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ABSTRACT: The synthesis of two low molecular weight
linear unsaturated oligoester precursors, poly(propylene fu-
marate-co-sebacate) (PPFS) and poly(ethylene fumarate-co-
sebacate) (PEFS), are described. PPFS, PEFS, and poly(eth-
ylene glycol) are then used to prepare poly(propylene fuma-
rate-co-sebacate)-co-poly(ethylene glycol) (PPFS-co-PEG)
and poly(ethylene fumarate-co-sebacate)-co-poly(ethylene
glycol) (PEFS-co-PEG) block copolymers. The products thus
obtained are investigated in terms of the molecular weight,
composition, structure, thermal properties, and solubility
behavior. A number of design parameters including the
molecular weights of PPFS, PEFS, and PEG, the reaction

time in the polymer synthesis, and the weight ratio of PEG
to PPFS or to PEFS are varied to assess their effects on the
product yield and properties. The hydrolytic degradation of
PPFS-co-PEG and PEFS-co-PEG in an isotonic buffer (pH 7.4,
37°C) is investigated, and it is found that the fumarate ester
bond cleaves faster than does the sebacate ester bond. © 2004
Wiley Periodicals, Inc. ] Appl Polym Sci 92: 295-300, 2004
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INTRODUCTION

Poly(propylene fumarate) (PPF) is a linear unsatur-
ated polyester that has been synthesized and de-
scribed as an injectable biomaterial for bone replace-
ment.'""* Poly(ethylene glycol) (PEG) is nonthrombo-
genic, has no known toxic side effects, and is widely
used in many biomedical applications.” It exhibits sol-
ubility both in aqueous and organic solvents and it can
be readily derivative through its terminal hydroxyl
groups to produce a variety of compounds with lower
thrombogenicity.®” For example, block copolymers of
PEG with degradable polyesters like poly(propylene
fumarate-co-ethylene glycol) [P(PF-co-EG)] have been
synthesized via condensation of PPF with PEG and
studied for biomedical applications.®

PPF and its copolymer with PEG, P(PF-co-EG), can
be crosslinked through the fumarate double bond via
an appropriate vinyl monomer. Therefore, [P(PF-co-
EG)] can be prepared as a precursor and then mixed
with appropriate initiators and vinyl monomers and
injected into designated physiological sites where it
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then hardens, causing minimal damage to the sur-
rounding tissues while providing a barrier between
the vascular tissues and the blood stream.”'” Biode-
gradable unsaturated copolyesters capable of
crosslinking have also been synthesized."'"'®

We hereby report the synthesis and characterization
of poly(propylene fumarate sebacate) (PPFS) and
poly(ethylene fumarate sebacate) (PEFS) precursors
and their copolymerization with PEG to produce
[P(PFS-co-EG)] and [P(EFS-co-EG)] and the character-
ization of all four products. PPFS and PEFS and their
copolymers with PEG are then crosslinked in the pres-
ence of a vinyl monomer like methyl methacrylate
(MMA) or styrene. The effects of some design param-
eters including the molecular weight of PEG, molecu-
lar weights of PPFS and PEFS, polymerization time,
and ratio of PEG to PPFS or PEFS on the product
properties are described.

EXPERIMENTAL
Materials

All compounds and solvents used were reagent grade
obtained from Merck (Darmstadt, Germany). These
include sebacoyl chloride (SC), fumaryl chloride (FC),
propylene glycol (PG), ethylene glycol (EG), PEG,
MMA, styrene, benzoyl peroxide, antimony trioxide,
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tetrahydrofuran (THF), chloroform, petroleum ether,
tetramethylsilane, and diethyl ether. PG and EG were
distilled, and fractions in the boiling ranges of 186—
188°C and 195-197°C, respectively, were collected and
dried on 0.4-nm molecular sieves.

Instrumentation

Infrared spectra were recorded on a Shimadzu-4300
FTIR (Kyoto, Japan) spectrophotometer. Polymeric
samples were either in the form of a solid film or a
liquid spread onto NaCl plates. Polymeric powder
samples were pressed into KBr pellets. "H-NMR and
*C-NMR spectra were obtained on a Brucker AC80
(Germany) spectrophotometer using deuterated sol-
vents and tetramethylsilane (TMS) as an internal ref-
erence. The molecular weight and molecular weight
distribution of the polymers were determined by gel
permeation chromatography (GPC) of polymer solu-
tions in THF, using a Waters 150C Model equipped
with Styragel columns, with a flow rate 1 mL/min at
30°C and polystyrenes of low polydispersity as stan-
dards. Differential scanning calorimetry (DSC) ther-
mograms were obtained on a DSC 4 Perkin-Elmer at a
constant heating rate of 10°C/min. Thermogravimet-
ric analysis (TGA) was obtained on a V5.1A DuPont
2000 at a constant heating rate of 10°C/min.

Precursor synthesis

Mixed diesters of fumaric/sebacic acid with PG (or
EG) were prepared by slowly adding an equimolar

mixture of FC and SC to an excess of PG (or EG) while
stirring at 25°C for 2 h in the absence of any catalyst.
The HCl evolved was captured in aqueous NaOH. In
the next step, the transesterification of the intermedi-
ate was carried out at 160°C, 150 mmHg, for 4 or 8 h,
to obtain PPFS or PEFS as the desired precursors, that
is, linear unsaturated oligoesters (Scheme 1), while PG
(or EG) that is cleaved off is continually removed by
condensation.

Copolymer synthesis

Block copolymers of poly(propylene fumarate-co-se-
bacate)-co-polyethylene glycol (PPFS-co-PEG) and
poly(ethylene fumarate-co-sebacate)-co-poly(ethylene
glycol) (PEFS-co-PEG) were prepared by adding PEG
to the precursors PPFS or PEFS, respectively, at 150°C
under a vacuum (10 mmHg), using an antimony tri-
oxide catalyst (the released PG or EG was removed).
Formation of the unsaturated copolymers is shown in
Scheme 1. The resulting copolymers were purified by
pouring their chloroform solutions into petroleum
ether (nonsolvent). Precipitates were washed with dry
ether and dried under a vacuum at 40°C for 4 h.

RESULTS AND DISCUSSION
Molecular characterization

Table I shows the monomer composition, reaction
conditions, and average molecular weights of linear
unsaturated precursors PPFS and PEFS. The molecu-
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TABLE 1
Monomer Composition, Reaction Conditions, and
Average Molecular Weights of Linear Unsaturated
Precursors PPFS and PEFS

Moles of
Moles of PG or Reaction time ~ ~
Precursor FC, SC EG 160°C, 150 mmHg M, M,
PPFS-1 1,1 6 PG 4h 2123 2539
PPFS-2 1,1 6 PG 8h 4360 6092
PEFS-1 1,1 6 EG 4h 3091 3716
PEFS-2 1,1 6 EG 8h 7391 10,768

~

lar weights of PPFS and PEFS increase with an in-
crease in the reaction time. Under identical polymer-
ization conditions, the average molecular weight of
PEFS is about 1.5 that of PPFS. The block copolymers
PPFS-co-PEG and PEFS-co-PEG were prepared by add-
ing either PEG 2000 or 4000 to either of the precursors
PPFS-1 or PEFS-1. Table II shows the characteristics of
PPFS-1, PEFS-1, and PEG, the reaction conditions, and
the properties of the copolymers obtained.

As expected, the chains of copolymers 1 or 3 gener-
ally consist of a PEG center block connected to PPFS or
PEFS blocks on either of its ends, whereas in the case
of copolymer 2 or 4, PPFS or PEFS form the center
block, and the PEG, the end blocks (Scheme 2). As
expected, the solubility of the copolymers in water
increase with an increase in the weight percent of the
PEG. The PPFS precursor (linear unsaturated polyes-
ter) is a transparent viscous liquid, while the precursor
PEFS is a turbid viscous cream.

"H-NMR and "*C-NMR spectra of PPFS-1 were ob-
tained in deuterated chloroform. 'H-NMR of the
PPFS-1 (Fig. 1) shows peaks belonging to CH, protons
of PG units in the PPFS-1 chain, which appear in three
regions: (a) 6 = 3.5 ppm belonging to CH, protons of
the PG units connecting to terminal OH groups, (b) &
= 4.1 ppm belonging to CH, protons of the PG units
connecting to sebacate, and (c) 8 = 4.3 ppm belonging
to CH, protons of the PG units connecting to fumar-
ate. The CH protons of the PG units appear as two
wide peaks at § = 4.5 and 5.1 ppm.

Figure 2 shows the "*C-NMR spectra of PPFS-1. The
FTIR spectra of the PPFS-1 precursor and copolymer 1
are seen in Figure 3, where a broad stretching band for
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the C—O group in the PEG block of copolymer 1 is
seen at 1095 cm™'."”

Thermal analysis

The DSC thermogram of the PPFS-1 precursor [Fig.
4(a)] shows a small wide exothermic peak at 215°C,
indicating the detachment and evaporation of the PG
units, leading to an increase in molecular weight (due
to joining of the neighboring polyester). The sharp
endothermic peak at 258°C corresponds to the melting
point of the newly formed polyester. Upon further
increase in the temperature, more PG units are de-
tached, leading to another exothermic peak at 287°C,
indicating the formation of a higher molecular weight
polyester, with a melting point that appears as a sharp
endothermic peak at 292°C. Degradation of the poly-
ester starts slowly from 295°C and appears as a broad
exothermic. The GPC analyses showed that, in the
case of PPFS-1 (M,, = 2123, M,, = 2539), the values
increase to M,, = 4304 and M,, = 6511 at 215°C and to
M, = 8415 and M, = 12,130 at 287°C.

The DSC thermogram of the PEFS-1 precursor [Fig.
4(b)] shows a small broad exothermic peak followed
by a small broad endothermic one, in the range 35—
53°C, which may arise from a crystalline transition. No
other noticeable processes seem to occur in the range
52-210°C, while, thereafter, the thermal degradation
of the PEFS precursor slowly begins.

The DSC thermograms of the block copolymers 1
and 2 have an almost identical pattern. Copolymer 1
[Fig. 5(a)] shows an endothermic peak at about 50°C
for the melting point of the PEG block in the copoly-

TABLE 1I
Reaction Conditions and Composition of Block Copolymers Prepared from Reacting
Precursors PPFS-1 and PEFS-1 with PEG

Amount of PPFS-

Amount of PEG

Reaction time (min)

Copolymer 1 or PEFS-1 2000 or 4000 150°C, 10 mmHg M, M,
1 PPFS-1 (1 g) PEG 2000 (0.5 g) 30 5100 7828
2 PPFS-1 (1 g) PEG 2000 (2 g) 30 7021 11,369
3 PEFS-1 (1 g) PEG 4000 (0.5 g) 30 8742 10,440
4 PEFS-1 (1 g) PEG 4000 (2 g) 30 7645 32,479
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Figure 1 '"H-NMR spectra of PPFS-1 with monomer com-
position FC, SC, and PG (1:1:6), prepared at 160°C and 150
mmHg for 4 h in CDCl,.

mer and a small wide exothermic peak for partial
degradation of PEG at about 190°C. Thereafter begins
a gradual degradation of the copolymers which peaks
at about 380°C, as verified by the corresponding TGA
diagrams.

The DSC thermograms of copolymers 3 and 4 have
an almost identical pattern. The DSC copolymer 3 [Fig.
5(b)] has a sharp peak related to the melting point of
the PEG block at 50°C. Partial degradation of the PEG
block appears as a small wide peak at about 190°C,
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Figure 3 FTIR spectra of (a) PPFS-1 precursor and (b) co-
polymer 1 showing the frequencies of several important
peaks.

and, afterward, the overall degradation of the copol-
ymer slowly initiates, with the main process occurring
in the range 380-400°C, as verified by their corre-
sponding TGA diagrams.

The TGA of the PPFS-1 precursor (Fig. 6) was re-
corded at a temperature scan rate of 10°C/min. About
19% of the weight loss occurs in the range of 175-
280°C, due to detachment of the PG units. Most of the
weight loss (64.8%) occurs in the range 280-400°C. It
is expected that the PG units are first to detach and,
after that, fumarate and sebacate monomers are re-
leased from the polyester chain. In the range 400-
550°C, another weight loss of about 10% is observed.

The TGA diagram of the PEFS-1 precursor (Fig. 6)
shows that its thermal degradation occurs in four
steps in the range 200-550°C. As expected, at first, the
EG units from the chain terminals are released, lead-
ing to an increase in the molecular weight of the

CH, sebacate
——h—

Figure 2 ">C-NMR spectra of PPFS-1 with monomer composition FC, SC, and PG (1:1:6), prepared at 160°C and 150 mmHg

for 4 h in CDCl,.
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Figure 4 DSC thermograms of (a) PPFS-1 and (b) PEFS-1
precursors between 30 and 300°C at a temperature scan rate
of 10°C/min.

polyester. Subsequently, as the temperature increases,
the polyester chains begin to degrade, making possi-
ble the release of the interior EG units, followed by
fumarate and sebacate monomers.

The TGA thermograms of copolymers 1 and 2 look
quite similar. In general, the thermal stability of the
block copolymers are higher than that of the PPFS-1
precursor, which may be attributed to the presence of
heteroatoms in the PEG blocks.'® The thermal degra-

E

Q

£

2

L+J a) 190

b)

m

3

Q.

Q

oo g

[¢))

3 51

0 50 100 150 200 250 300 350

Temperature "C

Figure 5 DSC thermograms of copolymers (a) 1 and (b) 3
between 30 and 300°C at a temperature scan rate of 10°C/
min.
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Figure 6 TGA diagrams of PPFS-1 and PEFS-1 precursors
and copolymers 1 and 3 between 50 and 550°C at a temper-
ature scan rate of 10°C/min.

dation of copolymer 1 (Fig. 6) is almost complete
(98%) at about 400°C.

Copolymerization of the PEFS and PEG yields a
thermally more stable product (due probably to PEG
heteroatoms in the copolymer). About 5% of the
weight loss in copolymer 3 (Fig. 6) occurs below
380°C; about 90%, in the range 380-400°C; and about
5%, above 400°C. A comparison of the TGA data re-
lated to copolymers 1 and 3 reveals the superior ther-
mal stability of the latter.

Hydrolytic degradation

The hydrolytic degradations of PPFS-co-PEG, copol-
ymer 1, and PEFS-co-PEG, copolymer 3, were inves-
tigated. For this purpose, 1 g of the desired copol-
ymers 1 and 3 were each stirred in 10 mL of isotonic
buffer (pH 7.4) at 37°C for 2 weeks. At different time
intervals, 5 mL of the medium (copolymer in water)
was removed and centrifuged for 15 min at 14,000 g,
the precipitate then dried, and the "H-NMR spectra
obtained. It was found that the fumarate ester bond
cleaves faster than that of the sebacate. Figure 7(a)
shows the percent decrease in the area under the
'H-NMR peak corresponding to the fumarate mono-
mers as a function of hydrolysis time. The fumarate
content of the copolymer PPFS-co-PEG was com-
pletely cleaved off after 10 days, whereas it took 14
days in the case of the copolymer PEFS-co-PEG.
Figure 7(b) shows the percent transmittance of
the OH carboxylic acid prepared by hydrolytic deg-
radation of the copolymer solution that was ob-
tained by the FTIR spectra copolymer solution. Fig-
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ure 7(c) shows the percent decrease of the weight of
the copolymers at 2 weeks.

CONCLUSIONS

Low molecular weight linear unsaturated polyesters
PPFS and PEFS were synthesized. PPFS, PEFS, and
PEG were then used to prepare PPFS-co-PEG and
PEFS-co-PEG block copolymers. PPFS and PEFS and
their copolymers with PEG were then crosslinked in
the presence of a vinyl monomer like MMA or sty-
rene. The products thus obtained were investigated
in terms of the molecular weight, composition,
structure, and thermal properties by GPC, DSC,
TGA, NMR, and FTIR spectroscopies. The hydro-
lytic degradation of PPFS-co-PEG and PEFS-co-PEG
in aqueous media (pH 7.3, 37°C) shows that the
fumarate ester bond cleaves faster than that of the
sebacate ester bond. During of hydrolytic degrada-
tion of PPFS-co-PEG, fumarate units are completely
cleaved off after 10 days, whereas it takes 14 days in
the case of PEFS-co-PEG.

The financial support by the Ministry of Science, Re-
search, and Technology for this project is greatly appre-
ciated.

References

1. Domb, A. J.; Manor, N.; Elmalak, O. Biomaterials 1996, 17,
411-417.
2. Yaszemski, M. J.; Payne, R. G.; Hayes, W. C.; Langer, R.; Mikos,
A. G. Biomaterials 1996, 17, 2127-2130.
3. Witschger, P. M.; Gerhart, T. N.; Goldman, J. B; Edsberg, L. E.;
Hayes, W. C. ]J. Orthop Res 1991, 9, 48-53.
4. Gerhart, T. N.; Roux, R. D.; Horowitz, G.; Miller, R. L.; Hanff, P;
Haye, W. C. J. Orthop Res 1988, 6, 585-592.
5. Herold, D. A.; Keil, K.; Bruns, D. E. Biochem Pharmacol 1989, 38,
73-76.
6. Merrill, E. W.; Salzman, E. W. ASAID ] 1982, 6, 60—64.
7. Mansoor, A.; Park, K. Biomaterials 1992, 13, 682.
8. Suggs, L. J.; Payne, R. G.;, Yaszemski, M. J.; Alemay, L. B;
Mikos, A. G. Macromolecules 1997, 30, 4318.
9. West, J. L.; Hubbell, J. A. Proc Natl Acad Sci USA 1996, 93,
13188-13193.
10. Gottsauner-Wolf, M.; Moliterno, D. J.; Lincoff, A. M.; Topol, E. J.
Clin Cardiol 1996, 19, 347.
11. Sawhney, A. S.; Pathak, C. P.; Hubbell, J. A. Macromolecules
1993, 26, 581-587.
12. Mody, P. C.; Wilkes, G. L. J. Appl Polym Sci 1981, 26, 2853—
2878.
13. Silver, J. H.; Myers, C. W.; Lim, F.; Cooper, S. L. Biomaterials
1994, 15, 695-704.
14. Cohn, D.; Younes, H. J. Biomed Mater Res 1988, 22, 993-1009.
15. Gilding, D. K; Reed, A. M. Polymer 1979, 20, 1454-1458.
16. Zhu, K. J.; Xiangzhou, L.; Shilin, Y. ] Polym Sci 1986, 24, 1331-
1337.
17. Campbell, D.; White, J. R. Polymer Characterization: Physical
Techniques; University: Cambridge, 1989.
18. Haines, P. J. Thermal Methods of Analysis; Alden: Ox-
ford,1995.



