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ABSTRACT: Novel polyphosphazenes containing various vitamin sub-
stituents were synthesized and characterized, and their sensitivity to
hydrolysis and pH behavior was investigated. Vitamins L1, E, and B6 were
used because of their biocompatibility, their importance in a variety of
biological functions, and their potential to increase the mechanical properties
of the resultingpolymers, thusmaking thesematerials promising candidates for
hard tissue engineering scaffolds. Chlorine replacement reactions were carried out initially with the small molecule, hexachlorocyclotripho-
sphazene, as amodel for high polymeric poly(dichlorophosphazene). Because of the steric hindrance generated by vitamin E as a substituent,
co-substituted polymers were synthesized with either glycine ethyl ester or sodium ethoxide as the second substituent. Similarly, vitamin B6
was co-substituted with glycine ethyl ester or phenylalanine ethyl ester to favor biodegradability. To prevent cross-linking via multifunctional
reagents, the hydroxyl groups in vitamin B6 were protected and subsequently deprotected under acidic conditions after side group linkage to
the polymer backbone. The glass transition temperatures of the polymers ranged from -24.0 to 44.0 �C. Hydrolysis of the polymers in
deionized water at 37 �Cwas used as an initial estimate of their hydrolytic sensitivity. Different solid polymers underwent 10-100% weight
loss in 6weekswith the generation of a broad pH range of∼2.5-9. Theweight loss during preliminary hydrolysis experiments was attributed
to cleavage of the polymer backbone and/or the polymers becoming soluble in the aqueous media during hydrolytic reactions.

’ INTRODUCTION

The development of new biomedical materials is a major
challenge in synthetic polymer chemistry. The challenge involves a
balancing of synthesis methodology with the need for specific
physiochemical and mechanical properties. Synthetic polymers are
attractive candidates for use in a wide variety of biomedical
applications, such as drug delivery,1 adhesives,2 antimicrobial
coatings,3 and tissue engineering.4,5 The polymer properties re-
quired for tissue engineering vary significantly depending on the
type of tissue to be regenerated. However, all candidate polymers
need to be biocompatible, promote cellular growth and differentia-
tion, degrade into nontoxic products which can be excreted or
metabolized, provide sufficient mechanical stability, and have high
porosity regardless of tissue type.6 Moreover, polymers used as
scaffolding materials for hard tissue engineering require a high
degree of mechanical stability to support bone growth.7 In earlier
work a range of polymers has been investigated for this application
such as poly(lactic acid) and poly(lactic-co-glycolic acid). However,
the primary concern with these polymers is the acidic byproduct
produced during hydrolysis that can cause inflammation and tissue
necrosis at and around the implant site.8 Another concernwith these
materials and with other synthetic polymers is their inability to
stimulate specific cellular responses.9 Naturally derived polymers,
such as collagen and chitosan, favor cellular adhesion, proliferation,
and differentiation, although these macromolecules do not provide

the mechanical strength necessary for hard tissue engineering.10

Therefore, a need exists to develop novel polymers that have high
mechanical stability while incorporating biomolecules that can
stimulate cellular responses.

Polyphosphazenes are highly tunable polymers that can be
synthesized for use in a variety of biomedical applications, such as
drug delivery11 or tissue engineering.12 Polyphosphazenes are
hybrid organic-inorganic systems with alternating phosphorus
and nitrogen atoms in the skeleton and with two (usually
organic) side units covalently bonded to each phosphorus atom.
An important reaction intermediate for these syntheses is poly-
(dichlorophosphazene), (NPCl2)n, the chlorine atoms of which
can be replaced by organic units via macromolecular substitution
with various nucleophiles to generate biostable or bioerodible
polymers.13 Previous research in our program has focused on the
synthesis of amino acid ester-substituted polyphosphazenes
because of their hydrolytic sensitivity.14-16 Hydrolysis of these
polymers produces a buffering medium that consists of phos-
phates and ammonia, together with the corresponding amino
acid and alcohol.17 These polymers have also been co-substituted
with more sterically hindered nucleophiles, such as o-cresol,
m-cresol, and p-phenylphenol, to increase the glass transition

Received: December 1, 2010
Revised: January 17, 2011



1356 dx.doi.org/10.1021/ma1027406 |Macromolecules 2011, 44, 1355–1364

Macromolecules ARTICLE

temperature and improve the mechanical properties while main-
taining hydrolysis sensitivity.18,19 However, the phenols em-
ployed as cosubstituents in earlier work are potentially toxic
and need to be replaced by substituents that are biologically
compatible but equally sterically hindered.20 Biocompatible
substituents, such as known biomolecules, should provide the
steric hindrance required to maintain high mechanical stability
and be conducive to cellular growth.

Vitamins are important in a variety of biological functions.21

For example, B vitamins are essential for growth, development,
and maintaining healthy cells,22 vitamin E is a natural antioxidant
which protects cells from damage caused by free radicals and
improves the calcium content/mechanical properties of bone
tissue,23-25 and vitamins D and A are important for bone
growth.21 An example of the effect of incorporating vitamins into
the polymeric scaffold was shown by the incorporation of vitamin
E into a poly(3-hydroxybutyrate)/bioglass composite scaffold.26

A significant increase in the activity of osteoblasts (bone forming
cells) occurred while decreasing the bone resorption activity of
osteoclasts (bone removing cells). A disadvantage of incorporat-
ing vitamins into the polymeric scaffold as a nonbonded additive
is that theymay diffuse from the polymermatrix and not provide a
significant long-term effect.27 Thus, in this work we chose
vitamins that are suitable for covalent linkage to the polypho-
sphazene skeleton via macromolecular substitution reactions.
Covalently bound vitamins would then provide a platform to
guide incoming cells, while releasing the vitamin substituents
during the scaffold degradation. Here we describe the synthesis of
both small molecule model phosphazene analogues containing
vitamin E (DL-R-tocopherol), L1 (ethyl 2-aminobenzoate), and B6
(pyridoxine) and their corresponding polymers. Other related
polymers that contain vitamin E and B6 were co-substituted with
amino acid ester units, glycine and phenylalanine ethyl ester, to
overcome the steric restrictions that accompany the use of vitamin E
and the biostability of vitamin B6. A preliminary hydrolysis study in
deionized water at physiological temperature (37 �C) was carried
out tomonitor the weight loss and pH change over a 6 week period.

’EXPERIMENTAL SECTION

Reagents and Equipment. All synthesis reactions were carried
out using standard Schlenk line techniques and a dry argon atmosphere.
The glassware was dried overnight in an oven at 125 �C before use.
Tetrahydrofuran and triethylamine (EMD) were dried using solvent
purification columns with the final water content monitored by Karl
Fisher titration.28 Dichloromethane (EMD), diethyl ether (EMD),
methanol (EMD), hexanes (EMD), pyridoxine hydrochloride (TCI),
trifluoroacetic acid (EM Science), glycine ethyl ester hydrochloride
(Chem Impex), phenylalanine ethyl ester hydrochloride (Chem Impex),
sodium hydride (60% in mineral oil, Sigma-Aldrich), Sephadex G-25
(VWR), and Sephadex LH-20 (VWR) were used as received. Ethyl
2-aminobenzoate (Sigma) and DL-R-tocopherol (TCI) were dried under
vacuum at 60 �C for 96 h before use. DL-R-Tocopherol was further dried
using activated molecular sieves (4 A, powder, Alfa Aesar). Spectra/Por
molecular porous cellulose dialysis membranes with molecular weight
cutoff of 12 000-14 000 were used for purification of the polymers.
Poly(dichlorophosphazene) was prepared by the thermal ring-opening
polymerization of recrystallized and sublimed hexachlorocyclotripho-
sphazene (Fushimi Chemical Co., Kyoto, Japan) in evacuated Pyrex
tubes at 250 �C.29 31P and 1HNMR spectra were obtained with a Bruker
360 WM instrument operated at 145 and 360 MHz, respectively. 31P
shifts are reported in ppm relative to 85% H3PO4 at 0 ppm. Glass
transition temperatures were measured with a TA Instruments Q10

differential scanning calorimetry apparatus with a heating rate of 10 �C/
min and a sample size of ca. 10 mg. Gel permeation chromatography was
performed using a Hewlett-Packard 1047A refractive index detector and
two Phenomenex Phenogel linear 10 columns. The samples were eluted
at 1.0
mL/min with a 10 mM solution of tetra-n-butylammonium nitrate in
THF. The elution times were calibrated with polystyrene standards. Mass
spectrometric analysis data were collected using a turbospray ionization
technique on an Applied Biosystems API 150EX LC/MS mass spectro-
meter. pHvaluesweremeasuredusing aVWRSymphony SB70PpHmeter.
Synthesis of 3,40-O-Isopropylidene. This compound was

synthesized using a published procedure with a modification to the starting
material preparation and purification.30 To a suspension of pyridoxine
hydrochloride (5.00 g, 24.3 mmol) and 2,2-dimethoxypropane (50.1 mL,
408 mmol) in 75 mL of acetone was added p-toluenesulfonic acid mono-
hydrate (18.5 g, 97.2 mmol). This mixture was stirred for 20 h under an
inert atmosphere. The dark brown solution was neutralized with aqueous
sodium bicarbonate, concentrated under reduced pressure, and extracted
with dichloromethane several times. The organic layers were combined
and dried with magnesium sulfate. The product was recrystallized from
dichloromethane/ether. The yield was 80%. 1H NMR (360 MHz,
CDCl3); δ 7.86 (s, 1H, NCHC), 4.93 (s, 2H, CHCCH2OH), 4.55 (s,
2H, CCH2OC), 2.36 (s, 3, CCH3), 1.54 (s, 6H, CH(CH3)2). MS (ESIþ,
50% MeOH/50% DCM): m/z 196 ([M þ H]).
Synthesis of Cyclic Trimer Models (2-5). Synthesis of 1,3,5-

Tri(DL-R-tocopherol)-1,3,5-tri(ethylglycinato)cyclotriphosphazene (2).
Hexachlorocyclotriphosphazene (1.00 g, 2.88 mmol) was dissolved in
dry THF (10 mL). DL-R-Tocopherol (8.67 g, 20.1 mmol) was dissolved
in THF (100 mL), and this solution was added to a suspension of
sodium hydride (0.792 g, 20.0 mmol) in THF (35 mL). After the
formation of the sodium salt, the solution was added to the hexachlor-
ocyclotriphosphazene solution dropwise over a period of 1 h, and the
mixture was stirred for 24 h at room temperature and then for 72 h
at reflux. A solution of glycine ethyl ester hydrochloride (1.61 g,
11.5 mmol) and triethylamine (3.00 mL, 23.0 mmol) in THF
(50 mL) was refluxed for 24 h, filtered, and added to the refluxing
trimer solution. The resultant reaction mixture was refluxed for 168 h
andwasmonitored bymass spectrometry for the appearance of 2 at 1729
m/z. The product was then subsequently dried under reduced pressure.
The oily residue was soluble in dichloromethane, and the excess starting
material was removed by flash chromatography. The oily residue was
dried under vacuum for 1 week. Physical and structural characterization
data are presented in Table 1.

Synthesis of 1,3,5-Tri(DL-R-tocopherol)-1,3,5-tri(ethoxy)cyclotriphos-
phazene (3). Hexachlorocyclotriphosphazene (1.00 g, 2.88 mmol)
was dissolved in dry THF (10 mL). DL-R-Tocopherol (4.95 g, 11.5 mmol)
was dissolved in THF (50 mL), and this was added to a suspension of
sodiumhydride (0.449 g, 11.2mmol) inTHF (50mL). After the formation
of the sodium salt, the solution was added to the hexachlorocyclotripho-
sphazene solution dropwise over a period of 1 h, and the reaction mixture
was stirred for 24 h at room temperature then for 72 h under reflux. Ethanol
(16.8 mL, 287.7 mmol) was distilled from calcium hydride, added directly
to sodium (0.661 g, 28.8 mmol), and allowed to react for 72 h at room
temperature.When all the sodium had been consumed, the sodium salt was
added to the trimer solution and the mixture was refluxed for 72 h. The
reaction was monitored by MS for the appearance of 3 at 1558m/z. It was
subsequently dried under reduced pressure. The oily residue was soluble in
dichloromethane/methanol, and the excess starting material was removed
by size exclusion column chromatography using SephadexGH-20. The oily
residue was dried under vacuum for 1 week. Physical and structural
characterization data are presented in Table 1.

Synthesis ofHexa(ethyl-2-aminobenzoate)cyclotriphosphazene (4).
Hexachlorocyclotriphosphazene (2.00 g, 5.75 mmol) was dissolved in
dry THF (20 mL). Ethyl 2-aminobenzoate (11.65 g, 69.0 mmol)
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and triethylamine (19.2 mL, 138.0 mmol) were then added to the
hexachlorocyclophosphazene solution. The mixture was stirred for 4 h at
room temperature, then dimethylaminopyridine (0.703 g, 5.75mmol) was
added, and the solution was refluxed for 96 h followed by removal of all the
solvent. The oily residue was dissolved in dichloromethane, and the excess
starting material was removed by flash chromatography. The dichloro-
methane solution was extracted with deionized water and subsequently
dried over magnesium sulfate, filtered, and dried under vacuum for 1 week.
A red/orange oil was obtained with 62% yield based on the amount of
hexachlorocyclotriphosphazene. Physical and structural characterization
data are presented in Table 1.
Synthesis of Hexa(3,40-O-isopropylidene)cyclotriphosphazene (5a).

3,40-O-Isopropylidene (4.49 g, 23.0 mmol) was dissolved in dry THF
(400 mL) and added to a suspension of sodium hydride (0.909 g, 22.7
mmol) in THF (50 mL). The resultant solution was stirred at room
temperature for 24 h, at which point the sodium salt precipitated from
solution. Hexachlorocyclotriphosphazene (1.00 g, 28.8 mmol) dissolved
in THF (10mL) was added dropwise to the salt solution over a period of
2 h, during which the sodium salt dissolved. The resulting solution was
then refluxed for 24 h followed by removal of the solvent under reduced
pressure. The oily residue was dissolved in dichloromethane, extracted
with deionized water, and subsequently dried over magnesium sulfate,
filtered, and dried under vacuum for 1 week. An orange solid was
obtained. The yield was 75.4% based on the amount of hexachlorocy-
clotriphophazene. Physical and structural characterization data are
shown in Table 1.
Deprotection of Hexa(3,40-O-isopropylidene)cyclotriphosphazene

(5a) To Form Hexa(pyridoxine)cyclotriphosphazene (5b). Hexa(3,40-
O-isopropylidene)cyclotriphosphazene (5) (0.50 g, 0.360 mmol) was
dissolved in methanol (2 mL). To this was added 80% trifluoroacetic
acid (2 mL, 53.0 mmol) in methanol, and the mixture was stirred at
50 �C. After 48 h the solvent was removed under reduced pressure, and
the oily residue was redissolved in dichloromethane and extracted with
deionized water. The water layer was concentrated and purified by size
exclusion column chromatography using Sephadex G-25. The product
was dried under vacuum for 1 week to give a yellow oil in 40% yield.
Physical and structural characterization data are given in Table 1.
Polymer Syntheses (7-12). The syntheses followed a similar

pattern, and the differences are emphasized in the following descriptions.
Synthesis of Poly[((DL-R-tocopherol)0.66(ethylglycinato)1.34)phosp-

hazene] (7). Poly(dichlorophosphazene) (2.00 g, 17.3 mmol) was dis-
solved in dry THF (200mL). DL-R-Tocopherol (8.18 g, 18.9 mmol) was
dissolved in dry THF (75 mL) and was added to a suspension of sodium
hydride (0.687 g, 17.3 mmol) in THF (50 mL). The reaction was
allowed to proceed for 24 h, and themixture was then added dropwise to
the polymer solution. After 24 h at room temperature and 72 h refluxing,
a suspension of glycine ethyl ester hydrochloride (4.82 g, 34.5 mmol)
and triethylamine (12.0 mL, 86.3 mmol) in THF (50 mL) was refluxed

for 24 h and added to the polymer solution by filter addition. The resultant
solution was refluxed for 48 h, then dimethylaminopyridine (2.10 g, 17.3
mmol) was added, and the solution was refluxed for an additional 72 h, at
which point 31P NMR spectra were consistent with complete chlorine
replacement. The reaction mixture was cooled to room temperature,
filtered, concentrated, and dialyzed versus THF/methanol (75/25) for 3
days. A brown solid was obtained in a 73% yield. Physical and structural
characterization data are shown in Table 3.

Synthesis of Poly[((DL-R-tocopherol)0.94(ethoxy)1.06)phosphazene]
(8). Poly(dichlorophosphazene) (2.00 g, 17.3 mmol) was dissolved in
dry THF (200mL). DL-R-Tocopherol (8.18 g, 18.9mmol) was dissolved
in dry THF (75 mL) and was added to a suspension of sodium hydride
(0.687 g, 17.3 mmol) in THF (50 mL). After 24 h the reactant solution
was added dropwise to the polymer solution. After refluxing for 48 h,
sodium ethoxide (2.64 g, 38.8 mmol) was added, and the solution was
refluxed for an additional 168 h. The reaction mixture was concentrated,
precipitated intomethanol (3 times), and dried under vacuum for 5 days.
A light brown solid was obtained, and the yield was 85.9%. Physical and
structural characterization data are given in Table 3.

Synthesis of Poly[bis(ethyl-2-aminobenzoate)phosphazene] (9).
Poly(dichlorophosphazene) (3.00 g, 25.8 mmol) in dry THF (300 mL)
was treated with ethyl 2-aminobenzoate (13.39 g, 90.6 mmol) and
triethylamine (39.7 mL, 285 mmol). The reaction mixture was refluxed
for 120 h and was subsequently cooled to room temperature, filtered, and
dialyzed versus dichloromethane/methanol (50/50) for 3 days. The
resultant polymer was dried under vacuum for 5 days to give an off-white
solid in a 43% yield. Physical and structural characterization data are
presented in Table 3.

Synthesis of Poly[bis(3,4’-O-isopropylidene)phosphazene] (10a). Poly-
(dichlorophosphazene) (1.00 g, 8.63 mmol) was dissolved in dry THF
(100 mL). 3,40-O-Isopropylidene (5.95 g, 28.4 mmol) in dry THF (25
mL) was added to a suspension of sodium hydride (1.10 g, 27.6 mmol)
in THF (100 mL). This solution was allowed to react for 24 h at room
temperature, at which point the sodium salt precipitated from solution.
The polymer solution was then added dropwise to the suspension over a
period of an hour. This mixture was refluxed for 72 h, concentrated, and
dialyzed versus methanol for 3 days. After dialysis, the polymer solution
was concentrated and washed with triethylamine for 3 h. The resultant
solution was dried, dissolved in dichloromethane, and extracted with
water to remove the triethylamine hydrochloride salts. A brown solid
was obtained in 64% yield. Physical and structural characterization data
are listed in Table 3.

Table 1. Characterization Data for Small-Molecule Model Reactions

trimer 31P (ppm) 1H (ppm) m/z

2 18.5a 4.20 (2H, q, gly), 3.42 (2H, t, gly), 2.60 (2H, t, toco), 2.17 (9H, t, toco), 1.78 (2H, m, toco), 1.54 (3H, m, toco),

1.39 (4H, m, toco), 1.26 (13H, m, toco), 1.15 (4H,m, toco and 3H, gly), 0.85 (12H, m, toco)

1729c

3 14.3a 4.02 (2H, q, ethoxy), 2.60 (2H, t, toco), 2.17 (9H, t, toco), 1.78 (2H, m, toco), 1.54 (3H, m, toco),

1.39 (4H, m, toco), 1.26 (13H, m, toco and 3H, d, ethoxy), 1.15 (4H,m, toco), 0.85 (12H, m, toco)

1558c

4 3.61a 7.6 (1H, d, NHCCHCH), 7.0 (1H, t, CCHCHCH), 6.4 (2H, t,

CCHCHCHCH), 4.10 (2H, t, CH2CH3), 1.1 (3H, d, CH2CH3)

1120.6c

5a 17.67a 7.91 (s, 1H, NCHC), 4.78 (s, 2H, CHCCH2OH), 4.73 (s, 2H, CCH2OC) 2.40 (s, 3, CCH3), 1.45 (s, 6H, CH(CH3)2) 1383c

5b 17.01b 7.91 (s, 1H, NCHC), 5.12 (s, 2H, CHCCH2OH), 4.80 (s, 2H, CCH2OC), 2.58 (s, 3, CCH3) 1144d

aNMR spectra was measured in CDCl3.
bNMR spectra were in D2O.

cMass spectra for solution in 50%MeOH/50% DCM. dMass spectra for solution
in 100% MeOH.

Table 2. Deprotection Conditions for Polymers 11a and 12a

polymer amount of acid temp (�C) time (h) % removed

11a 4.27 g; 74.2 mmol 25 50 95

12a 3.22 g; 69.9 mmol 25 50 95
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Synthesis of Poly[((3,40-O-isopropylidene)1.0(ethylglycinato)1.0)-
phosphazene] (11a). Polymers 11a and 12a were synthesized using
similar procedures. Polymer 11a is given as a representative example.
Poly(dichlorophosphazene) (1.00 g, 8.63 mmol) was dissolved in dry
THF (100 mL). 3,40-O-Isopropylidene (2.34 g, 11.2 mol) in dry THF
(25 mL) was added to a suspension of sodium hydride (0.414 g,
10.3 mmol) in THF (100 mL). This mixture was allowed to react for
24 h at room temperature, at which point the sodium salt precipitated
from solution. The polymer solution was then added dropwise to the salt
solution over a period of 3 h to obtain a partially substituted polymer. In
a separate vessel, glycine ethyl ester hydrochloride (2.17 g, 15.5 mmol)
was suspended in THF (50 mL) and triethylamine (5.53 mL,
39.7 mmol). This suspension was refluxed for 24 h, filtered, and added
dropwise to the polymer solution over a period of an hour. The reaction
mixture was stirred at room temperature for 24 h and was subsequently
filtered, concentrated, and dialyzed versus methanol for 3 days. The
resulting polymer was dried under vacuum for 5 days to give a brown
solid in a 62.7% yield. Physical and structural characterization data are
shown in Table 3.
Polymer Deprotection Reactions (10-12). The deprotec-

tion of polymers 10a-12a followed similar procedures. A representative
example of polymer 10a is described below; deprotection conditions
for polymers 11a and 12a are shown in Table 2. Poly[bis(3,4'-O-
isopropylidene)phosphazene] (10a) (0.50 g, 1.08 mmol) was dissolved
in 80% trifluoroacetic acid in methanol (6.24 g, 108 mmol). This
solution was stirred at 50 �C for 48 h. It was then diluted with methanol
and dialyzed versus methanol for 3 days. The solvent was removed under
reduced pressure, and the residue was dried under vacuum for 24 h.
A brown solid was obtained with a 63% yield. 95% of the acetal pro-
tecting group was removed. Physical and structural characterization data
are presented in Table 3.
Hydrolysis Study of Polymers 7-12 and Detection of

Hydrolysis Products. Polymers 7-9 were dissolved in tetrahydro-
furan, and polymers 10a-12a were dissolved in methanol (100 mg/
1 mL). These were solution-cast into square films (4� 4 cm). Polymers
10b-12b were cast directly from the concentrated methanol dialysis
solution. The films were divided into 18 samples∼10 mg each and were
placed in 5 mL of deionized water with a pH of 6.60. The samples were
secured in a shaker bath maintained at 37 �C for 6 weeks. After each
week, three samples were removed for each polymer. The aqueous
media were decanted, and the pH was measured while the solid samples
were dried under vacuum and then weighed. In addition, the hydrolysis
medium was analyzed using ninhydrin and silver nitrate tests to detect

the presence of ammonia and/or amino acids and phosphates. 1H and
31P spectroscopies were utilized to verify these results.

’RESULTS AND DISCUSSION

Synthesis of Model Compounds 2-5. In general, halogen
replacement reactions using (NPCl2)n become more challenging
as the structural complexity of the nucleophile is increased. The
influences of steric hindrance andmultiple reactive functionalities
are of special concern. The synthesis and characterization of small
molecule phosphazenes is a necessary prelude to the synthesis of
new phosphazene high polymers due to the synthetic challenges
of macromolecular substitution reactions. Thus, small molecule
model reactions were first attempted with the cyclic phosphazene
analogue, hexachlorocyclotriphosphazene (1). All the vitamins
used were substituted onto 1 in varying amounts. The physical
and structural data are given inTable 1. Preliminary attempts were
made to synthesize fully substituted vitamin-containing cyclopho-
sphazenes. Thus, an excess of the side group nucleophile was
allowed to react with 1 in THF, as shown in Schemes 1 and 2. The
reactions were monitored by 31P NMR spectroscopy and mass
spectrometry techniques. It was not possible under these condi-
tions to obtain full halogen replacement with vitamin E reactions
(2 and 3). Thus, after the reaction had been allowed to proceed
for several days, a second nucleophile was added to complete the
substitution. Because of the bulky structure of vitamin E, small
nucleophiles such as sodium ethoxide and glycine ethyl ester were
used as cosubstituents. Complete chlorine replacement occurred
in each case. The products contained equal numbers of the two
side groups arranged in a nongeminal fashion as shown in
Scheme 1. Other products with smaller amounts of vitamin E
were also evident from these model reactions. However, a
maximum of one chlorine atom per NPCl2 unit could be replaced
by vitamin E. This suggests that similar limits might prevail with
the linear high polymer.
For nucleophiles 4 and 5 (vitamins L1 and B6) as substituents,

all the chlorine atoms in (NPCl2)3 could be replaced. Reagent
4 gave only partial substitution after several days in refluxing
THF at 70 �C, but the addition of dimethylaminopyridine
(DMAP) induced full substitution after refluxing for 4 days.31

The synthesis of 5 first required protection of two of the free

Table 3. Characterization Data for Polymers 7-12

polymer 1H NMR (ppm) 31P NMR(ppm) Mw (g/mol) PDI Tg (�C)

7 3.89 (2H), 3.55 (2H), 2.52 (2H), 2.09 (2H), 1.97 (9H), 1.49 (3H), 1.40 (4H),

1.25 (13H), 1.08 (7H), 0.82 (12H)

-1.27, 5.30a 178 956 1.80 -24.3

8 3.78 (2H), 2.43 (2H), 2.10 (2H), 1.95 (9H), 1.47 (3H), 1.33 (4H),

1.22 (13H), 1.14 (7H), 0.87 (12H)

-10.46, -14.3, -19.93a 705 170 1.48 -19.9

9 8.14 (1H), 7.87 (1H), 7.46 (1H), 6.75 (1H), 4.40 (2H), 1.38 (3H) -13.1 (broad)a 131 410 2.43 26.0

10a 7.72 (1H), 4.60 (4H), 2.16 (3H), 1.23 (6H) -3.47 (broad)b 306 825 1.63 30.8

11a 7.87 (1H), 4.75 (4H), 4.15 (2H), 3.75 (2H), 2.30 (3H), 1.25 (9H) 1.01, -4.31b 266 002 1.45 44.0, 30.7

12a 7.87 (1H), 7.12 (5H), 4.75 (4H), 3.91 (2H), 3.36 (1H), 2.84 (2H), 2.29 (3H),

1.35 (6H), 0.86 (3H)

-3.01 (broad)a 478 150; 86 839 1.89 35.4

10b 8.26 (1H), 5.10 (4H), 2.54 (3H) -3.60 (broad)c N/A N/A 38.0

11b 8.16 (1H), 5.02 (4H), 4.00 (2H), 3.73 (2H), 2.52 (3H) 0.98, -4.64c N/A N/A 34.3

12b 7.91 (1H), 7.20 (5H), 4.96 (4H), 4.05 (2H), 3.36 (1H), 2.84 (2H),

2.35 (3H), 1.05 (3H)

-2.01 (broad), -4.40 (broad)d N/A N/A 40.0

aNMR spectra was measured in CDCl3.
bNMR spectra was obtained in MeOD. cNMR spectra were in d4-acetic acid.

dNMR spectra was measured in
d6-DMSO.
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hydroxyl groups to allow only one reactive site to remain. This is
an important factor for macromolecular substitution reactions to
prevent cross-linking. Traditionally, synthesis of an O-linked
phosphazene requires the prior formation of an alkali metal salt
and use of the precipitation of the metal chloride to drive the
process to completion. However, during the synthesis of 5a, the
sodium salt of the protected form of vitamin B6 was insoluble.
Therefore, a solution of 1 was added to the insoluble salt. During
the addition, the salt became soluble, probably due to a facile
reaction with the cyclic trimer. Full halogen replacement was
complete within 24 h at 70 �C. After substitution, the ketal
protecting group was removed with concentrated trifluoroacetic
acid in methanol to form 5b. Complete deprotection was
accomplished by this technique, and the different products were
separated using Sephadex-G25 with deionized water as the
mobile phase. There was no evidence of hydrolysis during the
separation, as determined by mass spectrometry.
Synthesis and Characterization of Polymers 7-12. Fol-

lowing similar synthesis procedures to those employed for the
small molecule analogues, macromolecular substitution reactions
were carried out for polymers 7-12 in a two-step process. First,

the reactive intermediate, poly(dichlorophosphazene), was
synthesized by the ring-opening polymerization of hexachloro-
cyclotriphosphazene at 250 �C under vacuum. Second, re-
placement of the chlorine atoms was attempted using either
the sodium salt of the corresponding vitamin or the ester-
protected vitamin. In each case, varying amounts of the vitamin
units became covalently linked to the polymer backbone. The
physical and structural data are shown in Table 3. Information
obtained during the synthesis of the small molecule analogues 2 and
3 suggested that it was unlikely that fully substituted polymers
containing vitamin E could be synthesized due to the bulk of the
reagent. Thus, during the synthesis of polymers 7 and 8, the bulky
side group was introduced first by a slow dropwise addition to a
solution of (NPCl2)n to favor random distribution of these groups
along the polymer chain. Then an excess of the second nucleophile
was added to complete the substitution, as shown in Scheme 3. The
maximum amount of vitamin E linked to the polymer was 47% in
the case of polymer 8. Polymers 7 and 8 were yellow-orange
elastomeric solids that were soluble in THF and chloroform.
Linkage of vitamin L1 to poly(dichlorophosphazene) required

an extended reaction time (96 h) at 70 �C to complete the

Scheme 1. Synthesis of [(Vitamin E)3(glycine ethyl ester)3cyclotriphosphazene] and [(Vitamin E)3(ethoxy)3cyclotriphos-
phazene]

Scheme 2. Synthesis of [(Vitamin L1)6cyclotriphosphazene] and [(Vitamin B6)6cyclotriphosphazene]
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substitution (Scheme 4). The molecular weight of the resultant
polymer 9 was low, as shown in Table 1. This result is attributed
to the long reaction time and the release of hydrogen chloride
during the substitution reaction. Hydrogen chloride normally
reacts with excess triethylamine present in solution to form an
insoluble salt. However, the hydrogen chloride could also react
with the nitrogen atoms in the phosphazene backbone, resulting
in P-N bond cleavage and a decrease in molecular weight.32 The
synthesis of polymers 10-12 first required the protection of two
of the three hydroxyl groups to prevent cross-linking, and as in
the case of the small molecule analogue, the (NPCl2)n solution
was added to the salt solution because the salt was insoluble in
THF. Full substitution of polymer 10 occurred within 48 h.
Polymer 10 proved to be resistant to hydrolytic degradation
which was evident from the initial hydrolysis-pH study pre-
sented in Figure 2. Hence, polymers 11 and 12 were designed to
incorporate a hydrolytically labile linkage between the skeleton
and the side groups by incorporating glycine ethyl ester and/or
phenylalanine ethyl ester as cosubstituents (Scheme 5). The
amino acid ester units were introduced second to complete the
substitution to minimize the liberation of hydrogen chloride and
reduce its effect on chain cleavage. Polymers 10-12 were brittle
light brown solids that were soluble in various solvents ranging
from water to THF.
All these reactions were monitored by 31PNMR spectroscopy

to determine the extent of substitution, and the polymers were
further characterized by 1H NMR, GPC, and DSC, as shown in
Table 1. Polymers 7-12 had various side group distribution

patterns which were evident from different 31P shifts. For
example, polymer 7 gave two chemical shifts at -1.65 and
5.64 ppm. The shift at -1.65 ppm is from a phosphorus atom
bearing two glycine ethyl ester units. The second shift at 5.64 is
attributed to a phosphorus atom bearing a glycine ethyl ester
unit and a vitamin E unit. Each of the remaining polymers with
two different substituents (polymers 8, 11, and 12) gave similar
spectra. The relative percentages of each side group were
estimated by 1H NMR spectroscopy. For polymers 7 and 8
the side group ratios were 0.66:1.34 and 0.94:1.06, respectively.
To ensure full replacement of chlorine atoms by glycine ethyl
ester units, a smaller percentage of vitamin E was first linked to
the backbone. If a larger percentage of vitamin E was first
introduced, glycine ethyl ester would not complete the substitu-
tion presumably because of limited steric access to the P-Cl
units. Polymers 11 and 12 contained a 1:1 ratio of the substit-
uents within a 5% error.
Deprotection of Polymers 10a-12a. In order to remove

the ketal protecting groups on polymers 10a-12a to yield the
deprotected vitamin unit, the polymers were treated with 80%
trifluoroacetic acid in methanol. All the polymers were depro-
tected successfully under mild acidic conditions. Polymer 10 is
stable under acidic conditions and was deprotected within 48 h at
50 �C, but polymers 11a and 12a bear amino acid side groups
that are sensitive to acidic conditions and degrade faster at lower
pH values than at higher pH.33 However, both polymers 11a and
12a could be deprotected under mild conditions (room tem-
perature, 60 h), and there was no evidence of chain cleavage
detectable by 31P NMR spectroscopy. Thus, no peaks at∼0 ppm
were detected which would have indicated the presence of
phosphate units. The structures were confirmed by 1H NMR
by the disappearance of the methyl proton peaks at 1.23-1.35
ppm. Molecular weights could not be determined by GPC
analysis due to the insolubility of the polymers in THF
(Table 3). Polymers 10b and 11b were soluble in dilute acetic
acid, and polymer 12b was soluble in dimethyl sulfoxide. The
limited solubility of polymers 10b-12b could be due to ex-
tensive hydrogen bonding between the side groups which
prevents the polymer from redissolving once dried. Unlike
polymer 11b, polymer 12b is not soluble in acetic acid. This
may be due to the presence of the hydrophobic amino
acid-phenylalanine ethyl ester, instead of a hydrophilic amino

Scheme 3. Synthesis of Vitamin E-Containing Polymers

Scheme 4. Synthesis of a Vitamin L1-Containing Polymer
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Figure 1. (a) Percent weight loss of polymers 7-9. (b) pH of polymers 7-9.

Scheme 5. Synthesis of Vitamin B6-Containing Polymers
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acid-glycine ethyl ester. Because of the amphiphilicity of the
polymers, a less polar solvent is required to solubilize both the
hydrophobic amino acid and hydrophilic vitamin unit.
Thermal Characterization of Polymers 7-12. The glass

transition temperatures (Tg) of polymers 7-12 vary from -25
to 44 �C and are shown in Table 1. Vitamin E-containing
polymers (7 and 8) have low and broad glass transition
temperatures at -25 and -20 �C, respectively. This is surpris-
ing because the steric hindrance of the bulky vitamin unit might
be expected to decrease the torsional mobility of the back-
bone. However, the long aliphatic chain may create significant
free volume which disrupts polymer chain packing and lowers
crystallinity and Tg. Polymer 9 showed a higher Tg ∼25 �C
probably due to the ability of the bulky phenyl rings to restrict
backbone motion. This trend is similar to that for poly[bis(2-
amino 4-picoline)phosphazene] with a Tg at 27 �C.34 The
protected vitamin B6 polymers (10a-12a) had glass transi-
tion temperatures ranging from 30 to 44 �C. For polymers

11a and 12a, the primary transition increased as the cosubsti-
tuent glycine ethyl ester was replaced by phenylalanine ethyl
ester. This follows a trend in which theTg increases as the size of
the R-carbon substituent on the amino acid increases in a series
from hydrogen to a benzyl group. Polymer 11a showed a
secondary transition at 44.0 �C which could be due to an
interaction between an amino proton on the amino acid ester
with the basic nitrogen atom on the protected vitamin. This
secondary transition was not evident in 12a due to the steric
hindrance at the R-carbon of the amino acid ester preventing
this interaction. After deprotection of polymers 10a-12a, each
Tg was raised by several degrees, the highest being polymer 12b
at 40 �C. This is believed to be due to extensive hydrogen
bonding between the polymer chains, which restrict skeletal
motion. This evidence is also consistent with the low solubility
of these polymers in common organic solvents after being dried.
Hydrolysis Behavior of Polymers 7-12. All of the polymers

synthesized in this work were sensitive to hydrolysis—a key

Figure 2. (a) Percent weight loss of polymers 10-12. (b) pH of polymers 10-12.
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requirement for tissue engineering materials. The relative hydro-
lytic degradation trends of polymers 7-12 in deionized water
were monitored over a 6 week period at 37 �C with a starting pH
of 6.60 (Figures 1 and 2). The hydrolysis varied from 10 to 100%
over a 6 week period with the order of highest to lowest weight
loss being 10a > 9 > 10b = 11a = 11b > 12a > 12b > 8 > 7.
Polymers containing vitamin E (7 and 8) hydrolyzed at a slow
rate. Polymer 8, co-substituted with ethoxy groups, lost∼20% of
its weight after 6 weeks, whereas polymer 7, co-substituted with
glycine ethyl ester, lost only 10% after 6 weeks. The faster
hydrolysis of polymer 8 may be connected with the ability of
ethoxy groups to undergo a rearrangement in which ethyl groups
shift to the adjacent nitrogen atoms to form N-CH2CH3 and
PdO units. These phosphazane sites in the backbone would
sensitize the system to rapid hydrolysis of the backbone.35,36 One
product of hydrolysis is a phosphate detectable by a silver nitrate
test and the formation of a yellow silver phosphate precipitate.
Polymer 7 degrades at a slower rate than 8 presumably due the
inability of water to access the polymer backbone to displace the
amino acid ester. Vitamin E in combination with glycine ethyl
ester renders the backbone less accessible than when vitamin E is
present accompanied by ethoxy groups.
Polymer 9 degrades much faster than polymers 7 and 8

possibly due to the acidic media that are formed (pH ∼ 2.5).
The low pH may result from the presence of a small amount of
hydrogen chloride complexed with the nitrogen atoms of the
backbone which was released into the aqueous media during
hydrolysis. Hydrogen chloride would normally be removed
through complexation with triethylamine. However, if a small
amount remained complexed with the backbone, this would
cause a decrease in pH.37 Another explanation of this low pH
could be the formation of 2-aminobenzoic acid through the
cleavage of the ethyl ester group. After the formation of this acid,
the side group could be displaced from the polymer, thus
resulting in degradation. This mechanism has also been proposed
for the degradation of poly(amino acid ester)phosphazenes.17 It
is plausible that the pH measured could be due to the dissolved
2-aminobenzoic acid present. This has also been observed for
other polyacid systems, such as the dissolution of 4-hydroxyben-
zoic acid from poly[di(carboxylatophenoxy)phosphazene] in
deionized water.38 The pH for the hydrolysis media for polymers
7-9 was in the range of ∼9-2.5 with the order of highest to
lowest pH being 8 > 7 > 9.
The hydrolysis behavior of polymers 10-12 is shown in

Figure 2. It was expected that polymers 10a and 10b would be
water-soluble because of the amphiphilic character of vitamin
B6.

39 However, polymer 10a was soluble in water and 10b was
not. After 6 weeks there was a 75% weight loss for 10b. The lack
of complete water solubility suggests that the hydrogen bonding
between the polymer chains inhibits water from solvating the
chains. This proposed explanation is supported by the DSC
results. Here, the weight loss was attributed to polymer water
solubility and not to polymer degradation. This was confirmed by
1H and 31P spectroscopies. Samples were taken from the
deionized water from weeks 1 and 6, and there was no evidence
of any degradation or shift in the 31P peak.
Polymers 11a and 11b lost respectively 75% and 73% of their

weight by week 6. To incorporate hydrolytic degradation,
polymers 11a and 11b were co-substituted with an amino acid
ester linkage. In doing so, the solubility of the resulting
polymers in water decreased. After 6 weeks, polymers 11a
and 11b degraded or water solubilized at similar rates,

regardless of their protected/deprotected form. The hydrolysis
products were tested for the presence of free amino acids using
the ninhydrin test. There was a clear difference in the intensity
of the violet color produced from weeks 1-6 for 11a and 11b,
suggesting that a larger quantity of free amino acid was present
in week 6. The trend for polymers 12a and 12b is similar to that
of 11a and 11b, whereas 12a and 12b lost 70% and 60% by
week 6, respectively. Polymer 11b loses more weight than 12b
because of the decreased steric hindrance of the R-carbon on
the amino acid ester. The pH for the hydrolysis media for
polymers 10-12 was in the range of ∼7.7-3.3 with the order
of highest to lowest pH being 10a > 11a = 12a > 11b = 12b >
10b. Of the protected polymers, polymer 10a has a higher pH
(∼7) than polymers 11a and 12a (∼5.5), which are co-
substituted with an amino acid. This is to be expected because
during hydrolysis, free amino acid is released into the aqueous
media, causing a slight decrease in pH. When comparing the
deprotected and protected polymers, the deprotected form of
vitamin B6 (10b-12b) generated a much lower pH (∼3.3-
4.5) than when it is in it is protected form (10a-12a;∼5.5-7).
This could be due to small amounts of trifluoroacetic acid
trapped within the hydrophobic matrix or complexed with
either the basic nitrogen of vitamin B6 or the basic nitrogen
atoms in the backbone, to be subsequently released during the
hydrolysis. Although traces of trifluoroacetic acid could explain
the difference in pH, nevertheless, the hydrolysis media from
12b showed no residue of trifluoroacetic acid by fluorine NMR
spectroscopy and yet still yielded a low-pH media. Trace
amounts of trifluoroacetic acid were detected by fluorine
NMR for sample 11b with a weak signal at -75.9 ppm.
However, the pH of polymers 11b and 12b were the same
during the 6 week hydrolysis study. An alternative explanation
of this difference in pH could be due to the release of the acidic
hydroxyl site on position 3 of vitamin B6.

39 A comparison of the
protected polymers 11b and 12b (pH∼4.5) to the unprotected
polymers 11a and 12a (pH ∼5.5) suggests that the release of
the acidic hydroxyl site may cause the decrease in pH.

’CONCLUSIONS AND BIOMEDICAL POTENTIAL

These polymers have considerable advantages compared to
previously synthesized polymers because they contain biomole-
cules that have the potential to stimulate cellular responses and
thus could be used in a variety of tissue engineering applications.
This is the first reported synthesis of polyphosphazenes that
contain vitamin side groups. The small molecule model reactions
indicated both the feasibility and the synthetic challenges of
these systems. Polymer synthesis was achieved by macromole-
cular replacement of the chlorine atoms of poly(dichlorophos-
phazene) by vitamin units and other cosubstituents. The glass
transition temperatures ranged from -24 to 44 �C. Preliminary
heterophase hydrolysis experiments were performed in deionized
water for a 6 week time period at 37 �C. Hydrolyses varied from 10
to 100%, with the order of highest to lowest weight loss being 10a >
9 > 10b = 11a = 11b > 12a > 12b > 8 > 7. For hard tissue
engineering, polymers 11b and 12b appear to be the best candidates
based on their physical properties and hydrolytic behavior.
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