
(ºC)

2

-1.1

1.2 (12H), 2.9 (4H),
4.1 (10H)

93 000

51

3

-0.09

1.2 (12H), 1.6 (4H),
3.0 (4H), 3.6 (8H),
4.1 (2H)

492 000

20

4

-0.9

1.1 (6H), 3.2 (2H),
4.0 (4H), 4.2 (4H)

265 000

25.4

5

-1.3

1.2 (6H), 1.4 (6H),
3.1 (2H), 4.1 (4H),
4.2 (2H)

244 000

24.7

Table 2-2:

31

P and 1H NMR structural characterization and glass transition

temperatures of polymers 2-5. a Molecular weights obtained from GPC are listed as
Mw.
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2.3.3 Synthesis of Polyphosphazenes with Boc-Serine Methyl Ester and BocThreonine Methyl Ester Side Groups Linked via the Hydroxyl Function
(Polymers 6 and 7)

Serine and threonine side groups can also be linked to the phosphazene
skeleton through the hydroxyl functionality at the α-carbon of the amino acids.
Because a competitive reaction involves amino substitution in the unprotected form
of the reagent, the N-terminus on both polar amino acids was protected using the tbutoxycarbonyl (boc) protecting group. Boc-serine methyl ester and boc-threonine
methyl ester were utilized for this purpose. Both are commercially available. The
alkoxy salt of each corresponding amino acid was generated using NaH (60%
dispersed in mineral oil), and subsequent macromolecular substitutions with
poly(dichlorophosphazene) were accomplished. A chemical shift at -8.2 ppm in the
31

P NMR spectra indicated that chlorine atoms had been replaced by alkoxy

substituents. The lack of a singlet at 0 ppm in 31P NMR spectrum further confirmed
that no amino-derived substitution had taken place. 1H NMR spectra showed all the
expected peaks for the amino acid ester substituents, in particularly a peak at 1.4 ppm
and another at 3.7 ppm, which indicated the presence of the boc-protecting group on
the N-terminus and the methyl ester group at the C-terminus. The molecular weights
from GPC data were 822,000 g/mol and 869,000 g/mol for polymers 6a and 7a,
respectively.
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2.3.4 Deprotection of 6a and 7a

As depicted in Figure 2-3, polymers 6a and 7a were deprotected at both
termini in the presence of a strong base, followed by the addition of a strong acid.
Structural characterization using proton NMR spectroscopy confirmed the removal of
the boc and the methyl ester protecting groups, as verified by the disappearance of the
two peaks at 1.4 and 3.7 ppm. GPC analysis indicated the molecular weight of
polymer 6b to be 820,000 g/mol and for polymer 7b, 866,000 g/mol. Thus, the
deprotection reaction did not affect the chain length of the polymers. Polymers 6b
and 7b were soluble in water, despite variations in pH conditions. In the presence of
calcium ions in aqueous media, the solutions containing polymers 6b and 7b became
viscous and gel-like.

As depicted in Figure 2-5, the calcium ions behaved as

crosslinking agents by coordinating to the carboxylate anions from different
polymeric chains, forming a stable hydrogel. Treatment of these gels with sodium
chloride solution caused the gel matrix to dissolve, presumably due to displacement
of calcium ions by the sodium ions. This reversible gel formation behavior by
polymers 6b and 7b after the addition of divalent and monovalent cations has a
potential for uses as responsive membranes vehicles and for drug delivery
applications.
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Figure 2-5:

In aqueous media containing polyphosphazenes bearing serine and

threonine side groups, gel formed upon calcium cations addition.
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2.3.5 Synthesis of Poly[bis(Serine Ethyl Ester)Phosphazene]-graft-Poly(L-Lactic
Acid) and Poly[bis(Threonine Ethyl Ester)Phosphazene]-graft-Poly(L-Lactic
Acid) (Polymers 8,b,c and 9a,b,c)

Polyphosphazenes with serine ethyl ester and threonine ethyl ester side groups
linked to the skeleton through the amino site are capable of undergoing a secondary
reaction.

L-lactide was grafted onto the newly synthesized poly[(amino acid

esters)phosphazenes] by the reaction at the hydroxyl group of the α-carbon of the
amino acid side chains using sodium naphthalene as a co-initiator. As shown in
Table 2-1, the variation in the reactant stoichiometry controlled the length of the
poly(l-lactic acid) (PLA) grafts. Six polymers were synthesized from polymers 8 and
9, with average graft densities of 0.2, 0.25 and 2 grafts per repeating unit. The
presence of PLA grafts at the amino acid ester side groups was confirmed by 1H
NMR and IR spectroscopy. Proton NMR spectra showed all the expected peaks,
especially the signal at 1.6 ppm from the methyl proton of PLA. Infrared data
showed the disappearance of a band at 3200 cm-1, thus indicating the conversion of
the hydroxyl unit to an ester group.

The stretching vibration of the P-N backbone

was detected at 1214 cm-1. DSC analysis showed a thermal transition at 40ºC and a
melting transition at 50 ºC in polymers 8a and 9a. However, no melting transitions
were detected in polymers 8b, 8c, 9b and 9c. PLA is a crystalline polymer;22 thus, a
decrease in PLA graft length probably prevents the formation of crystalline domains.
Phosphorus NMR spectra showed a strong signal from polymers 8b, 8c, 9b, 9c but no
signal was detected from polymers 8a and 9a. As the graft densities increased, the
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phosphorus content decreased.

Thus,
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P NMR peaks for these polymers were

difficult to detect due to the low concentration of phosphorus and the low solubility of
the polymer in solvents such as chloroform, dichloromethane, THF, methanol and
ethanol.

2.4 Conclusions

In this chapter, the synthesis and characterization of aspartic acid diethyl ester,
glutamic acid diethyl ester, serine and threonine containing polyphosphazenes is
described. Aspartic acid and glutamic acid side groups were converted into ester
derivatives at two different sites before substitution with poly(dichlorophosphazenes)
through the N-terminus. Serine and threonine amino acids possess two different sites
for substitution. L-lactides, at different stoichiometric amounts, were grafted onto
polyphosphazenes that bear serine ethyl ester and threonine ethyl ester through the Nlinkage. The synthesis of boc-serine methyl ester and boc threonine methyl ester
substituted polyphosphazenes resulted in water soluble and hydrolytically stable
materials. Calcium ions were used as crosslinking agents through di-coordination to
carboxylic acid functionalities. The addition of sodium chloride caused the gels to redissolve.
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Chapter 3
The Synthesis and Characterization of Cyclic Phosphazenes and
Polyphosphazenes Bearing Benzamide and Acetamide

3.1 Introduction
There has been a surge of interest in biocompatible and biodegradable
polymers in the recent years.1-4 The basic requirements for biodegradable polymers
include hydrolytic sensitivity, controlled rate of degradation, and non-toxic byproducts during hydrolysis. Some organic polymers that meet these requirements
include polyesters,5,6 polyethers,7 polyamides,8 polyanhydrides9 and polycarbonates.10
Poly(organophosphazenes)
macromolecules.11

belong

to

the

class

of

organic-inorganic

The phosphazene backbone is comprised of an alternating

sequence of unsaturated phosphorus and nitrogen bonds. So far, more than 250 sides
groups have been linked to this backbone and at least 700 different polymers have
been

synthesized.12

The

incorporation

of

different

side

groups

onto

polyphosphazenes via the macromolecular substitution route is the basis of tailoring
of their chemical and physical properties. Amines, aryloxy or alkoxy units are the
most common nucleophiles that have been linked to the phosphazene backbone.
Extensive studies have been conducted on the hydrolytic properties of amino, aryloxy
and alkoxy substituted polyphosphazenes. For some substituents, the aliphatic amino
linkage imparts hydrolytic instability, and it is this unique property that makes these
polymers attractive as biomaterials.13 In contrast, polyphosphazenes with alkoxy or
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aryloxy or aromatic amino substitution yield hydrolytically stable materials. Some of
these polymers have been shown to be useful as fire resistant materials, insulators,
optical materials and solid electrolytes.12
The use of amino acid ester substituents has been examined extensively.14-16
Poly[(amino acid ester)phosphazenes] degrade to give phosphate, ammonia, ethanol
and the corresponding amino acid.

These products are non-toxic to the human

body.17,18 One hydrolytic mechanism of polyphosphazenes that contain amino acid
ester substituents is believed to be initiated by the cleavage of the ester functionality,
resulting in the formation of the carboxylic acid that catalyzes the backbone
degradation.19 Asparagine and glutamine are polar amino acid side groups that have
not been investigated as substituents on the phosphazene backbone. They contain
two different points of attachment. Substitution can be via the amine linkage on the
N-terminus or via the amide unit on the amino acid side chain. Based on previous
results, polyphosphazenes with asparagines and glutamine side groups that are linked
through the amino functionality could produce hydrolytically sensitive polymers. On
the contrary, the amide linkage to the phosphazene backbone has not been studied
previously. Thus, this chapter addresses the fundamental phosphazene chemistry
questions: Is the amide functionality reactive toward phosphazenes and if so, is it
hydrolytically sensitive once substituted onto poly(dichlorophosphazenes)?

To

answer these questions, linkage of acetamide or benzamide side groups to cyclic
chlorophosphazene models and to poly(dichlorophosphazenes) was explored. The
co-substitution of 2,2,2-trifluoroethoxy and benzamide was carried out to confirm that
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the benzamide substitution occurred with the phosphazene.

31

P and 1H NMR

spectroscopy were the main techniques for structural characterization.

3.2 Experimental Section

3.2.1 Materials and Equipment

All synthetic reactions were carried out under a dry nitrogen atmosphere using
standard Schlenk line techniques. Tetrahydrofuran (EMD), triethylamine (EMD) and
benzene (EMD) were dried using solvent purification columns.20
distilled from CaH2 under a dry nitrogen atmosphere.

Ethanol was

Sodium hydride (60%

dispersed in mineral oil, Aldrich), benzamide (Aldrich) and acetamide (Aldrich) were
used as received. Poly(dichlorophosphazene) was obtained by the polymerization of
recrystallized and sublimed hexachlorotriphosphazenes (Fushimi Chemical Co.,
Japan) in a sealed Pyrex glass tube at 250 ºC.21 All

31

P and 1H NMR spectra were

obtained with the use of a Bruker 360WM instrument operated at 145 MHz and 360
MHz, respectively.

Glass transition temperatures were measured with a TA

instruments Q10 differential scanning calorimetry apparatus with a heating rate of
10 ºC/ min and a sample size of ca. 10 mg. The second scan between -100 ºC to
100 ºC was used to identify the glass transition temperatures. Molecular weights
were estimated using a Hewlett-Packard HP 1090 gel permeation chromatograph
equipped with two Phenomenex Phenogel linear 10 columns and a Hewlett-Packard

45
1047A refractive index detector. The samples were eluted at 1.0 mL/min with a 10
mM solution of tetra-n-butyl ammonium nitrate in THF. The elution times were
calibrated with polystyrene standards.

3.2.2 Synthesis of Acetamide (2) and Benzamide (3) Bearing Cyclic
Phosphazenes

As shown in Figure 3-1, the synthesis of compounds 2 and 3 followed a
similar protocol. The procedure for compound 3 is described in detail. Compound 1
(2.0 g, 5.75 mmol) was dissolved in benzene (100 mL). A solution of benzamide
(5.75 g, 46 mmol) in a mixture of triethylamine (8 mL, 57.5 mmol) and benzene (100
mL) was refluxed over night.

The side group reagent was added to the cyclic

phosphazene solution and the reaction mixture was refluxed for 24 hours.

The

solvent was removed under reduced pressure, after which the product was dissolved
in dichloromethane and extracted twice with water.
concentrated to give a yellow solid product.
accomplished using 31P and 1H NMR spectroscopy.

The organic layer was

Structural characterization was
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Figure 3-1:

Synthesis of cyclic phosphazenes containing acetamide (2) and

benzamide (3) side groups.
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3.2.3

Synthesis

of

Acetamide

(5)

and

Benzamide

(6)

Substituted

Polyphosphazenes

As depicted in Figure 3-2, polymers 5 and 6 were synthesized in the same
fashion. The following procedure describes the synthesis of polymer 6. Polymer 1
(2.0 g, 17.3 mmol) was dissolved in benzene (200 mL). Benzamide was added via an
addition funnel to a refluxing solution of triethylamine (6 mL, 43.2 mmol) in benzene
(150 mL), and the reaction was allowed to proceed over night. The side group was
added to the polymer solution hot and the reaction was refluxed for 1 week. The
precipitated product was filtered, dissolved in methanol, followed by dialysis in a
50:50 methanol and water mixture over a period of 48 hours to yield an oily residue.
31

P, 1H NMR and IR analyses were used to identify the structure of product.
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Figure 3-2: Synthesis of polyphosphazenes with acetamide (5) and benzamide (6)
side groups.
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3.2.4 Synthesis of Poly[(2,2,2-Trifluoroethoxy)1(Benzamido)1Phosphazene]

Figure 3-3 depicts the synthesis of polymer 7. Polymer 3 (3g, 26 mmol) was
dissolved in benzene (300 mL). 2,2,2-Trifluoroethanol (1.87 ml, 26 mmol) was
added drop-wise to a suspension of NaH (60% dispersed in mineral oil, 1.04 g, 26
mmol) in benzene (100 mL) at 0 ºC. This sodium salt was added to the polymer
solution and the reaction mixture was stirred for 24 hours (solution A). In another
reaction vessel, benzamide (6.3 g, 52 mmol) was dissolved in a mixture of refluxing
triethylamine (7.22 mL, 52 mmol) and benzene (200 mL). The solution of benzamide
reagent was added hot to solution A and this mixture was refluxed for 72 hours. The
solid was filtered off via a Hirsh funnel and was dissolved in ethanol. The product
was isolated by precipitating twice into hexanes, followed by dialysis in ethanol for
24 hours to yield a white solid material. The final yield was 83%. The final product
was characterized by 1H and 31P NMR spectroscopy.

3.2.5 Simple Hydrolysis Study of Polymer 7

Polymer 7 (20 mg) was added to a scintillation vial containing de-ionized
water (10 mL). The suspension was stirred vigorously for 1 week.
used to detect the hydrolytic stability of the polymer.

31

P NMR was
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Figure 3-3: Co-substitution of 2,2,2-trifluoroethanol with benzamide in a 1:1 ratio on
poly(dichlorophosphazene).
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3.3 Results and Discussion

3.3.1 Synthesis of Acetamide (2) and Benzamide (3) Containing Cyclic
Phosphazenes

The

reaction

of

acetamide

and

benzamide

side

groups

hexachlorocyclotriphosphazenes in the presence of triethylamine was attempted.

on
31

P

NMR spectroscopy of the reaction mixture revealed that substitution did occur.
However, full chlorine replacement in both cases was not detected. These reactions
resulted in mixed-substituted products, despite changes in solvents from benzene to
dichloromethane to THF. The main challenge was the limited solubility of these
reagents in the aforementioned solvents.

The only solvent in which they were

completely soluble is water, which compromises the goal of this study. It is also
possible that steric effects play a part in the incomplete substitution, especially with
the presence of bulky phenyl ring on the benzamide side group.

3.3.2

Synthesis

of

Acetamide

(5)

and

Benzamide

(6)

Substituted

Polyphosphazenes

Like the situation found for the cyclic phosphazene system, 31P NMR analysis
revealed that acetamide and benzamide substitution onto the polyphosphazenes did
occur. However, full chlorine replacement was not achieved. Furthermore, after
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dialysis in a MeOH/H2O mixture, a phosphate signal appeared at -0.2 ppm and 0.0
ppm. Since complete substitution was not accomplished, this hydrolytic behavior can
be attributed to the cleavage of the residual P-Cl bonds on the phosphazene backbone.
The hydrolytic influence of these amido side groups on the polyphosphazene is
inconclusive based on these results, and further investigation is required. Infrared
spectra showed a C=O vibration at 1650cm-1 and a broad N-H stretch ranges from
3300 cm-1 to 3500 cm-1, further corroborating that substitution did take place.

3.3.3 Synthesis of Poly[(2,2,2-Trifluoroethoxy)1(Benzamido)1Phosphazene]

2,2,2-Trifluoroethanol was used in a 1:1 ratio to counteract the possible steric
problem and the solubility issues that were previously encountered with the
benzamide side group.

The stoichiometry and the addition of the sodium

trifluoroethoxy salt were carefully controlled to randomly replace only one equivalent
of P-Cl bond on the phosphazene backbone. The benzamide reagent was added in
excess to replace all the remaining chlorine atoms.

31

P NMR spectroscopy of the

final product showed a broad singlet at -0.03 ppm, indicating that all P-Cl bonds had
been replaced. 1H NMR analysis showed all the expected peaks in the spectrum. The
glass transition temperature of this polymer was 29ºC, according to DSC analysis.
Molecular weight data could not be obtained due to the insolubility of polymer 7 in
THF. A simple hydrolysis experiment was carried out to investigate the hydrolytic
behavior of this polymer.

31

P NMR spectrum of an aqueous solution containing this
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polymer after 1 week displayed a strong phosphate signal at 0 ppm. This shows that
the benzamide side group imparts hydrolytic sensitivity to the phosphazenes, since
previous work had established that poly[bis(trifluoroethoxy)phosphazene] is a water
resistant

and

hydrolytically

stable

polymer.

Thus,

this

suggests

that

polyphosphazenes with amide functionality side groups are likely to degrade in
aqueous environment.

3.4 Conclusions

The syntheses of cyclic and polymeric phosphazenes containing benzamide
and acetamide side groups were attempted. Phosphorus NMR spectra showed that
these amide side groups do substitute on the phosphazenes, but complete chlorine
replacement was not achieved. This was probably due to the solubility problem
associated with the amide reagents. In the case of benzamide, it was hypothesized
that sterics from the phenyl side group might have added to incomplete substitution.
Thus, 2,2,2-trifluoroethoxy groups were co-substituted with benzamide on
poly(dichlorophosphazene) to alleviate the aforementioned challenges.

31

P NMR

analysis of this polymer confirmed that all P-Cl bonds were replaced. A 7-day
hydrolysis study showed that poly[(2,2,2-trifluoroethoxy)1(benzamido)1phosphazene]
hydrolyzed in an aqueous medium. Thus, this indicated that benzamide containing
polyphosphazenes is hydrolytically unstable. These initial, yet promising, results
established the extent of the reactivity and the hydrolytic behavior of the amide
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functionality toward polyphosphazenes.

Further investigation should explore the

effect of glutamine and asparagine amino acid substitutions on polyphosphazenes
through the amide side chain.
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Chapter 4
The Synthesis, Characterization and Properties of Poly(diethoxyphosphazenes)

4.1 Introduction

Biodegradable polymers have received considerable attention in biomedical
applications such as bone or skin regeneration.1,2 However, less attention has been
focused on biodegradable elastomers for tissue engineering3-8 and drug delivery.9-12 The
physico-chemical properties of elastomeric polymers resemble the mechanical properties
of soft tissues. Furthermore, they are capable of recovering from deformation without
irritation to the surrounding tissues.13 Potential applications for biodegradable elastomers
include soft tissue replacements of blood vessels, heart valves, cartilage, tendon, bladder
and drug delivery vehicles.
Two categories of biodegradable elastomers exist: thermoplastics and thermosets.
Thermoplastics can be fabricated easily.

However, the rate of degradation of the

crystalline region in thermoplastics is slower than the amorphous region, leading to a
heterogeneous rate of hydrolysis. This results in the loss of the mechanical properties of
implanted devices derived from these polymers.14 The homogeneous mode of
degradation in thermosets on the other hand, retains the mechanical properties over time,
making them attractive as biomedical devices and as drug delivery vehicles.
Recent research has established the biomedical uses of biodegradable elastomers.
Yang and coworkers15 synthesized poly(diol citrate) via the polycondensation of citric
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acid and various diols. Tissue scaffolds fabricated from this polymer demonstrated
excellent cell and tissue compatibility, making it a desirable soft tissue engineering
material. Nagata and coworkers16-19 investigated the effect on the thermal, mechanical
and degradation properties of incorporating regular network structures into the synthesis
of various elastomers. The delivery of thermosensitive drugs was explored by Amsden
and coworkers via the study of UV-initiated crosslinking of acrylated-star-poly(εcaprolactone-co-D,L-lactide) prepolymer.14 Wang and coworkers13 synthesized tough
biodegradable elastomer poly(glycerol-sebacate) to be utilized as implanted devices.
Good biocompatibility was reported in their study.
Although many biodegradable polymers are being developed, most involve
complicated and costly syntheses.15 In this work, we investigated the properties of
poly(diethoxyphosphazenes) as a biodegradable thermoset elastomer. The reaction of
sodium ethoxide on the poly(dichlorophosphazene) offers a facile method of synthesis.
The incorporation of the ethoxy side group yielded a hydrophilic, biodegradable
elastomeric material.

Furthermore, sodium ethoxide is a common and relatively

inexpensive chemical, making the corresponding elastomer suitable for mass production
and commercialization.
Unlike conventional organic polymers, polyphosphazenes are a hybrid of organic
and inorganic macromolecules that comprise phosphorus and nitrogen atoms that make
up the backbone with two chlorines covalently linked to each phosphorus atom. More
than 250 different side groups have been examined and over 700 polyphosphazenes have
been made through macromolecular substitution route.20 Common organic substituents
that have been linked to the phosphazene skeleton include aryloxy, alkoxy and amino
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side groups. This relative ease of modification allows for the high tailorability of these
polymers. Their physical and chemical properties can be tuned by the incorporation of
different side groups. Generally, substitutions using alkoxy or aryloxy side groups yield
hydrolytically stable materials. On the other hand, amines substituted phosphazenes
impart hydrolytic sensitivity.

During hydrolysis, the backbone degrades to give

phosphates and ammonia, two components that constitute an excellent buffer system,
plus the corresponding amino acid side group. Since the ester protecting unit on the
amino acid subtituent is base labile, this deprotecting condition limits secondary reactions
that can be carried out on polyphosphazene side groups.

This problem can be

circumvented by the introduction of the alkoxy side group on the phosphazene to allow
subsequent secondary reaction to take place.

Although most alkoxy substituted

polyphosphazenes are resistant to hydrolysis, it has been hypothesized that
poly(diethoxyphosphazene) is hydrolytically unstable due to the relatively short alkoxy
chain. The nucleophilic substitution by sodium ethoxide on poly(dichlorophosphazene)
was expected to produce a hydrophilic polymer due to the hydrophilic property of the
substituent. Moreover, the hydrolytic behavior of short alkyl chain ethoxy in aqueous
media had never been investigated in the past.
Although

it

was

first

prepared

by

Allcock,

Kugel

and

Valan,21

poly(diethoxyphosphazenes) has not been investigated in detail until now. This work
explored the hydrolytic sensitivity of poly[(diethoxy)phosphazenes] at various pH
conditions.

We

also

report

a

revision

to

a

previous

synthesis

hexa(ethoxycyclotriphosphazene) (1) and poly(diethoxyphosphazene) (2).
characterization was accomplished through multinuclear

31

of

Structural

P and 1H NMR analysis.
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Differential Scanning Calorimetry (DSC), X-Ray Diffraction (XRD), Water Contact
Angle (WCA), Scanning Electron Microscopy (SEM) and Thermal Gravimetric Analysis
(TGA) were employed to investigate the physical properties. A five week hydrolysis
study of films of polymer 2 immersed in buffer solutions at pH 4, 7 and 10 was carried
out. The molecular weight loss of samples in each buffer medium was monitored each
week using Gel Permeation Chromatography (GPC), and the pH of the aqueous media
was taken.

4.2 Materials and Methods

4.2.1 Reagents and Equipment

All synthetic reactions are carried out under a dry nitrogen atmosphere using
standard Schlenk line techniques. Tetrahydrofuran (EMD), triethylamine (EMD) and
benzene (EMD) were dried using solvent purification columns.22 Ethanol was distilled
from CaH2 under a dry nitrogen atmosphere. Sodium hydride dispersed in mineral oil
(60%) (Aldrich) was used as received. Poly(dichlorophosphazene) was obtained by the
polymerization of recrystalized and sublimed hexachlorocyclotriphosphazene (Fushimi
Chemical Co., Japan) in a sealed Pyrex glass tube at 250 ºC.20 All

31

P and 1H NMR

spectra were obtained with the use of a Bruker 360WM instrument operated at 145 MHz
and 360 MHz, respectively. Glass transition temperatures were measured with a TA
instruments Q10 differential scanning calorimetry apparatus with a heating rate of 10 ºC/
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min and a sample size of ca. 10 mg. The second scan between -100 ºC to 100 ºC was
used to identify the glass transition temperature. Molecular weights were estimated using
a Hewlett-Packard HP 1090 gel permeation chromatograph equipped with two
Phenomenex Phenogel linear 10 columns and a Hewlett-Packard 1047A refractive index
detector. The samples were eluted at 1.0 mL/min with a 10 mM solution of tetra-n-butyl
ammonium nitrate in THF. The elution times were calibrated with polystyrene standards.
The thermal stability of polymers was examined with a Perkin-Elmer TGA-7
Thermogravimetric Analyzer with a temperature range of 25 ºC to 400 ºC. Water contact
angle measurements were taken with use of a Rame’-Hart contact angle goniometer. A
Beckman Φ 31 pH meter was used to monitor pH fluctuations of the aqueous media
solutions. Scanning Electron Microscopy (SEM) was conducted using FEI-Philips Xl-20
instrument.

X-Ray Diffraction (XRD) was carried out using a Bruker AXS D8

instrument.

4.2.2 Synthesis of Hexa(ethoxycyclotriphosphazene) (1)

The following procedure was modified from a previously published literature by
Allcock, Kugel and Valan.

21

As shown in Figure 4-1, hexachlorocyclotriphosphazene

(2.00g, 5.75 mmol) was dissolved in THF (100 mL). Ethanol (5.5 mL, 10.8 mmol) was
added drop-wise to a suspension of sodium hydride (3.34g, 83.5mmol) in THF (300 mL)
at 0ºC. After the ethanol addition, the mixture was refluxed for 24 hours. The warm side
group reagent was added to the cyclic phosphazene solution, and the resultant mixture
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was refluxed for 72 hours. The reaction mixture was concentrated and dissolved in a
benzene and ethanol mixture. To this mixture was added concentrated hydrochloric acid
to neutralize the unreacted sodium ethoxide, followed by the addition of de-ionized water
to cause separation between the aqueous ethanolic and benzene layer. The benzene layer
was dried over MgSO4 and concentrated to yield an oily residue. The final yield was
50%. The product was characterized mainly by 31P and 1H NMR spectroscopy.
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4.2.3 Synthesis of Poly(diethoxyphosphazene) (2)

The following procedure was adapted from a published report.

21

As shown in

Figure 4-1, poly(dichlorophosphazene) (10.0 g, 0.0863 mol) was dissolved in THF (1 L).
Ethanol (15.1 mL, 0.259 mol) was added drop-wise to a suspension of sodium hydride
(6.21 g, 0.259 mmol) in THF (300 mL) at 0 ºC, and the mixture was refluxed for 24
hours. The sodium ethoxide suspension was added to the polymer solution and the
mixture was brought to a gentle reflux for 48 hours. The solvent was concentrated under
reduced pressure and the product was precipitated twice into hexanes. The final product
was isolate as a colorless, elastomeric material. The final yield was 88%. Structural
identification was accomplished using

31

P, 1H NMR spectroscopy and the molecular

weight was measured by GPC.

4.2.4 Solubility Tests

Polymer 2 (10 mg) was dissolved in a variety of organic solvents and the mixture
was stirred for 24 hours.

31

P NMR spectroscopy was employed to detect partial

solubility. The solubility tests of polymer 2 in water, ethanol, hexanes, dichloromethane,
methanol, acetone, chloroform, dimethylsulfoxide (DMSO), dimethylformamide (DMF),
nitrobenzene,

dioxane,

dimethoxyethane,

bis(2-methoxyethyl)

ether,

acetonitrile, triethylamine, methyl ethyl ketone and xylene were examined.

pyridine,
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4.2.5 Electrospinning

Polymer 2 was electrospun using chloroform as a solvent at five different weight
percent concentrations: 5%, 15%, 25%, 35% and 45%. The grounding plate was located
20 cm from the syringe needle tip, and the operation voltage was 15 kV. The spinning
rate was 1 mL/hr.

4.2.6 Static Water Contact Angle Measurements

Solutions containing 10% w/v of polymer 2 in chloroform were spun cast (2000
rpm, 1 min) onto glass slides. Water droplets, 12 μL in size, were dispensed from a
needle attached to a Gilmont microliter syringe filled with ultrapure water (Milipore
system, 18 MΩ/cm) onto the spun coated silica glass slide. The final water contact angle
recorded was the average from three separate measurements. Images were captured
using a video camera, and water contact angle measurements were quantified using the
Image J computer software.

4.2.7 Hydrolysis Study of Polymer 2

Polymer 2 (2.0 g) was dissolved in CHCl3 (10 mL) in a scintillation vial. A film
was solution-cast on a Teflon tray and was dried under vacuo for 1 week. Approximately
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20 mg of material was cut from the dried film and placed in test tubes. The solid films
were then immersed in 5 mL of buffer solutions at pH 4, 7, 10 and maintained at 37 ºC in
a constant shaker bath. Measurements were carried out in triplicate. Each week for five
weeks, samples were removed from the shaker bath and were dried in vacuo for a week.
The dried samples were dissolved in THF for GPC molecular weight analysis.
Fluctuations in pH of the aqueous media were monitored using a pH meter.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization

The two-step synthesis of 1 was achieved by first making sodium ethoxide side
group, followed by its subsequent use for replacement of the chlorine atoms in
hexachlorocyclotriphosphazene. As shown in Table 4-1, a single 31P NMR signal at 18
ppm indicated that all chlorine atoms were replaced from the cyclic phosphazene.

1

H

NMR analysis showed two signals at 1.3 and 4.0 ppm, indicating the presence of the
methyl (-CH3) and methylene (-CH2) groups. Mass spectrometry analysis confirmed the
product formation, with a molecular weight of 405 g/mol. These test reactions confirmed
that full substitution with sodium ethoxide as a nucleophile was achieved, and reactions
involving poly(dichlorophosphazene) as a reactant were subsequently conducted.
The synthesis of polymer 2 was accomplished by the reaction of sodium ethoxide
with poly(dichlorophosphazene). As shown in Table 4-1, a singlet at -7.6 ppm in

31

P
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NMR spectrum indicated that complete chlorine replacement was achieved, and this was
further corroborated by 1H NMR analysis. The product was purified by precipitation into
hexanes to give a colorless, elastomeric polymer. The solubility study of polymer 2 was
conducted in a variety of solvents. Polymer 2 was found to be completely soluble in
nitrobenzene and pyridine but insoluble or only partially soluble in other organic liquids.
Thus, phosphorus NMR spectroscopy of the solutions verified partial solubility in water,
ethanol, methanol, dichloromethane, acetone, DMF, THF, xylene, dimethoxyethane,
bis(2-methoxyethyl) ether, methyl ethyl ketone, triethylamine, dioxane and acetonitrile,
as evidenced by the appearance of a singlet at -7.6 ppm. Polymer 2 is not soluble in
DMSO or hexane. A possible explanation for the partial solubility is the high molecular
weight. Low molecular weight poly(diethoxyphosphazene) was completely soluble in
chloroform and THF.

4.3.2 Physical Characterization

Based on DSC analysis, polymer 2 has a glass transition temperature at -50ºC.
No melting transitions were detected within the temperature range from -100ºC to 150ºC.
This showed that the polymer chains are highly flexible. The presence of the ethoxy side
group allowed formation of free volume and discouraged the formation of crystalline
domains. This was further supported by X-Ray Diffraction (XRD) analysis, by the
appearance of two sharp peaks corresponded to the crystalline domains of sodium
chloride residuals, but no diffraction ones from the polymer.

The residual sodium
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chloride remained after precipitation of the product into hexanes. These data indicated
that polymer 2 is completely amorphous.

The uniformity in morphology strongly

suggests that this polyphosphazene degrades linearly with respect to time and maintains
form stability, makes it an attractive candidate as a drug delivery vehicle and as a
biomedical device.
Polymer 2 was electrospun using chloroform as a solvent at five different
concentrations: 5%, 15%, 25%, 35% and 45% w/v. Figure 4-2 shows an SEM image
from a 45% w/v electrospun sample of polymer 2. Only bead morphology was obtained
from these concentrations, and no fiber was obtained.
The hydrophilicity was investigated using a Rame’-Hart goniometer contact angle
instrument. Figure 4-3 shows an image of a water droplet formation of a spun cast
sample of polymer 2 on a silica glass slide. It has a water contact angle of 62.1º from the
average of three different readings. Because the adhesion of some mammalian cells is
favored by hydrophilic surfaces, polymer 2 has some potential as a biodegradable tissue
scaffold.
The thermal stability of polymer 2 was studied by Thermogravimetric Analysis
(TGA) over a range of temperatures from 25 ºC to 400 ºC. TGA data showed a 10%
mass loss at 250 ºC and a 15% mass loss at 350ºC. This was coupled with NMR analysis
for further structural characterization of the pyrolyzed products at the two specific
temperatures. Solution state 31P NMR and 1H NMR spectra presented all the necessary
peaks, suggesting that polymer 2 degrades thermally at 250 ºC with no sign of
rearrangement. This was further supported by a solid state

31

P NMR spectrum of the

insoluble solids. After heating at 350 ºC, no phosphorus signal was detected by 31P NMR

68
analysis, most likely due to the volatilization of phosphorus atoms. This suggests that the
mass loss at 350 ºC corresponded to a degraded product with no phosphorus in its
contents, leading to the conclusion that the onset of thermal degradation began at 250 ºC,
followed by catastrophic loss of phosphorus atoms at 350ºC. Thus, polymer 2 is stable
for applications at temperatures up to 250 ºC.
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31

P NMR (ppm)

1

H NMR (ppm)

Tg ( ºC)

1

18

1.3 (3H), 4.0 (2H)

-

2

-7.6

1.2 (3H), 3.9 (2H)

-50

Mw (g/mol)
611111

PDI
1.7

Table 4-1: Structural and physical characterization of hexa(ethoxycyclotriphosphazene)
(1) and poly(diethoxyphosphazene) (2)
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Figure 4-2:

SEM image of pristine electrospun sample of polymer 2 at 45% ( w/v)

concentration on a glass slide.
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Figure 4-3: Formation of a water droplet of a pristine electrospun sample of polymer 2 at
10% (w/v) concentration on a glass slide.
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4.3.3 Hydrolysis of Polymer 2

The hydrolytic sensitivity of polymer 2 was investigated via a five week
hydrolysis study using buffer solutions at pH 4, 7 and 10. Each week, polymer samples
were removed from the shaker bath and analyzed for molecular weight loss and pH
fluctuations. Mass loss data are not shown in this chapter due to the adhesive nature of
the polymer. Under acidic and neutral pH conditions, the films adhered tightly to the
bottom of the silica test tubes. As a consequence, accurate mass loss was difficult to
obtain. Under basic pH condition, water uptake by the solid films resulted in a swelling
behavior. Little to no pH change was detected in the aqueous media.
Figure 4-4 shows hydrolysis profile of polymer 2 that was monitored by the
decrease in molecular weight as a function of time. The hydrolysis rate at pH 7 and 10
showed a similar trend. After the first week, the molecular weight was reduced to
roughly 60% of the original value, followed by an additional 7% weight loss after week
5. At pH 4, significant molecular weight decline took place within the first week, and no
significant molecular weight decline was observed as time progressed. The data also
showed that poly(diethoxyphosphazenes) is more hydrolytically sensitive in acidic
condition due to the faster rate of hydrolysis at pH 4 than at pH 7 and 10. This can be
attributed to the acidic protons in solution attacking the nitrogen atoms of the
phosphazene backbone, leading to the formation of the phosphazane intermediate and
thus, causing scission of the phosphazene skeleton. The unusual percentage decrease in
molecular weight remaining at the 2nd week was due to the experimental error in the
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attempt to obtain the hydrolysis of a gum. The five-week hydrolysis study indicated that
polymer 2 is hydrolytic sensitive and thus, qualifies as a biodegradable elastomer.

4.4 Conclusions

The presence of ethoxide side groups on both the cyclic and polymeric
phosphazenes have been studied. Poly(diethoxyphosphazene) was isolated as a colorless
elastomeric polymer. Physical characterization using XRD, DSC and WCA techniques
indicated that this polyphosphazene is an amorphous, hydrophilic elastomer with a low
Tg. According to TGA data, it is thermally stable up to 250 ºC. From 250 ºC to 350 ºC,
the thermal decomposition did not lead to any thermal rearrangement. After 350 ºC, no
sign of residual phosphorus content was detected.
revealed that it is hydrolytically sensitive.

A five-week hydrolysis study

These results strongly suggest that

poly(diethoxyphosphazene) has the potential to be used as a surgical adhesive or for drug
delivery, stem cell and tissue engineering applications.
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Chapter 5
Surface Modification of Poly[bis(trifluoroethoxy)phosphazene] Films by Sodium
Ethoxy Nucleophile

5.1 Introduction
An ongoing research interest exists in fluorinated polymers due to their unique
and useful properties.1,2,3 Aside from their commercial advantages, the combination of
hydrophobicity and polymer flexibility makes fluoropolymers excellent candidates as
biostable

biomaterials.

Examples

of classical

poly(tetrafluoroethylene) and poly(chloroethylene).

fluorinated polymers include
Unfortunately, one of the main

drawbacks of these materials is their hydrophobic nature that prevents surface
interactions with other materials including living cells. This is an undesirable effect in
tissue engineering applications because osteoblast cells are reluctant to the surface of
fluorinated polymers. As a result, surface modification reactions to enhance adhesion
have been a subject of considerable interest.1,4

It is crucial that surface exchange

reactions involving the introduction of hydrophilic side groups create an adhesive surface
coating while maintain the water-repellant, hydrophobic properties of the interior of the
polymer. Due to their unique synthetic characteristics, polyphosphazenes are especially
suited for these surface modification reactions.
Poly(organophosphazenes)

belong

to

the

class

of

organic-inorganic

macromolecules.5 The phosphazene backbone is comprised of alternating phosphorus
and nitrogen atoms.

Organic side groups are covalently linked to the phosphazene
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skeleton through the phosphorus atoms. The macromolecular substitution route offers a
facile method for synthesizing high molecular weight polyphosphazenes.

Common

chlorine replacement includes the introduction of alkoxy, aryloxy and amines side
groups.
One of the most well-studied fluorinated polymers in the phosphazene family is
poly[bis(trifluoroethoxy)phosphazene], the structure of which is illustrated in Figure 5-1.
This is a thermoplastic polymer that is soluble in common organic solvents such as THF
or acetone. Allcock and coworkers had previously shown that polymer 1 is hydrophobic
and the extent of hydrophobicity can be controlled by the different processing methods.6
This earlier report also described a novel technique for tuning surface properties with a
plasma treatment in various gases such as oxygen, nitrogen, methane and fluorinated
methane. The use of oxygen as a carrier gas in plasma treatment induced the greatest
change in the water contact angle measurement of a spun cast sample of polymer 1. A
reduction in water contact angle measurement from 103º before the treatment to 5º after
the treatment was reported.

Surface reactions involving polymer 1 with alkoxy

nucleophiles7 and with sodium hydroxide in the presence a phase transfer agent, tetra-nbutylammonium bromide (TBAB),8 were previously studied in our laboratory. We
report here the surface modification of poly[bis(trifluoroethoxy)phosphazene] by sodium
ethoxide nucleophile. It was necessary to first attempt the exchange reaction with all
reactants in solution as a model to determine the extent of the reactivity.

31

P and 1H

NMR spectroscopy of the reaction mixture was used to monitor the reaction progress.
Subsequent surface exchange reactions were then performed. Films of polymer 1 were
suspended in a solution of sodium ethoxide reagent in the presence of a phase transfer
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agent, TBAB. Water contact angle (WCA) and Scanning Electron Microscopy (SEM)
techniques were used to detect changes in surface properties.
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OCH2CF3
N P

n

OCH2CF3
Polymer 1

Figure 5-1: Structure of poly[bis(trifluoroethoxy)phosphazene]
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5.2 Materials and Method

5.2.1 Reagents and Equipment

All synthetic reactions were carried out under a dry nitrogen atmosphere using
standard Schlenk line techniques.

Tetrahydrofuran (EMD) was dried using solvent

purification columns.9 Ethanol was distilled from CaH2 under a dry nitrogen atmosphere.
2,2,2-trifluoroethanol 99.8% (Acros), sodium metal (Aldrich), tetra-n-butylammonium
bromide (Aldrich), and sodium hydride (60% dispersion in mineral oil, Aldrich) were
used as received. Poly(dichlorophosphazenes) was obtained by the polymerization of
recrystallized and sublimed hexachlorotriphosphazene (Fushimi Chemical Co., Japan) in
a sealed Pyrex glass tube at 250 ºC.10 All 31P and 1H NMR spectra were obtained with
the Molecular weights were estimated using a Hewlett-Packard HP 1090 gel permeation
chromatograph equipped with two Phenomenex Phenogel linear 10 columns and a
Hewlett-Packard 1047A refractive index detector.

The samples were eluted at 1.0

mL/min with a 10 mM solution of tetra-n-butyl ammonium nitrate in THF. The elution
times were calibrated with polystyrene standards. Water contact angle measurements
were taken with use of a Rame’-Hart contact angle goniometer. Scanning Electron
Microscopy (SEM) was conducted using FEI-Philips Xl-20 instrument.
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5.2.2 Solution Reaction of Poly[bis(2,2,2-trifluoroethoxy)phosphazene] (1) with
Sodium Ethoxide

The synthesis of polymer 1 was prepared according to previously published
literature.11,12 Polymer 1 (2 g, 8.23 mmol) was dissolved in THF (200 mL). In a separate
reaction vessel, ethanol (1.5 mL, 25 mmol) was added drop-wise to a suspension of NaH
(60% dispersion in mineral oil, 1g, 25 mmol) in THF (100 mL) at 0 ºC. The sodium
ethoxide salt was subsequently added to the polymer solution and the reaction was
allowed to proceed at room temperature. After 28 days, the product was purified by the
removal of the solvent under reduced pressure, followed by the precipitation into hexanes
(2x) to yield a yellow, brittle solid.

31

P and 1H NMR spectroscopy confirmed product

formation and Gel Permeation Chromatography (GPC) measured the molecular weight of
the final product.

5.2.3 Surface Exchange Reaction of Poly[bis(2,2,2-trifluoroethoxy)phosphazene]
with Sodium Ethoxide

Polymer 1 (1.0 g) was dissolved in THF (10 ml) in a scintillation vial. The
resultant solution was used to cast a film onto a Teflon tray and was dried under vacuo
for 1 week. The film was cut evenly into 6 pieces and suspended in ethanol (100 mL).
To this solution was the addition of tetra-n-butylammonium bromide (TBAB) (0.133 g,
412 mmol). In another reaction vessel, ethanol (100 mL) was added drop-wise to a
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Schlenk flask containing NaH (60% dispersion in mineral oil, 0.25 g 6.17 mmol) at 0 ºC.
The sodium ethoxide reagent was added to the polymer suspension. A piece of film was
removed from the reaction vessel at 6 different intervals: 1 hour, 2 hours, 5 hour, 8 hours,
1 day and 4 day, washed with ethanol, and dried in vacuo for 3 days. Water contact angle
(WCA) measurements and Scanning Electron Microscopy (SEM) analysis were used to
detect changes in surface property.

5.2.4 Water Contact Angle Measurements

After the drying process, a piece of film was taped onto a silica glass slide.
Double-sided tape was used to ensure that the piece of film adhered to the glass surface
as flat as possible. Water droplets, 12 μL in size, were dispensed from a needle attached
to a Gilmont microliter syringe filled with ultrapure water (Milipore system, 18 MΩ/cm)
onto the piece of film taped onto the silica glass slide. Images were captured using a
video camera, and water contact angle measurements were quantified using the Image J
computer software.
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5.3 Results and Discussion

5.3.1 Solution Reaction of Poly[bis(2,2,2-trifluoroethoxy)phosphazene] (1) with
Sodium Ethoxide

The exchange reaction was accomplished by the nucleophilic replacement of
trifluoroethoxy groups by sodium ethoxide on poly[bis(trifluoro)ethoxyphosphazene] in
THF solution.

31

P NMR spectroscopy was used to detect reaction progress. After day 5

(Figure 5.2), approximately 30% conversion was detected, as indicated by the ratio of the
ethoxy side group at -6.4 ppm to the 2,2,2-trifluoroethoxy side group at -7.9 ppm. A 50%
conversion was detected after 14 days and full conversion was achieved after 28 days. It
should also be noted that the addition of heat to the reaction mixture was not in favor of
the ethoxy side group introduction. The product was isolated to give yellow, brittle
solids. The 31P NMR spectrum of the final product displayed a single broad peak at -6.7
ppm. Further structural characterization by 1H NMR confirmed complete replacement by
the ethoxy side group, as evidenced by the appearance of the ethoxy peak at 3.99 ppm
and a loss of the 2,2,2-trifluoroethoxy signal at 4.5 ppm. The molecular weight of the
final product was 153,000 g/mol, compared to 1,270,000 g/mol of the initial polymer.
This

exchange

reaction

demonstrated

that

the

full

replacement

of

poly[bis(trifluoro)ethoxyphosphazene] by the sodium ethoxy nucleophile can be
achieved.
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Figure 5-2:

31

P NMR analysis of the solution reaction of poly[bis(2,2,2-

trifluoroethoxy)phosphazene] with sodium ethoxide nucleophile after day 5.

This

spectrum indicates the partial conversion of poly[bis(2,2,2-trifluoroethoxy)phosphazene]
to poly(diethoxyphosphazene).

86
5.3.2 Surface Exchange Reaction of Poly[bis(2,2,2-trifluoroethoxy)phosphazene] (1)
with Sodium Ethoxide using TBAB as a Phase Transfer Agent

The surface exchange reaction was carried out after the model reaction was
completed in the solution phase. WCA measurements and SEM analysis were used to
detect changes in surface properties. No significant changes in WCA measurements were
detected when the reaction was performed in the absence of a phase transfer agent.
Previous study had reported that solution-cast films of polymer 1 had a maximum water
contact angle measurement of 104º.13 As shown in Table 5-1, an average reduction of
24º was calculated from six water contact angle measurements after surface treatment.
This indicates that the surface reaction of the ethoxy side group with films of
poly[bis(trifluoroethoxy)phosphazene] changed the surface properties from being
hydrophobic to amphiphilic. Additionally, a prolonged reaction time did not result in a
larger change in water contact angle. Figure 5-3 shows the SEM images of the surface
exchange reaction taken at different time intervals. The rough surface morphology of the
reacted films is similar to that of the untreated polymer. This indicates that changes in
the water contact angles were not reflected in a change in surface morphology.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-3: SEM images of films taken from the surface exchange reaction after (a) 1
hour (b) 2 hour (c) 5 hour (d) 8 hour (e) 1 day (f) 4 day.
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WCA

1 hr

2 hr

5 hr

8hr

1 day

4 day

78.2º

76.4º

76.5º

78.9º

77.2º

79.3º

Table 5-1: Water contact angle measurements of films of polymer 1 taken from surface
exchange reactions at different time intervals.
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5.4 Conclusions
In

this

work,

we

report

the

surface

modification

of

poly[bis(trifluoroethoxy)phosphazene] with sodium ethoxy nucleophile. This reaction
was performed in the solution phase as a model to determine the extent of the reactivity
of the ethoxy introduction.

31

P and 1H NMR spectroscopy confirmed full substitution

after 28 day reaction at 25 ºC.
accomplished

by

the

reaction

Subsequent surface exchange reactions were
of

sodium

ethoxide

reagent

with

films

of

poly[bis(trifluoroethoxy)phosphazene] in the presence of TBAB as a phase transfer
agent.

Side group exchange reactions converted the hydrophobic material to an

amphiphilic surface, as evidenced by a reduction in the water contact angle. This ability
to modify the surface while maintain the bulk properties of a polymer is an advantage in
tissue engineering application since the literature has shown that surface hydrophilicity
may influence cell adhesion.14 It was found that prolonged reaction times did not result
in an increase in hydrophilicity, and there was no correlation between the water contact
angle measurement and the surface morphology.
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