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ABSTRACT: A series of copolyesters having a broad
range of biodegradable crosslinks were synthesised by
FeCl;-catalyzed polyesterification of trimellitic acid and

lycerol containing a small mol percent of poly(ethylene
glycol) (PEG) of varied molecular weights. The polymer
samples designated as I (1.5% PEG 2000), II (4.5% PEG 2000),
I (7.5% PEG 2000), IV (1.5% PEG 4000), V (4.5% PEG 4000),
VI (7.5% PEG 4000), VII (1.5% PEG 6000), VIII (4.5% PEG
6000), and IX (without PEG) are insoluble and moderately
tough-to-elastic solids and were characterized by their
swelling values in ethanol, glass transition temperatures
(T,), IR spectra, and X-ray diffractograms. Sample IX (0%
PEG) has the lowest equilibrium swelling (12% at 25°C) and
the highest T, (155°C) and, therefore, the highest crosslink
density. The swelhng increases and the T, decreases as the
PEG content or PEG molecular weight ina glycerol-PEG
combination increases, indicating a corresponding decrease
in the crosslink density of the polymers. Further, the equi-

librium swelling value increases with increasing tempera-
ture. The IR spectra of the polymers indicate the formation
of ester bonds at the expense of COOH and OH groups. The
X-ray diffractograms show their semicrystalline nature. The
percent crystallinity values of 53, 52, 49, and 46 for I, 111, V,
and VII, respectively, and 54 for IX showed that the percent
crystallinity decreases with an increasing PEG content and
molecular weight in the same way as do the T, values. Thus,
higher T, values are associated with a hlgher percent crys-
tallinity, that is, with structures of higher order. The synthe-
sized polymer samples with varied crosslink (biodegrad-
able) densities are expected to be very suitable as matrices
for controlled drug delivery over a varied period of time.
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INTRODUCTION

The technique of sustained and controlled drug re-
lease from a biodegradable polymer matrix has gained
considerable importance in the field of drug adminis-
tration."” Such polymers will have better control over
the release of a drug, if they have a three-dimensional
network structure involving biodegradable crosslinks
as well as backbone links. This laboratory recently
reported the synthesis and application of some
crosslinked copolyesters of this type such as a citric
acid-glycerol copolyester®” and a citric acid-1,2,6-
hexanetriol copolyster.® More recently, we developed
a novel crosslinked copolyester of trimellitic acid and
glycerol which is capable of releasing the entrapped
drugs for a few months following a nearly zero-order
release kinetics.”'? Here, our aim was to develop a
range of graded crosslinked polymers having a broad
spectrum of biodegradability for use as matrices for
short-term, medium-term, and long-term drug release.
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The crosslink density of copolyesters from trimellitic
acid can be tailored by judiciously manipulating the
functionality of the hydroxy compound. To this end,
we have partly replaced glycerol, a potential triol,
with poly(ethylene glycol) (PEG), a potential diol, of
varied molecular weights. In this communication, the
synthesis of copolyesters of trimellitic acid and glyc-
erol containing small proportions of PEG of varying
molecular weights by FeCl;-catalyzed polyesterifica-
tion and their characterization are reported.

EXPERIMENTAL
Materials

Trimellitic acid was an analytical-grade reagent from
E. Merck and was used as such. A.R. grade glycerol,
also from E. Merck, was dried by bubbling dry nitro-
gen through it at 120°C. PEGs of varied molecular
weights were A.R. quality BDH products and were
used as received. Anhydrous FeCl; was also an A.R.
grade E. Merck product and was freshly sublimed
before use.

Synthesis

Trimellitic acid and a glycerol-PEG combination (1.5%
PEG-99% glycerol, 4.5% PEG-97% glycerol, and 7.5%
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PEG-95% glycerol, all in mol % for each molecular
weight type of PEG), maintaining the stoichiometry of
COOH and OH functions together with 0.4% (of the
total weight of monomers) anhydrous FeCl;, were
taken in Jena beakers (50 mL), mixed thoroughly with
a glass rod over a hot plate to a clear solution or melt,
and then heated in a vacuum oven (0.1 mm) at 140°C
for 1 h, at 160°C for another 1 h, then at 170°C for 2 h,
and, finally, at 190°C for another 2 h, followed by 1-h
postcuring under the same conditions. Nine polymer
samples designated as I (1.5% PEG 2000), II (4.5% PEG
2000), III (7.5% PEG 2000), IV (1.5% PEG 4000), V (4.5%
PEG 4000), VI (7.5% PEG 4000), VII (1.5% PEG 6000),
VIII (4.5% PEG 6000), and IX (0% PEG) (all in mol %,
1.5 mol of PEG being equivalent to 1 mol of glycerol in
respect to the OH content) were prepared and purified
by leaching several times with boiling ethanol. The
polymer samples were then collected carefully from
the beakers in the form of thin slices and rectangular
slabs using a sharp knife blade, dried in a vacuum
oven, and, finally, stored in a vacuum desiccator.

Characterization

The polymer samples obtained were insoluble in wa-
ter and common organic solvents and their character-
ization by molecular weight determination was not
possible. They were characterized by their swelling
property, glass transition temperature (T,), IR spectra,
and X-ray diffractograms.

The vacuum-dried polymer samples, I-IX; in the form
of thin slices, were kept immersed in the swelling sol-
vent, ethanol, at two different temperatures (25 and
37°C). At suitable time intervals, the slices were taken
out, blotted dry, and weighed, and again placed in the
swelling solvent until there was no more increase in
weight. The final increase in weight of the slice gives the
equilibrium swelling of the polymer at the selected tem-
perature and solvent. The T, of the polymers was mea-
sured by using a Perkin—Elmer differential scanning cal-
orimeter (DSC2/DSC7). The samples were annealed at
500 K for 15 min and then scanned at a heating rate of
20°/min from —50 to 180°C. Again, the polymer samples
were powdered cryogenically and their IR spectra were
recorded on KBr pellets using a Perkin-Elmer IR spec-
trophotomer. For the X-ray diffraction study, the poly-
mer samples were also powdered cryogenically and
their X-ray diffraction was recorded on a Scimens D500
X-ray diffractometer using CuKa as a target at a chart
speed of 10 mm per degree 26.

RESULTS AND DISCUSSION

In about 2 h after the start of the reaction, under a
vacuum (0.1 mm) at an elevated temperature, the
monomer mixture containing the catalyst became a
transparent viscous liquid. Increasing the temperature
in stages over the period of time mentioned in the
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TABLE 1
Characterization of the Polymer Samples
Equilibrium
swelling (%) in
P ethanol at
olymer -
samples 25°C 37°C T, (°O) % Crystallinity
1 14 20 145
II 21 25 111 53
111 35 46 100 52
I\% 18 22 136
\% 32 41 109 49
VI 45 50 90
VII 30 36 132 46
VIII 40 60 93
X 12 18 155 54

Experimental section was found to be beneficial in
respect to the conversion and the desired physical
properties of the polymers obtained. Bubble formation
due to the evolution of water vapor was carefully
avoided by stirring with a glass rod from time to time.
In about 6-8 h, the polymer samples I-IX were ob-
tained in 75-85% yield as brownish, transparent, and
moderately tough-to-elastic solids insoluble in water
and common organic solvents.

CHARACTERIZATION
Swelling behavior

Equilibrium swelling values of the polymer samples
(I-IX) in ethanol at 25 and 37°C are presented in Table
L It can be seen from the table that, at a given tem-
perature, the swelling value of the polymers increases
with increase in the mol percent of PEG of a given
molecular weight in a glycerol-PEG combination.
Thus, the equilibrium swelling values of the polymer
samples obtained using PEG 2000, PEG 4000, and PEG
6000 are in the order I < II < III, IV < V < VI, and VII
< VIII, respectively. Again, with an increase in the
molecular weight of the added PEG in a fixed mol
percent, the equilibrium swelling value of the polymer
samples also increases.

Thus, using PEG of molecular weights of 2000, 4000,
and 6000, the respective equilibrium swelling values
are seen to be in the order I < IV < VII for 1.5% PEG,
II <V < VIII for 4.5% PEG, and III < VI for 7.5% PEG.
It is further seen that the order of swelling values
obtained is the same at 25 and 37°C. It is quite appar-
ent that, with the increase in the mol percent of the
added PEG (a potential diol) of a fixed molecular
weight, or increase in the molecular weight of the
added PEG in a fixed mol percent, the crosslink den-
sities in the copolyster network synthesized from tri-
mellitic acid and a glycerol-PEG combination should
decrease. As expected, sample IX (0% PEG) has the
lowest swelling value, 12 and 18% at 25 and 37°C,
respectively, indicating the highest crosslink density.
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Figure 1 Swelling isotherms according to second order
swelling kinetics.

The order of the swelling values obtained by us is
quite in keeping with our knowledge'" that, in a series
of chemically similar crosslinked polymers, the swell-
ing values increase with a decrease in the crosslink
density in the polymer network. It is further seen from
Table I that the swelling values of the polymer sam-
ples at 37°C are higher than are the corresponding
values at 25°C. An increase in the temperature in-
creases the kinetic energy of the polymer segments,
generating more space among the segments in the
network, which helps the polymer to imbibe more
solvent, causing an increase in the swelling values.
The change in the degree of swelling with the temper-
ature is a valuable indication of the nature of the
association between the polymer and the solvent and
is a desirable property for a polymeric drug carrier.

Regarding the swelling kinetics, the weight percent
solvent uptake data against time give linear plots ac-
cording to a second-order swelling kinetic equa-
tion'*1° t/w = klw + t/w, where w, is the maximum
solvent uptake; w, the solvent uptake at time ¢, and k, the
swelling rate constant. f/w against f plots for three typ-
ical samples II, V, and VII at 25°C are shown in Figure 1.
The swelling capacity (maximum solvent uptake or equi-
librium swelling, w,) of a polymer sample can be calcu-
lated from the reciprocal of the slope and the swelling
rate constant, k, from the reciprocal of the intercept and
the square of the swelling capacity. The calculated swell-
ing capacities and swelling-rate constants are 0.191 g/g
and 0.44 (gh) " for sample I, 0.30 g/g and 0.61 (gh) ' for
sample V, and 0.305 g/g and 1.08 (gh) " for VII, respec-
tively. The swelling capacities calculated from graphical
plots are close to the experimentally determined equilib-
rium swelling values at 25°C of the three polymer sam-
ples. The prevalence of second-order swelling kinetics
for the three typical samples II, V, and VII indicates that
all these polymers are semicrystalline in nature where
progressive swelling expands the amorphous domains
and increases the stress on the crystalline domains, hold-
ing the semicrystalline network together. The semicrys-

talline nature of these polymers was revealed also from
X-ray diffraction studies to be discussed later.

Glass transition temperature (t,)

The T,’s of the polymer samples (I-IX) are included in
Table I. A typical glass transition endotherm, that of
sample VII, is shown in Figure 2. Table I shows that,
with an increasing mol percent of PEG of a fixed
molecular weight or with increasing molecular weight
of PEG in a fixed mol percent in a glycerol-PEG com-
bination, the T, of the polymer obtained decreases.
Thus, the Tg values of the polymers from 1.5, 4.5, and
7.5 mol% of PEG are in the order I > II > III from PEG
2000 and IV > V > VI from PEG 4000 and these are in
the order VII > VIII from 1.5 and 4.5 mol% of PEG
6000. Again, for polymers from PEG of molecular
weights 2000, 4000, and 6000, the T, values are in the
order I > IV > VII from 1.5 mol% PEG, II >V > VIII
from 4.5 mol% PEG, and III > VI from 7.5 mol% PEG.
Since in a series of chemically similar crosslinked
polymers the T, values are linearly related to their
crosslink densities,'* it is clear that the order of Tg
values of the polymers obtained results from the
change in the crosslink densities of the copolyesters
due to different proportions of PEG of a given molec-
ular weight or due to the different molecular weight of
the added PEG in a fixed proportion in a glycerol
(trifunctional)-PEG (bifunctional) combination.

Infrared spectra

In the IR spectra of all the copolymers, the C=0
stretching frequency shifted from 1700 cm™' (in the
acid monomer) to 1725 cm ™' and a band correspond-
ing to —C—O— stretching in the structure
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Figure 2 Glass transition endotherm of sample VII.
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group appeared at about 1250 cm ™ '. These spectral
data indicate the formation of ester bonds at the ex-
pense of —COOH and —OH groups. However, the
broad band found around 3450 cm ™' may be due to
some unreacted—COOH groups or—OH groups or
due to traces of moisture that crept into the polymers
in the KBr pellet as the polymer is hydrophilic to some
extent. A typical IR spectrum, that of copolymer V
(4.5% PEG 4000), is shown in Figure 3.

X-ray diffraction

X-ray diffractogram of a typical polymer, that of sam-
ple II, is shown in Figure 4, which shows diffuse areas
with no sharp band, suggesting nonuniform crystalli-
zation. In the case of such semicrystalline polymers
with no well-resolved crystalline peaks, it is difficult
to draw an amorphous hallow unambiguously, neces-
sary for estimating their crystallinity. In these cases, an
useful estimate of the percent crystallinity can be ob-
tained by an approximate method,'>"” according to
which, leaving aside the background scatter from both
sides of the crystalline peak, a smooth curve is drawn
in the form of an arc encompassing all the base points
of both sides of the rising crystalline peak to separate
the amorphous scatter zone from the crystalline zone.
The percent crystallinity is defined as

% Crystallinity

area under the crystalline peak

" total area under crystalline and amorphous peaks

A typical graphical calculation of the percent crystal-
linity (of the polymer sample II) is illustrated in Figure
4. The calculated percent crystallinity values of five
samples are included in Table I. The table shows that
the percent crystallinity decreases when the molecular
weight of PEG in a fixed mol percent or the mol
percent of PEG of a fixed molecular weight increases
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Figure 3 IR spectrum of sample V.
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Figure 4 X-ray diffractogram of sample II and calculation
of percent crystallinity.

in a glycerol-PEG combination in the synthesis of the
copolyesters.

CONCLUSIONS

By using PEG of different molecular weights and in
different small proportions in combination with glycerol,
it was possible to synthesize a series of three-dimen-
sional copolysters of trimellitic acid having a broad
range of crosslink densities. Since the backbone links and
the crosslinks are both made up of biodegradable ester
bonds, these copolyesters are expected to serve as useful
bioerodible matrices for drug release in a controlled
manner over desired durations, that is, for short-term,
medium-term, and long-term drug delivery.
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