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ABSTRACT: Although the potential advantages of the amorphous solid state is widely
recognized among pharmaceutical researchers, its industrial applications have been
mainly limited to freeze-dried injectable formulations where the amorphous form is
naturally produced. Applications in oral dosage forms have been limited due, at least in
part, to the poor state of knowledge regarding physical properties and stability of
amorphousmaterials. Relaxation behavior is perhaps one of themost important physical
characteristics of amorphous materials because relaxation kinetics are closely related to
physical and chemical stability. Although recent developments in calorimetry methodol-
ogy have facilitated detailed characterization of relaxation behavior, some experimental
difficulties remain, and quantitative analysis of structural relaxation is still under
development. This review focuses on the calorimetric investigation of the structural
relaxation of drugs and excipients, and discusses the difficulties in the experimental
evaluation of the relaxation time by those methods. We also present an original investi-
gation of the impact of increases in relaxation time during an annealing experiment on
the values of relaxation time, t, and stretched exponential constant, b, obtained from
analysis of the experiment according to the Kohlraush-Williams-Watts kinetic model.
Using results from a numerical simulation, we find that the values of t and b obtained
from the data analysis are too large and too small, respectively, but the value of stretched
relaxation time, tb, remains reliable. The time dependence of the relaxation time is likely
to play an important role in the non-Arrhenius behavior of pharmaceutical glasses.
� 2005 Wiley-Liss Inc. and the American Pharmacists Association J Pharm Sci 94:948–965, 2005
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INTRODUCTION

Improvements in formulation technology are be-
coming more critical in the development of poorly
soluble compounds, where oral bioavailability is

typically low. Low bioavailability may become an
economic issue because of higher manufacturing
costs arising from the need to use more drug
substance when much of the drug is not bio-
available. Moreover, low-bioavailable drugs may
cause serious side effects, if an abnormally large
amount is absorbed due to patient specific effects
or other factors. In such cases, it may be ad-
vantageous to abandon the crystalline state and
employ special high solubility dosage forms,
such as amorphous solid dispersions or micro-
emulsions, despite the fact that the crystalline
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state is usually the most stable form physically
and chemically.1–3 However, the state of knowl-
edge regarding these special dosage forms is still
poor, and partly because of this lack of knowledge,
development organizations are hesitant to employ
this technology. Thus, the applications of amor-
phous solid technology has been limited mainly to
freeze-dried parenteral formulations.

Despite a significant amount of research focused
on amorphous materials, the physical properties
of amorphous solids, such as the glass transition
and structural relaxation dynamics, are not fully
understood. As an amorphous solid, or glass, is
held below its glass transition temperature, the
material relaxes toward the quasi equilibrium,
or ‘‘metastable,’’ supercooled liquid state, thereby
decreasing in energy, entropy, and free volume
during this relaxation process. This process is
called structural relaxation,4–6 and is a result of
the fact that a glassy material is in a none-
quilibrium state with significant molecular mobi-
lity on the time scale of the relaxation experiment.
It should be noted that structural relaxation may
arise from various types of perturbations such as
electric field, magnetic field, mechanical force,
and laser light, but only relaxation resulting from
thermal perturbations will be discussed in this
review. Because the dynamics of structural re-
laxation is an indicator of molecular mobility, and
because degradation processes invariably involve
molecularmobility of some type, physical/chemical
stability and relaxation dynamics may well be
closely related. Many techniques, such as differ-
ential scanning calorimetry (DSC),7–9 dielectric
relaxation,7,10 and mechanical analysis,11,12 have
been applied in studies of relaxation phenomena.
Modulated temperature DSC (MTDSC) is perhaps
the most common technique used for investigat-
ing the relaxation of pharmaceutical amorphous
solids.13–19 With DSC techniques, an aged sample
is heated through the glass transition, and the
enthalpy lost during relaxation is measured as an
enthalpy recovery event superimposed on the heat
capacity change at the glass transition. MTDSC
is a special DSC technique where a sinusoidal
variation in temperature is superimposed on the
linear temperature ramp. This feature allows
separation of the glass transition event from the
enthalpy recovery endotherm, thereby facilitating
measurement of enthalpy recovery. Isothermal
microcalorimetry, which has been employed to
investigate various characteristics of pharmaceu-
tical solids,20–23 is also a powerful calorimetry
technique for investigation of the relaxation

process. Isothermal calorimetry allows one to
directly observe the rate of energy loss during
enthalpy relaxation and has the advantage of
superior sensitivity relative to the DSC techni-
ques.24,25 This review focuses on calorimetric
investigations of the structural relaxation and
discusses the resolution of experimental difficul-
ties associated with the quantitative characteri-
zation of structural relaxation dynamics.

GENERAL THEORY OF RELAXATION

Basic Relaxation Theory (KWW Equation)

Figure 1 shows a schematic of an enthalpy-
temperature diagram of an amorphous system.
When a liquid is cooled, it usually crystallizes
below the melting temperature Tm. However,
when the cooling rate is sufficiently fast, the
liquid fails to crystallize and the supercooled state
is attained. Although the supercooled liquid is a
nonequilibrium state relative to the crystalline
state, it is an equilibrium state with respect to
structural changes with temperature. That is,
cooling causes essentially instantaneous corre-
sponding changes in structure and thermody-
namic properties, so the supercooled liquid is
said to be in ‘‘structural equilibrium.’’ Further
cooling to below the glass transition temperature
Tg causes the system to fall out of structural
equilibrium as the time scale for structural rear-
rangements within the material become too slow
to keep up with cooling. At this point, the state is
called a glass. Below the glass transition tem-
perature, the state defined by the continuation of
the supercooled liquid line is essentially a ‘‘virtual
state’’ because it represents the glassy state that
is also in structural equilibrium. This state, we
refer to as the ‘‘equilibrium glassy state.’’ A real
glass may approach this equilibrium state asymp-
totically during an annealing process. This
approach to the equilibrium glassy state char-
acterized by the extension of the supercooled
liquid line is shown by an arrow (a). This spon-
taneous process is called relaxation. Relaxation
may consist of more than two different modes.
Structural relaxation (a-relaxation) and Johari-
Goldstein relaxation (b-relaxation)5,26,27 are the
representative relaxation modes that have been
studied extensively. Structural relaxation or ‘‘a-
relaxation’’ reflects motion of the whole molecule
such as diffusional motion and viscous flow while
‘‘b-relaxation’’ or Johari-Goldstein relaxation is
usually believed to originate from intramolec-
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ular motion, such as rotation of a side chain on a
polymer or motion of a small group of atoms on
a large molecule that is not coupled or cor-
related with motion of the entire molecule. In
this review, we discuss only structural relaxation
(a-relaxation), which to date has been the pro-
cess of greatest interest among pharmaceutical
researchers and is easiest to study using calori-
metric techniques.

Thermodynamic properties, such as enthalpy or
volume, change during annealing as if the system
were an ensemble of independent subsystems,
each undergoing exponential relaxation with a
unique time constant. The overall decay functionf
can be written as

fðt;TÞ ¼
X
i

gi exp � t

ti Tð Þ

� �
ð1Þ

where gi, T, and t are the weighting factor, tem-
perature, and time, respectively. The weighting
factor is essentially the probability that a given
subsystem has relaxation time, ti, and therefore,
gi defines the ‘‘distribution of states.’’ The relaxa-
tion time is normally around 100 s at the glass
transition temperature,28 and becomes signifi-
cantly larger at lower temperatures. Empirically,
a summation of exponential decay functions may

be approximated by the ‘‘stretched exponential’’
function,

fKWWðt;TÞ ¼ exp � t

t Tð Þ

� �b
" #

ð2Þ

This equation is commonly used because of its
simplicity and is called the Kohlrausch-Williams-
Watts (KWW) equation.4–6 The KWW equation is
an empirical equation, although some attempts
have been made to provide a theoretical rationa-
lization for the form.29 The parameter, b, which
may take on values between 0 and 1, is usually
taken as a reflection of the distribution of sub-
states.30 That is, when b is near unity, the distri-
bution of states is narrow, while a value of bmuch
less than unity wouldmean a broad distribution of
states (i.e., a significant population of substates
with widely divergent relaxation times). However,
it should be noted that other interpretations are
possible. The existence of a highly cooperative
process is also said to contribute to a value of b
less than unity.19,31 The value of b is also said
to reflect the dimensionality of diffusion.29,32 It
should also be noted that there aremany empirical
ways to analyze the relaxationbehavior,6 although
the KWW equation has been the most common
approach.

The decay of excess enthalpy during aging can
be expressed as

Hexðt;TÞ ¼ Hexð0;TÞfKWWðt;TÞ ð3Þ

where Hex is the excess enthalpy, meaning the
difference between the enthalpy of the real glass
at temperature, T, and time, t, and the ‘‘equili-
brium’’ state of the glass at infinite annealing
time (i.e., enthalpy of the equilibrium supercooled
liquid). Commonly, the initial excess enthalpy is
calculated from

Hexð0;TÞ ¼
Z Tg

T

DCpdT ð4Þ

where DCp is the heat capacity difference between
the real and the equilibrium glass. Ignoring any
temperature dependence in DCp then leads to the
approximate expression,

Hexð0;TÞ ¼ DCpðTg � TÞ ð5Þ

Equation 4 also implicitly assumes that the
glass is created in a manner equivalent to quench
cooling a liquid, thereby ignoring any loss in
configurational energy between the glass transi-
tion temperature and the final temperature of
interest.With these approximations, themeasure-

Figure 1. Enthalpy-temperature diagram of solids.
Tm is the equilibrium melting point, Tg is the glass
transition temperature, Tf is the fictive temperature, Ta

is the annealing temperature, and Tk is the Kauzmann
(or zero mobility) temperature.
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ment of Tg and the heat capacity change at Tg

allows calculation of the excess enthalpy at T.
The enthalpy lost during annealing can be eval-
uated from aDSC experiment. A sample is allowed
to anneal and ‘‘relax’’ for a given time at tempera-
ture, Ta, and the energy decreases as indicated
by the arrow (a) (Fig. 1). Next, the sample is heated
along line (b), and when the temperature is near
Tg and molecular mobility in the sample is again
high, the enthalpy recovers to the supercooled
liquid state as shown by arrow (c). This recovery
event is observed in the DSC measurement as an
endothermic peak. Assuming that the enthalpy
relaxation and recovery are the same (i.e., the
lengths of arrows (a) and (c) are equal), the
relaxation enthalpy value, Hex (0, T) � Hex (t, T),
is obtained. This process is repeated for a number
of annealing times, and the relaxation time t and
the stretched exponential parameter b can be
obtained byfitting eq. 3 to the data usingnonlinear
regression analysis.

Although the physical meaning of b is still
ambiguous, it is normally conceded that at
least a very low b value means a wide distribution
of relaxation times t, for the constituent sub-
states.34–37 Ifwe assumea log-normal distribution
for the relaxation time, the distribution function gi
is written as

giðxiÞ ¼
1ffiffiffiffiffiffiffiffiffi
2ps

p exp � x2i
2s2

� �
ð6Þ

where
xi ¼ ln

ti
t0

� �
ð7Þ

Here, s, ti and t are the standard deviation of xi,
the relaxation time for substate i and the most
probable relaxation time. In the analysis of
relaxation kinetics in terms of the KWWequation,
it is not uncommon to obtain b values lower than
0.4. However, with the log-normal distribution
assumption, a b value this low would corresponds
to s> 2, which is a very broad distribution.30

In many cases, b seems to involve not only the
distribution of relaxation times but also reflects
other factors that stretch the decay function and
reduce the value of b. One factor that stretches
the decay function is the dependence of t on the
structure of the system.6,38–40 That is, the relaxa-
tion time for each subsystem is increasing during
the annealing process. This fact is important
information for those developing amorphous
formulations, because an increase in relaxation
time means a decrease in molecular mobility,
which often shows a close relationship with

chemical/physical stability. A quantitative study
on the increase in t during relaxation will be
provided in a later section.

Relaxation in the Short-Time Limit (MSE Equation)

The KWW equation is not consistent with phy-
sical reality in the short-time limit.24,41 This
problem arises because the first derivative of the
KWW equation approaches infinity as time ap-
proaches zero. This ‘‘infinite initial relaxation
rate’’ is not a property of a summation of exponen-
tial expressions (i.e., derivative of eq. 1) and is
physically unacceptable. To overcome this pro-
blem, a modified stretched exponential (MSE)
equation was proposed.24,41

fMSEðt;TÞ ¼ exp � t

t0ðTÞ

� �
1þ t

t1ðTÞ

� �b�1
" #

ð8Þ

As time approaches zero, t0 is the relaxation
constant that describes relaxation behavior, and t1
is another relaxation time constant. t1 may also be
regarded as a parameter that indicates the length
of the ‘‘short-time limit,’’ where theKWWequation
is not applicable. The constant, b, has the same
meaning as in the KWW expression. The MSE
equation was originally derived to characterize
relaxation behavior in NMR experiments.41 At
long times, eq. 8 reduces to the same form as the
KWW equation, eq. 2, but with the KWW relaxa-
tion time t replaced by the MSE equivalent, tD,
where

tD ¼ t0t
b�1
1

� �1=b
ð9Þ

Therefore, tD corresponds to (but is not exactly
equivalent to) the relaxation time in the KWW
equation. At very short times (t� t1), the MSE
equation can be rewritten as

fðt;TÞ ¼ exp � t

t0ðTÞ

� �
ð10Þ

which shows single-exponential behavior, and
thus the first derivative remains finite. In
the long-time region (t>> t1), the MSE equation
becomes

fðt;TÞ ¼ exp � t

tDðTÞ

� �b
" #

ð11Þ

This equation is identical with the KWW
equation. The MSE equation is useful when the
initial relaxation behavior of a material with large
relaxation time is analyzed. This matter will be
discussed again later.
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The Impact of Changes in Relaxation Time during
Annealing on the Determination of t and b

As discussed in the preceding sections, the KWW
equation is frequently used to represent the
kinetics of structural relaxation, and therefore
to serve as the foundation for evaluation of the
structural relaxation time from DSC or isother-
mal calorimetry experiments.24,42 However, this
practice assumes the structural relaxation time
is essentially independent of time, which is not
correct. During the annealing process required to
generate the calorimetric data for kinetic analy-
sis, the sample is decreasing in energy and free
volume, and therefore, the structural relaxation
time is increasing. The question becomes, ‘‘what is
the impact of this phenomenon on the values of t
and b evaluated from the KWW equation?’’ In this
section, we address this question by generating
enthalpy data as a function of aging time by theo-
retical calculation or simulation. Next, we ‘‘fit’’ the
KWW equation in either the enthalpy or power
form to the simulated data to obtain ‘‘experimental’’
values of t and b, as one would do with actual
experimental enthalpy or power data, and then
compare these values of t and b to the initial
values used in the simulation.

To carry out the simulations, we use the
modified Vogel-Tamman-Fulcher equation4,43 to
describe the time dependence of the structural
relaxation time, t, through the time dependence of
the fictive temperature, Tf,

tðT;Tf Þ ¼ t0 exp
DT0

T � ðT=Tf ÞT0

� �
ð12Þ

where D is Angell’s strength parameter, and T0 is
the ‘‘zero mobility temperature.’’ T0 seems to be
equivalent to the Kauzmann temperature, Tk,

4

and is frequently lower than the glass transition
temperature, Tg, by about 50 8C. The glass tran-
sition temperature, the zero mobility tempera-
ture, and the strength parameter are related by,44

Tg

T0
¼ 1þ 0:0271 �D ð13Þ

The fictive temperature is the temperature at
which the equilibrium supercooled liquid has the
same configurational entropy (or enthalpy) as the
real glass at the temperature of interest (note that
here we ignore the small difference between the
definition of fictive temperature based upon
entropy and the definition based upon enthalpy,
because it does not affect results obtained in the
simulation). In Figure 1, the fictive temperature

is the temperature at the intersection of the iso-
configurational enthalpy line, line (b), with the
equilibrium supercooled liquid line. Because the
fictive temperature decreases toward the actual
temperature,Ta, during aging, the relaxation time
is not constant as the KWW equation assumes.
Rather, one must use the integral form of the
relaxation function, F, to describe the kinetics of
enthalpy relaxation.4,43,45

FðtÞ ¼ exp½�IðtÞb� ð14Þ

where I(t) is the integral time average ratio of
time to relaxation time,

IðtÞ ¼
Z t

0

dt0

tðT;Tf Þ
ð15Þ

For a system initially at fictive temperature,
Tf

0, which is subjected to an instantaneous tem-
perature drop to the annealing temperature Ta,
we express the relaxation function,F(t), in termsof
the time-dependent fictive temperature, Tf(t),
by4,43,45

FðtÞ ¼ Tf ðtÞ � Ta

T0
f � Ta

ð16Þ

The initial fictive temperature is evaluated by,46

1

T0
f

¼ g
Tg

þ 1� g
T

ð17Þ

g ¼
Cl

p � Cg
p

Cl
p � Cxstal

p

¼ DCp

Cl
p � Cxstal

p

where Cp
l , Cp

g, and Cp
xstal are the heat capacities of

liquid, glass, and crystal, respectively.
The simulation proceeds from the following set

of initial values: Tf¼Tf
0, F¼ 1, t¼ calculated from

eq. 12 at fictive temperature, Tf
0, and I(t)¼ 0. The

parameter is then incremented by a differential
change corresponding to the differential incre-
ment in time,dt. Thus, for thenth time step,where
n¼ 1,2,3, . . . ,N:

t ¼ n � dt
dIðnÞ ¼ dt=tðn� 1Þ
IðnÞ ¼ Iðn� 1Þ þ dIðnÞ

dFðnÞ ¼ �Fðn� 1Þ � b � IðnÞðb�1Þ

FðnÞ ¼ Fðn� 1Þ þ dFðnÞ
dTf ðnÞ ¼ ðT0

f � TaÞ � dFðnÞ
Tf ðnÞ ¼ Tf ðn� 1Þ þ dTf ðnÞ:

ð18Þ
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Simulationswere carriedout for annealingat40
and 508C for both a ‘‘sucrose-like’’ material and a
‘‘trehalose-like’’ material. Parameters for
the sucrose-like material (Tg¼ 348 K, D¼ 7.3,
g¼ 0.76) were taken from the literature.46 For
the trehalose-likematerial, the values ofTg (393K)
and g (0.80) were taken from the same literature
source,46 but this literature value46 for D did not
give power–time curves that agreed with experi-
mental trehalose data.24 Thus, the value ofD used
in the simulations (14.8) was chosen to provide
power–time curves close to the experimental
values.

The simulation values of F(t) were used to con-
struct power–time data, P(t) by numerical differ-
entiation of F(t) and use of the expression,

PðtÞ ¼ DH1 � dF
dt

ð19Þ

DH1 ¼ Hexð0;TÞ ¼ ðT0
f � TaÞ � DCp

where DH1 is the relaxation enthalpy for a
system relaxing to complete equilibrium. Fre-
quently, the evaluation of DH1 is written in terms
of the temperature difference (Tg�Ta), as in eq. 5.
However, that practice assumes the fictive tem-
perature in the glass is essentially the same as the
glass transition temperature, which is often a
good approximation but is not exact. Thus, we use
eq. 19 in this simulation. Because is found that
the power–time curve is normally better repre-
sented by the derivative version of the ‘‘modified
stretched exponential’’ (MSE) function24 than by
the derivative version of the KWW equation, we
fit the derivative version of the MSE function,

P ¼ DH1
t0

� 1þ bt
t1

� �
� 1þ t

t1

� �b�2

fMSE ð20Þ

to the simulated power–time data to obtain b, t0
and t1. The value of b corresponds directly to the b
in the KWW equation while the equivalent of the
KWW relaxation time, denoted tD, is given by
eq. 9. We also fit the KWW equation, eq. 2, to the
simulated F data to obtain the parameters, t
and b.

The increase in relaxation time during aging is
illustrated by Figure 2 for both sucrose-like and
trehalose-like materials at 40 and 508C. Note that
the estimated relative increase in relaxation time
over 100 h varies with the initial relaxation time
from a factor of 1.5 for a trehalose-like material at
408C (initial t¼ 3.2� 105 h) to a factor of 80 for a
sucrose-like material at 508C (initial t¼ 29 h).

Thus, for some materials, the assumption of a
constant relaxation time during the enthalpy
relaxation experiment is not even a good approx-
imation, particularly when the initial value of
relaxation time is on the order of the experiment
time or shorter.

For both the MSE fit and the KWW fit, the
resulting parameters were compared with the
initial values used in the simulation. The relaxa-
tion time comparisons are given inFigure 3, where
the ratios of the ‘‘fit’’ relaxation time (t or tD) to the
initial relaxation time of the system are provided.
It is obvious that the relaxation time determined
from the data analysis is much greater than the
initial relaxation time, particularly for the sucrose-
like systems where the value of t or tD from the
regressionanalysis ismore thananorder ofmagni-
tude greater than the initial relaxation time
(i.e., the initial value used in the simulation). The
effect is generally somewhat greater for analysis of
power data than for the corresponding analysis of
the F data. The ‘‘fit’’ t values may be regarded as
approximately the ‘‘averaged’’ values during the
annealing period. However, this interpretation
is not exact, because the rank orders of the
‘‘averaged t’’ (according to Fig. 2) and the ‘‘fitted
t’’ are different. Nevertheless, this analysis in-
dicates that the experimentally obtained t values
will depend greatly on the annealing period
employed.

Figure 2. Increase in structural relaxation time
during annealing disaccharide-like materials at se-
lected temperatures. All simulated data were obtained
using an input value of 0.5 for beta. The type ofmaterials
and the annealing temperature are indicated in the
figure.
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The comparisons of b are given by Figure 4.
Clearly, the values of b obtained from the regres-
sion analysis are lower than the input or true
initial values (i.e., the b ratios are less than unity),
but as one might expect, the error in b decreases
as the extent of relaxation during measurement
decreases (i.e., asF at the end of the annealing run
approaches unity). In principle, to the extent the
simulation results are accurate, one could use the
data given in Figure 4 to correct the b values given

by the regression analysis to true values. It should
be emphasized that data from the regression
analysis gives b values that are too low and t
values that are too high. As shown in Figure 5, the
relaxation time constant ‘‘on the stretched time
scale,’’ tb obtained from analysis of the data is
nearly invariant to the relaxation errors. That is,
the values of tb obtained by fit of either the MSE
function to power data or fit of the KWW function
to F data are nearly the same as the ‘‘input’’ or
initial values of tb. Thus, while the usual experi-
mental procedures for evaluation of t often give
very large errors due to relaxation during the
measurement, the time constant, tb, is relatively
constant. Table 1 shows the impact of the experi-
mental annealing period on theKWWparameters,
inwhich the notation ‘‘experimental period’’ means
the maximum annealing time employed in each
study. These data clearly show that the experi-
mental design (i.e., the duration of annealing) has
a significant effect on the individual KWW para-
meters, t and b, but the relaxation time constant,
tb, remains largely invariant to annealing times.
In all cases, a longer annealing time provided
larger t values and smaller b values. Finally,
because tb is invariant, and because one may
obtain an estimate of the reliable b from the data
shown inFigure 4, onemayalso obtain an estimate
of the ‘‘true’’ or initial value of t (or tD). Employ-
ment of tb for the comparison of the data is
therefore a powerful method by which the effect
of the length of the annealing period on t is re-
duced. Consequently, attention should focus on tb

to avoid systematic errors in and the misinterpre-
tations that might result from such errors.

Figure 3. Effect of relaxation during the measure-
ment on the measured relaxation time: comparison of
the ‘‘input’’ relaxation time of the system with the
relaxation time values determined by a fit of the MSE
equation (striped bars) or KWW equation (solid bars) to
the simulation data. Data are ratios of ‘‘fit’’ relaxation
time to ‘‘input’’ relaxation time. The notation, ‘‘Suc/408/
beta¼ 0.5,’’ means data for the sucrose-like system at an
annealing temperature of 408C using an input beta
value of 0.5. The annealing period was 100 h.

Table 1. Impact of Experimental Periods on Relaxation Times

ta (h) t (h) b tb

Indomethacin (Tg¼ 438C, Ta¼ 308C) 2 7.63 0.55 3.04
4 9.71 0.49 3.05
6 9.42 0.50 3.04

16 (ref. 9) ca. 40 N/A N/A
Nifedipine (Tg¼ 438C, Ta¼ 308C) 2 8.08 0.62 3.65

4 9.26 0.58 3.64
6 12.70 0.48 3.38

Maltose (Tg¼ 998C, Ta¼ 838C) 2 5.84 0.84 4.39
3 6.08 0.82 4.40
5 9.48 0.65 4.28

Maltose (Tg¼ 998C, Ta¼ 918C) 2 0.91 0.49 0.95
3 0.94 0.46 0.97
5 0.97 0.43 0.99

ta: experimental period (i.e., maximum annealing time); onset values were presented as Tg.
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INVESTIGATION OF THE RELAXATION
BY MTDSC

General

As discussed earlier, DSC can be used to char-
acterize relaxation behavior by measuring the
enthalpy recovery during a heating scan that
follows selected annealing periods. Recently,
modulated-temperature DSC (MTDSC) has been
widely used for the characterization of amorphous
solids,13,15,17,18 largely becauseMTDSC can clearly
separate the apparent heat capacity change at the
glass transition from the endotherm arising from
enthalpy recovery. However, it has been claimed

that MTDSCmay provide quantitatively different
results from those obtained from conventional
DSC because the temperature dependence of the
‘‘reactivity’’ or irreversible processes is not pro-
perly represented.47 That is, if the activation
energy for the process is large, the mean reac-
tivity over a range of temperatures oscillating
around a mean can be different from the reac-
tivity at the mean temperature, because of the
nonlinearity. However, this effect is normally
very small because in most MTDSC applications,
the temperature oscillations are very small in
amplitude. In this review, we discuss only
practical aspects of the application of MTDSC to
relaxation studies. In particular, mathematical
detail is held to a minimum. Some phenomena
characteristic of the MTDSC experiment, such as
the frequency effect and increase of Tg after
annealing, which have been largely ignored in
the pharmaceutical literature, are discussed here.

What Effects Contribute to the Apparent
Enthalpy Recovery Values?

We must always keep in mind the fact that
MTDSC provides a direct measure of enthalpy
recovery, not enthalpy relaxation, and factors
other than enthalpy relaxation may contribute to
the endotherm observed near Tg in the nonrever-
sing signal. The most significant factor, unique to
MTDSC, is the ‘‘frequency effect.’’14,16,19,48–51

Figure 4. Extent of relaxation and value of b from the
analysis of simulation power and F data according to
theMSEequation andKWWequation, respectively. The
ratio of the b value from the fit to the value used in
the simulation is given as a function of the relaxa-
tion function, F. Symbols key, MSE fit results: filled
diamonds¼ sucrose-like at 408 with b input¼ 0.5; open
diamonds¼ sucrose-like at 408 with b input¼ 0.8; filled
triangles¼ sucrose-like at 508 with b input¼ 0.5; open
triangles¼ sucrose-like at 508 with b input¼ 0.8; filled
squares¼ trehalose-like at 408Cwithb input¼ 0.5; filled
circles¼ trehalose-like at 508C with b input¼ 0.5; open
squares¼ trehalose-like at 508C with b input¼ 0.8.
Symbols for data corresponding to the KWW F fit are
open circles. The dashed line is the ‘‘best fit’’ representa-
tion of the KWW F fit data, b ratio¼ 8.08exp(�9.47 F þ
7.38 F2). The solid line is the ‘‘best fit’’ representation of
the MSE power fit data, b ratio¼ 3.97.exp(�9.7 F þ
8.32 F2). Here, the sucrose-like data at 408C with input
b¼ 0.8 seems abnormal and was omitted from the fit.
The data for theMSEfit represent data at 99.5, 62.5, 25,
and 12.5 h, while only the data at 99.5 h are given for
the KWW results. Inset is an expansion of the region
near F¼ 1.

Figure 5. Effect of relaxation during the measure-
ment on the measured relaxation time constant on the
stretched time scale, tb. Symbols key: circles¼ values
determined from a fit of the KWW equation to the
simulation F data; squares¼ values determined from a
fit of the derivative of the MSE equation to simulation
power data; dashed line¼ best linear fit to theF results;
solid line¼ best linear fit to the power results.
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This ‘‘frequency effect’’ is completely unrelated to
enthalpy relaxation or recovery, and makes
a substantial contribution to the endotherm,
thereby leading to the overestimation of enthalpy
recovery. As long as the same sample is used (for
several experiments) and the experimental con-
ditions are fixed, the frequency effect contribution
is nearly constant. However, to maintain constant
experimental conditions, care should be taken
to use samples of the same size and density.48,49

The cooling scan is often used to evaluate the
frequency effect. However, because cooling scan
data are normally less precise than heating data,
this procedure tends to introduce significant
random error in the final enthalpy recovery data.
One may obtain a deeper understanding of the
frequency effect from refs. 48 and 49.

Relaxation during the experimental procedure
is another factor.51 In other words, the material
can relax even during the temperature scans. This
effectmaybemore important forMTDSCanalysis,
becauseMTDSCprotocols employ lower scan rates
than the conventional DSC experiment. Figure 6
shows a typical thermal program used for relaxa-
tion studies. The material is usually first heated
above Tg and annealed at that temperature for 3–
5 min to erase its thermal history, followed by the
quenching and subsequent annealing process at
Ta and the heating scan measurement. Figure 7
shows the enthalpy recovery Hr of maltose glass
(Tg¼ 998C, onset value) obtained by this thermal
program with different annealing temperatures,
when the duration of the annealing step was set to
0 h. It is obvious that apparent enthalpy recovery
was observedwithout any time spent in annealing,

and the effect increased as the annealing tempera-
ture increased. The effect at low temperature is
mostly the frequency effect. However, because the
frequency effect is relatively insensitive to the
annealing temperature, this temperature depen-
dence is not a result of the frequency effect andwas
likely due to the relaxation during the scan
processes (e.g., during the scan to the selected
annealing temperature). In otherwords, residence
at high temperature such as 958C, even though
the time period was less than several minutes,
seemed to be sufficient to cause some relaxation.
In this maltose example, nearly 20% of the excess
enthalpy has already been lost during the tem-
perature scan process for a scan to 958C (Tg� 48C).
We note that enthalpy loss during scan steps is
typically much less because one normally is not
carrying out annealing so close to the glass transi-
tion temperature. However, the enthalpy loss
during the temperature changes, as well as the
frequency effect, must be subtracted from the
observed endotherm in the nonreversing signal
prior to analyzing the data in terms of the KWW
kinetic model. In our opinion, the best method for
correcting the raw endotherm area data is to
simply subtract the apparent enthalpy recovery
value obtained with zero annealing time from the
values obtained for nonzero annealing times. That
is, do not bother with the separate measurements
of frequency effect and temperature scan effects
because all that is needed is the sum of the two
effects, which is easily and precisely measured as
described by Figure 7.

It should also be emphasized that a study of
relaxationbyDSCanalysis is basedon theassump-
tion that the relaxation and the recovery enthal-
pies are identical. However, this assumption is
valid only if the enthalpy recovery event is
centered at Tg where recovery to the equilibrium
state (i.e., line ‘‘c,’’ Fig. 1) involves the same energy
as enthalpy relaxation (i.e., line ‘‘a,’’ Fig. 1).
Obviously (Fig. 1), recovery to equilibrium at any
temperature other than Tg will involve a different
energy.25 The recovery enthalpy becomes smaller
than the relaxation enthalpy if the recovery occurs
well below Tg and vice versa. Enthalpy recovery
occurs at a temperaturewhere the system requires
sufficient mobility to return to the equilibrium
state, which is normally at Tg. Although the
molecular mobility at Tg (i.e., the value of t) is
usually thought of (defined sometimes) as a
constant (i.e., t is around 100 s for all materials),
t at Tg does vary with the material,52 and the
mobility required to return to equilibrium will

Figure 6. Typical DSC protocol for a relaxation
study. Tg is the glass transition temperature, and Ta is
the annealing temperature.
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vary between materials (i.e., the value of t re-
quired will vary). Therefore, plausible explana-
tions do exist for variation between materials in
the relationship between Tg and the temperature
of the recovery endotherm. The impact on
enthalpy recovery of an increase in Tg caused by
annealing will be discussed later.

Estimation of the Initial Excess Enthalpy,
Denoted Hex(0, T) or DH1

The relaxation rate is governed by the relaxation
time, the stretched exponent, and the value of the
excess enthalpy of the glass at the start of the
annealing experiment. Figure 8 shows the relaxa-
tion enthalpy of indomethacin and maltose after
1 h of annealing time at the indicated temperature.
One may expect that this value would increase ith
a decrease of annealing temperature from eq. 5
or 19. However, maximum values of enthalpy
relaxation were observed in a temperature range
10 to 208C below Tg. Closeness to Tg means small
relaxation time and therefore rapid relaxation.
Thus, one has a maximum. The difference in peak
location mainly comes from the difference in the
activation energy of the relaxation time. Because
the activation energy for structural relaxation in
indomethacin is roughly half that for sugars,9 the
difference in the temperature between Tg and
the temperature where the maximum relaxation

occurs is larger for indomethacin, as shown in
Figure 8.

The initial excess enthalpy value is required
for calculating the relaxation function, f, from
enthalpy recovery data. Although an estimate of
the initial excess enthalpy can be obtained by
eq. 5, use of this relationship poses some problems.
The most apparent problem, which is widely re-
cognizedbutnotwell discussed, is the temperature
dependence of the heat capacity. The heat capacity
is well known to increase with the increase of the
temperature both in the glass and supercooled
liquid region above Tg, although not necessarily
with exactly the same temperature dependence.46

Figure 9 shows the heat capacity of amorphous
maltose with its corresponding relative enthalpy
values, which were obtained by integrating the
raw heat capacity data from the end of the glass
transition region. Enthalpy values for the equili-
brium glass state (light line) were calculated by
simply extrapolating the heat capacity data above
Tg to the temperature range below Tg, followed by
integrating this extrapolated heat capacity data.
The difference between the relative enthalpy
values for the glass (heavier line) and the equili-
brium glass (light line) is the initial excess
enthalpy. As indicated earlier, the initial excess
enthalpy is generally estimated from eq. 5, where
the temperature dependence of heat capacity is
assumed identical for both glass and liquid, and
so DCp is taken independent of temperature and
is measured at Tg. It is obvious from eq. 5 that
depending on the definition of Tg, different values
of initial excess enthalpy will be obtained, and
these differences will be relatively greater for

Figure 7. Enthalpy recovery values of maltose glass
obtained by the thermal program shown in Figure 6
with zero annealing time. The rapid heating and cooling
were done at 208C/min, and the analysis at 28C/min
with� 0.58C amplitude, 60-s modulation period. Tg of
maltose (onset value) was 998C under the same analysis
conditions. Sample weight was 7� 0.5 mg, and it was
compressed into disk shape of thickness around 2 mm.

Figure 8. The relaxation enthalpy values after 1-h
annealing of indomethacin (open, Fukuoka et al.8) and
maltose (filled).
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temperatures near the glass transition region.
There are three candidates for definition of the
glass transition temperature; onset, middle, and
end point. Figure 10 shows the initial excess
enthalpy values obtained by integrating the raw
heat capacity data (i.e., the ‘‘correct values,’’ shown
by the heavy curved line), compared to values
calculated from eq. 5 using three different Tg

values. It appears best to choose onset or midpoint
Tg for use in eq. 5, but as long as the temperature of
interest, Ta, is about 308C or more below the onset
of Tg, any of the above definitions of Tg could be
used without introducing a serious relative error.
However, results are very sensitive to the calcu-
lation procedure when evaluating initial excess
enthalpy near the glass transition region. For
example, use of the onset value in eq. 5 for analyz-
ing relaxation at 958C leads to an underestimation
of 0.6 J/g in excess enthalpy compared to the
directly integrated value, which corresponds to a

relative difference of 33%. Obviously, just below
Tg, use of the midpoint in eq. 5 is best. Finally, one
must recognize that at least with materials that
are not prepared by a fast quench from the melt,
it is far better to base the calculation of initial
excess enthalpy on the initial fictive temperature,
as described in eq. 19, provided the initial fictive
temperature is known.

The Relaxation Function f: Impact of
Increase in Tg Caused by Annealing

The relaxation function f can be evaluated from

fðt;TÞ ¼ Hexðt;TÞ
Hexð0;TÞ

ð21Þ

where the excess enthalpy, Hex(t, T) can be esti-
mated from DSC data by subtracting the enthalpy
recovery value from the initial excess enthalpy.
However, the usual use of eq. 5 evaluate initial
excess enthalpy assumes that annealing does not
affect Tg. However, the glass transition tempe-
rature is slightly increased by annealing.8,46

Figure 11 shows an example of the impact of
annealing on Tg. It is obvious that the annealing
process raises Tg, meaning that the calculated
initial excess enthalpy is too small once annealing
has progressed. The overestimation of the excess
enthalpy due to theTg shift can be corrected for by

Hexð0; tÞ �Hexðt;TÞ ¼ Hrðt;TÞ � DCpDTgðt;TÞ
ð22Þ

Figure 9. The heat capacity ofmaltose glass obtained
by 28C/min heating scan with the same modulation
conditions as for Figure 7 (thick black line), and the
calculated enthalpy values by integrating the heat
capacity data (thick gray line). The enthalpy of the
equilibrium glass (thin gray line) was calculated by
simply extrapolating the heat capacity data of the
supercooled liquid state to the lower temperature (thin
black line). The three candidate temperatures for Tg

(onset, midpoint, and end point) are also indicated as
dashed lines.

Figure 10. The excess enthalpy values of maltose
glass obtained by the direct integration of the raw heat
capacity data (thick line). The estimation of the excess
enthalpy values by eq. 5, using the onset, midpoint, and
end point values (bottom to top), are also shown by the
thin lines.
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where DTg(t, T) is the increment of Tg by the
annealing. Combining the eqs. 5, 21, and 22, we
obtain

fðt;TÞ ¼ 1�Hrðt;TÞ � DCpDTgðt;TÞ
DCpðTg � TÞ ð23Þ

Figure 12 shows calculated f values and their
analysis by theKWWequationwith orwithout the
DCpDTg term correction. The midpoint Tg value

was used for the initial excess enthalpy calculation
for both methods because it provides the most
accurate values at high temperatures. This figure
clearly shows that the DTg correction can signifi-
cantly impact the results of the analysis when
relaxation relatively close to Tg is being studied.

Relaxation in the Glass Transition Region

Although the relaxation behavior at temperatures
just below Tg has less practical importance for
pharmaceutical stability research, it is of funda-
mental interest. However, relaxation studies in
this temperature region are beset with difficulty.
For example, Figure 13 shows the decay function
f of a maltose glass in the glass transition region,
calculated in the same manner as for Figure 12
and using eq. 23 for f. Because the onset Tg is
around 998C, these annealing temperatures were
only 4 or 68C below the Tg onset. These f values
show no obvious time dependence, but yet appear
to be significantly less than unity. As the relaxa-
tion times in this temperature region are expected
to be on the order of 1 h or less, relaxation might
have already been completed and the systems
might have reached equilibrium. However, if this
interpretation is correct, it means that the eq. 5 is
significantly in error when used for annealing
temperatures close to the glass transition region.
Various speculations may well be possible, but the
major point is that relaxation studies in the glass
transition region are poorly understood at this
time, and one should avoid applying the con-
ventional relaxation theory to relaxation studies
in the glass transition region.

Figure 11. The change of the onset Tg of maltose
glass after annealing for selected times. The annealing
temperatureswere 838C (circle), 888C (square) and 958C
(triangle).

Figure 12. The relaxation function f as a function of
time and their fit by the KWW equation with (filled) or
without (open) the DCpDTg term correction. The anneal-
ing temperaturewas888C, and themidpointTgwasused
for the calculation.The solid lines represent the ‘‘best fit’’
values from the KWW equation. The KWW parameters
obtained by the fit are indicated in the figure.

Figure 13. The time dependence of the relaxation
function f of maltose glass at 938C (filled) and 958C
(open).
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Summary

The application of MTDSC to the analysis of
enthalpy relaxation to determine structural re-
laxation time was discussed. The MTDSC experi-
mental procedure can be very simple, because
erasure of previous thermal history can be in-
cluded together in the analysis program, and the
sample can be used repeatedly if sufficiently
chemically stable. However, one must keep in
mind that the observed quantity is enthalpy
recovery and not the relaxation enthalpy, and
corrections to the raw data are normally needed,
particularly for the ‘‘frequency effect.’’ Because
small variations in sample form and experimental
procedure may impact the magnitude of the fre-
quency effect, care must be exercised in correcting
data for this effect. Relaxation during the tem-
perature changes that are a part of the annealing
and analysis program also may be significant.
The easiest and perhaps best practice is to use the
protocol with zero time allocated for annealing to
correct for both the frequency effect and relaxa-
tion effects during the ‘‘nonannealing’’ parts of the
program. Some problems concerning Tg, that is,
its increase after annealing and its selection for
calculating Hex(0,T) were extensively discussed.
It is very difficult to provide a foolproof recipe for
facing these problems at this point in time,
because the glass transition itself is not comple-
tely understood. Nevertheless, attention to these
matters is required for the proper evaluation of
experimental results. Finally, ambiguities and
anomalies plague MTDSC studies of relaxation
near Tg, and such studies should not be analyzed
with conventional relaxation theory.

INVESTIGATION OF THE RELAXATION
BY ISOTHERMAL MICROCALORIMETRY

General

The isothermal microcalorimeter provides a very
sensitive and direct measure of the rate of energy
loss (or gain) during annealing. Normally, with
annealing temperatures well below Tg, the sam-
ple loses energy in the approach to equilibrium
(enthalpy relaxation), but at temperatures closer
to Tg, equilibrium represents higher energy for
many samples, and the approach to equilibrium
involves an increase in energy (enthalpy recovery).
Enthalpy recovery studies with isothermal micro-
calorimetry have been introduced relatively
recently25 and the information available in the

literature is sparse. The generated heat flow P
can be fit by the differentiated form of the KWW
equation, eq. 3,

P ¼ Hex
b
t

� �
t

t

� �b�1

fKWW ð24Þ

Unlike MTDSC, it is difficult to control the
thermal history precisely in microcalorimetry
studies because sample preparation must be
accomplished outside the instrument and rela-
tively large samples are required. Thus, this
instrument is most useful for samples ‘‘as is,’’ but
because the fictive temperaturemay vary between
samples if the thermal history is not well con-
trolled, obtaining reproducible results requires
careful sample handling. As discussed earlier, the
KWWequation cannot be applied in the short time
range. Because b< 1, the derivative giving power,
eq. 24, approaches infinity as time approaches
zero, a clearly unacceptable feature that has an
impact on the data analysis, particularly for
systems with long relaxation times. In such cases,
the fit of eq. 24 to the data is often poor, and
therefore as analternative, the differentiated form
of the MSE equation can be used24 (i.e., eq. 20).
Generally, even when the derivative form of the
KWW equation does not fit the data well, the
derivative form of the MSE equation (eq. 20) does
fit the data well and does provide physically
reasonable relaxation parameters. In addition, it
was found24 that because experimental errors in t
and b are opposite in sign, the values of tb aremore
‘‘robust,’’ and it was recommended that values of tb

be reported and compared, rather than values of t.
The simulation results reported earlier in the
present work indicate that, in fact, the values of t
and b evaluated by analysis of annealing data are
too large and too small, respectively, with the
value of tb being more reliable. Thus, the simula-
tion results support the empirically based recom-
mendation24 that tb generally should be the value
reported and compared. However, the simulations
did suggest that knowledge of the extent of re-
laxationduring the study should allowanestimate
of the true value of b, which in turn, would mean
that this true value ofband themore reliable value
of tb would allow estimation of a more reliable
value of t. This methodology has yet to be used in
practice.

There is little detailed knowledge regarding
the recovery process itself, although the process
is suggested to be ‘‘autocatalytic.’’53,54 As noted
above, this process can also be observed by micro-
calorimetry. If the amorphousmaterial has relaxed
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to some extent, its fictive temperature, Tf, should
be well below Tg. If the material is allowed to age
above its Tf, it recovers toward the equilibrium
glassy state, which is higher in energy, thereby
producing an endothermic heat flow. We will
return to this subject laterwith someexperimental
observations.

Enthalpy Relaxation Data

Figure 14 shows enthalpy relaxation kinetics of
sucrose glass observed with the isothermal micro-
calorimetry and the fit by the differentiated form
of either the KWW equation (508C data) or the
MSE equation (308C data), where eq. 5 was used
to calculate the excess enthalpy values. The 308C
data is better fit by the derivative form of the
MSE equation than by the corresponding KWW
equation. For both data sets, the fit is quite good.

The t values obtained by both DSC enthalpy
recovery measurements and isothermal microca-
lorimetry are compared in Figure 15. A compar-
ison of tb would have been desirable, but the key
literature data9 does not give individual b values.
In general, the t values obtained by isothermal
microcalorimetry are in satisfactory agreement
with the corresponding data obtained by DSC,

particularly when one considers the possible bias
caused by variable length of the annealing period
causing variation in t and b values. For isothermal
calorimetry data, values of tD from the MSE
equation seem to have less scatter and are usually
larger than corresponding t values from the KWW
equation. It should be noted that the relaxation
times for the samples prepared by freeze drying
have significantly smaller relaxation times than
samples prepared by quenching from the melt, an
observation also noted earlier.24

Althoughadetailedcomparisonofbvalues isnot
possible, b values from microcalorimetry method
were systematically smaller than results from
DSC. Whether or not this lack of agreement
represents a failing of the equations to represent
the data, such as a possible contribution of b-
relaxation to the microcalorimetric power re-
sponse, is unknown. However, it is clear from the
simulation studies provided earlier that at least

Figure 14. Isothermal microcalorimetry heat flow
during enthalpy relaxation of sucrose glass at 508C
(open) and 308C (filled) and the fits to the derivative
form of the KWWequation (508C) or the derivative form
of the MSE equation (308C). Tg of the sucrose glass is
around 778C.9 These sucrose glasses were prepared by
freeze drying, followed by the erasure of the thermal
history by the annealing at 808C (above the Tg) for
30 min. The solid lines represent the ‘‘best fits’’ from
the derivative forms of the KWW or MSE equations.
The relaxation times and beta values resulting from the
data analysis are given on the figure.

Figure 15. Comparison of the relaxation times for
sucrose glasses quenched from the melt. Symbols key:
data as obtained by DSC (filled squares, Hancock et al.9;
open diamond, Liu et al.24) or isothermal microcalori-
metry (Liu et al.24, Pikal et al.43) where the open
triangles represent tD from the MSE equation and the
filled triangles represent t from theKWWequation. The
relaxation times for sucrose glass prepared by freeze
drying55 are also shown. The open circles represent tD
from the MSE equation and the filled circles represent t
from the KWW equation. The thick straight line is
drawn through the DSC data as a representation of the
average DSC enthalpy recovery data for t. The values of
b from the KWW analysis of DSC data were stated to be
0.4–0.89 and 0.3.24 The values of b obtained from the
isothermal calorimetry data24,43,55 were about 0.2.
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part of the reason has nothing to do with extra-
neous relaxation effects such as b-relaxation. The
b values obtained from an analysis of simulated
enthalpy recovery data (DSC) were also larger
than the corresponding values obtained by analy-
sis of the simulation power data (isothermal
calorimetry). Thus, at least part of the effect is
attributed to the different impact of a time-
dependent relaxation time on the measurement
for enthalpy recovery than in the relaxation rate
measurement by isothermal calorimetry. Addi-
tional comparative studies are needed to clarify
these issues.

Investigations above Tf (Enthalpy Recovery Process)

As indicated earlier, isothermal calorimetry can
also be used to study enthalpy recovery when the
sample is studied at a temperature above its
fictive temperature. Figure 16 shows the heat flow
from maltose-based amorphous samples observed
at various temperatures. In each case, the fictive
temperature was 328C. Note that the samples
produced a strong endothermic heat flow at the
start of the experiment, presumably arising from
the enthalpy recovery process, but later the signal
becomes exothermic, at least for the higher
temperatures. This endothermic heat flow can
be reproduced even when the sample was intro-
duced into the calorimeter from a temperature
higher than the calorimeter temperature, thus
proving that this endotherm was not due to
incomplete thermal equilibration.

The exothermic signal is not easily explained
with conventional relaxation theory. One might

speculate that theeffecthas its origin in thehetero-
geneity of a system (i.e., distribution of in-
dependent substates) that is annealed at a lower
temperature and then brought to a higher storage
temperature for calorimetric study. With a distri-
bution of states there would also be a distribution
of fictive temperatures, which would mean that
some substates could have fictive temperatures
less than the storage temperature, and some states
could have fictive temperatures greater than the
storage temperature. The collection of states with
the lowerfictive temperatureswould then increase
in energy in moving toward equilibrium, produ-
cing endothermic heat flow, and the states with
higher fictive temperature would lose energy
during aging and produce an exothermic heat
flow. Thus, one could have both exothermic and
endothermic heat flow froma single sample during
aging if the relaxation times are sufficiently
different. However, the lower fictive temperature
states would have a longer relaxation time than
the states with higher fictive temperature (i.e.,
see eq. 12), and therefore, the heterogeneous state
hypothesiswould result in anexothermicheat flow
(i.e., shorter t) followed by an endothermic heat
flow (i.e., longer t), which is not what is observed
experimentally (Fig. 15). Thus, the eventsmust be
more complex. One might speculate that perhaps
the endothermic process appears first because the
t for the recovery process is much smaller than
that for the relaxation process.25 Alternatively,
perhaps these observations reflect differences in
thermal history notmeasured by the fictive tempe-
rature, Tf. Indeed, there are many observations,
classified as the ‘‘memory effect’’4,53 that are not
adequately explained by conventional relaxation
theory. Clearly, the phenomenon is anomalous,
and it is our hope that future microcalorimetry
studies will help in the understanding of such
phenomena.

Summary

The use of isothermal microcalorimetry for obser-
ving both the enthalpy relaxation and recovery
processes was discussed. The greatest advantage
of this method is that it can provide direct heat
flow rates during both relaxation and recovery
with very high sensitivity. Even samples having
very large relaxation times can be studied with a
few days of experimental run time. The relaxation
process can be analyzed using the differentiated
form of the KWW, but generally the MSE equation
should be used in place of the KWW equation,

Figure 16. The enthalpy recovery of a maltose-based
formulation observed by isothermal microcalorimetry
at 35 (triangles), 40 (squares), and 45 (circles) 8C.25Tf of
the formulation was 328C.
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particularly if the relaxation time is very large.
Recall that the simulation studies discussed ear-
lier indicate that for both DSC and microcalori-
meter data, increases in relaxation time during
the annealing cause the t and b values obtained
from the kinetic analysis to be too large and too
small, respectively. However, the value of the
stretched time constant tb, is not affected by the
degree of the relaxation. Isothermal microcalori-
metry is better suited to study samples ‘‘as is’’
because thermal history cannot be adjusted by
scanning above the Tg as is commonly done with a
DSC. The relatively large sample size require-
ment (usually 50–200 mg) and the limited tem-
perature range (10–808C) also restrict the types
of experiments. Much care should also be taken
to avoid changes in moisture content; usually
sorption of moisture from the atmosphere by dry
samples is the more serious problem. Because
moisture sorption and desorption appear as ex-
othermic and endothermic heat flows, respec-
tively,23 the determination of relaxation time is
impacted. Nevertheless, increased use of the mic-
rocalorimetry technique should provide a much
deeper understanding of enthalpy relaxation and
recovery dynamics in glassy systems.

CONCLUSIONS

The calorimetric methods have been the most
convenient ways to investigate structural relaxa-
tion in glassy pharmaceutical systems. The use of
the two representative methods, MTDSC and the
isothermal microcalorimetry, has been discussed
in this review by comparing the advantages,
problems, and limitations. The MTDSC experi-
ment is very simple, and it requires only very
small amounts of sample. However, much care is
needed in the quantitative analysis because the
observed endotherm is not a direct observation of
the relaxation enthalpy. Notably, data must be
corrected for the ‘‘frequency effect.’’ In addition,
the investigation of relaxation behavior near Tg is
a difficult issue for MTDSC. Isothermal calori-
metry has a great advantage in that this techni-
que directly measures the rate of energy change
during relaxation (or recovery, if the fictive
temperature is lower than the sample tempera-
ture) with very high sensitivity, thereby allowing
very slow processes to be studied effectively. In
general, the MSE equation should be employed to
analyze the data. Disadvantages of isothermal
microcalorimetry are the need for a relatively

large sample and the limited temperature range
of the instrument.

Simulation studies show that because of signi-
ficant changes in relaxation time during the aging
experiment, the values of t and b obtained by
either KWW or MSE analysis are different from
the initial values for the sample. The relaxation
time, t, is too large and the stretched exponent, b,
is too small. However, the value of the stretched
time constant, tb, is representative of the initial
value.Wenote also, that the value of tb is alsomore
‘‘robust’’ (i.e., less sensitive to experimental errors)
than t. Thus, values of tb should be reported and
compared. However, the same simulations also
suggest that knowledge of the extent of relaxation
during the measurement (i.e., measured by F) can
be used to correct for the error in b, and therefore
one may perhaps obtain a useful estimate of t
from the reliable value of b and the less variable
value of tb.
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