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Abstract

In differential scanning calorimetry (DSC), remnant moisture loss in samples often overlaps and distorts other
thermal events, e.g. glass transitions. To separate such overlapping processes, temperature modulated DSC (TMDSC)
has been widely used. In this contribution we discuss the quantitative determination of the heat capacity of a moist
sample from TMDSC measurements. The sample was a spray-dried pharmaceutical compound run in different pans
(hermetically-sealed pan, pierced lid pan [S0 pm] and open pan). The apparent heat capacity was corrected for the
remaining amount of moisture. Using this procedure we could clearly identify the glass transition of the dry and the
moist sample. We found that a moisture content of about 6.2% shifts the glass transition by about 50°C. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

Samples that have to be analyzed by differential
scanning calorimetry (DSC) often contain some
moisture (or, more generally, some volatile sol-
vent) remnant from the production process (e.g.
spray-drying). Typical examples of such samples
are pharmaceutical compounds or applications
from the food industry. In a conventional DSC
experiment, such samples typically show a broad
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endothermic peak due to the evaporation of the
water still present. The evaporation signal usually
dominates any other processes that might be
present. Because moisture can influence other
thermal effects (e.g. it may act as a plastiziser thus
shifting the glass transition) the measurements of
a dry sample (second run) could deliver different
results. Therefore, moist samples are generally
well suited for a temperature modulated DSC
(TMDSC) analysis. In TMDSC a sinusoidal tem-
perature modulation is superimposed onto a con-
ventional linear temperature program, leading to
a modulated heat flow. This technique has been
frequently used to separate overlapping thermal
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effects, e.g. cold crystallization and glass transi-
tion of polymer blends (Jin et al., 1996; Cheng et
al., 1997); the measurement of the heat capacity
during crystallization or curing reactions (Casset-
tari et al., 1992; Reading, 1993; Schawe & Hohne,
1996; Toda et al., 1997; Van Assche et al., 1997;
Monserrat & Cima, 1999); phase separation dur-
ing reactions (Alig et al., 1998; Swier & Van Mele,
1999); and moisture loss and glass transitions
(Sichina, 1994; Riesen et al., 1996; Royall et al.,
1999; Hill et al., 1998). It is well known that for
semi-crystalline non-polymeric materials, the step
height of the specific heat capacity in the glass
transition region is proportional to the content of
the amorphous phase (Schick et al., 1991). This
has been used by Guinot & Leveiller (1999) to
determine the crystallinity of drugs by TMDSC.
A method for investigating the influence of mois-
ture on the glass transition temperature of amor-
phous drugs is presented by Royall et al. (1999).
If the sample is prepared in a non-hermetically-
sealed DSC-pan, an endothermic evaporation
peak is superimposed onto the proper sample
transitions. Additionally, the change in moisture
could influence the glass transition region of the
drugs as well. In this paper we show, for an
example of a moist pharmaceutical substance,
how the specific heat capacity can be quantita-
tively calculated from the total heat flow and the
heat capacity data of a TMDSC experiment.

2. Experimental

The DSC experiments have been performed
using a Mettler Toledo DSC821e, operated by the
STARe package, including the temperature-mod-
ulated DSC software option (ADSC). To provide
the required cooling rates, an intracooler was used
as the cooling system. The temperature program
of a TMDSC experiment superimposes a conven-
tional linear temperature program onto a small
periodical temperature perturbation, i.e.

T(1)=Ty+ pot + T sin<2[m> (1)

p

For our experiments, an underlying heating rate
(fo) of 1 K/min, a temperature amplitude (7,) of

0.5 K, a period (7,) of 48 s and an initial temper-
ature (7T,) of 5°C were used. The corresponding
heat flow signal then reads as

O(1) = B (1) 4 2 Lame cos<2”Z — (p> )

Ip Ip

Here, ®, denotes the total heat flow (similar to
the conventional DSC measurements); m, the
sample mass; ¢, the specific heat capacity of the
sample; and ¢, the phase shift.

The temperature of the DSC82le was cali-
brated using indium and zinc. The modulated
heat flow (®,,) of a sample showing a change in
the specific heat capacity only can be described by

O, =m-c, —

2 2
=K. m- cp<Ta~ln-cos<tn‘ t—go—(pc>

p P

+ b’o) 3)

Here K, and ¢, denote the temperature and
frequency-dependent calibration functions for the
heat flow amplitude and the phase shift, respec-
tively; m is the sample mass; and c, its specific
heat capacity. The calibration functions have been
determined by using an aluminum sample ana-
lyzed using the temperature program described
before. The specific heat capacity of aluminium is
well known. Thus, K, can be calculated using the
measured heat flow amplitude for the aluminum
sample. Due to its excellent heat conductivity and
thermal inertness, the phase shift ¢ for an alu-
minum sample is zero. Therefore, the phase shift
calibration function ¢, corresponds to the mea-
sured phase shift.

The sample used was a spray-dried mixture of
two incompatible amorphous pharmaceutical
compounds with a remnant moisture content of
about 8%. The samples were run in aluminum
pans that were either hermetically-sealed, open or
covered with pierced lids, the sample mass being
typically 5 mg. The pierced lids used were com-
mercially-available lids with a hole diameter of 50
pm.
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3. Results

In Fig. 1 results of conventional DSC measure-
ments are shown for various pan/lid configura-
tions (heating rate 10 K/min). In the open pan, a
broad evaporation peak beginning at about 10°C
is observed. Peak integration of the baseline-cor-
rected curve c (using curve a as baseline) delivers
an endothermal enthalpy change of about 1214 J.
In Fig. 2 we show the result of a thermogravimet-
ric analysis. The data show a weight loss of about
8.4% between ambient temperature and 150°C.
The mass of the sample used for the DSC experi-
ment in the open pan was 5.652 mg. Thus, the
enthalpy change normalized to the weight loss
amounts to 2557 J/g, which is in good agreement
with the heat of evaporation of water. We con-
clude that the water loss is akin to that from a
free water surface, i.e. the interaction with the
substrate is negligible. Strictly speaking, this is
only true for the initial constant rate period of the
drying process, when the rate-limiting step is the
evaporation from the powder bed. At lower water
contents, diffusion of water to the surface be-
comes the rate-limiting step. In this case, the rate
and energetics of the evaporation process are no

longer equivalent to the free water surface as-
sumption. However, it has to be noted that the
details of the evaporation energetics and kinetics
do not affect the general methodology outlined in
this work.

In our case the normalized enthalpy change
amounts to 2557 J/g, which is slightly higher than
the heat of evaporation of free water. This indi-
cates that the water is either weakly chemically or
physically bonded to the sample, and/or that
transportation mechanism has a certain influence
on the energetics of the evaporation process.
Again, this does not invalidate our model.

The DSC-trace for the hermetically-sealed pan
shows several endothermic peaks that cannot be
conclusively interpreted. The steep heat flow in-
crease above about 140°C is due to the rapid
moisture release when the pressurized pan bursts.
In the case of the pierced lid, the evaporation
process is shifted to temperatures close to the
boiling point of the volatile components. Again,
an endothermic peak is observed at about the
same temperature as in the run with the hermeti-
cally-sealed pan. The curves measured using the
hermetically-sealed pan and the pan with the
pierced lid both show a distinct peak at around

Fig. 1. DSC-measurements of a moist spray-dried pharmaceutical under various pan/lid combinations (curve a: hermetically-sealed
pan; curve b: pan with pierced lid (50 pm); curve c: open pan). Sample mass around 5 mg, heating rate 10 K/min.



176 M. Schubnell, J.E.K. Schawe / International Journal of Pharmaceutics 217 (2001) 173-181

Sample: 8.0044 mg
Heating rate: 5 K/min

Step -8.3644 %

-0.6728 mg
Residue 91.6317 %
7.3709 mg

I ! ! ! 1
40 60 80

1 T T T T
100 120 140 °C

Fig. 2. Thermogravimetric analysis of a moist spray-dried pharmaceutical. Sample mass 8.0044 mg, heating rate 5 K/min.

50°C, due to enthalpy relaxation during the glass
transition. Since the moisture content in the open
pan measurement is slightly lower due to ongoing
evaporation, the glass transition, and also the
enthalpy relaxation peak, is shifted to a higher
temperature.

Results of the TMDSC measurements are
shown in Fig. 3. The temperature axis is the
underlying temperature 7, = T, + f,¢. The sam-
ples were run in the open pan and in the pan with
a pierced lid (hole diameter 50 pm), respectively.
As expected the traces for the total heat flow are
similar to the curves shown in Fig. 1. However,
since a much lower mean heating rate has been
used, the enthalpy relaxation peak and the evapo-
ration peak are shifted. In the case of the open
pan, enthalpy relaxation can no longer be clearly
identified, and evaporation peaks at around 53°C.
In the case of the 50 pm pierced lid, the enthalpy
relaxation peak is shifted to about 54°C, and an
evaporation peak shows up at around 90°C. In-
spection of the specific heat capacity shows quite
different behavior between the two samples. In
the case of the sample run in the pan with the 50
um pierced lid, we find a first glass transition at
around 55°C. Measuring glass transitions by DSC

usually delivers a superposition of the step-like
heat capacity change and the enthalpy relaxation
peak. In the TMDSC experiment the specific heat
capacity does not show such a relaxation peak. As
already mentioned, it shows up as the small peak
around 54°C in the total heat flow. Another glass
transition can be identified at about 132°C. In
between, the heat capacity decreases slightly due
to the release of moisture.

Due to evaporation, the specific heat capacity
of the sample measured in the open pan decreases
between 40°C and 80°C. Subsequently, glass tran-
sitions at 107°C and 137°C can be seen. The
results show that the water acts as a plastiziser for
the sample: the glass transition at 54°C corre-
sponds to the moist sample (moisture content of
about 5.3%); the glass transition, at about 107°C,
to the dry sample.

The glass transitions at 137°C (open pan) and
132°C (pierced lid) are due to the second amor-
phous compound in the original sample. The tem-
perature difference of this second glass transition
can again be explained by the fact that in case of
the pierced lid pan, the sample is still slightly
moist at 132°C; moisture thus acts as a plastiziser
for this second compound also. Using the results
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described later, the remnant moisture at 132°C in
the pierced lid pan amounts to about 0.65% (c.f.
Fig. 6, curve c).

4. Quantitative determination of the specific heat

The heat flow into a sample, ®, containing
some remnant moisture, can be described by

dm,
dt

where ¢, and ¢, denote the specific heat capacity
of the volatile and the effective sample; m, is the
mass of the volatile compounds; m, the mass of
the dried sample; f the heating rate, Ak, the
specific heat of evaporation; and ¢ includes any
other thermal events apart from evaporation and
changes of the specific heat. Usually the heat flow
variations due to changes of the specific heats or
other thermal events are negligible compared to
the contribution due to evaporation processes.
Furthermore, if ¢ delivers only weak signals (e.g.
during glass transitions) Eq. (1) reduces to

O =cm,f+cafi +

Ah,+¢ @)

dm
A ()
dl he + b(t) (5)

(OF~

where @, describes the baseline of the evapora-
tion peak.

The remaining amount of the evaporating com-
pound, @, can be estimated at any given time
from a baseline-corrected DSC-trace:

% . Ahe (6)

()
dt

peak — D — q)b =
The total area of the evaporation peak delivers
the total moisture content. The total amount of
the lost volatiles at a certain time, m,(z), is given
by the partial area below the evaporation peak:

1 t
mv(l) = E f q)peak dt (7)

where 7, denotes the beginning of the evapora-
tion peak.

This procedure is illustrated in Fig. 4. It shows
the total heat flow, ®@, as measured in an open pan
(curve a). The baseline, ®, (curve b), and the
baseline-corrected heat flow curve, @, is dis-
played as curve c. Curve d, finally, shows the
amount of moisture, m,, still present in the sample
as a function of time.

The TMDSC experiment delivers an apparent
heat capacity ¢, as shown in Fig. 5, curve a. The

.

Curve a
0.5
\ » mW
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Total heat flow - curve b _|
T T T T T T T T l. T T T ! |
20 40 60 80 100 120 140 °cC

Apparent heat capacity

0.5
Jgr-10Ch-1

I ! I ! I
80 100 120 140 °cC

Fig. 3. Total heat flow and apparent heat capacity resulting from an TMDSC experiment for an open pan (curves a and d) and a
50 pm pierced lid pan (curves b and c), respectively. Underlying heating rate 1 K/min.
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Fig. 4. Estimation of the amount of moisture remaining in the sample as a function of time (curve a: total heat flow, curve b:

baseline; curve c: baseline corrected total heat flow).

apparent heat capacity is normalized to the initial
sample mass m; =m, +m,(t =0), where m, de-
notes the mass of the dried sample. However, this
apparent heat capacity has to be corrected for the
heat capacity ‘“loss” due to the release of
moisture.

This contribution can be determined using the
result shown in Fig. 4. The specific heat capacity
of the dried sample material, ¢,, then amounts to

c = ULy Cy— mt) c, (8)

S mS

The result, together with the heat capacity con-
tribution of the evolved moisture, is also shown in
Fig. 5 (curve b and c, respectively). The c,-curve
increases smoothly and is not affected by the
evaporation effect. Using this evaluation proce-
dure, minor thermal effects such as glass transi-
tions are clearly recognized and can be evaluated
with better accuracy with respect to its transition
temperature and the step height of the heat capac-
ity change. Additionally, these parameters can be
correlated to the actual moisture content.

The same procedure has also been applied to
measurement in the case of the pierced lid. The
results are summarized in Fig. 6. As already men-

tioned, an enthalpy relaxation peak is observed
around 54°C. To estimate the total amount of
water, the total heat flow curve has to be cor-
rected for this peak as well as for the baseline.
From the net water evaporation peak, one can
conclude the amount of water still present in the
sample and correct the apparent specific heat
capacity for the evolved moisture. As a result, we
again get the temperature dependence of the spe-
cific heat capacity of the dry sample. Note that at
the temperature of the second glass transition
(132°C), which was attributed to a second glassy
compound in the sample, there is still some mois-
ture left in the sample (0.65%). This explains the
temperature difference in 7, of the dry sample
measured in the open pan (c.f. Fig. 5) and the
sample measured in the pierced lid pan. Compari-
son with Fig. 5 shows that the initial and the final
values of the apparent heat capacity, as well as for
the corrected heat capacity, agree for the two
measurements. This confirms the fact that at the
beginning and at the end of the respective runs,
the moisture content is the same, independent of
the experimental conditions.

The results of the evaluation of the first glass
transition for the sample run in the open pan and



M. Schubnell, J.E.K. Schawe / International Journal of Pharmaceutics 217 (2001) 173-181

the pierced lid pan are summarized in Table 1.
It shows that for the open pan, the step height
and the glass transition temperature are not sig-
nificantly affected by the correction. This is due
to the fact that at 7, the remnant moisture is
already completely evaporated. The advantage
of the correction procedure in this case lies in
the fact that the tangent for the glass transition
can be determined much more reliably for the
corrected than for the uncorrected curve. In case
of the pierced lid pan, the step height of the
glass transition can only be evaluated correctly
if the corrected heat capacity curve is used. As
expected, the step height in this case agrees with
the glass transition step height as measured for
the sample run in the open pan.

5. Conclusion

Temperature modulated DSC is a powerful
tool for quantitative measurement of the specific
heat of moist samples. From the total heat flow,
the amount of the volatile compound can be
estimated at any time during the experiment and
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the apparent specific heat capacity delivers infor-
mation on thermal processes which are masked
by the evaporation peak in conventional DSC.
In the presented case, TMDSC is used to inves-
tigate the dependence of the glass transition on
moisture by simply working with differently-
sealed pans. In the present case, we found that
a water content of 6.2% shifts the glass transi-
tion from about 107°C to about 53°C. Further-
more, the apparent specific heat capacity can be
corrected for the volatile component still present
in the sample. This delivers the specific heat ca-
pacity of the dried sample. In the case of semi
crystalline samples, the combination of the out-
lined correction and the method discussed by
Guinot & Leveiller (1999) could be used to esti-
mate the sample crystallinity.
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Fig. 5. Correction of the apparent heat capacity by the heat capacity contribution due to the loss of moisture (curve a: apparent heat
capacity; curve b: apparent heat capacity, corrected by the amount of evaporated water (curve c)).
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Fig. 6. Evaluation of the specific heat of a pharmaceutical sample run in a pan with a pierced lid. Curve a: original total heat flow;
curve b: baseline corrected heat flow; curve c: remnant water content in the sample; curve d: apparent specific heat; curve e: specific

heat of the dry sample.

Table 1

Glass transition for the sample run in the open pan and the pierced lid pan before and after correction.

without correction

with correction

T, in °C Ac, in J/(gK) T, in °C Ac, in J/(gK) m[mg at T,
open pan 106 0.25 107 0.26 0.000
pierced lid 55 0.21 54 0.26 0.065
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