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Purpose. The applicability of isothermal microcalorimetry (IMC) for
evaluating enthalpy relaxation and recovery processes of amorphous
material was assessed.
Methods. A maltose-based formulation was prepared by freeze-dry
method. Differential scanning calorimetry (DSC) was used to inves-
tigate its glass transition and relaxation behaviors. IMC was applied
to quantitatively analyze the relaxation and the recovery processes.
The IMC data were analyzed using a derivative of the Kohlrausch-
Williams-Watts equation.
Results. The glass transition temperature of the formulation and its
fictive temperature stored at 15°C for 1 year were 62 and 32°C, re-
spectively. DSC study showed that annealing below the fictive tem-
perature increased the enthalpy recovery, but it was decreased by
annealing at higher temperatures. IMC enabled direct observation of
the heat flow during both the relaxation and the recovery processes.
The decay constant for the recovery process (recovery time) was
much smaller and less sensitive to the temperature than that for the
relaxation process (relaxation time).
Conclusions. IMC was successfully used to obtain quantitative infor-
mation on both relaxation and recovery processes of amorphous ma-
terial. The relaxation parameters obtained by this method could ex-
plain the thermodynamic behavior of the formulation.

KEY WORDS: amorphous; differential scanning calorimetry; iso-
thermal calorimetry; relaxation; recovery; glass transition tempera-
ture; fictive temperature; Kohlrausch-Williams-Watts equation.

INTRODUCTION

Improvement of formulation technology is becoming
more and more important to develop poorly soluble com-
pounds recently. In some cases, it may be better to give up
using the crystal state and employ special dosage forms such
as solid dispersions or microemulsions, although the crystal
state is the most stable form physically and chemically in most
cases (1–3). Despite the large number of studies in various
research fields on amorphous materials, their behavior has
not been fully clarified yet (4,5). Amorphous materials
change their physical and thermodynamic characteristics until
they reach the metastable state. This process is called relax-
ation (6,7), and many techniques, such as differential scanning
calorimetry (DSC) (8–10), dielectric relaxation (8,11), and
thermomechanical analysis (10,12), have been applied to ob-
serve the relaxation phenomena. The degree of change in the
characteristics during the relaxation process can be inter-

preted by an ensemble of the exponential decay function (13).
Thus, the overall decay function � can be written as

��t,T� = �
i

gi exp�−
t

�i�T�� (1)

where gi, T, and t are the weighting factor, temperature, and
lapse of time, respectively. �i is a decay constant called relax-
ation time, which is normally around 100 s at the glass tran-
sition temperature Tg (6) and becomes significantly larger
below that. Use of the heterogeneity factor � allows the
equivalent equation to be obtained, as shown next:

��t,T� = exp�−� t

��T����, 0 � � � 1 (2)

This empirically derived equation is more common because of
its simplicity and is called the Kohlrausch-Williams-Watts
(KWW) equation (6,7). Therefore, the excess enthalpy Hex

can be written as

Hex�t,T� = Hex,0 exp�−� t

��T����, 0 � � � 1 (3)

where Hex,0 is the initial excess enthalpy, that is, the excess
enthalpy soon after the production of the amorphous mate-
rial. Here it should be noticed that the excess enthalpy uses
the metastable glass as the reference state.

Quantitative comprehension of the relaxation process is
very important to control the characteristics of amorphous
materials. Notably, the relaxation time � can greatly affect
both its chemical and physical stability (14). The most pow-
erful instrument for investigating the relaxation behavior as a
function of time has been the modulated-temperature DSC
(16–18) because it can separate reversible from irreversible
heat flow. In other words, it enables us to separately observe
glass transition and relaxation enthalpy. However, what is
observed in the DSC analysis is an enthalpy recovery process,
and thus, it is slightly questionable to what extent it accurately
reflects the enthalpy relaxation process. Isothermal micro-
calorimetry (IMC) has been employed to investigate various
characteristics of pharmaceutical solids (19–21); however,
little has been reported on its application for evaluating re-
laxation phenomena. Its use for obtaining the relaxation pa-
rameters has been validated recently by comparing its results
with those from the conventional DSC method (22). This
paper discusses the application of IMC to observe the enthal-
py recovery processes, which have never been investigated by
IMC, as well as the enthalpy relaxation process. The relax-
ation parameters obtained by the IMC method could explain
various thermodynamic behaviors of the amorphous formu-
lation.

MATERIALS AND METHODS

Materials

Maltose-based formulation was obtained from Shionogi
& Co. (Osaka, Japan). The formulation consisted of 90.6 wt%
of maltose, 4.7 wt% of diethanolamine, 3.9 wt% of human
serum albumin, and 0.8 wt% of Tween 80. To obtain this
product, 3 wt% aqueous solution was frozen at −40°C for 4 h
and subjected to primary drying at −10°C for 24 h, followed
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by the secondary drying at 25°C for 4 h. The formulation was
confirmed to be amorphous by the powder X-ray diffraction
method. All experiments were done using the formulations
stored for 1 year at 15°C after production unless otherwise
mentioned. The residual water content was determined by the
Karl Fisher method as 4.0 wt%.

Isothermal Microcalorimetry

A Model 2277 Thermal Activity Monitor (Thermometric
AB, Sweden) was used for the IMC measurements. Two hun-
dred milligrams of the formulation was transferred into a
glass vessel in a dry box, in which the relative humidity was
maintained below 5%, at room temperature (23°C). Water
loss during this loading procedure could be ignored because
desorption from this formulation was very slow, as shown
later. Before the IMC study, sample vials were stored for 10
min in a heat oven, in which the temperature was consistent
with the measurement temperature of the calorimeter. Next
they were suspended at the equilibration position of the calo-
rimeter for 20 min and immersed into the measurement po-
sition. The signal data for the first 10 min were discarded
because of thermal perturbation by this immersion proce-
dure. The same experiment was repeated three times. Figure
1 shows examples of output. As can be seen, highly repro-
ducible signals could be obtained as a result of careful han-
dling of the samples. Therefore, only one of the outputs at
one temperature was selected for presentation hereafter. The
relaxation parameters were calculated for each output by the
fitting procedure shown below, and averaged values are re-
ported with standard deviation values. Empty glass vials were
used as reference.

The IMC analysis provides us direct information about
the heat flow during the relaxation and the recovery pro-
cesses. The generated heat flow P was fitted by the derivative
of Eq. (3), that is (22):

P = Hex,0��

��� t

���−1

exp�−� t

���� (4)

where

Hex,0 = �
T

Tg
�CpdT (5)

Differential Scanning Calorimetry

DSC measurements were performed on Seiko DSC
220CU (Seiko Instruments, Tokyo, Japan) with a scan rate of
5°C/min. About 3 mg of the formulation was loaded in an
aluminum hermetic pan in the dry box. In annealing studies,
the sample temperature was stopped at the annealing tem-
perature Ta for 1 h in the course of the 5°C/min scan. Nitro-
gen was supplied as an inert gas throughout the measurement
at the flow rate of 30 ml/min.

Thermogravimetric Analysis

Quasi-isothermal thermogravimetric analysis (TGA) was
performed on Seiko TG/DTA 220U (Seiko Instruments, To-
kyo, Japan) with a scan rate of 2°C/min. About 5 mg of the
formulation was loaded in an aluminum open pan with a di-
ameter of 5 mm and analyzed under a flow of dry air at 100
ml/min. The threshold to stop the temperature increment was
10 �g/min, and that to restart it was 5 �g/min. Isothermal
TGA was measured at 30°C under the same conditions.

RESULTS

Desorption Behavior of the Formulation

Figure 2 shows the quasi-isothermal TGA analysis of the
formulation. As can be seen, the water desorption was very
slow below Tg (62°C, shown next). We also conducted the
isothermal measurement at 30°C to find that the weight loss
was only 0.3% after 5 min and 0.8% after 1 h exposure to dry
air. In the following experiments, the formulation was trans-
ferred to the crimped DSC cell or the glass vial for IMC in a
dry box. Because these procedures were completed within a

Fig. 1. Examples of outputs of the IMC experiments. These data
were observed at 40°C. The endothermic curves were produced by
intact formulations. The exothermic curves were for the formulation
annealed at 55°C for 1 h before the measurements. Three indepen-
dent measurements are differentiated by symbols (circle, triangle,
and square) for both formulations. The interpretation of these curves
is discussed later in the text.

Fig. 2. Quasi-isothermal TGA curve of the intact formulation. The
dark line shows the weight loss of the formulation during the heating.
The gray line represents the corresponding temperature.
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few minutes, the water loss during these processes could be
ignored.

DSC Analysis

Figure 3 shows the DSC curves of the formulation. The
intact formulation (i.e., after the storage at 15°C for 1 year;
Fig. 3a) exhibited an enthalpy recovery endotherm around
60°C, followed by the glass transition at 65°C. The onset value
is used for expressing Tg throughout this paper. This pattern
was slightly atypical because the recovery endotherm of phar-
maceutical glasses is usually observed just above the glass
transition. Figure 3e shows the thermogram of the formula-
tion, the thermal history of which was erased. This result
suggested that Tg before the storage had been 62°C. �Cp was
0.31 J/g°C. It should be kept in mind that Tg has been known
to be higher by annealing (9). Removal of water during the
DSC study was not likely to be significant because, if it oc-
curred, Tg of the thermogram (Fig. 3e) should have been
much higher than Fig. 3a. Figure 3b–d shows the thermo-
grams after annealing at various temperatures. The recovery
enthalpy, which should be much smaller than the consumed
excess enthalpy during the storage (see Discussion), could be
estimated as 3.51 J/g from the endothermic peak area for the
intact formulation. This enthalpy became slightly larger on
annealing below 30°C but significantly smaller above 33°C.

Figure 4 shows the recovery enthalpy as a function of the
annealing temperature. As can be seen, the enthalpy de-
creased with the increase of annealing temperature and com-
pletely disappeared at 52°C. This can be explained as follows.

Figure 5 shows the enthalpy–temperature diagram illustrating
the thermodynamic behavior of the amorphous material. Be-
cause we stored the formulation at 15°C for 1 year, the re-
laxation should have proceeded to some extent during the
storage, as shown by arrow a. Sequential relaxation should
proceed as shown by arrow b if it is annealed at a temperature
below the fictive temperature Tf, which is frequently used as

Fig. 3. DSC analysis of the formulation. (a) Intact sample (i.e., stored
at 15°C for 1 year). Annealed sample in the course of the temperature
increment at (b) 27°C, (c) 33°C, or (d) 42°C. (e) Rescan after reach-
ing 80°C. The cooling from 80°C to 30°C was done at 20°C/min.

Fig. 4. Observed enthalpy recovery in the DSC analysis (open) and
the calculated values using relaxation parameters from the IMC
method (closed). The recovery value of the intact formulation, 3.51
J/g, was used for the calculation.

Fig. 5. An enthalpy–temperature diagram of amorphous materials.
Arrow a, Relaxation process at 15°C. Arrow b, Relaxation process
below 30°C. Arrow c, Recovery process above 35°C. Ta, annealing
temperature; Tf, fictive temperature; Tg, glass transition temperature;
Tm, melting temperature.
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a measure of the structure of the amorphous material. The
fictive temperature is defined by (6)

H�Tf� = H�T� + �
T

Tf
CpgdT (7)

where H(T) and Cpg are the enthalpy and the heat capacity of
the unstable glass. Tf is the temperature at which the observed
enthalpy would be the equilibrium value. If the annealing
temperature is higher than Tf, the enthalpy recovery should
occur as shown by arrow c. In this case, the observed endo-
thermic peak in the DSC study should become small. There-
fore, Tf of the formulation could be expected to be between
30 and 33°C.

Investigation of the Stored Formulation by IMC: Enthalpy
Recovery Process

Figure 6 shows the generated heat flows from the intact
formulation at various temperatures. At 25 and 30°C, very
weak exothermic decay curves were observed, suggesting that
no significant relaxation occurred during this measurement
period. However, we observed endothermic heat flow during
the first few hours, followed by exotherm, in the investigation
above 35°C. At 50°C, although we observed only exothermic
heat flow, it was most likely that the endothermic process had
proceeded before the observation period. These observations
are quite reasonable because Tf was expected to be between
30 and 33°C according to the DSC study. The isothermal
observation at the temperature lower than Tf should show the
exothermic enthalpy relaxation as shown by the arrow b in
Fig. 5 because the formulation had not reached the meta-
stable state yet. On the other hand, at the temperatures
higher than Tf, the enthalpy recovery should be observed as
the endotherm as shown by arrow c because the starting ma-
terials in the IMC measurements were below the metastable
glass line. The interpretation of the exotherm after this pro-
cess is given in the Discussion. These enthalpy recovery pro-
cesses were analyzed by fitting the initial endothermic period
using Eq. (4) for 35–45°C data. Figure 7 shows an example of
this curve fitting. Although the applicability of the KWW
equation to the recovery process needs further discussion, it
explained the experimental results very well. The averaged
best-fit parameters are shown in Table I with the standard
deviation values.

Investigation of the Annealed Formulation by IMC:
Enthalpy Relaxation Process

To observe the exothermic relaxation behavior, the for-
mulations were stored at 55°C for 1 h and subjected to the
IMC observation. This annealing was sufficient to have the
material reach the metastable state because the DSC study
showed that the 1-h annealing at 52°C completely erased the
endothermic peak. Tf of the obtained material could be re-
garded as 55°C. Figure 8 shows the heat flow curves of the
annealed samples measured at various temperatures. Exo-
thermic decay curves were observed under all the tempera-
ture conditions, as expected. These curves were also fitted by
Eq. (4), and the fitting example is shown as Fig. 9. The KWW
derivative described the observation data very well just as in
the recovery case. The averaged best-fit parameters are pre-
sented in Table I with the standard deviation values.

Estimation of Excess Enthalpy and Fictive Temperature

Figure 10 shows the Arrhenius plot for both the relax-
ation and the recovery processes. Although the relaxation

Fig. 6. The heat flow as a function of time for the intact formulation
(i.e., after 1-year storage at 15°C). The measurement temperature is
indicated in the figure.

Fig. 7. An example of the fitting result of the recovery process by the
KWW derivative. The raw data are expressed by open circles, and the
calculated values by the solid line. This recovery was observed at
35°C after storage at 15°C. Fitting parameters are indicated in the
figure.

Fig. 8. The heat flow as a function of time for the annealed formu-
lation at 55°C. The measurement temperatures were 50, 45, 40, 35, 30,
and 25, respectively (top to bottom).
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time obtained and the widely accepted relaxation time at Tg,
100 s, fell into nearly a straight line, non-Arrhenius bending
was observed for the recovery process. This bending is not
surprising because sugar forms fragile glass, which is known
to show non-Arrhenius behavior (5,15,23), as shown by the
insert of Figure 10. The activation energies were calculated as
230 kJ/mole for the relaxation and 110–220 kJ/mole for the
recovery, meaning that the recovery time is less sensitive to
the temperature than the relaxation time. The heterogeneity
parameter � decreased with a decrease in temperature, sug-
gesting that the heterogeneity has a greater impact on the
relaxation behavior at the lower temperature. Also found was
that � values for the recovery were much higher than those
for the relaxation. It seems acceptable because � for the re-
covery was much shorter. The absolute values of best-fit Hex,0

were compared with the calculated ones from �Cp (Tf − T) in
Fig. 11 by using the Tf value of 55°C for the relaxation and
assuming 32°C for the recovery as fitting parameters. Al-
though the excess enthalpies near Tf were slightly larger than
the calculated values, the agreement seemed satisfactory.
Therefore, Tf of the intact formulation could be determined
as 32°C.

DISCUSSION

The relaxation process is driven by the energy difference
between the actual state and the metastable state. Because

the energy level of the actual material is usually higher than
that of the metastable state, it relaxes toward that state gradu-
ally. In this case, the exothermic heat flow should be ob-
served. If the material is heated suddenly, its enthalpy level
can be lower than that of the metastable state. This material
must recover its enthalpy, and thus an endothermic heat flow
is produced. IMC was a very powerful instrument to observe
this rapid endothermic recovery as well as the slow exother-
mic relaxation. Both the relaxation and the recovery were
analyzed by the KWW derivative [Eq. (4)], although its ap-
plicability to the recovery process still needs discussion. As a
matter of fact, the recovery process was suggested to be an
“autocatalytic” type (24), and thus a different model may be
needed for the recovery process. This process was followed by
the exothermic heat flow. Therefore, an energetically higher
state than the metastable state seems to have been attained
after the rapid recovery process. This may be explained by the
difference in the translational and rotational diffusion con-
stants near Tg, which is known as the reason for the hetero-
geneous domain formation (25,26). In other words, the rapid
recovery might lead to a heterogeneous structure. Further
investigation of this matter by IMC is likely to be very mean-
ingful for a deeper understanding of the recovery process.

One great advantage of the IMC analysis is that it pro-
vides direct information on the heat flow during the relax-
ation process, as mentioned earlier. However, unlike the DSC
method, it is difficult to control the thermal history precisely
because erasure of the thermal history and the annealing must
be done outside the instrument. Unless the relaxation before
the measurement can be neglected, the relaxation cannot be
analyzed precisely. If � can be approximated as 1, this prob-
lem can be overcome easily thanks to the self-similar charac-
teristics of the exponential function. The KWW equation can
be rewritten using the lapsed time t as

��t,T� = exp�−�t + t1
��T��� (8)

and can be transformed as

� = a exp�−� t

��T��� (9)

where

a = exp�−� t1
��T��� (10)

Therefore, the relaxation time, can be obtained by simply re-
garding the excess enthalpy as a fitting parameter, which
should be lower than the prediction from Eq. (6). In addition,

Table I. Fitting Parameters for KWW Derivative

Temperature (°C)

Recovery after 15°C storage Relaxation after 55°C annealing

Hex,0 (J/g) � � (h) Hex,0 (J/g) � � (h)

50 — — — 3.1 ± 0.8 0.57 ± 0.24 3.4 ± 0.4
45 −3.6 ± 0.7 0.78 ± 0.10 2.0 ± 1.0 4.0 ± 1.0 0.42 ± 0.13 3.9 ± 1.6
40 −1.4 ± 0.1 0.77 ± 0.06 5.0 ± 1.0 4.9 ± 0.2 0.37 ± 0.06 19 ± 1
35 −0.9 ± 0.1 0.60 ± 0.20 7.7 ± 3.6 5.7 ± 0.4 0.28 ± 0.07 218 ± 96
30 — — — 7.8 ± 1.1 0.31 ± 0.01 343 ± 12
25 — — — 8.2 ± 1.0 0.33 ± 0.03 3133 ± 231

Fig. 9. An example of the fitting result of the relaxation process by
the KWW derivative. The raw data are expressed by the open circles,
and the calculated values are shown by the solid line. This relaxation
was observed at 35°C after the 55°C annealing. Fitting parameters are
indicated in the figure.
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this fitting procedure also provides the lapsed time, that is, the
degree of relaxation before the IMC measurement. However,
the relaxation time usually has a distribution; that is, � is
usually lower than 1. As a matter of fact, the � value of our
formulation was quite low, maybe because of the many addi-
tives. Unless � can be regarded as 1, the derivative is a little
complicated.

P = H��

���t + t1
� ��−1

exp�−�t + t1
� ��� (11)

This equation has a practical problem because of four
independent fitting parameters, which make the precise
evaluation of each parameter difficult. Therefore, careful con-
trol of the thermal history before the measurement is favor-
able, notably when a low � value is expected. And the excess
enthalpy value obtained by the DSC method should be em-
ployed.

The Arrhenius plot showed that the relationship between
ln� and 1/T of the relaxation process was relatively linear, but
this is not the case when only sugars are employed as a com-
ponent. Therefore, the additives seem to have a great impact
on the molecular mobility of the formulation. Among the
additives, protein is known to form a relatively strong amor-
phous structure (27), which makes the Arrhenius plot linear.
Consequently, human serum albumin may exert a great in-
fluence on molecular mobility of other components. Accord-
ing to the Arrhenius plot, the relaxation time at 15°C can be
estimated as around 60,000 h. By supposing � as 0.3, � after
1-year storage was calculated as 0.57. Thus, Tf of the stored
formulation was approximately evaluated as 42°C by simple
intrapolation. The experimentally obtained value 32°C is
likely to be a little low. However, we did not take into account
the thermal history before storage at 15°C and the tempera-
ture dependence of the heat capacity, both of which contrib-

ute to the decrease of Tf. Therefore, this discrepancy in Tf

seems to be acceptable. In a similar way, the recovery time at
55°C can be calculated as 0.15 h. This gives � � 0.01 after the
1-h annealing by supposing � to be 0.8, showing that the
annealing procedure was sufficient to bring the amorphous
formulation to the metastable state.

As mentioned earlier, the recovery enthalpy of our for-
mulation obtained in the DSC study should be much smaller
than the relaxation enthalpy as shown by Fig. 12. Let us sup-
pose the formulation reached state B from A during the an-
nealing. In the DSC measurement, a typical sample follows
the route B–C, and it recovers its enthalpy near Tg as shown

Fig. 10. Arrhenius plots for the relaxation time (open circles) and the
recovery time (closed circles). The universal relaxation time at Tg

(100 s) is also shown as a square. The error bars are omitted, but the
standard deviations are indicated in Table I. Inserted graph shows the
relaxation time of maltose glass obtained by K. Kawakami and M. J.
Pikal (unpublished results) using temperature-modulated DSC
(circles) and IMC (triangles). The universal relaxation time at Tg is
also shown as a square.

Fig. 11. Excess enthalpies obtained from the fitting procedure as a
function of Tf − T for the relaxation (open) and recovery (closed)
processes. The line in the figure was drawn using Eq. (6), replacing Tg

with Tf. The error bars are omitted, but the standard deviations are
indicated in Table I.

Fig. 12. An enthalpy–temperature diagram illustrating the case in
which the observed recovery enthalpy is smaller than the relaxation
enthalpy.
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by the arrow C–D. Because there is a parallelogram A–B–C–
D, the recovery enthalpy C–D is consistent with the relax-
ation enthalpy A–B. However, our formulation recovered its
enthalpy at a much lower temperature than Tg meaning that
the route for the recovery process was E–F. Therefore, the
observed recovery enthalpy in the DSC measurement was
much smaller than its relaxation enthalpy lost during the stor-
age. Nevertheless, it is possible to estimate the impact of the
annealing during the DSC measurement on the recovery en-
thalpy using the relaxation parameters obtained from the
IMC measurements. We calculated the enthalpy loss (below
30°C) or gain (above 35°C) during the annealing using the
parameters in Table I. The obtained recovery enthalpy values
are shown in Fig. 4, which was in excellent agreement with the
experimental values. This result also supports the validity of
the relaxation parameters obtained by IMC. Although modu-
lated-temperature DSC enabled more precise evaluation of
the relaxation enthalpy compared to conventional DSC, it
also has some specific problems such as the frequency effect
(11,28–30). The application of IMC for the enthalpy relax-
ation study should be very helpful for understanding the re-
laxation and recovery mechanisms.

CONCLUSIONS

The enthalpy relaxation and the recovery processes of
the maltose-based formulation were discussed with a focus on
the applicability of IMC. DSC study showed that annealing
below Tf, which was determined as 32°C, increased the en-
thalpy recovery, but it was decreased by annealing at higher
temperatures. The formulation after 1-year storage at 15°C
(Tg − 50°C) produced endothermic heat flow above Tf fol-
lowed by the exotherm. The endothermic process was eluci-
dated as the enthalpy recovery and analyzed by the KWW
derivative. The relaxation process was observed by the for-
mulation annealed near Tg, and the observed heat flow curves
were also analyzed by the KWW derivative to obtain the
relaxation parameters. The recovery time was much smaller
and less sensitive to the temperature than the relaxation time.
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