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Purpose. The purpose of this study was to determine the glass transition
temperatures of new graft copolymers using Modulated Temperature
Differential Scanning Calorimetry (MTDSC), and to assess the differ-
ences between starch and cellulosic derivatives of methyl methacrylate
and between two different drying methods used in their preparation.

Methods. Graft copolymers of methyl methacrylate were synthesized
and dried by oven or freeze-drying. Surface area measurements and
different thermal analysis techniques (Differential Scanning Calorime-
try (DSC), Thermogravimetric analysis (TGA) and MTDSC) were used
to characterize these copolymers.

Results. DSC was not sensitive enough to identify the T,s of the
copolymers, however they were clearly identifiable by MTDSC. T,
values obtained may depend on the method of preparation that also
altered their physical characteristics ¢.g. specific surface area. Cellulose
derivatives showed lower Tgs than starch derivatives. The results also
depended on the drying method used, thus, freeze dried products had
slightly lower T,s than oven dried products.

Conclusions. MTDSC represents a useful thermal technique that
allows the identification of glass transitions in these new copolymers
with higher sensitivity and resolution than conventional DSC, separat-
ing the transition from overlapping phenomena such as decomposition
or dehydration. The T, of this new class of copolymers appeared to
be dependent on polymer composition and drying method used.

KEY WORDS: dynamic differential scanning calorimetry; thermo-
gravimetric analysis; methyl methacrylate; surface area; graft
copolymers.

INTRODUCTION

Glass transition is a consequence of an increase in segmen-
tal motions in a material and is accompanied by an increase in
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heat capacity, and possibly a relaxation endotherm (1). The
glass transition of a polymer is a critical factor in pharmaceutical
processes such as compaction (2-3) and film formation during
coating (4-6).

Differential Scanning Calorimetry (DSC), amongst ther-
mal techniques, is most used to evaluate the glass transition
temperatures (3,5-8). However, thermal techniques may not be
sensitive enough to identify T,s or require preconditioning of
the sample (9-11) to evaluate a T,.

Modulated Temperature Differential Scanning Calorimetry
(MTDSC) is a thermoanalytical technique whereby a sample
1s subjected to a repetition of programmed steps. In the modified
Perkin Elmer DSC 7 calorimeter, which uses a branch of
MTDSC termed Dynamic DSC (DDSC), the programmed tem-
perature is modulated with a linear stepwise temperature change
and Fourier analysis is used for the evaluation of the data. From
analysis of the heat flow response, the specific heat capacity
(C,) can be determined independently of continuous long term
enthalpy effects. This represents an important advance on con-
ventional DSC, which involves the use of a linear heating
program and does not allow the separation of the signal into
component responses. MTDSC is, therefore, a software devel-
opment rather than a change in the basic DSC equipment.

MTDSC has a number of advantages over conventional
DSC including higher resolution without loss of sensitivity and
T, detection. The main disadvantage is that a longer scanning
time is required and a new baseline for cach operating condition
must be run (12).

The development of new polymers for controlled release
isbecoming increasingly important. Graft copolymers of methyl
methacrylate (MMA) on various substrates (hydroxypropyl
starch, carboxymethyl starch and hydroxypropyl cellulose) have
been introduced as matrix-forming excipients for oral sustained
dosage forms (13—17). Several controlled release formulations
incorporating these new copolymers have been reported (14—
15,17). Moreover, the characterization of these copolymers in
terms of morphology, powder flowability, moisture uptake,
compaction behavior and rheological propertics (13-14,16) has
been carried out since these factors may strongly influence
the release properties of drugs from their matrix tablets. The
amorphous nature of the graft copolymers used in this study has
been confirmed using X-ray diffraction (16) and a characteristic
glass transition therefore might be expected. These polymers
have been previously characterized by NMR-techniques to
determine the structure of the organic compounds and by IR
spectrophotometry to identify the functional groups. The ther-
mal analysis of these polymers has not been reported previously.

The aim of this study is to evaluate the usefulness of
MTDSC as a tool for the study of the glass transition of several
recently synthesized graft copolymers in comparison with DSC,
and to assess if the T, was modified by the manufacturing
process. The specific surface areas were also measured since
they may depend on the preparation of the copolymers.

MATERIALS AND METHODS

The copolymers were synthesized by graft copolymeriza-
tion of cellulose and starch derivatives with methyl methacrylate
(MMA) and dried either in an oven to constant weight under
vacuum at 50°C or freeze-dried in a lyophilization apparatus
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(FD-154D, Varian) at —20°C during 24 hours followed ~50°C
at 100 millitorrs of pressure until powdered product was
obtained. In both cases a similar product was obtained but in
two different states: as a glassy mass in the oven-dried products
or as a powder in the freeze-dried products. The oven-dried
products were crushed in a hand mill to obtain powdery products
(13). Three pairs of products were produced: hydroxypropyl
starch-methyl methacrylate (HS-MMA), carboxymethyl starch-
methyl methacrylate (CS-MMA) and hydroxypropyl cellulose-
methyl methacrylate (HC-MMA).

Surface Area Measurements

Surface area measurements were carried out using a sur-
face area analyzer (Quantachrome Nova 2000, Florida, USA).
The samples were carefully weighed (Model WA 205, Oertling,
England) into the sample cell and the outgassing process was
conducted using vacuum and a temperature of 50°C over 18
hours. In the case of HS-MMA copolymers, the samples were
previously dried in an oven in order to remove the excess of
water; 2 g of each sample were placed in Petri dishes and dried
at 50°C for 24 hours prior to the outgassing process. The specific
surface areas were calculated using a multiple point BET (Bru-
nauer, Emmet and Teller) method (18) from the mean of two
replicates.

Thermal Analysis

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) measurements
were performed using a Perkin-Elmer DSC 7 (Beaconsfield,
UK) controlled by a Perkin-Elmer TAC 7/DX. Liquid nitrogen
was used as coolant and nitrogen gas as purge gas. The instru-
ment was calibrated for temperature at each heating rate using
the standard references, indium and zinc. Samples of copoly-
mers (8—16 mg) were carefully weighed (Model WA 205, Oer-
tling, England) into 40 pL aluminum pans with a pin-hole in
the lid to allow evaporation of volatile materials. The samples
were scanned from —40°C to 240°C at a heating rate of 10°C
min~!. Duplicate scans were made for each copolymer.

As heating rate influences the nature of the thermoanalyti-
cal curves, DSC measurements were also carried out, in dupli-
cate, at a heating rate of 1.5°C min~' over a temperature range
of 40 to 200°C. The slow rate would result in a higher resolution
between events which occur over similar temperature ranges
but with lower sensitivity (1).

Modulated Temperature Differential Scanning
Calorimetry

A Perkin-Elmer DSC 7 Differential Scanning Calorimeter
was used. Samples (9-13 mg) were weighed (Model WA 205,
Oertling, England) into 40 pL. aluminum pans, and sealed with
pin-holed lids to avoid sample expansion and warping. A
dynamic heat-cool program was used, scanning from 40°C to
200°C using a heating rate of 6°C min~!, followed by cooling
at 3°C min "', each for 40 s, repeating 80 times. Liquid nitrogen
and nitrogen gas were used as coolant and purge gas respec-
tively. A new baseline was constructed for each operating condi-
tion. Values of specific heat capacity (AC,) and T, were
determined in duplicate. T,s were determined by the half-C,
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method, where the specific heat (C,,) change is half of the change
of the complete transition. Tan delta curves were calculated as
the ratio between the storage and loss signals.

Thermogravimetric Analysis

Thermogravimetric analysis (Perkin-Elmer TGA 7, Bea-
consfield, UK) was carried out using samples of 5-10 mg in
open pans at a scan rate of 10°C min~! over a temperature
range of 20 to 200°C.

RESULTS AND DISCUSSION

Surface Area Measurements

The specific surface areas for the copolymers were
obtained by fitting the data to BET equation, with correlation
coefficients between 0.9979 and 0.9995 (Table 1). Higher spe-
cific surface areas were observed for polymers dried by freeze-
drying. In the cases of CS-MMA and HC-MMA derivatives,
the value for the freeze-dried copolymer was almost double
that of the oven-dried copolymer. The least difference in the
surface area between freeze-dried products and oven-dried
products was in HS-MMA samples.

These results agree with the morphological differences
described previously between oven-dried and freeze-dried prod-
ucts. Scanning electron microscopy showed a more porous
structure in freeze-dried samples (13,16). Oven-dried products
showed smoother surfaces which may be due to the milling
process carried out after drying.

Thermogravimetric Analysis

TGA was used to assess weight loss, due either to moisture
loss or decomposition so as to relate to the DSC scans and T,
values. Although free/bound water may exist in these copoly-
mers, their identification is not the objective of this work. Figure
1 illustrates weight loss occurred over a broad temperature
range (20-200°C). Moisture loss was assumed to be complete
by 120°C. Subsequent weight loss was attributed to decom-
position.

Differential Scanning Calorimetry

Table 2 summarizes the endotherm and exotherm peaks
of the copolymers obtained from DSC studies at heating rates
of 10 and 1.5°C min~!. Figure 2 shows examples of the conven-
tional DSC scans of CS-MMA copolymers freeze-dried and

Table 1. Specific Surface Area (m*g) (Mean and S.D. of Two Experi-
ments) of the Copolymer Samples

Specific surface

Copolymer area (m%/g)
HC-MMA (OD) 1.55 £ 0.04
HC-MMA (FD) 2.86 + 0.04
HS-MMA (OD) 1.18 = 0.05
HS-MMA (FD) 1.26 = 0.11
CS-MMA (OD) 4.13 * 0.03
CS-MMA (FD) 8.34 + 0.04

Note: FD: freeze-dried OD: oven-dried.
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Fig. 1. TGA scan of CS-MMA oven-dried (6.514 mg) at 10°C min~'.

oven-dried obtained at a heating rate of 10°C min~'. The endo-
therms and exotherms may be due to dehydration and decompo-
sition respectively. T,s were not apparent in any of the DSC
scans for the copolymers, possibly because they overlapped the
decomposition and dehydration processes.

With the purpose of obtaining a better resolution, the DSC

scans were repeated at a slower heating rate (1.5°C min™').
However, the heat flow through the sample was not enough to
identify any glass transitions (Fig. 3), and the transitions were
moved to lower temperatures (Table 2) for each specimen
examined.

Table 2. Approximate Peak Temperatures of Endotherms and Exo-
therms Obtained in the DSC (at 10°C min~! and 1.5°C min~") and
MTDSC Scans of the Copolymers

DSC (10°C min™") DSC (1.5°C min~') MTDSC

Copolymer endo exo endo exo endo exo
HC-MMA (OD) 115 135 55 110 60 106
HC-MMA (FD) 115 130 50 110 70 110
HS-MMA (OD) 120 — 70 125 70 120
HS-MMA (FD) 112 180 70 110 65 110
CS-MMA (OD) 140 190 70 170 70 170
CS-MMA (FD) 120 190 70 110 70 120

Note: FD, freeze-dried; OD, oven-dried.

Modulated Temperature Differential Scanning Calorimetry

Preliminary MTDSC studies were carried out using fully
sealed pans; however these did not produce scans stable enough
to determine T, values because of the accumulation of volatile
materials in the pan, leading to warping of the sample pans
and variable, inconsistent scans. MTDSC carried out in pans
fitted with pin-hole lids allowed stable heat flow signals to
be obtained.

The selection of encapsulation methods illustrates the inev-
itable problem of determining a T, via thermal analysis. If
hermetically sealed pans are used, water or volatiles will be
lost from the polymer to the space within the pan. With pin-
holed samples the water is completely lost from the polymer:
only water strongly bound to the polymer will be retained.
Neither encapsulation technique allows the determination of
the T, of the sample in its condition prior to the scan. It is
assumed in this study that most of the water will be lost from
the polymers and that glass transitions reflect the solid state at
the temperature at which the T, occurs. Additionally the TGA
data indicate that the samples were not particularly stable and
that decomposition, as evidenced by weight loss, occurred at
temperatures in excess of ~140°C.

Figures 4 and 5 show typical MTDSC scans obtained for
CS-MMA samples, freeze-dried and oven-dried respectively.
Table 3 shows the T, values and changes in C;, for the differ-
ent copolymers.
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Fig. 2. DSC scans at a heating rate of 10°C min~! for CS-MMA freeze-dried and oven-dried samples.

Heat flow MTDSC curves displayed similar trends to the
DSC curves obtained at the similar overall heating rate of 1.5°C
min~!, but these events were shifted to lower temperatures than
the ones obtained by DSC at 10°C min ™' (Table 2). Loss specific
heat curves, which represent the dynamic specific heat that is out
of phase with the temperature change, showed small capacity
changes at 100-140°C. However, the T,s were clearly identified

in storage specific heat curves occurring from ~80°C to
~130°C (Figs. 4 and 5). The results are presented in Table 3.
To confirm these results, the tan delta curves were produced.
The presence of a clear peak in the tan delta curve represents a
higher storage signal, i.e., a transition change in this temperature
range is due to the movement of the polymer molecules, and
a glass transition (Figs. 4 and 5).
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Fig. 3. DSC scans at a heating rate of 1.5°C min~! for CS-MMA freeze-dried and oven-dried samples.
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Fig. 4. MTDSC scan for CS-MMA freeze-dried samples with pin-hole lids.

The cellulose derivatives showed smaller T, and AC,, val-
ues than the starch derivatives (Table 3). These differences could
be justified by the synthesis that consisted of a copolymerization
reaction (13). The substitution grade of the initial carbohydrate
is higher in the cellulosic carbohydrate (HC) than in the starch
carbohydrates (CS and HS). However, the cellulosic derivatives

present the highest yield in the graft copolymerization reaction
(13), so this seems to indicate that HC-MMA is constituted
from long PMMA chains separated from each other. This struc-
ture could avoid the formation of hydrogen bonds and therefore
the polymers could present a loose structure with lower T,.
Starch derivatives, with lower substitution grades, may present
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Fig. 5. MTDSC scan for CS-MMA oven-dried samples with pin-hole lids.
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‘Table 3. Glass Transition Temperatures (T, (°C)) and AC,(J/g°C)
Derived from MTDSC Scans (Mean and S.D., n = 2)

Copolymer T(°C) AC,(J/g°C)
HC-MMA (OD) 1162 13 0.171 = 0.008
HC-MMA (FD) 110.1 =35 0.155 *+ 0.015
HS-MMA (OD) 128.3 = 0.9 0.197 = 0.025
HS-MMA (FD) 126.8 = 0.3 0.231 = 0.019
CS-MMA (OD) 126.5 £ 0.6 0.210 * 0.032
CS-MMA (FD) 124.6 = 0.8 0.213 * 0.029

Note: FD, freeze-dried; OD, oven-dried.

closer chains of PMMA and free hydroxyl groups. Hydrogen
interactions will be possible and will lead to a rigid structure
with higher T,.

The smallest difference between the T,s in freeze-dried
and oven-dried products was for the starch derivatives. These
results may indicate that the drying method had less influence
on the starch derivatives.

The freeze-dried products appeared to have slightly lower
Tys than the oven-dried samples (Table 3). These results may
partly be explained by the differences reported in the physical
performances of the oven-dried and freeze-dried products (13).
The oven-dried products were glassy in nature following prepa-
ration (13). Although surface area may not be a major factor
in influencing the glass transition temperature, in particles with
higher specific surface area a higher heat transfer is enhanced
and this may shift the glass transition to lower temperatures.
Oven-dried products had lower surface areas (Table 1) as well
as higher T,s (Table 3) than freeze-dried products.

The heat capacity associated with the glass transition pro-
cess is also shown in Table 3. MTDSC uses a saw-tooth function
as a temperature profile and a discrete Fourier transformation
for evaluation to calculate C,, (19). Cellulose derivatives showed
lower heat capacity than starch derivatives. In the starch deriva-
tives (HS-MMA and CS-MMA), the heat capacity is higher in
the freeze-dried products than in the oven-dried products. These
differences in the energy involved in the transition from the
glassy to the rubbery state may be due to different physical
characteristics of the copolymers.

MTDSC, rather than DSC, allowed differentiation of the
Tys of methyl methacrylate copolymers. Moisture loss, through
the lid pin-holes, was not controlled and might have influenced
the absolute values of the data.
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