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ABSTRACT
The work described in this thesis focuses on the design and synthesis of novel
polyphosphazenes for advanced biomedical applications, including tissue engineering
and controlled drug delivery. In addition, polyphosphazene/poly(lactide-co-glycolide)
(PLGA) blends were fabricated and the physical properties of these blends were
characterized for tissue engineering applications.

Chapter 1 outlines the basic

fundamental principles of polymer chemistry with a detailed introduction to
polyphosphazenes and their uses as biomedical materials.
Chapter 2 discusses the synthesis of five novel polyphosphazenes with glycylglycine ethyl ester dipeptide side groups in multiple side group ratios, poly[(glycyl-ethyl
glycinato)x(ethyl glycinato)yphosphazene].

The dipeptide side groups possessed two

hydrogen bonding protons for interactions with other polymer systems. Polymer blends
of these polyphosphazenes with poly(lactide-co-glycolide) (PLGA) were fabricated and
the miscibility was studied.

Characterization of the polymer blends utilized differential

scanning calorimetry and scanning electron microscopy techniques. Poly[(glycyl-ethyl
glycinato)1.5(ethyl glycinato)0.5phosphazene] formed completely miscible blends with
PLGA, irrespective of the composition of the PLGA.
Chapter 3 describes the synthesis of new dipeptide ethyl esters that were
synthesized via the mixed anhydride solution phase peptide route. These dipeptide ethyl
esters were utilized for covalent linkage to the polyphosphazene backbone. The design of
these side groups required the amino acid to be covalently linked to the polyphosphazene
backbone to generate steric hindrance at the α-carbon to decrease the hydrolysis rate of
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the polyphosphazene. The second amino acid needed limited steric hindrance to the
amino proton, and the C-terminus had to be ester protected. Therefore, glycine ethyl
ester was used. Thus, the amino acids alanine, valine, and phenylalanine were coupled
with glycine ethyl ester during the peptide synthesis. The primary amino function of
these dipeptides was covalently linked to poly(dichlorophosphazene) with the cosubstituents glycine ethyl ester or alanine ethyl ester. The molecular structure was
characterized by use of multinuclear NMR techniques and the physical characteristics
were studied by DSC and GPC techniques. The hydrolysis mechanism of these polymers
in various buffered aqueous media of pH=4.0, pH=7.0, and pH=10.0 was analyzed. It
was determined that the phenylalanine ethyl ester substituted polyphosphazenes provided
the most protection to the backbone and all the polymers were more stable in pH 10.0
medium.
Chapter 4 describes dipeptide ethyl ester substituted polyphosphazenes blended
with two different polyesters, PLGA and polycaprolactone (PCL). Fabrication of the
blends was conducted by a solution casting process and by electrospinning.

The

miscibility of the polymer blends was examined by DSC and SEM techniques. These
studies showed that polyphosphazenes substituted with alanyl-glycine ethyl ester or
valinyl-glycine ethyl esters are miscible with PLGA when solution-cast.

However,

electrospinning of the blended solutions produced nanofiberous mats that were
completely immiscible. There was no miscibility when these polyphosphazenes were
blended with PCL, regardless of the processing technique that was utilized.
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Chapter 5 evaluates the use of tris(hydroxymethyl)amino methane (THAM), a
biological buffer, covalently linked to the polyphosphazene backbone. The primary
amino function of THAM was utilized for covalent linkage to the backbone, together
with the co-substituents glycine ethyl ester or alanine ethyl ester.

These

polyphosphazenes formed very miscible blends with PLGA. Hydrolysis studies showed
that the polyphosphazene did not significantly degrade within six weeks. Cells studies
showed good biocompatibility of the blend surfaces after 14 days.
Chapter 6 describes the synthesis of polyphosphazene block copolymers with
poly(L-lactide), poly(trimethylene carbonate), and polycaprolactone. The organic blocks
were designed to possess amino end functions that were utilized for covalent linkage to
the growing polyphosphazene chain. Anionic ring opening polymerization conditions
were utilized for the synthesis of the organic blocks, followed by deprotection of the
amine terminus. The polyphosphazene chain was synthesized via the living cationic
polymerization route. The molecular structures of the block copolymers were examined
by 1H and 31P NMR techniques and molecular weights were analyzed by gel permeation
chromatography.
Chapter 7 discusses the synthesis of phosphazenes substituted with the purines,
guanine and adenine, and the pyrimidine cytosine. These side groups have a primary
amino function that in principle should replace all the chlorine atoms within the
phosphazene system. Hexachlorocyclotriphosphazene syntheses proved that full chlorine
replacement could not be achieved. At the polymer level, the purine and pyrimidine side
groups were used in a co-substitution synthesis pattern together with glycine ethyl ester,

vi
alanine ethyl ester, or ethylene glycol methyl ether. These polymers were found to
provide good thermal stability and hydrolytic sensitivity.
Chapter 8 contains a discussion of the utility of serine and threonine amino acids
as substituents on polyphosphazene chains. Two different types of covalent linkage are
exploited to influence the chemical and physical properties of the polymers. When the
free amino terminus of serine or threonine ethyl ester was utilized, poly(L-lactide) was
grafted from the free alcohol terminus linked to the α-carbon. This linkage also imparts
hydrolytic sensitivity to the polymer skeleton. When the amino terminus was protected,
the

alcohol

function

was

utilized

for

chlorine

replacement

with

poly(dichlorophosphazene). The P-O-C linkage is more chemically stable than P-N-C
units based on comparisons of polyphosphazenes substituted with amino acid ester side
groups. Subsequent deprotection chemistry was utilized to fabricate polymers with free
N- and C-termini from the amino acid side group. Polyphosphazenes that possessed the
free N- and C-termini are soluble in water, regardless of the pH, and crosslinked
hydrogels were obtained in the presence of calcium ions.
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PREFACE
Portions of this thesis have been adapted for publication. Chapter 2 was adapted
for publication in Biomacromolecules and coauthored by H.R. Allcock, A. Singh, L.S.
Nair, and C.T. Laurencin. Chapter 3 has been adapted for publication in Macromolecules
and coauthored by H.R. Allcock, A.L. Weikel, N.Q. Nguyen, L.S. Nair, and C.T.
Laurencin. Chapter 4 was adapted for publication in Biomacromolecules and coauthored
by H.R. Allcock, A.L. Weikel, N.Q. Nguyen, K.A. Kristhart, S.P. Nukavaropu, L.S. Nair,
and C.T. Laurencin. Chapter 5 has been adapted for publication in Biomacromolecules
and coauthored by H.R. Allcock, A.L. Weikel, K.A. Kristhart, S.P. Nukavaropu, M.
Deng, L.S. Nair, and C.T. Laurencin.

Chapter 6 was adapted for publication in

Macromolecules and coauthored by H.R. Allcock, L.S. Steely, M. Hindenlang, L.S. Nair,
and C.T. Laurencin. Chapter 7 has been adapted for publication in Macromolecules and
coauthored by H.R. Allcock, M. Hindenlang, L.S. Nair, and C.T. Laurencin. Chapter 8
has been adapted for publication in Biomacromolecules and coauthored by H.R. Allcock,
N.Q. Nguyen, A.L. Weikel, L.S. Nair, and C.T. Laurencin.
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Chapter 1
Introduction to Polymer Chemistry

1.1 Polymeric Materials
Mankind has utilized polymers for centuries with the use of naturally occurring
polymers such as cotton, cellulose, and proteins. However, what we describe as a
polymer today was not generally accepted until the twentieth century. While polymers
such as natural rubber and nitrocellulose did exist, scientists described these materials as
associated small molecules that were held together by intermolecular forces.1 In 1907,
Leo Baekland created the first synthetic polymer, called Bakelite, that was composed of a
phenol-formaldehyde resin.2 In 1920, Herman Staudinger demonstrated that polymers
were in fact macromolecules, and not aggregates of small molecules.3 Then in 1929,
Carothers synthesized the first polyesters with well designed experiments proving that
monomers could be converted to polymers.4-7 This principle has since been expanded to
what we call polymer chemistry today, some 88 years later.
Polymer is derived from the Greek word of poly, meaning “many”, and meres,
“units”.8 A polymer is defined as a long-chain molecule that contains hundreds, if not
thousands, of covalently linked repeat units. The chemical nature of the repeat unit(s) has
a great influence over the chemical and physical properties of the polymer.

The

arrangement of these repeating units is commonly depicted by a linear structure.
However, the polymer chains actually exist in random conformations or organized
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crystalline domains.

Together with the backbone conformation, multiple polymer

architectures can be synthesized. The combinations of these structural components also
directly influence the chemical and physical properties of a polymer.

1.2 Polymer Architecture and Composition
The polymer chain is composed of many small-molecule repeat units, called
monomers, which are covalently linked together to form the repeat units of the polymer.
If the polymer backbone consists of a single type of monomer, this polymer is called a
homopolymer.

When a polymer backbone is composed of two or more different

monomers, this polymer is referred to as a copolymer. Polymer skeletons can consist of
linear, straight-chain macromolecules, as well as more complicated architectures such as
branched (comb), star, dendrimer, and cross-linked systems (Figure 1-1).9-11
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Linear

Branched

Star

Dendrimer

Cross-linked
Figure 1-1: Various polymer architectures.
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Linear homopolymers are the most commonly synthesized polymeric architecture.
Linear polymers are generally more soluble in organic solvents than polymers with more
complex architectures.9 The chemical and physical properties of linear polymers are
dependent on the chemical nature of the repeat unit. Some linear polymers also favor
specific backbone orientations, which lead to the formation of crystalline domains.
Branched polymers have a lower tendency to crystallize, but they are generally soluble in
organic solvents. The solubility is usually dependant on the density of branching. More
chain entanglement occurs with highly branched systems, and this limits the solvation of
the polymer chains.9
Star and dendrimer polymers consist of a core with arms extending out. The arms
are synthesized by two techniques: chain growth from a functional core or attachment of
the arms to the core via covalent coupling.9,11

The difference between these two

architectures is that a dendrimer has uniform branching from the core, whereas a star
polymer has arms of different lengths. Less chain entanglement of star and dendrimer
polymers leads to increased solubility and lower viscosity.9
Cross-linked polymers are different from the previously described architectures
because cross-linked polymers do not dissolve. The covalent linkage that connects all the
polymer chains allows the material to swell with the uptake of a solvent, without
dissolution of the polymer. Such affects can be caused by as little as 1-2% crosslink
density. The materials properties of cross-linked polymer systems are largely influenced
by the cross-link density.
While the polymer architecture influences many of the properties, the use of
combinations of different monomers for the synthesis of copolymers is also employed.

5
Many different structures of copolymers can be achieved, as outlined in Figure 1-2.9,11
Block copolymers contain different segments of a polymer chain each composed of a
different monomer. Block copolymers can be made of two blocks (diblock, AB), three
blocks (triblock, ABA), etc. Graft copolymers are also classified as block copolymers,
with the polymer backbone composed of one polymer and grafted arms composed of a
different polymer. Random copolymers are polymers that contain two or more different
monomers that are randomly dispersed along the polymer chain. Block copolymers and
random copolymers have different physical characteristics from linear homopolymers.
Block copolymers usually have properties that are characteristic of the individual
homopolymers, where as random copolymers have properties that differ from those of the
two homopolymers.
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Figure 1-2: Different types of block copolymer structures.
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1.2.1 Polymer Blends

When two or more individual polymer systems are mixed together mechanically,
they form a polymer blend or alloy.

A polymer blend is useful because a multi-

component system will incorporate properties that a single polymer system cannot
possess. Moreover, the synthetic challenges of making a copolymer are not encountered.
Polymer blends can be miscible or immiscible, depending on the properties that are
desired. Although making miscible blends would seem trivial, many complications must
be overcome. The formation of miscible polymer blends from high molecular weight
polymers requires favorable intermolecular interactions between each system because the
entropy of mixing polymer systems is unfavorable.10

Hydrogen bonding and ionic

interactions are the most common forces utilized to form miscible polymer blends. This
limits many polymer combinations because they do not possess such capabilities. For
example, polyethylene or polypropylene are reluctant to form polymer blends. Without
these interactions, the parent polymer systems will segregate into individual polymer
domains.

1.3 Polymer Synthesis

Polymers are conveniently classified according to the type of reaction involved
during polymerization.

There are three main classes of polymer syntheses: 1) step

growth polymerization, 2) addition or chain polymerization, and 3) ring opening
polymerization.9,11

Within each class, there are subsets of different polymerization

conditions. The type of polymerization reaction depends on the functionality of the
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monomer. However, some monomers can be synthesized utilizing mutiple subsets of
polymerization techniques.

1.3.1 Step-Growth Polymerization

Step-growth polymerizations require the use of multi-functional monomers. This
causes the reactions to proceed very slowly as the monomers react to form dimers, dimers
react with monomers or dimers to form trimers and tetramer, and so on.11

These

oligomeric (low molecular weight) reactions proceed until the monomer is completely
consumed, then the chain length (molecular weight) increases dramatically as the
oligomers begin to react with one another. Two types of monomers employed for step
polymerizations: 1) bifunctional or polyfunctional monomers that possess one type of
reactive functional group, and 2) a single monomer that possesses two different reactive
functional groups (i.e. an amine and a carboxylic acid). In general, step polymerizations
produce lower molecular weight materials than other techniques because very high
conversion percentages of the monomer are needed (>95%). Step polymerizations are
also synthetically challenging because a precise control of the monomer stoichiometry is
required to synthesize high molecular weight polymers successfully.

Condensation

polymerizations are a common type of step polymerization that occur when two or more
monomers react to liberate water (Figure 1-3).9 Common condensation polymers include
polyesters, polyamides (nylons), and polycarbonates.

There are other types of step

polymerizations that involve the loss of other small molecules such as ammonia, acid, or
salt, as is the case with polyurethanes and polysulfides (Figure 1-4).9
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Figure 1-3: Condensation polymerizations of A) a polyamide and B) a polyester.
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Figure 1-4: Step polymerization of A) polysulfide and B) polyurethane.
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1.3.2 Addition Polymerization

Addition polymerizations are different from the step polymerizations that were
previously described. Addition polymerizations have active sites at the end(s) of growing
polymer chains where monomers rapidly add sequentially.8,11 This process involves
relatively few active sites during the polymerization and, at any given time a distribution
of monomer, activated chains, and terminated polymer chains exist. Three features are
common to all addition polymerizations: 1) initiation of the monomer takes place, 2) the
initiating species propagate into growing chains, and 3) the growing chains are
terminated by deactivation of the reactive end group. These steps are shown in Figure 15.9 Deactivation, or termination, can occur by the coupling of two reactive sites, addition
of a terminating agent, or by chain transfer where the activated species is transferred from
the polymer end to another molecule where polymerization continues.

Addition

polymerizations require a monomer that has an unsaturated bond that is used for
initiation. The different subclasses of addition polymerizations are free radical, ionic
(cationic or anionic), and coordination polymerizations.11

In comparison to step

polymerizations, addition polymerizations generally give higher molecular weights with
better control of the molecular weight dispersity. Addition polymerization techniques are
commonly used for the synthesis of copolymers because of the existence of the living
chain ends.11,12 The living chain means more monomer, or a second monomer, can be fed
to the reaction and the polymerization will continue until all the monomer is reacted.
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Figure 1-5: Addition polymerizations follow a similar pattern of initiation, propagation,

and termination. I* is the initiator and M* is the active monomer.
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1.3.3 Ring-opening Polymerization

Ring-opening polymerizations (ROPs) convert cyclic small molecules into linear
polymers.9,11 Ionic catalysts usually initiate ROPs. Therefore it follows that the same
initiation, propagation, termination process found in addition polymerizations are also
present in ROP reactions. However, since a ring structure is broken, ROP propagation
rates are similar to those of step polymerizations.11 The slow propagation rates lead to
slower molecular weight increases. Ring-opening of the cyclic monomer is influenced by
the thermodynamics of the ring (ring strain) when compared to the linear polymer.9
Many organic polymers can be synthesized via ROP techniques, including many
polyesters and polyamides. These polymerizations usually occur in the presence of
anionic or cationic initiators. Initiators that include transition metals, such as tungsten
and ruthenium, have been developed to initiate cyclic olefin metathesis. These initiators
are used for ring-opening metathesis polymerizations (ROMP).9,11 Inorganic polymers
such as polyphosphazenes and polysiloxanes can also be polymerized via ring-opening of
the cyclic monomer using heat or the addition of acid or base.9 Some common ROPs are
shown in Figure 1-6.
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1.4 Polyphosphazenes

Polyphosphazenes are inorganic-organic hybrid polymers with an alternating
phosphorus-nitrogen backbone and two organic side groups attached to each phosphorus
atom.

The macromolecular substitution reactions of poly(dichlorophosphazene) are

unique compared to most polymers. Many macromolecules, organic or inorganic, are
synthesized directly from monomer to polymer, and the synthesis is then complete. As
an example, polysiloxanes have organic side groups and these side groups are covalently
linked to the small molecule ring prior to polymerization. Polyphosphazenes utilize a
macromolecular intermediate, poly(dichlorophosphazene), that allows the chlorine atoms
to be replaced by organic nucleophiles. This unique synthetic approach has led to the
development of over 700 different polymer structures with many different chemical and
physical properties that are influenced by the different side groups introduced by
substitution.13

Typical reagents for macromolecular substitution include alkoxide,

aryloxide, and amino nucleophiles. The general synthesis of polyphosphazenes is shown
in Figure 1-7.
The first polyphosphazene was synthesized by Stokes in the late 1890s.14-17 This
material was known as “inorganic rubber” because the polymer was insoluble, probably
due to cross-linking. Moreover, the material that Stoke’s synthesized was hydrolytically
unstable and decomposed when exposed to the atmosphere. It was not until 1964 that
Allcock,

Kugel,

and

Valan

discovered

a

technique

to

synthesize

soluble

polyphosphazenes.18-20 This discovery set the foundation for polyphosphazene chemistry
as we know it today.
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1.4.1 Synthesis of Polyphosphazenes

Poly(dichlorophosphazene) can be synthesized by two different synthetic
protocols,

as

outlined

poly(dichlorophosphazene)

in

Figure 1-7.13

utilizes

hexachlorocyclotriphosphazene.18

a

thermal

The

classical

ring-opening

synthesis

of

polymerization

of

The thermal ring-opening route is a melt

polymerization that produces high molecular weight poly(dichlorophosphazene). The
hexachlorocyclotriphosphazene is purified by recrystallization from heptane followed by
sublimation, then sealed in an evacuated glass tube and heated to 250ºC for 6 to 36 hours.
The polymerization is terminated when the melt has become highly viscous. The tube
and its contents are then cooled to room temperature and pure poly(dichlorophosphazene)
is isolated after sublimation of unpolymerized hexachlorocyclotriphosphazene. The melt
polymerization must be monitored carefully because cross-linking can occur if the melt
becomes too viscous. A high conversion from cyclic trimer to polymer (>70%) can result
in crosslinking. It is also important to limit the exposure of the high polymer to humid
atmospheric conditions because hydrolysis and cross-linking will occur.

The melt

polymerization route can produce poly(dichlorophosphazene) with molecular weights in
excess of 1,000 kDa, but there is minimal control of the molecular weight dispersity.
Poly(dichlorophosphazene) can also be synthesized by the living cationic
polymerization of a phosphoranamine monomer. Allcock, Manners, and coworkers first
developed this route in the early 1990s.21,22 This polymerization involves the addition of
a

cationic

initiator,

such

as

phosphorus

pentachloride

(PCl5),

to

trichloro(trimethylsilyl)phosphoranamine. The initiator causes the displacement of the
trimethylsilyl group. This creates an active site where polymer chain growth occurs with
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the addition of more monomer. This route has advantages over the thermal ring-opening
route including lower polymerization temperatures (25ºC compared to 250ºC), better
control of the chain length and molecular weight, with good control of the dispersity, and
an active chain end that can be utilized for the synthesis of more complex
macromolecular architectures.

1.4.2 Macromolecular Substitution

The macromolecular substitution of poly(dichlorophosphazene) is the unique
feature of this polymer platform. Substitution reactions allow for a controlled pathway to
introduce multiple side groups that influence the polymer properties. The two chlorine
atoms attached to each phosphorus atom are susceptible to nucleophilic attack by many
different nucleophiles such as alkoxides, aryloxides, and amines.13

While many

polyphosphazenes possess only a single type of side group, multiple substituents can be
covalently linked to the backbone by simultaneous or sequential reactions. The chemical
nature of the side groups and the substitution of the polyphosphazene is what affects the
bulk properties such as solubility, hydrophobicity/hydrophilicity, hydrolytic sensitivity,
glass transition temperature, mechanical stability, and biocompatibility.13 Secondary
reactions can also be utilized that add functionality to the side groups that would
otherwise not survive the initial substitution process.
Since many conventional polymerizations are monomer dependent, this makes the
macromolecular substitution procedure highly advantageous because of the systematic
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control of the material properties via substitution chemistry rather than monomer
polymerizability.

1.4.3 Polyphosphazene Architecture

The macromolecular substitution of poly(dichlorophosphazene) allows for many
different side groups to be covalently linked to the skeleton. This technique makes
polyphosphazenes more versatile than most other polymer systems. Over 250 different
side groups have been used to replace the labile chlorine atoms.13 This has led to many
different phosphazene polymer architectures which include linear polymers, branched or
graft polymers, star polymers, and dendrimers. Copolymers can also be synthesized
using the living cationic route shown in Figure 1-7. This has led to block copolymer
formation with various organic polymers that include polystyrene23,24, poly(methyl
methacrylate)25, poly(ethylene oxide)26,27, and poly(dimethylsiloxane)28,29.
More complex structures that involve hexachlorocyclotriphosphazene, such as
cyclo-linear polymers, have been synthesized with phosphazene rings linked between
linear polymer backbones with polyethylene30,31. The cyclic-phosphazenes have also
been used as side chains for other polymers that include polyethylene32,33, polystyrene34,
polynorbornene35,36, and polyoctenamer37. Finally, because of the multiple functional
groups available in the phosphazene system, three-dimensional cross-linked networks
have been fabricated using the cyclic phosphazene ring.38,39

20
1.4.4 Applications

As stated previously, the side groups determine the material properties of
polyphosphazenes. Polyphosphazenes have inherently flexible backbones due to the
bonding nature of the phosphorus-nitrogen atoms in the backbone.13 This flexibility can
be altered by the use of different side groups, depending on the materials requirements of
an application. Polyphosphazenes also have increased thermo-oxidative stability, and
resistance to visible, ultraviolet, and high energy radiation, compared to most
conventional organic polymers.

These characteristics are useful for many target

applications. Figure 1-8 shows various polyphosphazene structures and their material
applications.13
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Polyphosphazenes that bear etheric side groups, such as poly[bis(2-(2methoxyethoxy)ethoxy)phosphazene], form good ionic conducting membranes.40-43
Polyphosphazenes that possess this side group have very low glass transition
temperatures (Tg) and solvate metal salts very well.

Polymers with trifluoroethoxy

substituents are hydrophobic44-46, fire resistant, and have low Tgs. Trifluoroethoxy side
groups can also create ordered domains, causing crystalline regions to form. Polymers
with amino acid ester side units are hydrolytically unstable, with the rate of hydrolysis
controlled by the molecular size of the side groups.47,48 The hydrolysis products from
these polymers are phosphates, ammonia, ethanol, and the amino acid, all of which are
easily metabolized or excreted by the body.

Amino acid ester substituted

polyphosphazenes have good biocompatibility and have been studied for biomaterials
applications in tissue engineering49 and drug delivery50. Polyphosphazenes that possess
sulfonic acid units covalently linked to the side groups have been studied as membranes
for hydrogen and direct methanol fuel cell membranes.51-53

Other applications for

polyphosphazenes include high refractive index glasses54,55, NLO materials56,57, and
electroluminescent materials58. Perhaps the most established uses for polyphosphazenes
are as high technology elastomers for aerospace applications.

1.4.5 Polyphosphazenes as Biomaterials

The use of polymers for biomaterials is rapidly growing.

Specifically,

biocompatible polymers that hydrolyze into benign small molecules are receiving great
attention for use in implantable devices.

Although organic polymers, such as
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poly(lactide-co-glycolide) (PLGA) and polycaprolactone (PCL), have received most of
the attention in this area, polyphosphazenes have recently been gaining notice in
biomedicine. Polyphosphazenes have great synthetic versatility to attain a given set of
requirements for the specific application because the macromolecular substitution
process. Also, the hydrolysis rates of the polymers can be controlled and the products are
non-toxic.48

Researchers have shown the in vitro and in vivo biocompatibility of

polyphosphazenes, and this makes them ideal candidates for biomaterials.49,59
Polyphosphazenes have been studied for many different biomedical applications.
Hydrolytically stable polyphosphazenes have been investigated for cardiovascular
applications, contact lenses, and dental materials. Polyphosphazene surfaces have been
used to evaluate cell adhesion and growth, as well as immobilization of enzymes and
other bioactive agents. Water-soluble polyphosphazenes and polyphosphazene hydrogels
have been examined for applications for different forms of drug delivery that include the
delivery of anti-tumor agents and steroids. Bioerodible polyphosphazenes have also been
investigated for tissue engineering applications and controlled drug release vehicles.
The hydrolytically sensitive polyphosphazenes are some of the more unique and
useful polymers that have been studied as biomaterials. Backbone hydrolysis depends on
the side groups, and the specific side groups that impart this ability include amino acid
esters48, glucosyl60, glycerol61, imidazole62, lactide63, and glycolide63.

Conversely,

phenolic and fluorinated side groups can slow the hydrolysis rate. Thus, co-substitution
is often utilized to control the rate of hydrolysis by protecting the polymer backbone.
The hydrolysis of the phosphazene skeleton is believed to proceed through the
intermediate formation of P-OH units that form after the organic side groups have been
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removed during hydrolysis. The side groups are displaced during hydrolytic attack,
followed by conversion to a phosphazane, after migration of the proton from oxygen to
nitrogen. This causes rapid formation of phosphates, ammonia, and the organic side
group. While the mechanism changes somewhat with the chemical nature of side groups,
a general mechanism for hydrolysis is shown in Figure 1-9.
My research is focused on the synthesis of novel polyphosphazenes for uses as
tissue engineering scaffolds when blended with PLGA. The materials properties that are
necessary include biocompatibility, hydrolytic sensitivity, and the ability to form miscible
blends with PLGA. The polyphosphazene component of the polymer blend acts as a pH
neutralizer to the acidic hydrolysis products lactic acid and glycolic acid formed during
hydrolytic degradation of PLGA (a serious concern when using PLGA as a tissue
scaffold). The following chapters will outline the use of dipeptide ethyl ester substituted
polyphosphazenes and their ability to blend with PLGA. Polyphosphazenes were also
synthesized to contain the biological buffer tris(hydroxyl methyl)amino methane and
these polyphosphazenes were blended with PLGA.

Block copolymers of several

different polyesters were covalently linked to a polyphosphazene backbone.

Finally,

DNA bases and multi-functional amino acids were also covalently linked to the
polyphosphazene skeleton and their syntheses are outlined.
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Chapter 2

The Miscibility of Bioerodible Polyphosphazene/Poly(lactide-co-glycolide) Blends

2.1 Introduction

Synthetic biodegradable polymers have generated extensive interest for
applications that range from drug delivery to tissue engineering.1-4 A biodegradable
polymer must yield non-toxic degradation products and, depending on the application,
the polymer must degrade at a specified rate. Classical polymers that have been studied
as

biodegradable

matrices

include

polyesters5,6,

polyethers7,

polyamides8,

polyanhydrides9, and polycarbonates.10
Poly(lactide-co-glycolide) (PLGA) polymers have been studied in greatest detail
partly because of their FDA approved status for some biomedical applications.1-5 PLGA
has many useful characteristics for medical applications such as the biocompatibility of
the hydrolysis products.11 Moreover, the degradation rate is controllable via the ratio of
the co-monomer residues12, the degradation products are metabolized by the body11,13,
and PLGA has good structural integrity14. However, the use of PLGA is hindered by the
acidity of the hydrolysis products and by its bulk erosion characteristics12 which lead to
catastrophic failure of structural devices derived from this polymer. One method for
circumventing these problems is to incorporate PLGA into polymer blends with other
macromolecules that might control the hydrolysis rate, as well as reduce the acidity of the
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hydrolysis products. Polyphosphazenes are potentially the best candidates to achieve this
objective.15
Polyphosphazenes are inorganic-organic hybrid polymers that are highly
tailorable via the macromolecular substitution method used for their synthesis. More
than 250 different side groups have been linked to phosphazene chains.15 Different side
groups generate widely differing properties.15,16

Specific polyphosphazenes have

received much attention as potential biomaterials.17,18

A few polyphosphazenes are

hydrolytically sensitive. Amino acid ester17, glucosyl19, glyceryl20, and lactide21 and
glycolide21 ester side groups sensitize the polymers to hydrolysis. The amino acid ester
derivatives hydrolyze to biocompatible products such as the amino acid, ethanol,
phosphate, and ammonia.15,17,22 This creates a pH buffer effect that has been shown by
Ibim et al. to control the pH of a well known polyphosphazene blended with PLGA.23
Previous blend studies of PLGA with polyphosphazenes that bear glycine ethyl
ester side groups showed miscibility with PLGA at a ratio of 50:50 lactide to glycolide.23
However, only semi-miscible blends were obtained when the lactide to glycolide ratio
was changed to 85:15.24 Miscibility was attributed to the hydrogen bonding that occurs
between the protons attached to the nitrogen of the glycine substituents and the carbonyl
units of PLGA.23
The work described here uses polyphosphazenes that contain the dipeptide glycylglycine ethyl ester units as side groups linked to a polyphosphazene chain, together with
varying ratios of glycine ethyl ester side groups. Glycyl-glycine ethyl ester units contain
both amide and amine protons that can participate in hydrogen bonding. This increased
hydrogen bonding capacity could increase the ability of these polymers to form miscible
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blends with PLGA. Thus, these novel polyphosphazenes were blended with PLGA
[(50:50) and (85:15)], and the miscibility was studied with the use of differential
scanning calorimetry (DSC) and scanning electron microscopy (SEM). A qualitative
analysis of the hydrogen bonding was obtained using attenuated total reflectance infrared
spectroscopy

(ATRIR).

The

most

miscible

blends

contained

poly[(ethyl

glycinato)0.5(glycyl-ethyl glycinato)1.5phosphazene] with PLGA (50:50) and (85:15).
These miscible blends were then immersed in aqueous media for 12 weeks, and
hydrolysis of the solid films was monitored using gel permeation chromatography and
SEM, together with pH measurements of the aqueous media.

2.2 Experimental

2.2.1 Reagents and Equipment

All reactions were carried out under a dry argon atmosphere using standard
Schlenk line techniques. Tetrahydrofuran (EMD) and triethylamine (EMD) were dried
using solvent purification columns.25 Glycyl-glycine ethyl ester hydrochloride (MPBio),
glycine ethyl ester hydrochloride (Aldrich), and poly(lactic-co-glycolic acid) (50:50 –
Mw = 75 000 g/mol; and 85:15 – Mw = 80 000 g/mol) (Aldrich) were used as received.
Poly(dichlorophosphazene), reactive intermediate 1, was prepared by the thermal ringopening polymerization of recrystallized and sublimed hexachlorocyclotriphosphazene in
evacuated Pyrex tubes at 250°C. All
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P and 1H NMR spectra were obtained with a

Bruker 360 WM instrument operated at 145 MHz and 360 MHz, respectively. Glass
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transition temperatures were determined with a TA Instruments Q10 differential scanning
calorimetry apparatus with a heating rate of 10°C/min and a sample size of ca. 10 mg.
Gel Permeation chromatograms were obtained 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-butylammonium nitrate in THF. The elution
times were calibrated with polystyrene standards. ATRIR samples were analyzed using
a Digilab FTS 7000 spectrometer with a zinc selenide ATR crystal, with 32 scans per
sample. A conventional dual-stage scanning electron microscope (SEM) (FEI-Philips
XL-20) was used to study the surface morphology of the degrading films. All samples
were gold coated, and an accelerating voltage of 20kV was used with an 8 mm working
distance. Water contact angle measurements were obtained using a Rame’-Hart contact
goniometer. Ultrapure water (Millipore System, 18 MΩ) was dispensed from a needle,
with a droplet size of 12 µL.

pH measurements were obtained using a Beckman Ф 31

pH meter.

2.2.2 Synthesis of poly[(glycyl-ethyl glycinato)x(ethyl glycinato)yphosphazene]
(polymers 2-4)

The syntheses of all the polymers were carried out in a similar manner (Figure 21).

The procedure for polymer 2 is given as a representative example.

Poly(dichlorophosphazene) (1) (1.0 g, 8.6x10-3 mol) was dissolved in dry THF (100 mL).
Glycine ethyl ester hydrochloride (0.60 g, 0.0043 mol) was suspended in THF (25 mL)
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with triethylamine (1.3 mL, 0.0095 mol). This suspension was refluxed for 24 h. It was
then cooled, filtered, and added to the stirred poly(dichlorophosphazene) solution.
Glycyl-glycine ethyl ester hydrochloride (3.4 g, 0.017 mol) was suspended in THF (75
mL) with triethylamine (5.1 mL, 0.036 mol). This suspension was also refluxed for 24 h.
It was then cooled, filtered, and added to the polymer solution. The resultant solution
was stirred at room temperature for 48 h.

The reaction mixture was then filtered,

concentrated, and precipitated into hexanes. Polymer 2 was purified by dialysis versus
methanol (3 times) and ethanol (twice), and was then isolated by precipitation into
hexanes. The product was a tough, pale yellow solid. Polymer yields were 65-70%.

2.2.3 Synthesis of poly[bis(glycyl-ethyl glycinato)phosphazene] (polymer 5)

Poly(dichlorophosphazene) (1) (1.0 g, 8.6x10-3 mol) was dissolved in THF (100
mL). Glycyl-glycine ethyl ester hydrochloride (6.8 g, 0.035 mol) was suspended in THF
(100 mL) with triethylamine (10.8 mL, 0.077 mol). This suspension was refluxed for 24
hours. It was then cooled, filtered, and added dropwise to the poly(dichlorophosphazene)
solution. A noted increase in viscosity was observed as the glycyl-glycine ethyl ester
solution was being added to the polymer solution. The mixture turned yellow and was
stirred for 120 hours at room temperature. The polymer solution was then filtered,
concentrated, and precipitated into hexanes. Purification utilized dialysis vs. methanol
(3X) followed by isolation by precipitation into hexanes. A brittle, yellow polymer was
isolated with a yield of 72%.

37
2.2.4 Synthesis of poly[bis(ethyl glycinato)phosphazene] (polymer 6)

The synthesis of polymer 6 followed previous procedures.17

2.2.5 Formation of Polymer Blend Matrices

Blends comprised of polymers 2-6 with PLGA (50:50) and PLGA (85:15) were
obtained containing the following mole ratios of polymers 2-6 to PLGA: 25:75, 50:50,
and 75:25. Polymers 2-6 and PLGA, total weight of 400 mg, were dissolved separately
in 1 mL of chloroform for 24 h. The polymer solutions were combined and stirred for
another 4 h. Films were then cast in Teflon trays and allowed to air dry for 24 h and were
vacuum dried for 96 h.

2.2.6 Static water contact angle measurements

Solutions containing a total of 400 mg of polymer in 2 mL of chloroform were
spun cast (1000 rpms, 1 min) onto glass slides. Each sample was analyzed using ImageJ
software.

2.2.7 Hydrolysis study of polymer blend matrices

Films were fabricated as described previously using polymer 2 with PLGA
(50:50) or PLGA (85:15). Each blend consisted of polyphosphazene-to-PLGA ratios of
25:75, 50:50, and 75:25, and each was compared with the pristine polymers. The films
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were cut into 1 cm x 1 cm squares of 500 micron thickness. The solid samples were
placed in 10 mL of deionized water (pH 6) and maintained at 37°C in a constant shaker
bath. Three samples of polymer were removed at weeks 1, 4, 7, 10, and 12. The solid
samples were dried under vacuum for 2 weeks and were characterized by GPC in THF
solvent and SEM techniques. The pH of each aqueous medium was analyzed using a pH
meter.

2.3 Results

2.3.1 Synthesis and characterization of polymers 2-6

Synthesis of the polymers was achieved via macromolecular substitution with use
of a two-step process. Thus, the thermal ring opening of hexachlorocyclotriphosphazene
to the reactive intermediate, polymer 1, was followed by sequential replacement of the
chlorine atoms in the polymer by the amino acid substituents, as shown in Figure 2-1.
For polymers 2-4, glycine ethyl ester was used in stoichiometric amounts, and the
substitution was completed using an excess of glycyl-glycine ethyl ester. Structural
characterization was accomplished by
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P and 1H NMR spectroscopy and by GPC, as

shown in Table 2-1. Side group ratios were estimated using 1H NMR spectroscopy by
comparing the α-carbon atoms on the glycine ethyl ester units to the α-carbons on the
glycyl-glycine ethyl ester. The actual substitution ratios were within three percent of the
calculated substitution amounts.
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Figure 2-1: Synthesis of polymers 2-6 via macromolecular substitution of polymer 1.
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Table 2-1: Physical characteristics of polymers 2-6 and PLGA.
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1

Tg

Mw

(°C)

(g/mol)

2

47.7

56 900

2.1

3.4

3

26.3

52 300

2.4

3.2

4

-8.5

44 700

2.2

2.8

5

56.4

45 800

2.2

3.6

4.1, 2.6, 1.1

6

-15.7

52 600

2.1

1.5

4.2, 3.7, 1.3

PLGA (50:50)

52.3

75 300

–

–

–

PLGA (85:15)

55.6

80 000

–

–

–

Polymer

PDI

P NMR

(ppm)

H NMR
(ppm)

4.1, 3.6, 1.7,
1.4, 1.2
4.1, 3.7, 1.7,
1.5, 1.1
4.0, 3.6, 1.7,
1.6, 1.2
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The glass transition temperatures of the component polymers, determined by
DSC, are shown in Table 2-1. The glass transition temperature increased as the amount
of glycyl-glycine ethyl ester in the polyphosphazene increased. This is attributed to a
substantial hydrogen bonding network that is formed from the amide linkage in glycylglycine ethyl ester and the amine proton located adjacent to the backbone on both
substituents. These protons are accessible to both intra- and intermolecular hydrogen
bond formation with the adjacent carbonyl, amide, or amine functionalities, as shown in
Figure 2-2.

The carbonyl hydrogen bonding was confirmed by ATRIR, with the

formation of a new band at 1735 cm-1.26 This shift was detected in polymers 2-6, with
polymer 6 showing evidence of two shifts of equal intensities at 1735 cm-1 and 1750 cm1

.
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Figure 2-2: Potential hydrogen bonding network that is generated within polymers 2-5

from the glycyl-glycine ethyl ester substituent. This creates a network of tightly bound
protons that restrict the backbone motion. A similar hydrogen bonding system occurs
with the glycine ethyl ester substituent.
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Extensive hydrogen bonding creates a network that counteracts the inherent
flexibility of the phosphazene backbone. Hydrogen bonding may also occur with the
amino proton next to the polymer skeleton or with the backbone nitrogen atoms as well,
which would generate a stronger network that further limits the motion of the backbone.

2.3.2 Formation of polymer blend matrices with PLGA

The blended films were characterized using DSC, described in Table 2-2, and
SEM techniques to determine polymer miscibility. Miscible blends were obtained with
PLGA 50:50, where a single transition in the thermogram was detected, with the
exception of polymers 4 and 5. Three compositions of polymer 2: PLGA (50:50) (25:75,
50:50, and 75:25) showed single glass transitions at 19.4°C, 21.2°C, and 23.9°C,
respectively. Completely miscible blends of polymer 3:PLGA (50:50) (25:75, 50:50, and
75:25 blend compositions) showed single thermal transitions at 14.3°C, 26.9°C, and
27.4°C, respectively. Polymer 6:PLGA (50:50) blends (25:75, 50:50, and 75:25 blend
compositions) showed single thermal transitions at 13.9°C , 13.4°C , and 14.9°C,
respectively. Films that contained 25% of polymers 4 or 5 gave completely miscible
blends with PLGA (50:50), with single thermal transitions occurring at 17.7°C or 17.2°C,
respectively. SEM studies further supported this evidence, with no phase separation
being detected for any of the blended films that were miscible by DSC. This data gives
evidence that the miscibility is formed with an increasing amount of dipeptide, but some
glycine ethyl ester is needed. The glycine ethyl ester side group increases the solubility
and lowers the glass transition temperature, presumably making the hydrogen bonding
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protons more available to PLGA (50:50). Thus, it is proposed that miscibility occurs
when extensive hydrogen bonding that involves the interaction of the amide or amine
protons on the phosphazene and the carbonyl units in the backbone of PLGA, as shown in
Figure 2-3.
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Table 2-2: Glass transition data of polymers 2-6 when blended with PLGA (50:50).

Blend

PLGA (50:50):
polymer 2
PLGA (50:50):
polymer 3
PLGA (50:50):
polymer 4
PLGA (50:50):
polymer 5
PLGA (50:50):
polymer 6

% PPhos

25
50
75
25
50
75
25
50
75
25
50
75
25
50
75

Tg Blend
(°C)
19.4
21.2
23.9
14.3
26.9
27.4
17.7
22.3
20.3
17.2
24.8
19.9
13.9
13.4
14.9

Tg PPhos
(°C)
–
–
–
–
–
–
–
-5.6
-7.4
–
–
59.2
–
–
–

Tg PLGA
(°C)
–
–
–
–
–
–
–
–
–
–
43.4
38.3
–
–
–
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Figure 2-3: The disruption of hydrogen bonding when PLGA is added to polymers 2-5.

Hydrogen bonding occurs between the carbonyl oxygen of PLGA and the amino protons
on the peptide side group.
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Only polymer 2 formed completely miscible blends with PLGA (85:15), outlined
in Table 2-3, at all compositions, with single thermal transitions at 26.2°C for the 25:75
2:PLGA (85:15) blend, 39.6°C for the 25:75 2:PLGA (85:15) blend, and 46.3°C for the

25:75 2:PLGA (85:15) blend, respectively. Films of the blends that contained 25% of
polymers 4 and 6 with PLGA (85:15) also formed completely miscible blends with
PLGA (85:15), with single thermal transitions at 25.0°C and 17.5°C, respectively. All
other blends containing polymers 3-6 and PLGA (85:15) showed a transition that was
evidence for partially miscibility, but multiple thermal transitions were detected
indicative of phase-separated polymers. This could be due to the restriction of hydrogen
bonding between polymers 3-6 and PLGA (85:15) or the inability of PLGA (85:15) to
break up the tightly hydrogen bonded network present within the polyphosphazenes
domains. Polymer 5 did not form a miscible blend with PLGA because it was only
partially soluble in chloroform or THF. For polymers 3, 4 and 6, it is speculated that
insufficient hydrogen bonding protons are present to interact with the carbonyl units of
PLGA (85:15), perhaps due to steric effects generated by the methyl group on the lactide
repeat unit. This interpretation was also supported by ATRIR experiments, where the
detected carbonyl stretch located at 1750 cm-1 is indicative of nonhydrogen bonded free
carbonyl groups, described in Table 2-4.

48
Table 2-3: Glass transition data of polymers 2-6 when blended with PLGA (85:15).

Blend

PLGA (85:15):
polymer 2
PLGA (85:15):
polymer 3
PLGA (85:15):
polymer 4
PLGA (85:15):
polymer 5
PLGA (85:15):
polymer 6

% PPhos

25
50
75
25
50
75
25
50
75
25
50
75
25
50
75

Tg Blend
(°C)
26.2
39.6
46.3
20.6
26.1
22.7
25.0
26.2
22.9
23.9
31.2
25.5
17.5
20.5
21.7

Tg PPhos
(°C)
–
–
–
–
–
–
–
-4.7
-8.4
–
62.3
63.4
–
–
–

Tg PLGA
(°C)
–
–
–
43.0
48.7
50.5
–
48.5
43.2
38.5
48.8
41.3
–
36.2
43.7
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PLGA
1750 cm-1

1737 cm-1

2400

2200

2000

1800

Blend

1600

1400

1200

1000

Wavenumber

Figure 2-4: Example ATRIR spectra of PLGA and a polymer blend of polymer 2 with

PLGA. The carbonyl vibrational shift changes in the blend, indicative of hydrogen
bonding between the polymer components.
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Table 2-4: ATRIR data for Polymer 2 and the blends of PLGA with polymer 2.
a

Shoulder to the majority peak.
N-H Stretch
(cm-1)
3300

C=O Stretch
(cm-1)
1736

Amide I
(cm-1)
1644

Amide II
(cm-1)
1558, 1547, 1259

75% PLGA
(50:50): 25%
polymer 2

3300

1749, 1735a

1636

1559, 1942, 1268

50% PLGA
(50:50): 50%
polymer 2

3300

1734, 1750a

1636

1558, 1540, 1259

25% PLGA
(50:50): 75%
polymer 2

3300

1734

1636

1559, 1542, 1261

75% PLGA
(85:15): 25%
polymer 2

3300

1734, 1750a

1635

1560, 1540, 1266

50% PLGA
(85:15): 50%
polymer 2

3300

1734, 1750a

1636

1559, 1540, 1266

25% PLGA
(85:15): 75%
polymer 2

3300

1734, 1750a

1636

1560, 1540

Composition

Polymer 2
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A feature of polymers 2, 3, and 5 blended with PLGA was the plasticizing effect
by each polymer on the other. The glass transition temperatures of polymers 2, 3, and 5
and of PLGA were higher than the glass transition temperatures of the blended materials.
From a thermodynamic viewpoint, if the polymers are completely miscible, the glass
transition temperature of the blend should fall between those of the parent polymers. The
fact that this transition appears at a lower temperature than either of the two component
polymers is therefore difficult to explain.

Hydrogen bonding between the polymer

systems probably favors miscibility. However, the hydrogen bonding network associated
with polymers 2, 3, and 5 appears to be disrupted by the addition of PLGA. This was
detected by ATRIR when comparing the pure polyphosphazene to the blend. The pure
polyphosphazene had a significant carbonyl band at 1735 cm-1 that is indicative of a
hydrogen bonded carbonyl function. Two peaks were detected for the blend, at 1750 cm1

and 1735 cm-1, with the former showing evidence of carbonyl units that were hydrogen

bonded. Polymers 2, 3, and 5 probably disrupt the crystalline order of PLGA. This was
suggested by DSC scans which indicated a loss of the hysteresis transition that is
observed with PLGA alone. These interactions between the polymers appear to involve a
mutual plasticization that allows more chain mobility.
Polymer 2, PLGA (50:50), PLGA (85:15), and the corresponding blends of these
polymers were also studied for their hydrophobicity. PLGA (50:50) showed consistent
water contact angles of at the surface of 73º, with PLGA (85:15) and polymer 2 having
static water contact angles of 84º. The blends of polymer 2 and PLGA (50:50) gave
consistent water contact angles of 83º and blends of polymer 2 and PLGA (85:15) gave
consistent water contact angles of 84º. From these water contact angles it was concluded
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that none of the blended polymer films were hydrophilic at the surface and thus inhibiting
the uptake of water into the solid film.

2.3.3 Hydrolysis of polymer 2/PLGA blends

Polymer 2 was blended with PLGA (50:50) and PLGA (85:15) in mass
compositions of 25:75, 50:50, and 75:25 polymer 2:PLGA, and then cast into films. The
solid films were allowed to hydrolyze in an aqueous medium for 12 weeks. Hydrolysis
of the blends was compared to the hydrolysis behavior of the pure polymers. The pH,
molecular weight loss, and surface degradation were monitored over that period of time.
Polymer 2 was used because it was completely miscible with PLGA (50:50) and (85:15).
Unblended polymer 2 was completely hydrolyzed in less than one week and no
solid film remained. Pure PLGA (50:50) was completely hydrolyzed after a period of
four weeks whereas, when blended with polymer 2, it had retained a significant
molecular weight (Mw = 7500 g/mol ) of PLGA (50:50) at four weeks. Figure 2-5 shows
that blended films composed of 25% polymer 2 and 75% of PLGA (50:50) underwent a
90% decrease in molecular weight after four weeks. After seven weeks the solid films of
all blend compositions were completely hydrolyzed. At no time was evidence obtained
by GPC that polymer 2 resisted hydrolysis.
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P NMR spectroscopy supported this

evidence because a sharp peak at 0 ppm from phosphates replaced the peak from the
polyphosphazene. Figure 2-6 shows the SEM images of the solid films at weeks one and
four. The rough surface is indicative of surface hydrolytic degradation.

% Molecular Weight Remaining
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100%
80%
25% PPhos

60%

50% PPhos
75% PPhos

40%

PLGA 50:50

20%
0%
0

5

10
Weeks

Figure 2-5: Hydrolytic degradation profile of polymer 2 blended with PLGA (50:50).

The standard deviation for each time point is as follows: Week 1- 25% Polymer 2:
0.67%; 50% Polymer 2: 0.76%; 75% Polymer 2: 2.83%. Week 4- 25% Polymer 2:
2.24%; 50% Polymer 2: 0.27%; 75% Polymer 2: 0.27%.
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A

B

Figure 2-6: PLGA (50:50):Polymer 2 blends of week 1 (A) and week 4 (B).
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The hydrolysis of PLGA (85:15) was also retarded when it was blended with all
the variants of polymer 2, as shown in Figure 2-7. Pristine PLGA (85:15) showed a
decrease in molecular weight four weeks (Mw = 68 500 g/mol). However, after 12 weeks,
only a 28% (Mw = 57 600 g/mol) decrease occurred in the molecular weight of PLGA
(85:15) when it was blended with polymer 2. The molecular weight decline of pure
PLGA is accelerated by the acidity of the surrounding solution. The SEM images shown
in Figure 2-8 illustrate the increased roughness of the blend caused by surface hydrolysis.
This roughness is probably aided by the faster hydrolysis of the phosphazene component
of the film.

% Molecular Weight Remaing
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Figure 2-7: Hydrolytic degradation profile of polymer 2 blended with PLGA (85:15).

The standard deviation for each time point is as follows: Week 1- 25% Polymer 2:
0.19%; 50% Polymer 2: 0.31%; 75% Polymer 2: 0.56%. Week 4- 25% Polymer 2:
3.64%; 50% Polymer 2: 1.01%; 75% Polymer 2: 0.80%. Week 7- 25% Polymer 2:
6.40%; 50% Polymer 2: 0.45%; 75% Polymer 2: 1.83%. Week 10- 25% Polymer 2:
2.15%; 50% Polymer 2: 1.63%; 75% Polymer 2: 3.13%. Week 12- 25% Polymer 2:
4.73%; 50% Polymer 2: 0.76%; 75% Polymer 2: 0.63%.
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Figure 2-8: PLGA (85:15): Polymer 2 blends of weeks 1 (A), 4 (B), 7 (C), 10 (D), and

12 (E).
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Thus the rate of molecular weight decline of PLGA was retarded by the
hydrolysis products from polymer 2. This suggests that the acidity generated by the
hydrolysis of PLGA is slightly buffered by the phosphates and ammonia produced from
the hydrolyzed phosphazene backbone.

This slows the acid catalyzed hydrolysis of

PLGA.27 As shown in Figure 2-9, the hydrolysis of polymer 2 gave aqueous media with
a pH of 5.5 to 6. However, when the blend containing 75% of polymer 2 and 25% of
PLGA (50:50), pH 4 was detected after 12 weeks, whereas non-blended PLGA (50:50)
generates a hydrolysis medium with pH 2.5. Thus, as the amount of polymer 2 in the
blend is increased, the pH of the solution is raised slightly, but significantly.
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Figure 2-9: pH of PLGA (50:50)/polymer 2 blends in aqueous media.
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2.4 Conclusions

Novel polyphosphazenes that contain varying ratios of glycyl-glycine ethyl ester
dipeptide have the ability to form miscible blends with PLGA (50:50) as well as with
PLGA (85:15). This is due to the strong hydrogen bonding between the constituents.
The most useful ratio of glycyl-glycine ethyl ester to glycine ethyl ester in the
polyphosphazene was 75% glycyl-glycine ethyl ester and 25% glycine ethyl ester
(Polymer 2). A plasticizing effect was detected in these blends that is probably due to the
disruption of the hydrogen bonding network formed within the pristine polyphosphazene.
Complete hydrolysis of this polymer 2 occurs in less than a week, but polymer 2 retards
the hydrolysis of PLGA, due to the buffering capability of the polyphosphazene
hydrolysis products.

These results suggest a method for fine tuning the hydrolytic

erosion behavior of PLGA in a way that may be beneficial for tissue engineering
matrices, drug delivery, and device design.
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Chapter 3

Polyphosphazenes that Contain Dipeptide Side Groups: Synthesis,
Characterization, and pH Sensitivity

3.1 Introduction

The need for new biomedical materials is a driving force for the development of
synthetic macromolecules.

Polymeric materials with backbones based on synthetic

polypeptides have generated a great deal of interest because new synthetic methods have
led to the development of controllable molecular architectures and functionalities that can
subsequently be tuned for the specific application.1,2 These polymers have potential
applications in scaffolds for tissue engineering3, membranes4, surgical adhesives5, and
antimicrobial materials6. However, the insolubility of synthetic polypeptides and their
sensitivity to thermal decomposition has limited the usefulness of biomaterials based on
other polymers. Thus, the incorporation of peptides into other polymer systems has been
explored as a method to overcome these complications.
Polyphosphazenes are highly tunable due to the macromolecular substitution
synthetic route that is often employed.

By changes to the polymer side groups,

polyphosphazenes have been designed for ionic conduction7-9, fire retardance10,
superhydrophobicity11, and various levels of hydrolytic sensitivity12.

Hydrolytically

sensitive polyphosphazenes have recently received a great deal of attention for
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applications as biomaterials.13-16 Hydrolytic sensitivity is typically achieved with the use
of amino acid ester side groups that are linked to the polyphosphazene backbone via the
free -NH2 terminus. The hydrolytic sensitivity of these polymers is controlled by the
molecular structure at the α-carbon at the amino acid17 as well as by co-substitution with
other organic groups along the polyphosphazene backbone18. The hydrolytic sensitivity
of polyphosphazenes is also pH-dependent.

When poly[(ethyl glycinato)1(p-methyl

phenoxy)1 phosphazene] was blended with poly(lactide-co-glycolide) (PLGA), the
hydrolysis rate was increased by the presence of an acidic environment created by the
degradation of PLGA.19 The -NH2 terminus of peptides can also be utilized for chlorine
replacement with poly(dichlorophosphazene).
In this study, we have synthesized three different dipeptide ethyl esters using the
mixed anhydride coupling method to give: alanyl-glycine ethyl ester, valinyl-glycine
ethyl ester, and phenylalanyl-glycine ethyl ester. These dipeptide ethyl esters were used
as amino-functional nucleophilic reagents to replace the chlorine atoms of
poly(dichlorophosphazene).
phenylalanine

ethyl

ester

However, the dipeptides valinyl-glycine ethyl ester and
did

not

replace

all

the

chlorine

atoms

in

poly(dichlorophosphazene), and these dipeptides were therefore used together with
glycine or alanine ethyl esters to ensure 100% chlorine replacement. The alanyl-glycine
ethyl ester side group was the only dipeptide that replaced all the chlorine atoms along
the polyphosphazene backbone.
analyzed with

The chemical composition of each polymer was

31

P and 1H NMR spectroscopy. Molecular weights and glass transition

temperatures were also measured using GPC and DSC techniques, respectively.
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Hydrolysis experiments were carried out with the use of aqueous buffered media at pH
4.0, pH 7.0, and pH 10.0.

3.2 Experimental

3.2.1 Reagents and Equipment

All reactions were carried out under a dry argon atmosphere using standard
Schlenk line techniques. Tetrahydrofuran and triethylamine (EMD) were dried using
solvent purification columns.20 Chloroform (EMD), isobutyl chloroformate (Aldrich),
Boc-phenylalanine, Boc-valine, Boc-alanine (Aroz Technologies), alanine ethyl ester
hydrochloride (Chem Impex) and glycine ethyl ester hydrochloride (Alfa Aesar) were
used as received. Poly(dichlorophosphazene) was prepared by the thermal ring-opening
polymerization of recrystallized and sublimed hexachlorocyclotriphosphazene (Fushimi
Chemical Co., Japan) in evacuated Pyrex tubes at 250°C.

31

P and 1H NMR spectra were

obtained with use of a Bruker 360 WM 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°C/min and a sample
size of ca. 10 mg. Gel permeation chromatograms were obtained using a HewlettPackard HP 1100 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-butylammonium
nitrate in THF. The elution times were calibrated with polystyrene standards.
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3.2.2 Synthesis of Boc-alanyl-glycine ethyl ester

Chloroform (135 mL) was cooled to -15ºC, then Boc-alanine (25.0 g, 132 mmol)
and triethylamine (36.8 mL, 264 mmol) were added sequentially. This mixture was
stirred at 15ºC for five minutes before the addition of isobutyl chloroformate (IBCF)
(17.23 g, 132 mmol). The mixture was then stirred at -15ºC for two minutes, followed by
the addition of glycine ethyl ester hydrochloride (18.5 g, 132 mmol). The reaction
mixture was stirred for four hours at -15ºC, and then slowly allowed to warm to room
temperature, while stirred overnight. The solvent was removed under reduced pressure
and an oily residue remained. The residue was dissolved in ethyl acetate and was washed
sequentially with deionized water, 20% citric acid (aq), deionized water, saturated
sodium bicarbonate, and deionized water. The organic layer was dried with magnesium
sulfate and the solvent was removed under reduced pressure, to yield a viscous oil. The
yield was approximately 80%. 1H NMR (D2O), ppm: δ 1.16 (t, 3H, CH3), 1.34 (m, 12H,
CH3), 3.80 (m, 4H, CH2), 4.04 (q, 1H, CH). m/z = 275 g/mol.

3.2.3 Synthesis of Boc-valinyl-glycine ethyl ester
1

H NMR (D2O), ppm: δ 0.87 (d, 3H, CH3), 0.90 (d, 3H, CH3), 1.21 (t, 3H, CH3),

1.38 (s, 9H, CH3), 2.10 (m, 1H, CH), 3.96 (m, 4H, CH2), 4.13 (q, 1H, CH). m/z = 292.
Yield of 82%.
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3.2.4 Synthesis of Boc-phenylalanyl-glycine ethyl ester
1

H NMR (D2O), ppm: δ 1.20 (t, 3H, CH3), 1.38 (s, 9H, CH3), 2.98 (d, 2H, CH2),

3.82 (m, 4H, CH2), 4.86 (t, 1H, CH), 7.05 (m, 5H, aromatic). m/z = 350. Yield of 85%.

3.2.5 Deprotection of Boc-alanyl-glycine ethyl ester

Boc-alanyl glycine ethyl ester (48.0 g, 0.221 mol) was dissolved in 200mL of
ethyl acetate, and 100 mL of 6 M HCl in ethyl acetate was added to this solution. The
solution was stirred for four hours at room temperature. The solvent was removed under
reduced pressure and an adhesive oil remained. The oil was tritrated with diethyl ether
and was dried under reduced pressure. The final product was recovered as a white,
crystalline product. The final yield was 87%. 1H NMR (D2O), ppm: δ 1.02 (d, 3H, CH3),
1.12 (t, 3H, CH3), 3.40 (q, 1H, CH), 3.92 (s, 2H, CH2), 4.03 (q, 2H, CH2). m/z = 162.

3.2.6 Deprotection of Boc-valinyl-glycine ethyl ester
1

H NMR (D2O), ppm: δ 0.89 (d, 6H, CH3), 1.10 (t, 3H, CH3), 2.09 (m, 1H, CH),

3.69 (d, 1H, CH), 4.05 (m, 4H, CH2). m/z = 190. Yield of 83%.

3.2.7 Deprotection of Boc-phenylalanyl-glycine ethyl ester
1

H NMR (D2O), ppm: δ 1.12 (t, 3H, CH3), 2.90 (d, 2H, CH2), 3.80 (m, 1H, CH),

3.90 (m, 4H, CH2), 7.12 (m, 5H, aromatic). m/z = 238. Yield of 85%.
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3.2.8 Synthesis of cyclic trimers 2-4

The synthesis of the model compound cyclic trimers 2-4 followed similar
procedures.

The

synthesis

of

4

is

given

as

a

representative

example.

Hexachlorocyclotriphosphazene (1.00 g, 2.88 mmol) was dissolved in toluene (100 mL).
Phenylalanyl-glycine ethyl ester hydrochloride (8.25 g, 28.8 mmol) and triethylamine
(10.0 mL, 71.9 mmol) were added to the solution. The mixture was stirred at room
temperature for 24 hours.

Some degree of substitution was detected by

31

P NMR:

however, complete chlorine replacement was not achieved. Therefore, the solution was
refluxed for 24 hours.

31

P NMR analysis determined that the product had precipitated

from solution. The recovered precipitate was insoluble and no further characterization
was attempted. The cyclic trimers 2 and 3 also had some degree of substitution after
mixing at room temperature, but the product became insoluble after reflux.

3.2.9 Synthesis of polymer 6

Poly(dichlorophosphazene) (2.00 g, 17.3 mmol) was dissolved in THF (200 mL).
Alanyl-Glycine ethyl ester hydrochloride (8.18 g, 36.2 mmol) was suspended in 200 mL
of THF and triethylamine (12.1 mL, 86.5 mmol) was added. This suspension was
refluxed for 24 hours, and then filtered and added to the polymer solution. The resultant
solution was stirred at room temperature for 24 hours, and then refluxed for 48 hours.
The solvent was removed under reduced pressure to yield a yellow solid. This was
dialyzed against ethanol for 3 days. A final yield of 73% was recovered.
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3.2.10 Synthesis of polymers 7-12

Polymers 7-12 were synthesized using similar procedures. Polymer 7 is described
as a representative example.

Poly(dichlorophosphazene) (2.00 g, 17.3 mmol) was

dissolved in 200 mL of THF. Alanyl-Glycine ethyl ester hydrochloride (3.90 g, 17.3
mmol) was suspended in 150 mL of THF, and triethylamine (7.23 mL, 51.9 mmol) was
added. This suspension was refluxed for 24 hours, then filtered and added to the polymer
solution. Glycine ethyl ester hydrochloride (7.25 g, 51.9 mmol) was suspended in 150
mL of THF and triethylamine (24.1 mL, 173 mmol) was added. This suspension was
refluxed for 24 hours, then filtered and added dropwise to the polymer solution, which
was then stirred at room temperature for 24 hours, and refluxed for a further 48 hours.
The solvent was removed under reduced pressure to yield a yellow solid. The polymer
was purified by dialysis versus methanol for 3 days. Final yields ranged from 70-80%.

3.2.11 Variable pH hydrolysis of polymer 6-12

Polymers 6-12 were dissolved in chloroform (100 mg/1 mL) and were solution
cast into films. These were air dried for 24 hours and then vacuum dried for another
seven days. The dried films were cut into squares (10 mm x 10 mm) and placed in
specific pH buffered media. Aqueous media with pH 4.0, 7.0, and 10.0 were used. The
removal of three samples from each medium at each time point was used to measure
weight loss and molecular weight decline.
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3.3 Results and Discussion

3.3.1 Synthesis of alanyl-glycine ethyl ester, valinyl-glycine ethyl ester, and
phenylalanyl-glycine ethyl ester

The mixed anhydride solution-phase synthetic route was utilized for the synthesis
of alanyl glycine ethyl ester, valinyl glycine ethyl ester, and phenylalanyl glycine ethyl
ester.21,22 Isobutyl chloroformate was chosen to synthesize the mixed anhydride. The
appropriate Boc-protected amino acid and glycine ethyl ester were added in
stoichiometric amounts to form the protected N-terminus dipeptide ethyl ester.
Deprotection of the N-terminus yielded the desired dipeptide ethyl ester. The complete
synthesis of the dipeptides is outlined in Figure 3-1. Proton NMR techniques confirmed
the removal of the Boc-protection group by the disappearance of the proton shift at
approximately 1.3 ppm for all dipeptides. Mass spectrometry characterization confirmed
the final mass of the dipeptides with a free amino terminus.
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Figure 3-1: Synthesis of the Boc-protected dipeptides alanyl-glycine ethyl ester, valinyl-

glycine ethyl ester, and phenylalanyl-glycine ethyl ester via the mixed anhydride peptide
synthesis. The N-terminus was deprotected under acidic conditions to yield the free
amino dipeptides.
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3.3.2 Synthesis of model cyclic trimers 2-4

Model reactions were attempted with hexachlorocyclotriphosphazene (1).

A

stoichiometric excess of the dipeptide ethyl ester was added to a solution of (1) in toluene
or THF, as described in Figure 3-2. The reaction mixture was stirred at room temperature
for 24 hours and the 31P NMR spectra revealed that a geminal, di-substituted cyclic trimer
existed with valinyl glycine ethyl ester (3) or phenylalanyl glycine ethyl (4) substituents.
The cyclic trimeric species partially substituted with alanyl glycine ethyl ester (2) showed
several different degrees of substitution, ranging from geminal di-substitution to tetrasubstitution. However, by the time the reaction mixtures had been refluxed for 24 hours,
the products had precipitated from solution. The insolubility was probably caused by
significant hydrogen bonding between the side groups linked to the phosphazene ring. It
is important to note that some chlorine replacement did occur at the small molecule
model level. The degree of substitution was dependent on the dipeptide ethyl ester that
was used. Thus, this information was used as a basis for the substitution reactions of
poly(dichlorophosphazene) with the dipeptide ethyl esters.
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Figure 3-2: Synthesis of dipeptide substituted cyclic trimers 2-4.

Insoluble Product
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3.3.3 Synthesis of polymer 6-12

Initial attempts to synthesize polyphosphazenes that contained only valinylglycine ethyl ester or phenylalanyl-glycine ethyl ester were unsuccessful. Approximately
50% of chlorine atoms were replaced after 24 hours at room temperature, as indicated by
31

P NMR techniques. However, the polymers precipitated from a refluxing solution in

THF after 24 hours. A hydrogen bonding network created between the side groups on the
polyphosphazene backbone could cause this insolubility.

Subsequent syntheses of

valinyl-glycine ethyl ester or phenylalanyl-glycine ethyl ester polymers was therefore
carried out with the addition of stoichiometric amounts of co-substituents glycine ethyl
ester or alanine ethyl ester after the addition of the dipeptide ethyl ester, to favor 100%
replacement of the chlorine atoms (polymers 9-12). The synthesis of polymers 9-12 is
described in Figure 3-3. The maximum dipeptide ethyl ester substitution obtained with
the use of valinyl-glycine ethyl ester or phenylalanyl-glycine ethyl ester side groups was
50% replacement of the chlorine atoms.

The final fully substituted products were

isolated as yellow, brittle solids. Polymers 9-12 were soluble in THF, chloroform, and
methanol.
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Figure 3-3: Synthesis of dipeptide substituted polyphosphazenes 6-12.
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Alanyl-glycine ethyl ester was the only dipeptide ethyl ester able to replace 100%
of the chlorine atoms in poly(dichlorophosphazene) while remaining soluble in THF
during the synthesis process (Polymer 6). A polyphosphazene was also co-substituted
with both alanyl-glycine ethyl ester and glycine ethyl ester or alanine ethyl ester in a 1:1
ratio (Polymers 7 and 8). Polymers 6-8 were isolated as yellow, brittle solids that were
soluble in the same solvents as polymers 9-12.
Molecular characterization was performed using multinuclear NMR and IR
spectroscopy, as shown in Table 3-1.

31

P NMR confirmed complete replacement of all

chlorine atoms because polyphosphazenes that possess 100% dipeptide and/or amino acid
ester side groups give a broad signal at approximately 0 ppm. The opinion that these
peaks near 0 ppm are due to P-NHR rather than P-OH units from hydrolyzed residual PCl groups is largely based on the existence of P-OR substitution of polyphosphazenes.
Polyphosphazenes substituted with alkoxides or aryloxides generally show a chemical
shift in the range of -4 to -10 ppm, therefore a polyphosphazene with P-OH linkages
would most likely show a similar chemical shift. 1H NMR shifts were used to determine
the percentages of substitution for each side group. For polymers 6-12, a 1:1 ratio was
attempted and each polymer was within 3% of the target ratio. The infrared spectra of
polymers 6-12 were used to confirm side group and polymer backbone structural
characteristics. The P-N bonds were evident from absorbances at 1214 cm-1, C=O bonds
were obvious at 1738 cm-1, and N-H bonds showed stretching modes at 3200 cm-1.
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Table 3-1: Structural and physical properties of polymers 6-12.
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1

H NMR

Tg

Mw

(ppm)

(ppm)

(ºC)

(g/mol)

6

-0.8

0.8 (6H), 1.2
(6H), 3.0 (2H),
4.1 (8H)

28.2

198 000

7

-3.8

1.2 (9H), 3.7
(1H), 4.1 (8H)

23.4

165 000

8

-2.8

1.4 (12H), 3.2
(2H), 4.7 (6H)

25.2

178 000

-1.2

1.2 (6H), 1.3
(6H), 1.8 (1H),
3.1 (1H), 3.6
(2H), 3.8 (2H),
4.1 (4H)

29.8

231 000

-2.2

1.2 (6H), 1.4
(9H), 1.8 (1H),
3.1 (1H), 3.6
(1H), 3.9 (2H),
4.1 (4H)

36.9

220 000

-3.1

1.2 (6H), 3.2
(2H), 4.1 (1H),
4.2 (4H), 4.4
(4H), 7.3 (5H)

31.5

242 000

-1.1

1.3 (9H), 3.3
(1H), 4.0 (2H),
4. 2 (4H), 4.3
(3H), 7.1 (5H)

43.7

261 000

Polymer

9

10

11

12

P NMR
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3.3.4 Thermal characterization of polymer 6-12

The glass transition temperatures (Tg) for polymers 6-12 are shown in Table 3-1.
Polymer 12 has the highest Tg at 43.7ºC. The linkage of phenylalanyl-glycine ethyl ester
to the polyphosphazene backbone caused a decrease in chain mobility, similar to the
effect observed with poly[bis(ethyl phenylalanato)phosphazene], which has a measured
Tg of 68ºC.17 The presence of glycine ethyl ester as the co-substituent together with
phenylalanyl-glycine ethyl ester, polymer 11, causes a small Tg decrease, presumably
because less steric hinderance is incurred along the polyphosphazene chain. A similar
trend exists for polymers 7 and 8, and polymers 9 and 10. The Tg decreases with
polymers 7-10 as the size of the amino acid residue side chain on the α-carbon decreases
from an isopropyl function to a methyl function of the dipeptide ethyl ester. Polymer 6 is
unique because this polymer contains 100% of the dipeptide ethyl ester. The Tg of
28.2ºC is higher than for polymers 7 and 8, probably due to stronger hydrogen bonding
within the amide linkage of the dipeptide. This would cause a higher degree of side
group order and result in slightly more restriction of the polymer backbone mobility.

3.3.5 pH hydrolysis of polymers 6-12

The hydrolysis rate for each polymer was monitored by weight loss from films
immersed in aqueous media over a four week period.

The hydrolysis profiles of

polymers 9-12 are illustrated in Figures 3-4, 3-5, and 3-6. Films of polymers 6-12 were
solution cast from chloroform. Portions from each film were then placed in aqueous
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media with pH of 4.0, 7.0, or 10.0. At predetermined times, the films were then dried and
the final weight was recorded and compared to the original. The pH of the medium was
monitored to confirm that a constant pH was maintained throughout the length of the
study. Molecular weight analysis was also attempted. However, the films were not
soluble in THF after removal from the aqueous media and this precluded GPC analysis.
There was no evidence of unreacted phosphorus-chlorine bonds that existed after the
synthesis and final characterization of polymers 6-12.
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Figure 3-4: Weight loss of solid polymers 9-12 in pH 4.0 media.
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Figure 3-5: Weight loss of solid polymers 9-12 in pH 7.0 media.
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Figure 3-6: Weight loss of polymers 9-12 in pH 10.0 media.
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Polymers 9-12 were more stable hydrolytically than polymers 6-8. Polymers 11
and 12 showed approximately 30% weight loss after four weeks in the acidic medium. In
pH 7.0 media, polymers 11 and 12 had lost 19% and 7% of their weight over a four week
period, respectively. At pH 10.0, polymers 11 and 12 were more hydrolytically stable,
with less than 5% mass loss after four weeks. The hydrolytic stability is almost certainly
a consequence of the hydrophobic nature of the aromatic ring of phenylalanine that
protects the polyphosphazene backbone from hydrolysis. Polymers 9 and 10 showed
more hydrolytic sensitivity after four weeks, compared to polymers 11 and 12 in all
media. Again, the highest stability was found at pH 10.0. The α-isopropyl group of
valine does not provide as high a level of steric protection as an aromatic ring. However,
it provides better steric shielding than does the methyl group in alanine. The α-isopropyl
group is also hydrophobic, thus preventing rapid hydrolysis.
Glycine ethyl ester or alanine ethyl ester co-substituents are responsible for the
hydrolytic sensitivity of polymers 9-12. The hydrolysis profiles for these polymers, as
shown in Figures 3-4, 3-5, and 3-6, show that polymers 9 and 11 that contain the glycine
ethyl ester degrade faster than the polymers that contain alanine ethyl ester. The αhydrogen atom on glycine ethyl ester provides less steric protection of the phosphazene
backbone than the α-methyl group of the alanine ethyl ester.17
Polymers 6-8 show significant weight loss in pH 4.0 media. The immersed films
had completely hydrolyzed after one week in the acidic medium. At pH 7.0, the films
had swollen and disintegrated to small pieces after one week. At week two, the films
were completely hydrolyzed. Polymers 6-8 were the most stable in pH 10.0 media.
However, the films remained intact at week 1, but were highly swollen. All the films had

85
a weight loss of 50% or more after a single week. At week two, the samples in pH 10.0
media were hydrolyzed to such a degree that the films disintegrated when touched. At
week three, the films had completely hydrolyzed and the products had dissolved in the
media. The limited hydrolytic stability is probably due to the limited steric protection of
the polyphosphazene backbone provided by the α-methyl group of alanine. Alanine ethyl
ester substituted polyphosphazenes have previously been shown to be hydrolytically
sensitive and that the hydrolysis rate depends on the steric bulk of the amino acid ester
and the cosubstituent.18

3.4 Conclusions

Polyphosphazenes that contain the side groups alanyl-glycine ethyl ester, valinylglycine ethyl ester, and phenylalanyl-glycine ethyl ester with the co-substituents glycine
ethyl ester or alanine ethyl ester were synthesized. The dipeptide ethyl esters were
obtained via a mixed anhydride solution phase peptide synthesis. After deprotection of
the N-terminus, the dipeptides were used for nucleophilic replacement of the chlorine
atoms in poly(dichlorophosphazene). The final polymeric products were characterized
structurally by multinuclear NMR techniques, and GPC and DSC techniques analyzed the
physical properties. The pH-dependent hydrolyses of polymers 6-12 were analyzed and
showed that acidic pH media cause rapid hydrolysis.

As the media become more

alkaline, the polymers are more stable. The weight loss and hydrolysis behavior of the
polymers reflected the steric protection provided by the group on the α-carbon atom of
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the amino acid esters. Thus, alanine linked units degraded more rapidly than the valine
species, which degraded faster than the phenylalanine substituted polyphosphazenes.
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Chapter 4

Hydrogen Bonding in Blends of Polyesters and Dipeptide Containing
Polyphosphazenes

4.1 Introduction

An important technical challenge is to design and synthesize new biomedical
materials that have a specific combination of properties.1 Synthetic polymers have been
employed for biomedical applications that range from bioactive sutures2 to tissue
engineering scaffolds3. The target application determines the properties needed. A
primary concern is that no single polymer system provides all the required properties for
many applications.

To circumvent this problem, many researchers have employed

advanced techniques to synthesize complex polymer architectures (i.e. multiple block
copolymers, star polymers, comb polymers) that possess an array of properties.4-6
However, the sophisticated synthetic procedures that are required limit the general
availability of such materials.
Useful combinations of properties can sometimes be obtained by physically
blending two or more different polymers to produce a homogeneous alloy.7-9 However,
polymer blend miscibility is complicated due to the unfavorable thermodynamic when
two high molecular weight polymers are combined.

Therefore, strong molecular
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interactions between the polymer chains are generally needed to fabricate miscible blends
of polymers.10-12 The most common type of interaction involves hydrogen bonding.13,14
Polyphosphazenes are hybrid inorganic-organic polymer systems with a high
degree of tailorability through the use of macromolecular substitution reactions to link
various side groups to the polymer backbone. This has allowed the synthesis of many
different polyphosphazenes for different applications.15

Polyphosphazenes that bear

amino acid esters covalently linked to the backbone through the amino terminus can be
hydrolytically sensitive. The hydrolysis rate generally depends on the units located at the
α-carbon atom of the amino acid residue.16,17 Amino acid esters also possess a hydrogen
bonding proton at the N-terminus. This is available for interactions with other polymers
in polymer blends. The hydrogen bonding capabilities have been utilized in previous
studies of blends of polyphosphazene with poly(lactide-co-glycolide) (PLGA).18 In this
work, it was founded that miscible blends can be achieved with polyphosphazenes that
contain glycine ethyl ester or alanine ethyl ester and PLGA (50:50) (50% lactic acid and
50% glycolic acid random copolymer). However, the steric hindrance of the methyl
group at the alanine α-carbon limits the formation of hydrogen bonding to PLGA.19
When valine or phenylalanine ethyl esters are linked to the polyphosphazene backbone,
no miscibility with PLGA was achieved, probably due to steric hindrance of the
substituent at the α-carbon that shields the N-H function and prevents the proton from
engaging in hydrogen bonding. Polyphosphazenes with glycyl-glycine ethyl ester side
groups have shown good miscibility with PLGA (50:50) and PLGA (85:15). However,
the hydrolysis of this system was too rapid for use in a hard tissue engineering
applications.20 Moreover, the higher percentage of lactide in PLGA (85:15) limits the
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miscibility of other polyphosphazenes with PLGA when insufficient opportunities exist
for hydrogen bonding.
In this present study, we have examined polyphosphazenes that have side groups
derived formed from the dipeptides alanyl-glycine ethyl ester, valinyl-glycine ethyl ester,
and phenylalanyl-glycine ethyl ester. The use of the dipeptide ethyl esters was driven by
the need to slow the hydrolysis rate by including amino acid substituents with more steric
bulk at the α-carbon atoms than in glycine. This design also offers a second site per side
chain for hydrogen bonding between the phosphazene and polymers that contain carbonyl
groups. Polyphosphazenes with dipeptide single-substituents are difficult to synthesize
due to their insolubility, but polymers with both dipeptide ethyl ester and glycine or
alanine ethyl ester co-substituents are accessible.20 The presence of the two types of side
groups in the polymer allows control of both the hydrolysis rate and the hydrogen
bonding with other bioerodible polymer systems such as PLGA and PCL. Thus, the
mixed-substituent polyphosphazenes were blended with PLGA (50:50), PLGA (85:15),
and polycaprolactone (PCL) via solution-casting techniques and electrospinning. The
blends were studied by differential scanning calorimetry (DSC) and scanning electron
microscopy (SEM). The final materials were also analyzed with ATRIR techniques to
detect hydrogen bonding between the parent polymers.
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4.2 Experimental

4.2.1 Reagents and Equipment

All synthesis reactions were carried out under a dry argon atmosphere using
standard Schlenk line techniques. Tetrahydrofuran and triethylamine (EMD) were dried
using solvent purification columns.21

Chloroform (EMD), isobutyl chloroformate

(Aldrich), Boc-phenylalanine, Boc-valine, Boc-alanine (Aroz Technologies), alanine
ethyl ester hydrochloride (Chem Impex) and glycine ethyl ester hydrochloride (Alfa
Aesar) were used as received. The dipeptide ethyl esters were synthesized using previous
literature techniques.22,23 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.

31

P and 1H NMR

spectra were obtained with use of a Bruker 360 WM 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°C/min and a sample size of ca. 10 mg. Gel permeation chromatograms were obtained
using a Hewlett-Packard HP 1100 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-nbutylammonium nitrate in THF. The elution times were calibrated with polystyrene
standards.
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4.2.2 Synthesis of polymer 1-7

Polymers 1-7 were synthesized by a protocol describe elsewhere.24 The synthesis
of polymer 2 is described here as a general illustration. Poly(dichlorophosphazene) (2.00
g, 17.3 mmol) was dissolved in 200 mL of THF.

Alanyl-glycine ethyl ester

hydrochloride (3.90 g, 17.3 mmol) was suspended in 150 mL of THF and triethylamine
(7.23 mL, 51.9 mmol) was added. This suspension was refluxed for 24 hours, then
filtered and added to the polymer solution.

Glycine ethyl ester hydrochloride (7.25 g,

51.9 mmol) was suspended in 150 mL of THF and triethylamine (24.1 mL, 173 mmol)
was added. This suspension was refluxed for 24 hours, then filtered the remaining
triethylamine hydrochloride salts, and then added dropwise to the polymer solution. This
solution was stirred at room temperature for 24 hours, and refluxed for 48 hours. The
solvent was removed under reduced pressure to yield a yellow solid. The polymer was
purified by dialysis (MW cutoff=25,000 g/mol) versus methanol (1L) for 3 days. Final
yields ranged from 70-80%.

4.2.3 Fabrication of blends via solution casting

Three compositions of blends were fabricated for each polyphosphazene/polyester
system.

The compositions contained 25%, 50%, and 75% by weight of the

polyphosphazene relative to the organic polymer. The organic polymers consisted of
PLGA (50:50), PLGA (85:15), or polycaprolactone. Each pair of component polymers
was individually dissolved in 1 mL of chloroform, and the polyphosphazene solution was
added to the organic polymer solution and mixed for 1 hour. The solution of the two
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polymers was allowed to stand undisturbed for one hour to confirm that solution phase
miscibility existed. The solutions were then poured into film casting trays and were air
dried for 24 hours, and then vacuum dried for one week. The polymer blend films were
analyzed by DSC and SEM techniques.

4.2.4 Fabrication of polymer fiber blends via electrostatic spinning

Three

weight

compositions

of

blends

were

fabricated

for

each

polyphosphazene/polyester system. The compositions contained 25%, 50%, and 75% by
weight of polyphosphazene relative to the organic polymers listed above. The two
polymers were dissolved simultaneously at the appropriate concentrations (Table 4-1). A
standard spinning distance of 20 cm and a flow rate of 1 mL/hour were used for each
sample. After the electrospinning process was complete, the fibers were removed from
the tin foil collector screen and were analyzed by DSC and SEM techniques.
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Table 4-1:

Electrostatic fiber spinning concentrations (g/mL) and voltage (kV)

conditions for combinations of polymers 1-7 with PLGA or PCL.
PLGA (50:50)

PLGA (85:15)

PCL

Polymer 1

15%, 18.5 kV

8%, 11 kV

15%, 14 kV

Polymer 2

15%, 15 kV

8%, 18 kV

15%, 14 kV

Polymer 3

15%, 18.5 kV

8% 17 kV

15%, 14 kV

Polymer 4

15%, 17 kV

8%, 17 kV

15%, 14 kV

Polymer 5

15%, 17 kV

8%, 18 kV

15%, 14 kV

Polymer 6

15%, 17 kV

10%, 16.5 kV

15%, 14 kV

Polymer 7

15%, 17 kV

10%, 18 kV

15%, 14 kV
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4.3 Results and Discussion

4.3.1 Synthesis of polymers 1-7

The polyphosphazenes were synthesized via the macromolecular substitution route
with the co-substituent pattern indicated for polymers 2-7. Only the dipeptide, alanylglycine ethyl ester, could be used as a single-substituent on the polyphosphazene to give
polymer 1. Polymers 2-7 contained the additional side groups, glycine or alanine ethyl
ester. The structures of polymers 1-7 are shown in Figure 4-1. The characterization of
these polymers was previously described.24 The glass transition temperatures (Tg) and
molecular weights for polymers 1-7 are listed in Table 4-2. It should be noted that the
chain mobility (as defined by the Tg) becomes more restricted as the size of the side
groups increase.

The amino acid esters impart hydrolytic sensitivity to the

polyphosphazenes and the dipeptide ethyl esters provide an additional hydrogen bonding
proton from the amide function.
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Figure 4-1: Molecular structures of polymers 1-7.
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Table 4-2: Glass transition temperature and molecular weight data for polymers 1-7.
Tg

Mw

(ºC)

(g/mol)

1

24.8

202000

2.1

2

23.3

180000

2.2

3

25.3

190000

2.5

4

29.9

247000

2.2

5

36.9

255000

2.1

6

31.5

264000

2.4

7

38.9

278000

2.1

Polymer

PDI
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The choice of the dipeptide was based on the need to reduce the hydrolytic
sensitivity of the polymer by protecting the polyphosphazene backbone by means of the
hydrophobic and steric character of R1. When R1 is hydrogen, the polyphosphazene
hydrolyzes rapidly. An increase in the steric bulk of R1 from hydrogen to methyl,
isopropyl, or benzyl, reduces the hydrolysis rate. However, the increased steric bulk
associated with R1, also limits the ability of a hydrogen atom on the free N-terminus to
undergo hydrogen bonding with the carbonyl groups of PLGA or PCL. The glycine ethyl
ester component of the dipeptide was chosen for its ability to undergo hydrogen bonding
with these polyesters. This hydrogen bonding character should allow the two different
types of polymers to become miscible. The presence of alanine ethyl ester as a proximal
side group could affect the blend miscibilities because the amino proton is more sterically
hindered with respect to interactions with the organic polymer.

4.3.2 Solution cast blends of polymers 1-7 with poly(lactide-co-glycolide) (PLGA)

The micro-scale blend miscibility of the films was examined by DSC and SEM
techniques. The DSC results indicated that polymers 1-4 were miscible with PLGA
(50:50). However, only polymers 1 and 2 were miscible with PLGA (85:15). Miscible
blends were recognized by single glass transition temperature detected for the blended
matrix. The miscibility results for all the fabricated blends are shown in Table 4-3.
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Table 4-3: Blend results by DSC analysis. Blends A-C are formed from polymers 1-7

with PLGA 50:50. Blends D-F are for blends of polymers 1-7 with PLGA 85:15. Blends
A and D contain 25% polyphosphazene, Blends B and E contain 50% polyphosphazene,
and Blends C and F contain 75% polyphosphazene.

Blend
A
Blend
B
Blend
C
Blend
D
Blend
E
Blend
F

Polymer
1
Yes
(28ºC)
Partial
Partial
Yes
(28ºC)
Partial
Partial

Polymer
2
Yes
(25ºC)
Yes
(34ºC)
Yes
(40ºC)
Yes
(27ºC)
Yes
(35ºC)
Yes
(39ºC)

Polymer
3
Yes
(17ºC)
Yes
(27ºC)
Yes
(30ºC)
No

Polymer
4
Yes
(20ºC)
Yes
(25ºC)
Partial

Polymer
5
Partial

Polymer
6
No

Polymer
7
No

Partial

No

No

Partial

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No
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Polymer 1 was miscible with PLGA (50:50) and PLGA (85:15) at compositions
of 25% polymer 1 with 75% PLGA. Thermal transitions were detected at 28ºC with both
PLGA compositions. All the other blend compositions of polymer 1 with PLGA showed
partial miscibility because three transitions were detected for each material.
Polymer 2 was miscible with PLGA (50:50) and PLGA (85:15), regardless of the
blend composition. Representative DSC traces of polymer 2/PLGA blends are shown in
Figure 4-2. Single thermal transitions were detected for blends that contained 25%, 50%,
and 75% polymer 2 at 25ºC, 34ºC, and 40ºC respectively, when blended with PLGA
(50:50). Single thermal transitions were found for the same compositions of polymer 2
and PLGA (85:15) at 27ºC, 35ºC, and 39ºC, respectively.
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Figure 4-2: DSC traces for Polymer 2, PLGA (50:50), and 1:1 blend composition of the

parent polymers. The arrows indicate the location of the measured Tg.
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Polymer 3 was also miscible with PLGA (50:50) at all blend compositions, with
single thermal transitions detected at 17ºC, 27ºC, and 30ºC. However, when polymer 3
was blended with PLGA (85:15), immiscibility was detected by DSC techniques. The
parent polymer transitions were found at 25ºC (polymer 3) and 50ºC for PLGA (85:15).
The crystalline melting temperature for PLGA (85:15) was also detected at 55ºC. The
crystalline regions normally present in the PLGA domains were not detected in the
miscible or partially miscible blends. When polymer 3 was blended with PLGA (85:15),
the crystalline melting transition was detected along with the parent glass transitions.
This is presumably a result of a complete loss of miscibility between the polymers.
Polymer 4 showed a similar behavior. It was miscible with PLGA (50:50) but
immiscible with PLGA (85:15), as illustrated in Figure 4-3. When blended with PLGA
(50:50), single thermal transitions were found at 20ºC for the 25% composition of
polymer 4:PLGA (50:50) and at 25ºC for the 50% composition. A 75% ratio of polymer
4 to PLGA (50:50) yielded only partial miscibility based on thermal analysis, but two

transitions were detected at 27ºC and 37ºC. However, there was no evidence of a
crystalline melting transition. When polymer 4 was blended with PLGA (85:15), the
crystalline melting transition was detected, as well as the transitions for the parent
polymers.
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Figure 4-3: DSC traces of polymer 4, PLGA, and 1:1 blends of polymer 4 with PLGA

(50:50) (Blend B) or PLGA (85:15) (Blend E). The arrows represent the measured Tg.
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Blends of polymer 5 with PLGA (50:50) were only partially miscible because
three thermal transitions were present. Blends of polymer 5 and PLGA (85:15) were
immiscible because only the transitions for the parent polymers were found, together with
the crystalline melting transition of PLGA. Blend immiscibility was also detected for
polymers 6 and 7 when combined with either PLGA(50:50) or PLGA (85:15).
Scanning electron microscope (SEM) images of polymers 1-7 blended with
PLGA showed no phase separation for any of the blends. Figure 4-4 represents the
situation for solution-cast films of blends between polymer 2 and PLGA 50:50. This
follows the results from previous studies of polyphosphazenes with PLGA blends.20
However, the films studied in this present work showed some surface roughness,
probably

due

to

solvent

evaporation

during

film

fabrication

and

drying.
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A

B

C

Figure 4-4: SEM images of solution-cast blends of A) 25% polymer 2, B) 50% polymer
2, and C) 75% polymer 2 with the appropriate mass of PLGA 50:50.
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PLGA (50:50) has fewer lactide units in the polymer chain than PLGA 85:15,
therefore this may allow better interactions between the polyphosphazene side groups and
the PLGA chains. A lower level of steric hinderance within the side groups makes
hydrogen bonding more accessible, thus creating better blend miscibility, as is the case
with PLGA(50:50) with polymers 1-4. The dipeptide side group on the polyphosphazene
chain has a similar influence on the formation of miscible blends. Polyphosphazenes
with alanyl-glycine ethyl ester side groups (polymers 1-3) were miscible with PLGA
(50:50) irrespective of the composition of the blended film. However, only polymers 1
and 2 were miscible with PLGA (85:15). This suggests that steric hindrance inhibits the
interaction between polymer 3 and PLGA (85:15) due to insufficient hydrogen bonding
between the polyphosphazene side chains and the PLGA backbone. This is supported by
ATRIR data for the blends that indicated strong carbonyl hydrogen bonding interaction at
1735 cm-1. All the immiscible materials lacked this vibrational band. As the steric
hindrance within the PLGA backbone increases (as the monomer ratio changes), greater
access is needed by the polyphosphazene side group to maximize the hydrogen bonding
interactions. For example, the use of alanine ethyl ester in polymer 3 limits the ability of
the amino proton at the alanine side group to interact with the carbonyl groups in PLGA
(85:15). Therefore, only partially miscible blends can be fabricated by solution casting
techniques.
A similar trend is found for polymers 4 and 5. Polymer 4 interacts with PLGA
(50:50) to form a miscible blend, whereas polymer 5 does not. This suggests that the
glycine ethyl ester side groups in polymer 4 favor the interactions that lead to a miscible
blend, whereas the alanine ethyl ester side group hinders such interactions and therefore
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allows only partial miscibility. The steric hindrance of the dipeptide unit also limits the
hydrogen bonding between the polyphosphazene and the PLGA backbone. The isopropyl
side chain at the α-carbon position of valine also minimizes the ability of the amine
proton to interact with the PLGA (50:50) backbone. The steric hindrance is too great to
allow polymer blends between PLGA (85:15) and polymers 4 or 5. Polymers 6 and 7
suffer from so much hindrance from the dipeptide side group that minimal interaction
between the polyphosphazene and PLGA occurs, and this causes the blends to be
completely immiscible.

4.3.3 Electrospun matrices of polymers 1-7 with PLGA

The parent polymers were individually dissolved in 1 mL of chloroform, and then
combined.

No solution-phase separation was observed at this stage.

The blend

compositions comprised of 25%, 50%, and 75% polymers 1-7, relative to the weight of
PLGA. These solutions were then electrostatically spun onto an aluminum collector.
The fibers were studied using SEM and EDS techniques, and the blend miscibilities were
determined by thermal analysis (DSC). No miscible blends could be fabricated utilizing
this processing technique.
Although solution cast films of polymer 2 had complete polymer blend miscibility
with PLGA.

Similar solutions converted into nanofibers via electrostatic spinning

underwent phase separation. DSC analysis revealed the presence of phase-separated
materials, as shown in Figure 4-5. Moreover, DSC analysis of the nanofiber matrix
showed two thermal transitions; the first at 32ºC representative of polymer 2, and the
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second at 45ºC, typical of PLGA 50:50. The crystalline melting transition of PLGA
50:50 was also present at 50ºC. Figure 4-6 shows the SEM analysis that represents a
bead/fiber morphology with the fibers probably containing the PLGA component and the
beads contained polymer 2 in accordance with EDS analysis. Immiscibility was found
for all blends of polymers 1-7 and PLGA, and SEM micrographs displayed the same
bead/fiber morphology. Blend immiscibility occurred independently of the composition
of PLGA.
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Figure 4-5: DSC traces of polymer 2, PLGA 50:50, and a 1:1 blend composition of

these two polymers after electrostatic spinning. The arrows represent the measured Tg.
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C

Figure 4-6: SEM images of electrostatic spun blends of A) 25% polymer 2, B) 50%

polymer 2, and C) 75% polymer 2 with PLGA 50:50.
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There are two possible explanations for the phase separations. First, the solutioncast blends might favor micro-scale miscibility, whereas the features of the nanofiberous
mat are perhaps too small to favor miscibility. The nanofibers had diameters of <700 nm
and the beads had diameters of 1-3 µm.

The second explanation could be in the

electrospinning process itself. The electrostatic potential of the two polymers might be
different, and this induced the polymers to separate in solution.

This probably would

cause the fibers and beads to extrude with separate polymer domains.

4.3.4 Solution cast blends of polymers 1-7 with polycaprolactone (PCL)

Polymers 1-7 were blended with polycaprolactone from chloroform solution and
were cast into films. The films were air-dried for 24 hours, then vacuum dried for
another seven days to ensure that all the chloroform was removed. Each film was studied
for blend miscibility using DSC and SEM techniques. The results of these analyses
showed that immiscible blends of polymers 1-7 were formed with PCL.
Polymers 1-4 have micro-scale blend miscibility with PLGA when the films were
fabricated by solution casting techniques. The limited steric hindrance of the dipeptide
ethyl ester side chain of the polyphosphazene allowed interactions with the carbonyl
groups in the PLGA backbone.

Polycaprolactone has similar carbonyl functions to

PLGA. However, these functional groups are more widely separated compared to PLGA.
Thus, this low density between carbonyl functional groups may limit the interactions
between the polyphosphazene side chains and the PCL backbone. DSC traces of a blend
of polymer 2 with PCL, shown in Figure 4-7, show that immiscible materials were
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formed. The glass transition temperature represented by each parent peak was found
(27ºC for polymer 2 and -63ºC for PCL, not shown in Figure 4-7), together with the
crystalline melting transition of PCL (58ºC).
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Figure 4-7: Thermal transitions of polymer 2 and a 1:1 weight ratio blend of polymer 2

and PCL in a 1:1 ratio. The arrows represent the measured Tg.
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4.3.5 Electrospun blends of polymers 1-7 and PCL

Solutions were prepared for electrospinning in the same fashion as described
previously for PLGA with 25%, 50%, and 75% weight ratios of polymers 1-7 relative to
PCL. The fibrous mats formed by electrospinning were analyzed by DSC and SEM
techniques. The products were immiscible blends with a fiber/bead morphology, and
with fiber diameters in the range of 500 nm.
According to EDS experiments, the fibers were probably PCL and the beads
contained the polyphosphazene component, as shown in Figure 4-8. These results are
similar to these obtained when polymers 1-7 were electrospun with PLGA, as described
previously. The sub-micron size features that were obtained via electrospinning are
probably too small to allow significant blending to occur. The SEM and EDS results
yield the same conclusions as the DSC results. The parent glass transition temperatures
were detected for each fiber blend, together with the melting transition of PCL.
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A

B

C

Figure 4-8: SEM images of electrospun samples of A) 25% polymer 2, B) 50% polymer
2, and C) 75% polymer 2, relative to PCL.
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4.4 Conclusions

Polyphosphazenes with dipeptide ethyl ester side groups (polymers 1-7) were
blended with the polyesters poly(lactide-co-glycolide) and polycaprolactone.

Films

formed via solution casting techniques consisted of miscible blends of polymers 1-4 with
PLGA 50:50. Micro-scale miscibility was also achieved between polymers 1 or 2 with
PLGA (85:15). However, electrostatic spinning of the binary systems yielded fibers and
beads that were immiscible, probably due to the sub-micron scale features of electrospun
fibers. Immiscible blends were also formed when blends of polymers 1-7 with PCL were
fabricated via solution casting or by electrospinning techniques.
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Chapter 5

Bioerodible Polymer Blended Stabilized by Hydrogen Bonding: Influence on Cell
Adhesion

5.1 Introduction

Poly(lactide-co-glycolide) (PLGA), poly(L-lactide) (PLA), and poly(glycolide)
(PGA) have received considerable attention for many biomedical applications based on
their good thermal stability1-3, biocompatibility4,5, adequate mechanical properties4,6,7,
cell adhesion8, and FDA approval for some applications. These polyesters are also
bioerodible.9 The hydrolysis rate is lowered by increased proportions of L-lactide in the
copolymer. These are some of the necessary properties for bioerodible implantable
devices such as bioerodible sutures10, drug delivery vehicles11,12, and tissue engineering
applications13,14. However, one of the complications for biomedical use of lactide- and
glycolide-based polyesters is the acidity of the hydrolysis products.

This can be

detrimental to cell growth and painful for a patient with such an implanted device. For
this reason, new materials are being developed to utilize the beneficial properties of
PLGA coupled with a minimization of the disadvantages.
Polyphosphazenes are hybrid polymer systems with a backbone of alternating
phosphorus-nitrogen atoms, and with two organic side groups covalently linked to each
phosphorus atom.

The most common synthesis method uses the macromolecular
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substitution reactions to replace the chlorine atoms in poly(dichlorophosphazene) by
organic groups. Because more that 250 different organic nucleophiles are known to
participate in this reaction, a large degree of tailorability is possible. The properties of
the final material depend on the side group substituents.15 Polyphosphazenes with amino
acid esters side groups are generally hydrolytically sensitive.16,17 The hydrolysis of
amino acid ester substituted polyphosphazenes results in the formation of phosphates,
ammonia, and the corresponding amino acid and alcohol.16,18

The formation of

phosphates and ammonia generate a possible buffer system that helps to maintain the
near neutral pH of the media. Poly(amino acid ester phosphazenes) are known to be
effective surfaces for cell adhesion and cell growth for tissue engineering
applications.19,20
Previous studies have analyzed the miscibility of blends of polyphosphazenes
with PLGA. The polyphosphazene must possess a side group that is capable of hydrogen
bonding with the ester oxygen atoms of PLGA. Amino acid ester based side groups have
this ability via the amino proton. However, as the steric bulk of groups at the α-carbon
position of the amino acid esters increases, the ability to form miscible blends with
PLGA is decreased.21,22 Dipeptide ethyl ester side groups have also been linked to the
polyphosphazene backbone and these show good miscibility with PLGA.18 However, the
hydrolysis products from these polyphosphazenes cannot maintain a neutral pH as the
PLGA erodes. Therefore, new side groups capable of chlorine replacement reactions
with poly(dichlorophosphazene) are currently under evaluation that might have the ability
to help maintain a neutral pH when hydrolyzed from the polyphosphazene backbone in
the presence of PLGA.
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We have designed a polyphosphazene that contains tris(hydroxymethyl)amino
methane (THAM). THAM is a biological buffer that is used to buffer solutions from pH
7.0 to pH 9.0 for biological research. The primary amino unit of THAM was utilized for
chlorine replacement with poly(dichlorophosphazene) (1). However, polyphosphazenes
with THAM as the sole substituent became insoluble during synthesis.

Thus, the

formation of co-substituted polymers with THAM and glycine ethyl ester or alanine ethyl
ester in a 1:1 ratio was carried out. The molecular structures of the co-substituted
polyphosphazenes were determined with 1H and
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P NMR techniques. These polymers

were then blended at PLGA (50:50) and PLGA (85:15) with weight percentages of 25%,
50%, and 75% polyphosphazene. The blend miscibility was monitored by differential
scanning calorimetry, and the lack of micro-phase separation was confirmed by scanning
electron microscopy. Hydrolysis studies of blends that contained 50%, by weight, of
each polyphosphazene with PLGA 50:50 were conducted. Osteoblast cell adhesion and
proliferation from the surfaces were also analyzed for these blends.

5.2 Experimental

5.2.1 Reagent and Equipment

All synthetic reactions were carried out under a dry argon atmosphere using
standard Schlenk line techniques. Tetrahydrofuran and triethylamine (EMD) were dried
using solvent purification columns.23 Alanine ethyl ester hydrochloride (Chem Impex),
glycine ethyl ester hydrochloride, tris(hydroxymethyl)amino methane (Alfa Aesar), and
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poly(lactide-co-glycolide) (50:50 and 85:15) (Ethicon) were used as received.
Poly(dichlorophosphazene) was prepared by the thermal ring-opening polymerization of
recrystallized and sublimed hexachlorocyclotriphosphazene (Fushimi Chemical Co.,
Japan) in evacuated Pyrex tubes at 250°C.
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P and 1H NMR spectra were obtained with

the use of a Bruker 360 WM 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°C/min and a sample
size of ca. 10 mg. Gel permeation chromatograms were obtained using a HewlettPackard HP 1100 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-butylammonium
nitrate in THF. The elution times were calibrated with polystyrene standards.

5.2.2 Synthesis of poly[(tris(hydroxymethyl)amino methane)1(ethyl
glycinato)1phosphazene] (2)

Poly(dichlorophosphazene) (5.00 g, 43.2 mmol) was dissolved in dry THF (400
mL). Glycine ethyl ester hydrochloride (6.27 g, 44.9 mmol) was suspended in THF (250
mL) and triethylamine (14.4 mL, 104 mmol) was added to the solution. The glycine
ethyl ester mixture was refluxed overnight, then the triethylamine hydrochloride salts
were filtered from the solution. The glycine ethyl ester solution was then added dropwise to the polymer solution. The resultant solution was stirred at room temperature for
eight hours before tris(hydroxymethyl)amino methane (9.52 g, 60.4 mmol) and
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triethylamine (12.0 mL, 86.3 mmol) were added. The reaction mixture was stirred at
reflux for 24 hours, then filtered and concentrated to dryness. The product was dialyzed
versus methanol (three days) and isolated as an opaque, waxy solid.

The purified

polymer was characterized by 1H and 31P NMR techniques. The final polymer yield was
75%.

5.2.3 Synthesis of poly[(tris(hydroxymethyl)amino methane)1(ethyl
alanato)1phosphazene] (3)

A similar process was used, with the exception that alanine ethyl ester was
utilized in place of glycine ethyl ester. The crude product was dialyzed versus methanol
(three days) and isolated as a white, brittle polymer.

The purified polymer was

characterized with 1H and 31P NMR techniques. The final polymer yield was 79%.

5.2.4 Blend miscibility studies of polymers 2 and 3 with PLGA

Three different compositions were fabricated for each blended system that
consisted of 25%, 50%, and 75% (wt/wt) of polyphosphazene with the appropriate
molecular composition of PLGA. PLGA (50:50) and PLGA (85:15) were used in the
polymer blends.

One hundred milligrams of total sample (combination of

polyphosphazene and PLGA) was used to fabricate each blend. The parent polymers
were separately dissolved in 1 mL of chloroform, and the solutions were combined and
mixed for one hour. No solution-phase separation was observed. The solutions were
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then placed in casting trays and air dried for 24 hours, followed by vacuum drying for
one week. The resultant solid films were analyzed with DSC and SEM techniques to
determine the final solid-phase blend miscibility.

5.2.5 Hydrolysis studies of polymer blends

Films were solution-cast from chloroform (as described above) to contain 400 mg
of total sample in 4 mL of solvent. The blend systems were composed of 200 mg of each
polyphosphazene (polymers 2 or 3) with 200 mg of PLGA 50:50. The parent polymers
were dissolved individually, then the polyphosphazene solution was added to the PLGA
solution (no solution phase separation was observed). Films were solution cast and dried
for 24 hours, then dried under vacuum for seven days. The films were cut into 1 cm x 1
cm squares, weighed, and immersed in deionized water (pH = 6.0). The study was
conducted for six weeks with three samples removed after each week. The water uptake
of each film was measured immediately following removal of the film from the aqueous
medium. The films were dried under vacuum for two weeks to ensure that all the water
was removed from the sample. The pH of the aqueous medium was recorded for each
sample following removal of the film. The dry films were analyzed by measuring the
weight loss, molecular weight decline, and surface analysis via SEM techniques.
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5.2.6 Primary rat osteoblast cell seeding

Primary rat osteoblast cells were isolated from calvaria of 2-3 day old neonatal
Sprague-Dawley rats by adopting a previously reported protocol.24 Prior to cell seeding,
polymer films (0.1 mm thickness and 10 mm diameter) were sterilized by treatment with
70% ethanol for 30 min, and exposure to UV radiation for 10 minutes. These films were
placed in 48 well plates and seeded with 50,000 osteoblast cells of passage number 3.
The scaffolds were incubated for 2h without media to promote cell attachment. Later,
cell seeded films were submerged in 1 ml of Ham’s F-12 media supplemented with 12%
FBS and 1% PS. The culture was maintained for 21 days in an incubator at 37oC, 5%
CO2 and 95% humidified air with media changing every two days.

5.2.7 Cell morphology

At days 7 and 14, the cell seeded scaffolds (n=2) were removed from the culture
and washed with PBS to remove any unattached cells. Cells on the scaffolds were fixed
at 4 °C in 1% and 3% glutaraldehyde for 1 and 24 h, respectively. These scaffolds were
subjected to sequential dehydration for 10 min each with ethanol series (30%, 50%, 70%,
90% and 100%). At the end, cell-fixed scaffolds were coated with Au/Pd and visualized
under SEM (JEOL-JSM840) cell morphology on polymer films.
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5.2.8 Osteoblast Cell Activity

The osteoblast cell activity on the polymer films was measured using a
colorimetric MTS assay (Promega, Madison, WI). The assay works on the basis that
metabolically active cells reduce tetrazolium-based MTS reagent to a purplish formazan
product. At days 3, 7 and 14, polymer films with cells were taken out of culture and
washed twice with PBS, then placed into a new well plate with 0.5ml of media in each
well. A 100 µL sample of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H tetrazolium (MTS) reagent was added to each well and incubated at
37oC for 2 h. At the end of the incubation period, the reaction was stopped by adding 125
µL of 10% sodium dodecyl sulfate (SDS) solution. Subsequently, the solution was
diluted in a 4:1 ratio using distilled water, and the absorbance was read at 490 nm using a
Tecan SpectroFluo Plus plate reader (TECAN, Boston, MA). The measured absorbance
is correlated to the activity of osteoblasts on a particular polymer film. A sample number
n=3 was used for this study. The quantitative data for cell activity was reported in the
form of mean ± standard deviation. Statistical analysis was performed using a one-way
analysis of variance (ANOVA) using Tukey test to determine the statistical significance
between the two means evaluated at p<0.05.

130
5.3 Results and Discussion

5.3.1 Synthesis of poly[(tris(hydroxymethyl)amino methane)1(ethyl glycinato)1phosphazene]

(2) and poly[(tris(hydroxymethyl)amino methane)1(ethyl

alanato)1phosphazene] (3).

Tris(hydroxymethyl)amino methane (THAM) has an amino functional group that
is capable of replacing chlorine atoms in poly(dichlorophosphazene). Polymers 2 and 3
were synthesized using the THAM side group together with the co-substituents glycine
ethyl ester or alanine ethyl ester. The amino acid ester side groups were linked to the
backbone before the THAM substituent was added, as outlined in Figure 5-1. There was
no evidence that any of the hydroxyl functions on the THAM unit became covalently
attached to the backbone through P-O-C bonds, based on 31P NMR data, as described in
Table 5-1.

A P-O-C substituted polyphosphazene would have a
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P chemical shift

between -5 ppm and -12 ppm and such a shift was not detected. The glass transition
temperatures (Tg) of polymers 2 and 3, 23.3ºC and 23.6ºC respectively, are appreciably
higher than the transitions for single-substituent poly[bis(ethyl glycinato)phosphazene]
and poly[bis(ethyl alanato)phosphazene] (-40ºC and -10ºC, respectively).16,17 These Tg
values are consistent with the interpretation that 2 and 3 have limited backbone freedom,
probably due to hydrogen bonding between the side groups. No crystalline regions were
detected by DSC analysis. The GPC-derived average molecular weights were estimated
to be 151 kg/mol and 210 kg/mol for polymers 2 and 3, respectively. This equates to 565
repeat units for polymer 2 and 715 repeat units for polymer 3.
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Figure 5-1: Synthesis of the co-substituted polymers 2 and 3.
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Table 5-1: Structural and physical characterization of polymers 2 and 3. a The molecular

weights were determined by GPC and approximate to Mw.

1

H NMR

31

P NMR

Tg

MWa
PDI

Polymer
(ppm)

(ppm)

(ºC)

(g/mol)

-0.7

23.3

151 000

1.9

-0.6

23.6

210 000

2.1

1.2 (3H), 3.6
2

(2H), 3.8 (6H),
4.2 (2H)
1.3 (6H), 3.7

3

(1H), 3.9 (6H),
4.1 (2H)
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The choice of side groups for covalent linkage to the polyphosphazene backbone
were based on the perceived need for hydrogen bonding sites, such as hydroxyl and
amino units, to interact with the oxygen atoms of PLGA. These interactions could
develop micro-scale blend miscibility between the two polymer systems. Each THAM
side group has three pendent hydroxyl functions that can participate in hydrogen bonding.
The amino acid ester side groups also aid the hydrogen bonding capabilities of the
polyphosphazene while, at the same time, controlling the hydrolysis rate of the polymer.
Previous studies demonstrated that increased hydrogen bonding between of
polyphosphazenes and other polymers leads to complete micro-scale blend miscibility.

5.3.2 Fabrication of polyphosphazene/poly(lactide-co-glycolide) blends

The fabrication of different blend compositions was used to determine which
weight ratios provided the most miscible blends. Two different compositions of PLGA
were used, 50:50 lactide:glycolide and 85:15 lactide:glycolide. PLGA 50:50 offers less
steric hindrance to polymer-polymer interactions than does the 100% lactide polymer
with its α-methyl groups. Thus, the carbonyl function of the glycolic monomer residues
is more easily accessible for hydrogen bonding with the polyphosphazene side groups.
This is the reason why PLGA 85:15 has a slower hydrolysis rate than PLGA 50:50.
DSC analysis of the solution-cast, blended films revealed the formation of
completely miscible blends, regardless of the composition of the blend or the
composition of the PLGA. Representative examples of the thermal transitions for the
blends formed from polymer 2 and PLGA are shown in Figure 5-2. When polymer 2 was
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blended with PLGA 50:50, a single thermal transition was detected for each composition
of the blend. Thus, a single glass transition temperature was detected for Blend A (25%
polymer 2: 75% PLGA 50:50) at 24.1ºC, for Blend B (50% polymer 2: 50% PLGA
50:50) at 30.9ºC, and for Blend C (75% polymer 2: 25% PLGA 50:50) at 41.5ºC. The
melting transition temperature of PLGA could not be detected from the blends, as shown
in Figure 5-2. A similar effect was found for the blends of polymer 2 with PLGA 85:15.
The single glass transition temperature detected for Blend D (75% polymer 2: 25%
PLGA 85:15) was at 34.7ºC, for Blend E (50% polymer 2: 50% PLGA 85:15) at 32.9ºC,
and for Blend F (75% polymer 2: 25% PLGA 85:15) at 39.6ºC. SEM analysis of the
surfaces of all the polymer blends showed no micro-scale phase separation.
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Figure 5-2: DSC traces of polymer 2, Blend B, Blend E, PLGA 50:50, and PLGA 85:15.

The arrows indicate the detected glass transition temperatures.
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Based on DSC analysis, Blends of polymer 3 with PLGA were completely
miscible, irrespective of the blend compositions and the PLGA composition. Figure 5-3
shows a representative example of the detected thermal transitions of blends comprised of
polymer 3 and PLGA 50:50 (Blend H) or PLGA 85:15 (Blend K). Blends that contained
25% polymer 3 and 75% PLGA 50:50 (Blend G) had a single glass transition temperature
at 23.7ºC, while the blend that contained 75% polymer 3 with 25% PLGA 50:50 (Blend
I) had a glass transition temperature at 31.6ºC. Blend H (50% polymer 3, 50% PLGA
50:50), shown in Figure 5-3, had a single glass transition temperature at 28.2ºC. Polymer
blends of polymer 3 with PLGA 85:15 also had single thermal transitions at 29.9ºC
(Blend J; 25% polymer 3: 75% PLGA 85:15), 34.8ºC (Blend K; 50% polymer 3: 50%
PLGA 85:15), and 40.6ºC (Blend L; 75% polymer 3: 25% PLGA 85:15). SEM analysis
of the surfaces supported the DSC data since no phase separation was observed.
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Figure 5-3: DSC traces of polymer 3, Blend H, Blend K, PLGA 50:50, and PLGA 85:15.
The arrows show the detected glass transition temperatures.
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All the blends (Blend A – Blend L) were studied with ATRIR spectroscopy to
examine the hydrogen bonding between the polyphosphazene and the polyester carbonyl
functions. The pristine polymers (polyphosphazenes and PLGA) had a C=O vibrational
peak at 1750 cm-1, while the blends had a similar peak, but at 1735 cm-1. This change in
the vibrational frequency is evidence for hydrogen bonding. Hydrogen bonding probably
provides the driving force for blend miscibility at the micro-scale.
Thus, the increased hydrogen bonding character that was introduced by the
THAM side groups probably significantly assists the blend miscibility. The addition of
the three hydroxyl protons from each THAM side group generates more sites for the
PLGA backbone to interact with than does an amino acid ester. These sites are also in
closer molecular proximity to generate better interactions with the more sterically
hindered PLGA 85:15.

5.3.3 Hydrolysis of polymer blends comprised of polymers 2 and 3 with PLGA 50:50

Blend B and Blend H were studied for hydrolysis in aqueous media (pH=6.0) at
37.0ºC for six weeks. PLGA 50:50 was utilized because this composition of PLGA
degrades faster (6-12 weeks) than its counterpart, PLGA 85:15. The pH of the solution
was not buffered because an objective was to monitor if the hydrolysis of polymers 2 or 3
might moderate the acidic pH generated by the hydrolysis of PLGA 50:50. In fact, it was
found that the pH decreased for pH=6.0 to pH=2.8 during the hydrolysis of the PLGA
component of the blends. The polyphosphazene component did not show a significant
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molecular weight decline, even after six weeks in the hydrolysis medium, and this
indicates that the phosphazene did not hydrolyze rapidly enough to buffer the medium.
The analysis of the pH of the aqueous media for Blend B and Blend H are shown
in Figure 5-4. The pH decreased dramatically from week 2 to week 3 and steadily
declined thereafter until the study was concluded at week 6. The decrease in pH is a
direct consequence of the hydrolysis of PLGA 50:50 to lactic acid and glycolic acid. The
hydrolysis of PLGA 50:50 was also probably aided by water uptake by the films. Blend
B had absorbed 20% water, even after one week. Blend H absorbed 17% water over the
same period. The water uptake was maintained at 20% and 17% throughout the six-week
period. The weight of each film was then recorded after drying under reduced pressure
for two weeks. The weight loss of Blend B and Blend H are shown in Figure 5-5. The
weight loss is probably from the lactic acid and glycolic acid, diffusing into the bulk
aqueous medium.
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Figure 5-4: pH of the hydrolysis media from Blend B (◊), Blend H (■), and pristine

PLGA 50:50 (▲).
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Figure 5-5: Hydrolytic weight loss of Blend B (▲) and Blend H (■).
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The acidic nature of the hydrolysis medium was in contrast to previous hydrolysis
studies of polyphosphazene:PLGA blends which had detected a buffering effect. The
reason for this loss of buffering ability of the polyphosphazene component was evident
after a molecular weight analysis.

As the films degraded, the polyphosphazene

component showed only a slight decrease in the molecular weight, with a maximum
molecular weight loss of 20% for polymer 2 and 14% for polymer 3. The PGLA
component showed immediate molecular weight loss, and after the six-week period, the
molecular weight loss was approximately 90%. Therefore, it was concluded that the
polyphosphazene component did not degrade significantly and, thus, did not affect the pH
of the media. This was confirmed by 31P NMR analysis of the aqueous media, because
no phosphorus signals were detected during the course of the study.

The surface

hydrolysis was followed by SEM techniques, as shown in Figures 5-6 and 5-7.
Interestingly, the blend miscibility was monitored at each analysis time and it was found
that the blends had phase-separated after week 1. This indicates that the rapid hydrolysis
of PLGA disrupts the inter-polymer hydrogen bonding and leads to phase separation.
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A)

B)

C)

C)
Figure 5-6: SEM images of the surface of Blend B after A) week 1, B) week 2, and C)

week 6.
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A)

B)

C)

Figure 5-7: SEM image of Blend H after A) week 1, B) week 2, and C) week 6.
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5.3.4 Osteoblast cell morphology and activity

Primary osteoblast cell growth on PLGA (85:15) and Blend E were visualized
using SEM analysis and are shown in Figure 5-8. At day 7, a well spread morphology
was observed on both PLGA (Figure 5-8a) and Blend E (Figure 5-8c). By day 14, a
complete layer of interconnected spindle like osteoblasts was seen on the PLGA surface
(Figure 5-8b), whereas an extended osteoblast morphology with partial cell coverage was
observed on the surface of Blend E, as shown in Figure 5-8d. The increased surface
roughness for Blend E after 14 days in the aqueous culture is clearly seen from Figure 58d. Similar cell coverage, together with the same level of surface degradation, was
observed with Blend K (not shown here). It is clear from the above observations that
osteoblasts do adhere to and grow on the surfaces of Blend E and Blend K (Figure 5-9),
even as the PLGA is being hydrolyzed. However, only partial coverage of cells was
found on the blends at Day 14 and this is attributed to the phase-separation of the blends,
the resultant increased surface roughness, and the low pH.
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A)

B)

C)

D)

Figure 5-8: SEM micrographs of primary rat osteoblast cells cultured at different time

points on PLGA films for (A) 7 and (B) 14 days, Blend E films for (C) 7 and (D) 14 days.
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Figure 5-9: Cell activity measured using MTS assay.
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5.4 Conclusions

Polyphosphazenes with tris(hydroxymethyl)amino methane (THAM) and glycine
or alanine ethyl ester side groups were synthesized via macromolecular replacement of
the chlorine atoms in poly(dichlorophosphazene). The final structures of the polymers
were determined by multi-nuclear NMR techniques. These polymers were blended with
PLGA and the miscibility of the blends was demonstrated via DSC techniques. The
blends were miscible, irrespective of the blend composition or the composition of PLGA.
SEM analysis of the films showed no phase separation of the films. Hydrolysis studies at
37ºC in deionized water concluded that the polyphosphazene did not hydrolyze
significantly during six weeks, but the PLGA (50:50) was completely hydrolyzed. The
facile hydrolysis of PLGA is probably assisted by the rapid water uptake by the films.
DSC analyses of the hydrolyzed films showed a completely phase-separated blend
structure after one week in aqueous media at 37ºC. Osteoblast cell adhesion experiments
showed cell proliferation through day 14. However, by day 21 the cell proliferation was
minimal, probably due to surface roughness caused by phase separation of the polymer
blend.

149
5.5 References

1.

Forcino, R.G.; Jonnalagadda, S. J. Appl. Polym. Sci. 2007, 104, 944.

2.

Loo, J.S.C.; Ooi, C.P.; Tan, M.L.; Boey, F.Y.C. Polym. Int. 2005, 54, 636.

3.

Lan, P.; Zhang, Y.; Gao, Q.; Shao, H.; Hu, X. J. Appl. Polym. Sci. 2004, 92,
2163.

4.

Shim, I.K.; Lee, S.Y.; Park, Y.J.; Lee, M.C.; Lee, S.H.; Lee, J.Y.; Lee, S.J. J.
Biomed. Mat. Res. A. 2007, 84A, 247.

5.

Ruhe, P.Q.; Hedberg, E.L.; Padron, N.T.; Spauwen, P.H.M.; Jansen, J.A.; Mikos,
A.G. J. Biomed. Mat. Res. A. 2005, 25, 34.

6.

Lin, H.R.; Kuo, C.J.; Yang, C.Y.; Shaw, S.Y.; Wu, Y.J. J. Biomed. Mat. Res. B.
2002, 63B, 271.

7.

Guo, D.; Sun, H.; Xu, K.; Han, Y. J. Biomed. Mat. Res. B. 2007, 82B, 533.

8.

Wu, Y.C.; Shaw, S.Y.; Lin, H.R.; Lee, T.M.; Yang, C.Y. Biomat. 2006, 27, 896.

9.

Alexis, F.; Venkatraman, S.; Rath, S.K.; Gan, L.H. J. Appl. Polym. Sci. 2006,
102, 3111.

10.

Andrade, M.G.S.; Weissman, R.; Reis, S.R.A. J. Mat. Sci. Mat. Med. 2006, 17,
949.

11.

Mundargi, R.C.; Babu, V.R.; Rangaswamy, V.; Patel, P.; Aminabhavi, T.M. J.
Cont. Rel. 2008, 125, 193.

150
12.

Lui, J.; Zhang, S.M.; Chen, P.P.; Cheng, L.; Zhou, W.; Tang, W.X.; Chen, Z.W.;
Ke, C.M. J. Mat. Sci. Mat. Med. 2007, 18, 2205.

13.

Shin, M.; Abukawa, H.; Troulis, M.J.; Vacanti, J.P. J. Biomed. Mat. Res. A. 2008,
84A, 702.

14.

Jabbarzadeh, E.; Jiang, T.; Deng, M.; Nair, L.S.; Khan, Y.M.; Laurencin, C.T.
Biotech. Bioeng. 2007, 98, 1094.

15.

Allcock, H.R.

Chemistry and Applications of Polyphosphazenes; Wiley-

Interscience: Hoboken, NJ, 2003.
16.

Allcock, H.R.; Pucher, S.; Scopelianos, A. Macromol. 1994, 27, 1071.

17.

Singh, A.; Krogman, N.; Sethuraman, S.; Nair, L.; Sturgeon, J.; Brown, P.;
Laurencin, C.; Allcock, H.R. Biomacromol. 2006, 7, 914.

18.

Krogman, N.R.; Singh, A.; Nair, L.S.; Laurencin, C.T.; Allcock, H.R.
Biomacromol. 2007, 8, 1306.

19.

El-Amin, S.F.; Kwon, M.S.; Starnes, T.; Allcock, H.R.; Laurencin, C.T. J. Inorg.
Organomet. Polym. Mat. 2006, 16, 387.

20.

Conconi, M.T.; Lora, S.; Menti, A.M.; Carampin, P.; Parnigotto, P.P. Tiss. Eng.
2006, 12, 811.

21.

Ibim, S.; Ambrosio, A.; Kwon, M.; El-Amin, S.; Allcock, H.R.; Laurencin, C.T.
Biomat. 1997, 18, 1565.

151
22.

Deng, M.; Nair, L.S.; Nukavarapu, S.P.; Kumbar, S.G.; Jiang, T.; Krogman,
N.R.; Singh, A.; Allcock, H.R.; Laurencin, C.T. Biomat. 2008, 29, 337.

23.

Pangborn, A.; Giardello, M.; Grubbs, R.; Rosen, R.; Timmers, F. Organomet.
1996, 15, 1518.

24.

Nukavarapu, S.P.; Kumbar, S.G.; Brown, J.L.; Krogman, N.R.; Weikel, A.L.;
Hindenlang, M.D.; Nair, L.S.; Allcock, H.R.; Laurencin, C.T. Biomacromol.
2008 (ASAP).

Chapter 6

Synthesis and Characterization of Polyphosphazene-Block-Polyester and
Polyphosphazene-Block-Polycarbonate Macromolecules

6.1 Introduction

Various polyphosphazenes architectures can be synthesized by changes in the
reagents used to replace chlorine atoms in poly(dichlorophosphazene) to optimize many
different properties.

Numerous polyphosphazenes have been synthesized, with

applications that range from fire retardants to tissue engineering scaffolds.1 The classical
synthesis of poly(dichlorophosphazene) utilizes a thermal ring opening polymerization of
the cyclic trimer, hexachlorocyclotriphosphazene, (NPCl2)3.2-4 However, although this
route is convenient for the synthesis of linear, single- or mixed-substituent polymers, it is
not appropriate for the assembly of more elaborate architectures, such as block
copolymers, that involve linear polyphosphazenes connected to other polyphosphazenes
or to organic polymers.
In 1995, a new route synthetic route was introduced that allows the synthesis of
polyphosphazenes via a living cationic polymerization pathway.5 This route has led to
the development of new macromolecules with block copolymer structures and with novel
properties derived from the organic polymer component as well as the polyphosphazene.
The process described here begins with telechelic organic polymers, with an amino end
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group.

Two variants have been developed.

First, a trifluoroethoxy-substituted

phosphoranamine monomer is linked to the organic polymer via its amino terminus, and a
polyphosphazene chain is then grown from this site using a chloro-phosphoranamine
monomer. Alternatively, as used in the present work, the phosphoranamine terminated
organic polymer can be used to terminate a preformed living poly(dichlorophosphazene)
chain. The final polyphosphazene structure is then produced in the final step by chlorine
replacement reactions by the appropriate organic nucleophiles. The living cationic route
yields polymers with well-defined molecular weights.
Since the development of this living polymerization route, polyphosphazenes
have been synthesized with a range of different polymer block structures, such as
polyphosphazene-block-polyphosphazene copolymers6-8, poly(ethylene oxide)-blockpolyphosphazene copolymers9-11, polystyrene-block-polyphosphazene copolymers12-14,
poly(methyl methacrylate)-graft-polyphosphazene copolymers15, polysiloxane-blockpolyphosphazene copolymers16, and poly(propylene glycol)-block-polyphosphazene
copolymers17. Developing uses for these macromolecules include lithium ion conduction
membranes and micelles for drug delivery.
In this work, we report the synthesis of polyphosphazene-block-polyesters and
polycarbonates. Poly(lactic acid) (PLA), polycaprolactone (PCL), and poly(trimethylene
carbonate) (PTMC) were synthesized by ring opening polymerization techniques. These
organic polymers were prepared with a single amino terminus and a phosphoranamine
end unit that was later utilized as a termination point for the cationically polymerized
polyphosphazene chain. Molecular structure determination and molecular weights were
used to verify the synthesis of the target block copolymers. The objective of this study
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was to develop reaction conditions that would lead to well-defined block copolymers
with one block (the phosphazene component) that is hydrolytically stable. This would
then serve as a model system for other, more challenging polymers in which both blocks
are hydrolytically sensitive.

6.2 Experimental

6.2.1 Materials

All reactions were carried out under a dry argon atmosphere using standard
Schlenk line techniques. Dichloromethane, tetrahydrofuran, toluene, and triethylamine
(EMD) were dried using solvent purification columns.18 Phosphorus pentachloride was
purified by sublimation before use.

2,2,2-Trifluoroethanol and caprolactone were

distilled from CaH2. All other materials were used as received, unless otherwise noted.
The synthesis of (dimethylamino)pyridine toluene sulfonate (DPTS), Cl3P=NSiMe319,
and Br(CF3CH2O)2P=NSiMe319 were carried out using procedures described in the
literature.

6.2.2 Equipment
31

P and 1H NMR spectra were obtained with use of a Bruker 360 WM instrument

operated at 145 MHz and 360 MHz, respectively. Gel permeation chromatograms were
obtained using a Hewlett-Packard HP 1100 gel permeation chromatograph equipped with
two Phenomenex Phenogel linear 10 columns and a Hewlett-Packard 1047A refractive
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index detector. The samples were eluted at 1.0 mL/min with a 10 mM solution of tetra-nbutylammonium nitrate in THF. The elution times were calibrated with polystyrene
standards.

Glass transition temperatures were measured with a TA Instruments Q10

differential scanning calorimetry apparatus with a heating rate of 10°C/min and a sample
size of ca. 10 mg.

6.2.3 Synthesis of Boc-aminoethanol terminated-poly(L-lactic acid) (PLA)

This synthesis was adapted from previous reports.20 The following procedure was
carried out in an inert atmosphere glove box. Naphthalene (128 mg, 1.0 mmol) and
sodium (230 mg, 1.0 mmol) were mixed in THF (1 mL) at room temperature for 20
minutes. This mixture was added to a solution of Boc-aminoethanol (40 mg, 0.25 mmol)
in THF (1 mL), and the mixture was stirred for 20 minutes at room temperature. The
initiator solution (1 mL) was added to a solution of L-lactide (7.2 g, 49.6 mmol) in THF
(14 mL). The solution turned opaque white and became viscous. Termination of the
polymerization after 30 minutes was accomplished by the addition of acetic acid. The
polymer solution was concentrated and precipitated into hexanes.

Purification was

achieved by two additional precipitations from THF into hexanes. The final yield was
90%.

1

H NMR (CDCl3): δ (ppm) 1.38 (s, 9H, CH3), 1.69 (d, 3H, CH3), 3.30 (br, 2H,

CH2), 4.22 (br, 2H, CH2), 4.30 (q, 1H, CH), 5.11 (q, 3H, CH3).
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6.2.4 Deprotection of Boc-aminoethanol terminated-poly(L-lactic acid) (polymer 1)

Boc aminoethanol terminated-poly(L-lactic acid) was dissolved in trifluoroacetic
acid and the solution was stirred at room temperature for 8 hours. The polymer was then
concentrated and precipitated into diethyl ether. Further purification involved dissolution
of the polymer in THF followed by precipitation into diethyl ether three times. The final
yield was 72%. 1H NMR (CDCl3): δ (ppm) 1.62 (d, 3H, CH3), 3.25 (br, 2H, CH2), 4.27
(br, 2H, CH2), 4.35 (q, 1H, CH), 5.07 (q, 3H, CH3).

6.2.5 Synthesis of 4-notrophenethanol-terminated poly(trimethylene carbonate)
(PTMC)

This synthesis was adapted from previous reports.21 The following procedure was
carried out in a glove box. A 1.9 M solution of triethlyaluminum in toluene (2.06 mL,
3.92 mmol) was added slowly to tetrachloroethane (TCE) (25 mL) over 20 minutes. 4Nitrophenethanol (655 mg, 3.91 mmol) in TCE was added to this solution. 1,3-Dioxan2-one (15.0 g, 147 mmol) was dissolved in 30 mL of TCE and was added to the initiator
solution. This mixture was removed from the glove box and heated to 85 ºC for two
hours.

The polymer was then precipitated into methanol, then re-dissolved in

dichloromethane and precipitated into methanol two more times. The final yield was
82%.

1

H NMR (CDCl3): δ (ppm) 2.01 (m, 2H, CH2), 4.12 (t, 4H, CH2), 7.18 (d, 2H,

aromatic), 8.11 (d, 2H, aromatic).
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6.2.6 Deprotection of 4-nitrophenethanol-terminated PTMC (polymer 2)

4-Nitrophenethanol terminated PTMC (15.0 g) was dissolved in 100 mL of THF,
and 10% palladium/carbon (0.6g) was added. This solution was charged with 45 p.s.i. of
hydrogen and agitated for 12 hours in a Parr hydrogenator. The solution was filtered and
centrifuged to remove the catalyst. The solution was then concentrated and precipitated
into methanol:water (1:1). The final yield was 94%. 1H NMR (CDCl3): δ (ppm) 2.11 (m,
2H, CH2), 4.17 (t, 4H, CH2), 7.16 (d, 2H, aromatic), 8.22 (d, 2H, aromatic).

6.2.7 Synthesis of Boc-glycine-terminated polycaprolactone (PCL)

This procedure was also adapted from previous reports.22 Caprolactone (10.3 g,
97.1 mmol) was dissolved in toluene (10 mL) and the solution was cooled to 0 ºC.
Aluminum triisopropoxide (1.02 g, 5.0 mmol) was dissolved in toluene (40 mL) and the
solution was cooled to 0ºC, then added to the caprolactone solution. This mixture was
stirred for 2 hours at 0ºC, and the reaction mixture was warmed to room temperature
before toluene (80 mL) was added. The solution was washed with 20 mL aliquots of 0.3
M aqueous HCl (three times), then dried over MgSO4, concentrated, and precipitated into
hexanes. Polycaprolactone (8.0 g, 3.3 mmol), dicyclohexylcarbodiimide (DCC) (1.0 g,
9.4 mmol), and DPTS (0.6 g, 2.0 mmol) were dissolved in chloroform (200 mL). Bocglycine (0.7 g, 4.0 mmol) was added to this mixture, which was stirred at room
temperature for 48 hours. The solution was filtered, concentrated, and precipitated into
cold methanol.

Purification involved dissolution of the polymer in CHCl3 and

precipitation into cold methanol (twice). The final yield was 65%.
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6.2.8 Deprotection of Boc-glycine-terminated PCL (polymer 3).

Boc-Gly-PCL was dissolved in ethyl acetate and 6 M HCl in ethyl acetate was
added. This solution was stirred at room temperature for 4 hours, and the solvent was
removed. The residue was dissolved in CHCl3 and precipitated into cold methanol (three
times). The final yield was 60%

1

H NMR (CDCl3): δ (ppm) 1.3 (b, 2H, CH2), 1.5 (b,

4H, CH2), 2.1 (b, 2H, CH2), 3.3 (b, 2H, CH2), 4.6 (s, 2H, CH2-end group). Mn = 15000
g/mol.

6.2.9 Polycaprolactone functionalization with Br(CF3CH2O)2P=NSiMe3 (polymers 46)

A similar procedure was used to react Br(CF3CH2O)2P=N-SiMe3 with the amino
end-terminus of polymers 1-3. The attachment of Br(CF3CH2O)2P=N-SiMe3 to polymer
3 is given as an example. Polymer 3 (1.0g, 0.07 mmol of end groups) was dissolved in

THF (50 mL). Triethylamine (20 mg, 0.2 mmol) was added to this solution, followed by
Br(CF3CH2O)2P=N-SiMe3 (32 mg, 0.08 mmol). The reaction mixture was then stirred at
room temperature for 24 hours. The solvent was removed under vacuum and the solid
product used without further purification. The reactant amounts for polymers 4 and 5 are
listed in Table 6-1.
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Table 6-1: Reaction quantities for the synthesis of polymers 4-6.

a

Determined as the

millimoles of end groups as calculated based on the Mn.
Polymer

Amine Terminated
Polymers 1-3

Br(CF3CH3O)2P=N-SiMe3

Et3N

4

2.0 g, 0.4 mmola

40 mg, 0.4 mmol

57 mg, 0.6 mmol

5

2.0 g, 0.1 mmola

58 mg, 0.1 mmol

37 mg, 0.4 mmol

6

2.0 g, 0.07 mmola

32 mg, 0.08 mmol

20 mg, 0.2 mmol
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6.2.10 Preparation of polycaprolactone-block-poly[bis(trifluoroethoxy)phosphazene]
(polymers 7-9)

To a stirred solution of PCl5 (28 mg, 0.1 mmol) in dichloromethane (20 mL) was
added (CF3CH2O)3P=N-SiMe3 (28 mg, 0.07 mmol), and the reagents were allowed to
react for 8 hours. The monomer, (Cl)3P=N-SiMe3 (1.50 g, 6.7 mmol), was added to this
reaction solution, which was stirred at 25 ºC for 16 hours. A solution of polymer 4 in
dichloromethane (25mL) was added to terminate the reaction, and the solution was then
stirred for 24 hours. The dichloromethane was removed under vacuum and the residual
polymer was redissolved in THF. In a separate reaction vessel, sodium (0.30 g, 14.0
mmol) was suspended in THF (20mL) and trifluoroethanol (1.5 g, 14.7 mmol) was added
dropwise. The sodium trifluoroethoxide salt was then added to the block copolymer
solution and the mixture was stirred at room temperature for 24 hours. The solvent was
then removed. The crude copolymer was purified by dialysis in an 80:20 mixture of
THF:H2O using 6,000-8,000 MCO tubing. The product amounts and conditions for
polymers 7 and 8 are given in Table 6-2. Final yields ranged from 80-85%
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Table 6-2: Reaction quantities for the synthesis of polymers 7-9.

Polymer
7

8

9

PCl5

(CF3CH2O)3P=NSiMe3

(Cl)3P=NSiMe3

Na0

CF3CH2OH

167 mg,

166 mg,

1.8 g,

405 mg,

2.0 g,

0.8 mmol

0.4 mmol

8.0 mmol

18.0 mmol

20 mmol

50 mg,

50 mg,

2.7 g,

557 mg,

2.7 g,

0.2 mmol

0.1 mmol

12.1 mmol

24.0 mmol

27 mmol

28 mg,

28 mg,

1.5 g,

300 mg,

1.5 g,

0.1 mmol

0.7 mmol

6.7 mmol

14.0 mmol

15 mmol
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6.3 Results and Discussion

6.3.1 Synthesis of organic polymers 1-3.

Amine terminated poly(L-lactic acid)20 (1), poly(trimethylene carbonate)21 (2),
and polycaprolactone22 (3) were synthesized via ring opening polymerization following
earlier literature techniques. Poly(L-lactic acid) was synthesized as shown in Figure 6-1.
The alcohol terminus of Boc-amino ethanol was used to initiate the anionic ring opening
polymerization of the L-lactide with a monomer/initiator (M:I) ratio of 50:1. GPC
analysis of the protected-PLA showed a molecular weight of Mn=6.5 kDa. Polymer 1
was isolated after removal of the Boc-protecting group with acetic acid. The final
polymer structure was analyzed with 1H and

13

C NMR techniques.

The acidic

deprotection conditions did not affect the molecular weight of polymer 1, with Mn
remaining at 6.5 kDa.
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Figure 6-1: Preparation of amine terminated poly(L-lactic acid) (PLA), polymer 1.
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The synthesis of polymer 2 is outlined in Figure 6-2. The initiation of
trimethylene carbonate was induced by 4-nitrophenethanol and AlEt3 with a
monomer:initiator ratio of 75:1. The molecular weight was measured to be 15.0 kDa
(Mn). The nitro end-function was reduced by hydrogenation (H2 and Pd/C) to yield the
desired amino end-functionalized polymer 2. The final structure was characterized by 1H
and

13

C NMR techniques. The hydrogenation procedure had no affect on the final

molecular weight (Mn= 15.0k Da) of polymer 2.
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Figure 6-2:

polymer 2.

Preparation of amine terminated poly(trimethylene carbonate) (PTMC),
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The synthetic procedure for the synthesis of polymer 3 is shown in Figure 6-3.
The polymerization of caprolactone was accomplished with use of the initiator, aluminum
triisopropoxide, with a monomer:initiator ratio of 50:1. This polymerization produced
hydroxyl-terminated polycaprolactone with a molecular weight (Mn) of 15.0 kDa. The
hydroxyl-terminated polymer was end-functionalized with Boc-glycine, followed by
removal of the Boc-protective group with hydrochloric acid. This produced the amineterminated polymer 3 that was subsequently used for block copolymer synthesis.
Removal of the Boc-protection group did not affect the final molecular weight of
polymer 3 (Mn = 15.0 kDa).
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Figure 6-3: Synthesis of amine terminated poly(caprolactone) (PCL), polymer 3.
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6.3.2 Synthesis of block copolymers 7-9

The amino end-functionality of polymers 1-3 was utilized as an attachment point
for Br(CF3CH2O)2P=NSiMe3 via nucleophilic replacement of bromine linked to the
phosphorus atom. Figure 6-4 describes the synthetic procedure for the synthesis of
polymers 4-6.

The phosphoranamine end unit was used to terminate a living

poly(dichlorophosphazene) chain, as shown in Figure 6-5, to yield the chloropolyphosphazene block covalently attached to the organic polymer block. The design of
the polyphosphazene chain was intended to achieve an equal number of repeat units to
that in the corresponding organic polymer block.

The chlorine atoms in the

polyphosphazene block were then subsequently replaced by trifluoroethoxide side groups
to yield polymers 7-9.
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Figure 6-4: Synthesis of polymer 6. The synthesis of polymers 4 and 5 were produced

with similar procedures as previously outlined.
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Figure 6-5: Synthesis of Polycaprolactone-block-Poly[(bis trifluorethoxy)phosphazene],

polymer 9. A similar procedure was followed for the synthesis of polymers 7 and 8.
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Molecular characterization of polymers 7-9 was conducted using multinuclear
NMR techniques. The 31P NMR spectra contained a peak at -8 ppm that corresponded to
a polyphosphazene with trifluoroethoxide side groups. The 1H NMR spectra of the
copolymers showed the presence of the organic blocks as previously detailed, together
with a broad peak at 4.4 ppm. This corresponds to the –CH2CF3 of the polyphosphazene
side groups. Molecular weight analysis showed polymer 7 with Mn = 15 kDa, and
polymers 8 and 9 with Mn = 30 kDa, respectively. DSC analysis of the block copolymers
revealed phase separation between the two blocks.

For polymers 7-9, the

polyphosphazene block gave a transition at -40ºC, with a second transition for the parent
organic polymers. Polymer 7 showed a transition at 48ºC, polymer 8 at -21ºC, and
polymer 9 at -60ºC.

6.4 Conclusions

This is the first reported synthesis of polyphosphazene-block-polyester or
polycarbonate

macromolecules.

The

organic

blocks

poly(L-lactic

acid),

poly(trimethylene carbonate), and polycaprolactone were synthesized with amino endfunctions that were subsequently used to terminate the living cationic polymerization of
poly(dichlorophosphazene). After chlorine replacement by trifluorethoxy groups, the
final polymers were analyzed with multinuclear NMR, GPC, and DSC techniques to
confirm the molecular structures.

These new block copolymer architectures are

prototypes for the further development of this system. The use of side groups other than
trifluoroethoxy in the polyphosphazene blocks is expected to lead to totally bioerodible
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block copolymers with hydrolysis profiles and physical properties that can be optimized
for a variety of biomedical uses, including tissue engineering and controlled drug
delivery.
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Chapter 7

Synthesis of Purine and Pyrimidine Containing Polyphosphazenes: Physical
Properties, and Hydrolytic Degradation

7.1 Introduction

Polyphosphazenes are hybrid inorganic-organic macromolecular systems with a
wide range of potential uses.

Most polyphosphazenes are synthesized via a

macromolecular substitution approach in which the reactive chlorine atoms in
poly(dichlorophosphazene) (1) are replaced by reactions with organic nucleophiles. This
method has led to the synthesis of many different molecular structures and architectures.1
The properties of the final polymeric materials depend on the nature of the side groups,
which are typically alkoxy, aryloxy, or amino units. The macromolecular substitution
approach allows one, two, or more different side groups to be linked to the same polymer
chain to generate different solid-state properties. Thus, numerous polyphosphazenes
have been studied as materials for membranes2-4, optical materials5,6, and various
biomedical applications7,8.

Within the field of biomedical materials, hydrolytically

sensitive polyphosphazenes and their hydrolysis mechanisms have been studied in detail912

.
The hydrolytic sensitivity of a polyphosphazene matrix is achieved through the

use of selected side groups that include imidizolyl13,14, glucosyl15, lactide or glycolide
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esters16, amino acid esters9,10, and peptides12. The incorporation of different side groups
affects the biomaterials properties, such as hydrolysis rate, hydrophobicity, molecular
interaction capabilities, etc. In addition, a number of new biologically compatible side
groups that possess the ability to interact through hydrogen bonding and impart
hydrolytic instability to the polymers are under investigation.

This combination of

properties provides attractive opportunities for uses in different biomaterials applications,
including drug delivery17,18 and tissue engineering19,20.
In principle, purines and pyrimidine side groups have the additional ability to
generate

interesting

and

potentially

useful

polymer-polymer

interactions

in

polyphosphazenes, perhaps in the manner found in DNA. Thus, the utilization of these
molecules as side groups linked to a polyphosphazene backbone, in conjunction with
hydrolytically sensitive co-substituent side groups, offers the prospect of access to new
and potentially useful sets of properties.
This is the first reported synthesis of purine- and pyrimidine-substituted
polyphosphazenes. Guanine, adenine, and cytosine all bear primary amino units that can
engage in nucleophilic replacement of the chlorine atoms in poly(dichlorophosphazene).
Initial small molecule model studies with the cyclic trimer, (NPCl2)3, confirmed that the
purine and pyrimidine substituents can indeed replace some of the chlorine atoms of
hexachlorocyclotriphosphazene. However, the products become insoluble before all the
chlorine atoms were replaced.

Nevertheless, the pattern of the substitution was

developed by model co-substituent studies. Similar difficulties were encountered with
the synthesis of high polymers that bear only purine or pyrimidine side groups.
Therefore, partly-substituted purine- or pyrimidine- derivatives were co-substituted with
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glycine ethyl ester, alanine ethyl ester, or ethylene glycol methyl ether units to maintain
the solubility of the final products. The molecular structure of each polymer was studied
with the use of multinuclear NMR and DRIFT techniques.

Molecular weights and

thermal properties were examined by the use of GPC, DSC, and TGA methods.
Hydrolysis studies confirmed the hydrolytic sensitivity of the polyphosphazenes through
the detection of molecular weight declines and weight loss analysis. The presence of
phosphates from the polymer backbone was evident by 31P NMR analysis.

7.2 Experimental

7.2.1 Reagents and Equipment

All reactions were carried out under a dry argon atmosphere using standard
Schlenk line techniques. Tetrahydrofuran (EMD) and triethylamine (EMD) were dried
using solvent purification columns.21 Adenine, cytosine, guanine, glycine ethyl ester
hydrochloride (Aldrich), and alanine ethyl ester hydrochloride (ChemImpex) were used
as received. Ethylene glycol methyl ether and 2,2,2-trifluoroethanol (Aldrich) were
distilled from CaH2 and stored under argon. Poly(dichlorophosphazene) was prepared by
the

thermal

ring-opening

polymerization

of

recrystallized

hexachlorocyclotriphosphazene in evacuated Pyrex tubes at 250°C.

and
31

P,

13

sublimed
C, and 1H

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
with a TA Instruments Q10 differential scanning calorimetry apparatus with a heating
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rate of 10°C/min and a sample size of ca. 10 mg. Gel Permeation chromatograms were
obtained using a Hewlett-Packard HP 1100 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-nbutylammonium nitrate in THF. The elution times were calibrated with polystyrene
standards. DRIFT samples were analyzed using a Digilab FTS 7000 spectrometer, with
32 scans per sample. pH measurements were obtained using a Beckman Ф 31 pH meter.

7.2.2 Synthesis of model compounds 2-4

Model compounds 2-4 were synthesized in a similar fashion. The preparation of
compound 2 is described as an example. Hexachlorocyclotriphosphazene (2.00 g, 5.75
mmol) was dissolved in THF (50 mL). Guanine (2.61 g, 17.3 mmol) and triethylamine
(1.81 g, 17.8 mmol) were added simultaneously to the solution. This mixture was stirred
at room temperature for 24 hours. In a separate reaction vessel, sodium hydride (60%)
(1.38 g, 34.5 mmol) was suspended in THF (100 mL) and 2,2,2-trifluoroethanol (3.51 g,
35.1 mmol) was added to the suspension. After complete addition of the alcohol, the
resultant alkoxide salt solution was added to the hexachlorocyclotriphosphazene solution.
The mixture was then stirred at room temperature for 24 hours. Filtration and solvent
removal under vacuum yielded a white solid. The product was then recrystallized from
acetone and its molecular structure studied by 31P and 1H NMR techniques, as well as by
mass spectrometry. Final yields were 64-68%
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7.2.3 Synthesis of polymers 6-11

Polymers 6-11 were synthesized in a similar manner with the synthesis of
polymer 7 described as an example. Poly(dichlorophosphazene) (2.00 g, 0.0345 mol)
was dissolved in 200 mL of dry THF. Glycine ethyl ester hydrochloride (2.65 g, 0.0190
mol) was suspended in 100 mL of dry THF, and triethylamine (4.19 g, 0.0414 mol) was
added. This suspension was refluxed for 24 hours, then filtered and added dropwise to
the polymer solution. The mixture was stirred at room temperature for 24 hours and the
process of the reaction was monitored by 31P NMR spectroscopy. Triethylamine (4.19 g,
0.0414 mol) and adenine (4.66 g, 0.0345 mol) were then added simultaneously to the
polymer solution. The mixture was stirred at room temperature for 24 hours and the
reaction was monitored by

31

P NMR spectroscopy. After complete replacement of the

chlorine atoms was confirmed, the mixture was centrifuged (10k rpm) for 30 minutes and
the solution was decanted, concentrated in vacuo, and precipitated into hexanes. Polymer
7 was purified by dialysis against methanol (3 days) and, after solvent removal, was

isolated as a white, adhesive polymer.

Final polymer yields were 67-80%.

Characterization data for polymers 6-11 are shown in Table 7-1.

7.2.4 Synthesis of polymers 12-14

Polymers 12-14 were synthesized in a similar manner, and the synthesis of
polymer 12 is described. Poly(dichlorophosphazene) (2.00 g, 0.0345 mol) was dissolved
in 200 mL of dry THF. Sodium hydride (60% in mineral oil) (0.690 g, 0.0173 mol) was
suspended in 100 mL of dry THF, and the mixture was cooled to 0ºC before diethylene
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glycol methyl ether (2.16 g, 0.0180 mol) was added slowly. After complete addition of
the diethylene glycol methyl ether, the alkoxide salt solution was slowly warmed to room
temperature and was stirred for 24 hours. The solution of the side group reagent was then
added dropwise to the polymer solution and the resulting mixture was stirred at room
temperature for 24 hours as the reaction was monitored by

31

P NMR spectroscopy.

Triethylamine (7.68 g, 0.0759 mol) and solid adenine (4.66 g, 0.0345 mol) were then
added simultaneously to the polymer solution. The final polymer mixture was stirred at
room temperature for 24 hours, then refluxed for 24 hours while monitored by 31P NMR
spectroscopy. After complete replacement of the chlorine atoms was confirmed, the
mixture was centrifuged (10k rpm) for 30 minutes and the solution was decanted,
concentrated under vacuum and precipitated into hexanes. Polymer 12 was purified by
dialysis against methanol (3X) and was isolated as a light brown, adhesive polymer. The
final yields were 79-84%

Characterization data for polymers 12-14 are shown in

Table 7-1.

7.2.5 Hydrolysis Studies of polymers 6-14

Polymers 6-14 (200 mg) were dissolved in 2 mL of chloroform (10% solution
g/mL). Films were solution-cast and air-dried for 24 hours, then dried under reduced
pressure (30 millitorr) for 7 days. Each film had a thickness of approximately 500 µm.
Samples were distributed into 15 different test tubes containing 10 mL of deionized water
(pH=6.0). The tubes were contained in a constant shaker bath at 37ºC. Three samples
were removed at the time points 7, 14, 21, 28, and 35 days. The weight loss and
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molecular weight declines were monitored for each solid sample. In addition, the pH of
each hydrolysis medium was analyzed.

31

P and 1H NMR techniques were utilized to

follow the formation of any small molecule hydrolysis products dissolved in the aqueous
medium. Silver nitrate and ninhydrin tests were employed to qualitatively determine the
presence of phosphates and ammonia and/or amino acids, respectively.

7.3 Results and Discussion

7.3.1 Synthesis of model compounds 2-4

Hexachlorocyclotriphosphazene (1) was utilized as a small molecule model for
the introduction of the appropriate purine or pyrimidine. Initially, attempts were made to
produce a cyclic phosphazene that contained six covalently linked purine or pyrimidine
substituents. Thus, the reaction of hexachlorocyclotriphosphazene with an excess of
guanine, adenine, or cytosine in the presence of triethylamine was monitored with

31

P

NMR techniques. Analysis of the reaction mixtures after 24 hours at ambient conditions
showed peaks indicative of several different degrees of substitution, but no fully
substituted compound. The solution was then refluxed in THF for 24 hours during which
time the products precipitated from solution, and no phosphorus nuclei were detected by
31

P NMR analysis due to the insolubility of the product. Triethylamine hydrochloride

salts were extracted with boiling methanol and the residue was analyzed by 1H and
NMR techniques.
organic solvents.

31

P

However, the cyclic phosphazene species remained insoluble in

182
To monitor the reaction pattern before the product became insoluble, a cosubstituent synthesis reaction was utilized, with an initial addition of the appropriate
purine or pyrimidine, followed by use of a second nucleophile to replace the remaining
chlorine atoms. Thus, after the initial reaction had proceeded for 24 hours under ambient
conditions, an alkoxide salt solution of 2,2,2-trifluoroethanol was added, as outline in
Figure 7-1.

This completed the replacement of all the chlorine atoms.

These trial

reactions were carried out to ensure that only the primary amino function of the purine or
pyrimidine was covalently linked to the phosphorus atoms in the cyclic model species.
Analysis of the products showed that multiple substitutions had occurred around the
phosphazene ring, which ranged from di- to tetra-substitution by the purine or
pyrimidine. This was confirmed by mass spectral analysis that showed the presence of
various substituted phosphazene rings. Infrared spectral analysis presented additional
evidence, through the loss of the primary amino vibrational shift that the primary amino
function had reacted with the phosphazene core.
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Model Compound 4: R 1 = Cytosine

Figure 7-1: Synthesis of small molecule model compounds 2-4.
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7.3.2 Synthesis and structural characterization of polymers 6-14

All the polymers were synthesized via macromolecular substitution (i.e. chlorine
replacement) of poly(dichlorophosphazene).

The initial attempts focused on the

synthesis of polyphosphazenes that bear only purine or pyrimidine side groups.
However, after 24 hours of reaction at room temperature, 31P NMR analysis showed that
only ~70% of the chlorine atoms in the polymer had been replaced. Moreover, after
reflux of the solution in THF for 24 hours, no phosphorus nuclei could be detected in
solution due to precipitation of the product. Changes in the solvent system (to dioxane or
benzene) did not improve the solubility of the final products. The precipitated solid was
insoluble in water, DMSO, ethanol, methanol, chloroform, dichloromethane, DMF,
methyl ethyl ketone, acetone, acetontrile, glyme, and diglyme. Thus, it was concluded
that the insoluble species formed during the last 30% of chlorine replacement were
unsuitable for further investigation.
The problems of product insolubility with single-substituent polyphosphazenes
led to a focus on mixed-substituent polyphosphazenes that contained both a purine or
pyrimidine side group and glycine ethyl ester, alanine ethyl ester, or ethylene glycol
methyl ether side groups. During the synthesis of these polymers, a stoichiometric
amount of the amino acid ester or ethylene glycol methyl ether was added first to
polymer 5 to maintain the solubility of the intermediate and then an excess of purine or
pyrimidine and triethylamine was added to complete the substitution, as described in
Figure 7-2.
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O
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Figure 7-2: Structures of polymers 5-14. The ratio of purine or pyrimidine to glycine

ethyl ester, alanine ethyl ester, and ethylene glycol methyl ether was maintained at a 1:1
ratio.
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To ensure that the side groups were randomly distributed along the polymer
backbone, R2 was added dropwise to the poly(dichlorophosphazene) solution.
random substitution of R2 was monitored by

31

The

P NMR spectroscopy. Polymers 6-11

contained 50% glycine ethyl ester or 50% alanine ethyl ester and showed a single
chemical shift at approximately -8 ppm after the addition of the amino acid ester side
group. This corresponds to phosphorus atoms with one chlorine atom and one organic
side group. Subsequent addition of the purine or pyrimidine yielded a single peak in the
31

P NMR spectrum at approximately 0 ppm for polymers 6-11. Thus, the NMR evidence

indicated that all the chlorine atoms had been replaced.

A single glass transition

temperature (Tg) was detected for polymers 6-11, which supports the existence of a
randomly-substituted polymer.

1

H and

13

C NMR techniques were used to confirm the

presence and the composition of the side groups on the polyphosphazene backbone
(Table 7-1).
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Table 7-1: Structural and physical characterization data for polymers 6-14.

a

Temperature at which 10% mass loss was detected, b Temperature at which 50% mass
loss occurred.

1

Polymer

H NMR
(ppm)

6

1.1 (3H), 3.8 (2H),
4.0 (2H), 8.1 (1H)

7

8

9

10

11

12

13

14

1.3 (3H),
4.1 (2H),
8.6 (1H)
1.3 (3H),
4.1 (2H),
7.4 (1H)

31

P NMR
(ppm)
-0.76

3.8 (2H),
8.3 (1H),

-0.22

3.8 (2H),
4.7 (1H)

-0.89

1.1 (6H), 3.7 (1H),
4.4 (2H), 8.5 (1H)
1.4 (6H), 3.9 (1H),
4.1 (2H), 8.0 (1H),
8.6 (1H)
1.2 (6H), 3.7 (1H),
4.3 (2H),4.7 (1H),
8.2 (1H)
3.1 (3H), 3.6 (6H),
3.9 (2H), 8.1 (1H)
3.2 (3H), 3.6 (6H),
3.8 (2H), 8.3 (1H),
8.8 (1H)
3.2 (3H), 3.5 (6H),
3.7
(2H),
4.6
(1H),7.5 (1H)

-0.18
-1.1
-1.3
-7.8, 12.3

13

C NMR
(ppm)
14.1 (CH3), 39.4 (CH2),
61.2 (CH2), 134-161 (4
Ar), 171.3 (2 C=O)
14.0 (2 CH3), 40.1 (CH2),
60.5 (CH2), 130-155 (5
Ar), 172.4 (C=O)
15.2 (CH3), 41.5 (CH2),
62.6 (CH2), 103-168 (4
Ar), 174.2 (C=O)
13.2 (CH3), 19.5 (CH3),
43.6 (CH), 138-165 (4
Ar), 171.2 (2 C=O)
13.5 (2 CH3), 41.8(CH2),
62.2 (CH2), 128-159 (5
Ar), 171.0 (C=O)
15.1 (2 CH3), 46.3 (CH),
61.4 (CH2), 101-165 (4
Ar), 173 (C=O)
54.0 (CH3, CH2), 72.4 (3
CH2), 139-164 (4 Ar),
170.6 (C=O)

Mw x 10-3
(g/mol)

Tg
(ºC)

Td
(ºC)

103

-24.8

192a
554b

110

-24.1

207a

109

-27.7

213a
606b

118

-16.8

207a
593b

111

-20.2

213a

120

-15.5

263a
458b

263

-70.6,
25.7

229a
408b

-7.5, 13.6

55.0 (CH3, CH2), 72.1 (3
CH2), 131-157 (5 Ar)

302

-69.0,
23.4

176a
396b

-8.5, 14.1

55.3 (CH3, CH2), 72.5 (3
CH2), 100-162 (4 Ar)

288

-72.6,
30.2

190a
500b
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By contrast, after the addition of the diethylene glycol methyl ether sodium salt to
poly(dichlorophosphazene), polymers 12-14 showed two 31P NMR shifts at -9 ppm and 18 ppm. This suggests the presence of phosphorus atoms with two organic side groups,
and others with two chlorine atoms in an approximately 1:1 ratio. Subsequent addition of
the appropriate purine or pyrimidine together with triethylamine, completed the
substitution. The final 31P NMR spectra contained two peaks (Table 7-1), with chemical
shifts that were interpreted as representing a polyphosphazene with a block substitution
pattern, as shown in Figure 7-3. The length of each block segment (n and m) is not
known.
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R2
N P
m
R2

R1
N P
n
R1

Figure 7-3: Molecular structure of polymers 12-14.
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Verification of the level of purine and pyrimidine incorporation into the
polyphosphazene structure, via the primary amino function, was obtained from diffuse
reflectance infrared Fourier transform (DRIFT) techniques, with verification of the loss
of the primary amine absorption by the side group at 3500 cm-1. This confirmed that the
purine and pyrimidine substituents had been linked to polymer 1 through the primary
amino, rather than through a secondary amino unit of the purine or pyrimidine.

7.3.3 Thermal characterization of polymers 6-14

The glass transition temperatures (Tg) of polymers 6-14 are shown in Table 7-1.
The relatively low glass transition temperatures of polymers 6-8 are probably caused by
the presence of glycine ethyl ester side groups. Poly[bis(ethyl glycinato)phosphazene]
has a glass transition temperature of -20ºC.10

Polymers 9-11 show a similar trend

because poly[bis(ethyl alanato)phosphazene] (PNEA) has a glass transition temperature
at -15ºC, and polymers 9-11 have similar glass transition temperatures to PNEA.10
Polymers 12-14 had two distinct thermal transitions, which supports the 31P NMR
data, and strongly suggests the presence of a block substitution pattern. The lowest glass
transition temperatures were measured from the set of polymers, 12-14, that contain
diethylene glycol methyl ether units. Poly[bis(methoxyethoxyethoxy)phosphazene] has a
Tg of -80ºC.22 The higher glass transition temperatures, at 25ºC, 23ºC, and 30ºC for
polymers 12-14, respectively, are associated with the purine or pyrimidine substituted
segment of the macromolecules.

Polymers 12-14 also showed evidence melting

temperatures at -37ºC and -27ºC. The melting temperatures are possibly indicative of
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interactions

of

the

purine

or

pyrimidine

side

groups,

poly[bis(methoxyethoxyethoxy)phosphazene] is completely amorphous.

since

The block

nature of polymers 12-14 is almost certainly responsible for the melting transition. The
large degree of molecular order within the purine or pyrimidine blocks of polymers 1214, coupled with the low solubility, could explain the difficulties encountered with the

synthesis of single-substituent purine or pyrimidine polyphosphazenes.

Thermal

decomposition temperatures (Td) for polymers 6-14 are shown in Table 7-1. Polymers 11
and 12 proved to be the most thermally stable species, with a 10% mass loss detected at
263ºC and 258ºC, respectively. Polymer 7 had a 50% mass loss above 700ºC, which is
higher than the detection limit of the instrument. These data indicate that polymers 6-14
are stable at moderate temperatures, and are more thermally stable than many classical
organic polymers.

7.3.4 Hydrolytic degradation of polymers 6-14

Polymers 8-10 were soluble in water. The media that contained the dissolved
polymers remained at pH of 5.5 throughout each experiment. The 1H and

31

P NMR

analyses showed no evidence of hydrolysis over the 35 day period at 37ºC. Thus,
polymers 12-14 are essentially hydrolytically stable in solution, at least during this period
of time.
Solution-cast films of water-insoluble polymers 6-11 were analyzed for
hydrolysis over a 35-day period. The initial weight of each film was recorded prior to
submersion in water. The samples were removed at specific time points, and the films
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were dried under vacuo for a minimum of one week. Figure 7-4 shows that polymers 6-8
all underwent a significant weight loss during seven days. Polymer 8 is the only polymer
that retained more than 50% of its original weight after seven days. After 35 days, films
of polymers 7 and 8 had lost 80% of their initial weight, while polymer 6 had lost more
than 90% of its weight. The molecular weight of each polymer declined in similar way
(Figure 7-5). Polymer 6 lost over 90% of its initial molecular weight within seven days,
with a decline in Mw from 103 000 g/mol to 10 300 g/mol after seven days. Polymers 7
and 8 had lost 70% and 50%, respectively, of their initial molecular weights during the
same time.
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Figure 7-4: Mass loss profile during hydrolysis of polymers 6-8 over a 35-day period.

194
60000

Molecular Weight

50000
40000
Polymer 2
30000

Polymer 3
Polymer 4

20000
10000
0
0

10

20

30

40

Days

Figure 7-5: Molecular weight (Mw) decline of polymers 6-8 over 35 days. All polymers

have the initial molecular weight at day zero as represented in Table 7-1.
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A comparison between the hydrolysis of polymers 9-11 and polymers 6-8
revealed some interesting conclusions. The best example is the comparison between
polymers 8 and 11. Polymer 11 hydrolyzed completely during 21 days, and no solid
polymer was recovered from the medium after this time. This polymer had lost almost
85% of its original weight after seven days (Figure 7-6) in deionized water at 37ºC,
whereas polymer 8 still retained 55% of its original mass (Figure 7-4). Polymer 8
underwent a molecular weight decline to 52 kg/mol, which was about 50% of the original
molecular weight, as shown in Figure 7-5, whereas polymer 11 had lost over 80% of its
initial molecular weight, down to 22 kg/mol (Figure 7-7). This is an unexpected result
because previous work had shown that polyphosphazenes co-substituted with alanine
degrade at a slower rate than glycine co-substituted polyphosphazenes.10,11 The films of
polymers 9-11 swelled considerably when immersed in deionized water. Thus, a higher
water uptake occurred for polymer 11 than with polymer 8, and this increased water
uptake might explain the increased hydrolysis rate.
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Figure 7-6: Mass loss profile during hydrolysis of polymers 9-11 over a 35-day period.
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Figure 7-7:

Molecular weight (Mw) decline of polymers 9-11 over 35 days.

polymers have the initial molecular weight at day zero, as represented in Table 7-1.

All
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The hydrolysis media were analyzed in an attempted to assess the degradation
mechanism for polymers 6-11.

31

P NMR spectroscopy was used to identify the presence

of phosphates dissolved in the aqueous medium.

After seven days of hydrolysis,

phosphates were detected from a sharp peak at 0 ppm from the aqueous media that
contained polymers 6-11. These conclusions were reinforced by the addition of silver
nitrate, which resulted in a yellow precipitate of silver phosphate. 1H NMR analysis of
the hydrolysis medium for polymers 6-11 showed evidence for the free amino acid and
ethanol after seven days, followed by detection of the respective DNA base after 14 days.
A ninhydrin test qualitatively tested positive for the presence of ammonia and/or the
amine terminus of the amino acid.
This suggests the existence of a bulk erosion mechanism in which the amino acid
ester is cleaved from the polyphosphazene backbone first to give the amino acid and
ethanol. It was not possible to determine if the amino group cleaved first from the
backbone or if the ester group was hydrolyzed first.

Cleavage of the backbone is

suggested by the presence of phosphates in solution, and this could explain the significant
molecular weight loss shown in Figures 7-5 and 7-7. The mass loss shown in Figures 7-4
and 7-6 would also reinforce this argument because of the dramatic weight loss at each
time point, was accompanied by significant uptake of water into the polymer films.
The pH of each medium was analyzed (Figures 7-8 and 7-9), and showed a slight
decrease in pH of the solutions in contact with polymers 7-11 from approximately pH 5.5
to 4.7. Polymer 6 caused a dramatic decrease in pH to below 3.5. An explanation for this
anomaly could be the presence of small amounts of a hydrochloride complex with either
cytosine or glycine ethyl ester during the synthesis. It is conceivable that such a salt
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might not be removed during the dialysis of the final product. This would cause the
hydrochloric acid to be liberated during aqueous hydrolysis, and this would cause the pH
to become acidic. If HCl is the cause of the acidic environment, there would be one
molecule of HCl for every ~213 polymer repeat units would be sufficient to explain the
pH change, and this low concentration was not detected by 1H NMR analysis of the
purified material.
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Figure 7-8: pH measurements of hydrolysis media of polymers 6-8.
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Figure 7-9: pH measurements of hydrolysis media of polymers 9-11.

202

7.4 Conclusions

This is the first reported synthesis of poly(organophosphazenes) that contain
guanine, adenine, or cytosine side groups. A co-substitution pattern with amino acid
esters was used to improve the solubility of the polymers. A mixture of di- to tetrasubstitution of a model phosphazene ring was achieved with the respective purine or
pyrimidine. Counterpart products were obtained by the macromolecular substitution of
poly(dichlorophosphazene), which gave mixed-substituent polymers that contained the
appropriate purine or pyrimidine, as well as glycine ethyl ester, alanine ethyl ester, or
ethyl glycol methyl ether. The polymers had low glass transition temperatures and good
thermal stability for amino acid substituted polymers.

Polyphosphazenes that bear

ethylene glycol methyl ether side groups, and the purine or pyrimidine, had a block
substitution pattern that was identified by

31

P NMR and DSC techniques. They were

water soluble, but showed no detectable hydrolysis after 35 days. The polyphosphazenes
with the appropriate purine or pyrimidine, as well as the amino acid ester side group,
were hydrolytically sensitive but maintained a consistent pH in the hydrolysis medium,
with the exception of polymer 6.

These polymers can be tuned for different rates of

hydrolytic degradation in ways that may prove useful in drug delivery or tissue
engineering.

203

7.5 References

1.

Allcock, H.R. Chemistry and Applications of Polyphosphazenes; WileyInterscience: Hoboken, New Jersey, 2003.

2.

Allcock, H. R.; Wood, R. M. J. Poly. Sci. B: Poly. Phy. 2006, 44, 2358.

3.

Welna, D. T.; Stone, D. A.; Allcock, H. R. Chem. Mat. 2006, 18, 4486.

4.

Orme, C. J.; Klaehn, J. R.; Harrup, M. K.; Luther, T. A.; Peterson, E. S.; Stewart,
F. F. j. Mem. Sci. 2006, 280, 174.

5.

Diaz, C.; Valenzuela, M. L. J. Inorg. Organom. Poly. Mat. 2007, 17, 319.

6.

Li, Z.; Qin, J.; Yang, Z.; Ye, C. J. App. Poly. Sci. 2007, 104, 365.

7.

Kumbar, S. G.; Bhattacharyya, S.; Nukavarapu, S. P.; Khan, Y. M.; Nair, L. S.;
Laurencin, C. T. J. Inorg. Organom. Poly. Mat. 2007, 16, 365.

8.

Andrianov, A. K.; Chen, J. J. App. Poly. Sci. 2006, 101, 414.

9.

Allcock, H. R., Fuller, T. J., Mack, D. P., Matsumura, K., Smeltz, K. M.,
Macromol. 1977, 10, 824.

10.

Allcock, H. R., Pucher, S. R., Scopelianos, A.G., Macromol. 1994, 27, 1071.

11.

Singh, A.; Krogman, N. R.; Sethuraman, S.; Nair, L.; Sturgeon, J.; Brown, P.;
Laurencin, C. T.; Allcock, H. R. Biomacromol. 2006, 7, 914.

12.

Krogman, N. R., Singh, A., Nair, L., Laurencin, A. T.; Allcock, H. R.
Biomacromol. 2007, 8, 1306.

204
13.

Allcock, H.R.; Fuller, T.J. Matsumara, K.; Inorg. Chem.1982, 21, 515.

14.

Ibim, S.E.M.; El-Amin, S.F. Goad, M.E.P.; Ambrosio, A.M.A.; Allcock, H.R.;
Laurencin, C.T. Pharm.Dev. Technol. 1998, 3, 55.

15.

Allcock, H.R.; Pucher, S.R. Macromol. 1991, 29, 23.

16.

Allcock, H.R.; Pucher, S.R. Scopelianos, A.G. Macromol. 1994, 27, 1.

17.

Laurencin, C.T.; Koh, H.J.; Neenan, T.X.; Allcock, H.R.; Langer, R. J. Biomed.
Mat. Res. 1987, 21, 1231.

18.

Ibim, S.M.; Ambrosio, A.A.; Larrier, D.; Allcock, H.R.; Laurencin, C.T. J. Con.
Rel. 1996, 40, 31.

19.

Laurencin, C.T.; Norman, M.E.; Elgendy, H.M.; El-Amin, S.F.; Allcock, H.R.;
Pucher, S.R.; Ambrosio, A.A. J. Biomed. Mater. Res. 1993, 27, 963.

20.

Bhattacharyya, S.; Nair, L.S.; Singh, A.; Krogman, N.R.; Greish, Y.E.; Brown,
P.W.; Allcock, H.R.; Laurencin, C.T. J. Biomed. Nanotech. 2006, 2, 36.

21.

Pangborn, A.; Giardello, M.; Grubbs, R.; Rosen, R.; Timmers, F. Organomet.
1996, 15, 1518-1520.

22.

Allcock, H.R.; Connolly, M.S.; Sisko, J.T.; Al-Shali, S. Macromol. 1988, 21,
323.

Chapter 8

Synthesis and Characterization of Serine- and Threonine-Containing
Polyphosphazenes and Poly(L-lactide) Graft Copolymers

8.1 Introduction

Many different polymers have received attention as biomaterials.1,2 One class of
biomedical macromolecules incorporates amino acids. These are useful in many different
medical applications such as in bioerodible sutures3,4, tissue engineering scaffolds5-7 and
drug delivery matrices8-10.

Amino acid based polymers generally possess good

mammalian cell compatibility and yield benign hydrolysis products. However, polymers
composed of amino acids alone have poor thermal stability and are insoluble in many
solvents, which makes these materials difficult to utilize.
Polyphosphazenes are hybrid macromolecules with a backbone of alternating
phosphorus and nitrogen atoms, with organic side groups linked to the phosphorus atoms.
Most of these polymers have been synthesized by the replacement of chlorine atoms in
poly(dichlorophosphazene) by organic side groups.

The molecular structure of the

organic side groups has a strong influence on the physical and chemical properties of
these polymers.11 Alkoxides, aryloxides, and primary amines are the most common
reagents used for chlorine replacement with poly(dichlorophosphazene)12-14, and certain
physical properties, such as hydrolytic sensitivity and chemical reactivity, are affected by
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the nature of the side groups and by their substitution pattern.15-17

Some amino-

substituted polyphosphazenes are susceptible to hydrolysis.18 Alkoxy- and aryloxy-side
groups are generally more stable to neutral aqueous media. This allows secondary
reactions to be carried out on alkoxy or aryloxy side groups, including processes that
require acidic or basic conditions.

However, amines are generally more reactive toward

poly(dichlorophosphazene) than are alcohols or phenols, although conversion of an
alcohol or phenol to its alkoxide or aryloxide derivative markedly increases the reactivity.
The low reactivity of a hydroxyl group minimizes the need for protection/deprotection
chemistry during the introduction of complex side groups. This allows considerable
choice of side groups for linkage to the polymer backbone.
A few polyphosphazenes that contain amino acid esters with nonpolar character
within the side chains have been investigated for their biomedical applications.19-21 For
example, earlier work has shown that the hydrolysis rates of amino acid ester substituted
polyphosphazenes decrease as the steric bulk of the substituent on the α-carbon increases.
This creates options for controlling the hydrolysis rate of the final material.18,19,22
Polyphosphazenes that bear amino acid esters with nonpolar character have good
mammalian cell compatibility as well as neutral hydrolysis products. However, these
polymers have only a single reactive site (the amino group) for coupling to the
polyphosphazene backbone.

Tyrosine-based polyphosphazenes offer more possibilities

because tyrosine has two different points of covalent attachment to the polyphosphazene
backbone (the free amino terminus and the phenolic hydroxyl group at the α-carbon).
Thus, two types of tyrosine-based polyphosphazenes are known: those that bear tyrosine
groups linked through the amino functionality and those linked through the hydroxyl site.
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The amino-linked polymers are hydrolytically sensitive. The polymers linked through
the hydroxyl function are soluble in aqueous acidic and basic pH media, and can form
hydrolytically stable hydrogels in the presence of multivalent cations, such as Ca2+ or
Al3+.23
More complex amino acids, such as serine and threonine esters, also have two
different functional sites as potential points of attachment to the polyphosphazene. This
should allow the synthesis of materials with different properties by use of the different
functional groups in the same amino acid. We report here the first synthesis of serine and
threonine based polyphosphazenes and the subsequent secondary reactions to yield novel
macromolecules.
In this work both the amino and hydroxyl groups were employed for coupling to
the polyphosphazene skeleton. In the first set of experiments, the free amino termini of
the serine and threonine ethyl esters were employed for linkage to the polyphosphazene
backbone. Structural characterization of these polymers indicated that the hydroxyl
groups in these species had not participated in chlorine replacement even in the presence
of triethylamine as a hydrochloride acceptor. Because the hydroxyl function remained
free after coupling of the amino acid ester to the polyphosphazene backbone, this site was
then subsequently utilized for the initiation of a poly(L-lactide) graft structure. The graft
densities were controlled through the stoichiometry of the reactants.
For the second set of polymers, the hydroxyl terminus of the amino acid ester was
utilized for replacement of chlorine in poly(dichlorophosphazene). This required that the
N- and C-termini of serine or threonine were protected with t-butoxycarbonyl and a
methyl ester unit, respectively. After linkage to the polyphosphazene, the subsequent
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deprotection of the amino and carboxylate units generated water-soluble materials
irrespective of the pH of the aqueous media.

The reaction conditions used for

deprotection did not alter the chain length of the products. The oxygen-linked serine- or
threonine-substituted polyphosphazenes with free carboxylic acid functional groups were
ionically crosslinked in the presence of multivalent cations such as calcium ions. All of
these amino acid side substituted polyphosphazenes are potentially useful as biomedical
materials.

8.2 Experimental

8.2.1 Reagents and Equipment

All reactions were carried out under a dry argon atmosphere using standard
Schlenk line techniques. Tetrahydrofuran and triethylamine (EMD) were dried using
solvent purification columns.24 Serine ethyl ester hydrochloride (Bachem), threonine
(Bachem), Boc-serine methyl ester (Aldrich), and Boc-threonine methyl ester (Aldrich)
were used as received. Threonine ethyl ester hydrochloride was synthesized following
procedures reported in the literature.25 Poly(dichlorophosphazene) was prepared by the
thermal

ring-opening

polymerization

of

recrystallized

and

sublimed

hexachlorocyclotriphosphazene (Fushimi Chemical Co., Japan) in evacuated Pyrex tubes
at 250°C.

31

P and 1H NMR spectra were obtained with a Bruker 360 WM 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
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heating rate of 10°C/min and a sample size of ca. 10 mg. Gel permeation chromatograms
were obtained using a Hewlett-Packard HP 1100 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-butylammonium nitrate in THF.

The elution times were compared to

polystyrene standards. Infrared spectroscopy samples were analyzed using a Digilab FTS
7000 spectrometer with 32 scans per sample.

8.2.2 Synthesis of polyphosphazenes with N-linked serine ethyl ester or threonine
ethyl ester (polymers 2 and 3)

Both of the syntheses leading to polymers 2 and 3 were carried out in a similar
fashion. The synthesis of polymer 2 is given as an example. Poly(dichlorophosphazene)
(2.00 g, 17.3 mmol) was dissolved in dry THF (200 mL).

Serine ethyl ester

hydrochloride (8.20 g, 48.3 mmol) was suspended in dry THF (150 mL) and
triethylamine (14.4 mL, 104 mmol) was added. The mixture was stirred and refluxed for
24 hours, then filtered and added to the poly(dichlorophosphazene) solution.

The

solution was stirred at room temperature for 24 hours, and then refluxed for an additional
24 hours. The solution was filtered, and then concentrated to dryness. The polymer was
redissolved in methanol and dialyzed against methanol for three days, followed by
precipitation from THF into hexanes. The final product was isolated as a brittle, yellow
material. The final yields were 85-87%. The molecular structures of polymers 2 and 3
were analyzed with 1H and 31P NMR techniques.
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8.2.3 Synthesis of polymers 4a, b, c and 5a, b, c.

The syntheses of polymers 4 and 5 were carried out in a similar manner, with the
reaction amounts described in Table 8-1. The synthesis of polymer 4a is described. All
reactions were performed in an argon atmosphere glove box. Polymer 2 (500 mg, 1.62
mmol) was dissolved in dry THF (5 mL). Sodium (149 mg, 6.47 mmol) and naphthalene
(829 mg, 6.47 mmol) were suspended in dry THF (2 mL). A sodium/naphthaleneide
suspension (1 mL) was added to the dissolved solution of polymer 2 in THF and the
mixture was stirred at room temperature for 20 minutes. L-lactide (4.66 g, 32.3 mmol)
was then dissolved in dry THF (5 mL), and this solution was then added to the solution of
polymer 2. This reaction mixture was stirred at room temperature overnight, followed by
termination with acetic acid. The product was precipitated from THF into cold methanol
(three times). The final polymer was isolated as a brittle, white material. The final yields
were 50-70%. The molecular structures of polymers 4 and 5 were analyzed with 1H and
31

P NMR techniques, together with diffuse reflectance infrared Fourier transform

(DRIFT) spectroscopy.
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Table 8-1: Weight and molar equivalents used for the synthesis of polymers 4a-c and 5a-c.

4.
2.
1.

S

Poly(dichlorophosphazene)

Polymer

5.
3.

(mg, mmol)

mm
12.
10.

4a

11.

500, 1.62

6.4
17.
15.

4b

16.

500, 1.62

0.80
22.
20.

4c

21.

500, 1.62

0.40
27.
25.

5a

26.

500, 1.48

5.9
32.
30.

5b

31.

500, 1.48

0.74
37.
35.

5c

36.

500, 1.48

0.37

212
8.2.4 Synthesis of polymers 6a and 7a

The synthesis of polymers 6a and 7a followed similar procedures.

The

preparation of polymer 6a is described. Poly(dichlorophosphazene) (2.20 g, 19.0 mmol)
was dissolved in dry THF (150 mL). Boc-serine methyl ester (10.0 g, 45.6 mmol)
dissolved in dry THF was added to a suspension of sodium hydride (60% suspension in
mineral oil, 1.83 g, 45.6 mmol) in dry THF (150 mL). After the mixture was stirred
overnight at room temperature, the amino acid ester solution was added to the polymer
solution. This reaction mixture was refluxed for 48 hours, then concentrated to dryness
and redissolved in methanol.

Purification involved dialysis of the product against

methanol for three days. Final polymer yields were 86-90% The final polymer structure
was determined by 1H and 31P NMR techniques.

8.2.5 Synthesis of polymers 6b and 7b

The synthesis of polymer 6b is described. Polymer 6a (300 mg, 0.623 mmol) was
suspended in THF (10 mL). Potassium t-butoxide (979 mg, 8.72 mmol) was dissolved in
THF (20 mL) and cooled to 0ºC.

Water (84.1 mg, 4.67 mmol) was added to the

potassium t-butoxide solution and mixed at 0ºC. This solution was added to the polymer
suspension and the reaction mixture was stirred at room temperature for 36 hours.
Aqueous hydrochloric acid (1 M) was added to the polymer solution, and the product was
then concentrated to dryness. A brown solid was isolated. This product was dissolved in
a 50% solution of trifluoroacetic acid and dichloromethane and stirred at room
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temperature overnight. The solvent was removed and the white product was recovered.
Final yields were 90%.

8.3 Results and Discussion

8.3.1 Synthesis of polyphosphazenes with N-linked serine ethyl ester or threonine
ethyl ester (polymers 2 and 3).

The free N-terminus of serine ethyl ester and threonine ethyl ester was utilized to
replace all the chlorine atoms of poly(dichlorophosphazene) (1), as shown in Figure 8-1.
Molecular structure characterization was conducted by

31

P and 1H NMR spectroscopy.

These data are shown in Table 8-2. In the presence of triethylamine, the hydroxyl
function did not react with poly(dichlorophosphazene).

The amino linkage to the

polyphosphazene backbone was confirmed by 31P NMR spectra from a single, broad shift
at approximately 0 ppm, which was evidence for a fully amino-substituted
polyphosphazene with no P-Cl bonds remaining. The resultant products were isolated as
yellow, brittle solids that were soluble in tetrahydrofuran, chloroform, and methanol.
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Cl
N P
n
Cl
1

R
NH 2CHC(O)OC2H5
THF, Et3 N, ∆

R
NHCHC(O)OC 2H 5
N P
n
NHCHC(O)OC 2H 5
R

Polymer 2: R = CH2OH
Polymer 3: R = CH(CH 3)OH

Figure 8-1: Synthesis of polyphosphazenes 2 and 3 that possess serine and threonine

ethyl ester side groups attached via the N-terminus of the amino acid ester.
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Table 8-2: Molecular characterization and thermal transitions of polymers 2 and 3. aThe

GPC molecular weight determined to Mw.

41.
40.

31

P

NMR

Polymer
42.

(ppm)

1

43.

H

NMR
44.

45.

Weighta

(ppm)

51.
2

50.

-0.9

46.

(g/mol)

52.

265

57.

244

1.1

(6H), 3.2
49.

Molecular

(2H), 4.0
(4H), 4.2

000

(4H)
56.

1.2

(6H), 1.4
54.

3

55.

-1.3

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

000
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Molecular weights and glass transition temperatures (Tg) were determined by
GPC and DSC techniques (Table 8-2). The Tg of polymers 2 and 3 were 25.4ºC and
24.7ºC, respectively, with no crystalline transitions detected. The lack of crystallinity
suggests that the substituent at the α-carbon of the amino acid ester creates enough free
volume to prevent symmetrical packing of the side groups by allowing more segmental
motion of the polyphosphazene backbone.

8.3.2 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 4 and 5).

The synthesis of polymers 2 and 3 allowed secondary reactions to be conducted
using the free hydroxyl functions at the α-carbon atom of serine or threonine. These
hydroxyl groups were employed for the formation of polyester grafts covalently linked to
the polyphosphazene structure. The growth of poly(L-lactic acid) via an anionic ring
opening polymerization of the L-lactide was initiated from the alcohol terminus with the
aid of the sodium naphthalide co-initiator. This synthesis is described in Figure 8-2, with
the molar amounts given in Table 8-1. The length of the poly(L-lactic acid) side chain
was controlled by stoichiometry to within ten repeating units.
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Polymer 4a, 4b, 4c: R = H
Polymer 5a, 5b, 5c: R = CH3

Figure 8-2: Synthesis of polymers 4a-c and 5a-c that contain poly(L-lactide) grafts

grown from the alcohol function of serine or threonine ethyl ester.
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The graft density of poly(L-lactic acid) (PLA) depended on the concentration of
the sodium/naphthalene complex used to initiate the polymerization.

Six different

polymers were synthesized, starting with polymers 2 and 3, with average graft densities
of 0.25 grafts per repeat unit, 0.5 grafts per repeat unit, and 2 grafts per repeat unit.
Proton NMR and IR techniques confirmed that the PLA grafts existed and were
covalently attached to the polyphosphazene backbone. The loss of the O-H vibrational
stretch modes at approximately 3200 cm-1 in the infrared suggested that the hydroxyl
functions were now converted to ester linkages in the connection to PLA. The P-N
vibrations were detected at 1214 cm-1. Proton NMR spectra confirmed the presence of
the –CH3 protons from PLA at 1.6 ppm. DSC analysis of the polymers 4a and 5a
revealed a thermal transition at 40ºC with a crystalline melting transition at 50ºC.
However, the

31

P NMR spectra were inconclusive because no phosphorus signal was

detected. This was probably caused by poor solubility of the polymer in the solution and
the ~5% detection limit for
synthesized, the

31

P nuclei.

When the polymers 4b, 4c, 5b, and 5c were

31

P NMR spectra showed a strong signal from the phosphorus nuclei.

As the graft density decreased, the crystalline melting transition disappeared.

This

suggests that the graft densities were spaced far enough apart to avoid packing into
crystalline domains. The graft lengths were also short enough to minimize the formation
of crystalline regions.
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8.3.3 Synthesis of polyphosphazenes with O-linked boc-serine methyl ester and bocthreonine methyl ester (Polymers 6a and 7a).

When the N-terminus of the amino acid was boc-protected, the hydroxyl function
of

serine

or

threonine

could

be

used

for

chlorine

replacement

with

poly(dichlorophosphazene). Without amine protection, and in the presence of sodium
hydride, there would be a competitive substitution on to the polyphosphazene backbone
and a likelihood that crosslinks would be generated.

A single-substituent

polyphosphazene (i.e. only one type of side group) was synthesized with boc-serine
methyl ester and boc-threonine methyl ester, as outlined in the first step in Figure 8-3.
The amino acids protected with methyl esters were utilized because of commercial
availability. The ester protection was subsequently removed after the amino acid was
attached to the polyphosphazene backbone. Structural characterization of polymers 6a
and 7a was conducted with the use of 1H and 31P NMR techniques. A shift at -8.2 ppm in
the

31

P NMR spectra confirmed the linkage of the protected amino acid through an

oxygen-linkage to the backbone. The absence of a peak at 0 ppm further confirmed the
proposed substitution pattern. The proton NMR spectra showed all the expected peaks
for the amino acid ester, especially the presence of the boc-protection group at 1.4 ppm
and the methyl ester at 3.7 ppm. The molecular weight of polymer 6a was Mw=822
kg/mol and polymer 7a was Mw=869 kg/mol. This corresponds to approximately 1710
repeat units for each polymer, respectively.
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Cl
HOCHCHC(O)OCH 3
N P
n
NaH, THF, ∆
Cl

R NHBoc
OCHCHC(O)OCH 3
1) KOtBu, H 2O, THF
N P
n
2) 50% TFA, CH2Cl2
OCHCHC(O)OCH 3

R NH 2
OCHCHC(O)OH
N P n
OCHCHC(O)OH

R NHBoc
1

6a, 7a

R NH 2
6b, 7b

Polymer 6: R = H
Polymer 7: R = CH 3

Figure 8-3: Synthesis of polymers 6 and 7 with serine and threonine covalently linked to

the polyphosphazene backbone via the alcohol function of the amino acid.
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8.3.4 Deprotection of polymers 6a and 7a.

The amino and carboxylic acid termini of polymers 6a and 7a were deprotected
sequentially by a base catalyzed cleavage of the methyl ester, followed by acid catalyzed
removal of the boc-protection group, as outlined in the second step of Figure 8-3. The
structures of polymers 6b and 7b were confirmed by proton NMR techniques,
particularly the disappearance of two signals - the t-butyl protons of the boc-protection
group at 1.4 ppm and the methyl ester protons at 3.7 ppm. The deprotection conditions
did not affect the main chain length of polymers 6b and 7b since the molecular weights
were measured to be Mw=820 kg/mol and Mw=866 kg/mol, respectively. Polymers 6b
and 7b were soluble in water, irrespective of the pH. There was no detectable hydrolysis
of polymers 6b and 7b after dissolution into aqueous media.

This is typical of

polyphosphazenes with P-OR side groups, because these materials are generally not
hydrolytically sensitive.

8.3.5 Ionic crosslinking of polymers 6b and 7b

Polymers 6b and 7b were dissolved in water and treated with an aqueous solution
of calcium chloride. The solutions became viscous and formed a gel after approximately
30 minutes. The gel slowly swelled with the addition of water. Aqueous sodium
chloride was then added and the gel redissolved.

The calcium ions act as ionic

crosslinking agents that are bound to the carboxylate groups of different polymer chains.
The sodium ions displace the calcium ions and cause the hydrogel to dissolve. This
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procedure is explained in Figure 8-4.

This behavior could potentially be used for drug

delivery applications in which drug molecules trapped in the hydrogel matrix are released
following exposure to monovalent cations or for the control of the activity of living cells
trapped in the hydrogel matrix.
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Ca2+
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R NH 2
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Figure 8-4: Calcium crosslinked serine and threonine containing polyphosphazenes.
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8.4 Conclusions

This is the first reported synthesis of polyphosphazenes that contain serine or
threonine side groups. The multiple functionality associated with serine and threonine
allows different properties to be generated according to the site of linkage to the polymer
skeleton.

When the carboxylic acid units remain blocked by ester formation, the

unprotected hydroxyl functionality can be utilized for secondary reactions. Thus, various
graft densities of poly(L-lactide) were linked through the hydroxyl function to the
macromolecules. The hydroxyl function was also utilized for direct linkage of the amino
acid to the backbone through oxygen atoms when the amino terminus is protected. In this
way boc-serine methyl ester and boc-threonine methyl ester were linked to the
polyphosphazene backbone. The N- and C-termini were subsequently deprotected to
yield polymers that were zwitterionic in character. The alkoxy linkage of the side groups
to the backbone yielded polymers that were both soluble in aqueous media and
hydrolytically stable. The ionic charge on the carboxylate function on the amino acid
was used for anionic crosslinking with divalent ions to form hydrogels.

The gels

redissolved following the addition of monovalent ions such as sodium. Thus, these
polymers have a variety of possible uses in biomedicine.
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