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Purpose. The ability of TSDC to characterize further amorphous
materials beyond that possible with DSC was presented in part I (16)
of this work. The purpose of part II presented here is to detect and
quantitatively characterize time-scales of molecular motions (relax-
ation times) in amorphous solids at and below the glass transition
temperature, to determine distributions of relaxation times associ-
ated with different modes of molecular mobility and their tempera-
ture dependence, and to determine experimentally the impact upon
these parameters of combining the drug with excipients (i.e., solid
dispersions at different drug to polymer ratios). The knowledge
gleaned may be applied toward a more realistic correlation with physical
stability of an amorphous drug within a formulation during storage.
Methods. Preparation of amorphous drug and its solid dispersions
with PVPK-30 was described in part I (16). Molecular mobility and
dynamics of glass transition for these systems were studied using
TSDC in the thermal windowing mode.
Results. Relaxation maps and thermodynamic activation parameters
show the effect of formulating the drug in a solid dispersion on con-
verting the system (drug alone) from one with a wide distribution of
motional processes extending over a wide temperature range at and
below Tg to one that is homogeneous with very few modes of motion
(20% dispersion) that becomes increasingly less homogeneous as the
drug load increases (40% dispersion). This is confirmed by the high
activation enthalpy (due to extensive intra- and intermolecular inter-
actions) as well as high activation entropy (due to higher extent of
freedom) for the drug alone vs. a close to an ideal system (lower
enthalpy), with less extent of freedom (low entropy) especially for the
20% dispersion. The polymer PVPK-30 exhibited two distinct modes
of motion, one with higher values of activation enthalpies and en-
tropy corresponding to �-relaxations, the other with lower values
corresponding to �-relaxations characterized by local noncooperative
motional processes.
Conclusions. Using thermal windowing, a distribution of tempera-
ture-dependent relaxation times encountered in real systems was ob-
tained as opposed to a single average value routinely acquired by
other techniques. Relevant kinetic parameters were obtained and
used in mechanistically delineating the effects on molecular mobility
of temperature and incorporating the drug in a polymer. This allows
for appropriate choices to be made regarding drug loading, storage
temperature, and type of polymer that would realistically correlate to
physical stability.

KEY WORDS: amorphous systems; molecular mobility; solid dis-
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modynamic activation parameters.

INTRODUCTION

Enhanced product dissolution achieved through exploit-
ing drug amorphous state properties (e.g., decreased solu-
bility) is of great interest in pharmaceutical development.
Physical instability within the drug product caused by the
amorphous state’s tendency to revert to the more thermody-
namically stable crystalline form during storage (1,2) is a se-
rious concern that could result in poor product performance.
Several investigators have reported that the origin of insta-
bilities might be attributed to the molecular motions that can
still exist below the glass transition temperature, Tg (2,3).
Long time-scales of molecular motions and the heteroge-
neous nature of glassy systems make a direct experimental
determination of relaxation times (indicators of molecular
mobility) below Tg difficult to characterize.

It is generally agreed that the glass transition has a ki-
netic origin and depends on an internal relaxation time, char-
acteristic of the substance. A crucial point in order to under-
stand the glass transition phenomenon is to understand how
this internal relaxation time depends on temperature (4).

Different approaches were traditionally applied from
which relaxation times and their temperature dependence
were determined, for example, viscosity (5), enthalpy relax-
ation (6,7,8), dielectric spectroscopy (9,10), nuclear magnetic
resonance (11), and more recently isothermal microcalorim-
etry (12).

Using the techniques above, extrapolations are made
from temperatures near and above Tg to temperatures well
below Tg, applying supercooled liquid models such as the
Williams-Landel-Ferry (WLF), Volgel-Tammann-Fulcher
(VTF), or Kohlrousch-Williams-Watts (KWW) models to the
glassy state. More importantly, the relaxation times predicted
using these approaches are only average values of a distribu-
tion of relaxation times encountered in real systems. Finally,
due to the complexities of multicomponent systems, most in-
vestigations using these techniques focused on characterizing
relaxation times in systems composed only of a single com-
ponent, that is, drug or polymer, but not in combination as in
real formulations.

Thermally stimulated depolarization current (TSDC) is a
dielectric thermal technique that was first used to investigate
ionic motion in crystals (1964) and since 1967 has been used
widely to study the dynamics and molecular motions in semic-
rystalline and amorphous polymers (13). Important features
of this technique are its low equivalent frequency and high
resolving power (probes a time window between 25 and
3000 s, which corresponds to a frequency window between 5 ×
10−5 and 6 × 10−3 Hz) (14). Currents as small as 5 × 10−15 A (15)
can be detected revealing low-frequency molecular motions
and may provide better sensitivity to glass transition and sub-
glass transition relaxations. An additional important advan-
tage of TSDC is the possibility of experimentally resolving
(deconvoluting) a broad global, heterogeneous relaxation
process into its different individual components, fractions, or
segments. Thus, a broad distribution of relaxations can be
separated into its narrowly distributed components including
those that occur below Tg, whether those correspond to ro-
tational motions (�-relaxations) or to both rotational and
translational motions that occur at the lower temperature end
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of Tg (�-relaxations). This allows a distribution of relaxation
times of a given relaxation (central components as well as tails
of this distribution) to be determined and studied providing
therefore a more realistic picture of the complexities in these
systems (avoiding oversimplifications), which may allow for a
more accurate correlation with physical stability in real sys-
tems. All the above indicates that TSDC is particularly suited
to investigations of slow reorientational molecular motions
and mobility in amorphous solids composed of one or more
components.

An amorphous pharmaceutical and its solid dispersions
are mechanistically investigated in this work. Our previous
paper presented a comparative analysis between differential
scanning calorimetry (DSC) and TSDC (16). The ability of
TSDC to characterize further amorphous materials beyond
that possible with DSC was demonstrated. The purpose of
this work is to further explore problems in the area of mo-
lecular motions and stability of pharmaceutically relevant
amorphous systems using TSDC. Part II, the subject of this
work, discusses molecular mobility and activation thermody-
namic parameters of the systems studied previously (16).

Specifically, the main objectives of this part, using TSDC,
are:

1. To detect and quantitatively characterize time-scales
of molecular motions (relaxation times) in amorphous solids
at and below the glass transition temperature.

2. To determine distributions of relaxation times associ-
ated with different modes of molecular mobility and their
temperature dependence.

3. To determine experimentally the impact upon these
parameters of combining the drug with excipients (polymer)
in solid dispersions at various drug loading.

The knowledge gleaned may be applied toward a more
realistic correlation with physical stability of an amorphous
drug within a formulation during storage. This information
further allows for assessing the feasibility of retardation of
molecular motions over meaningful pharmaceutical time-
scales.

To our best knowledge, this work is the first to apply the
technique of TSDC to study and characterize the kinetics of
molecular relaxations and the corresponding distributions of
relaxation times in solid dispersion formulations.

MATERIALS AND METHODS

Materials

The drug substance LAB687 (Scheme 1), form D, purity
99.9% by HPLC, was provided by Novartis Pharmaceutical
Corp. (East Hanover, NJ, USA). Additional materials such as
the solvents used for the preparation of solid dispersions were
described earlier (16). The polymer Kollidon 30 powder
(polyvinylpyrrolidone PVPK-30; Scheme 2) was purchased
from BASF (Mt. Olive, NJ, USA).

Methods

The preparation of the amorphous form of LAB687, the
preparation of the solid dispersions and the principle of
TSDC, were described in part I (16).

Thermal Windowing Procedure of TSDC

Previously, the procedure used to carry out global ex-
periments was described (16). Global experiments are used to
detect and localize the different relaxations in the TSDC
spectrum. A second procedure, thermal windowing, is used in
order to study the details of each complex global relaxation as
shown in Scheme 3.

Step 1 is the polarization step during which the sample is
held for a certain amount of time (tp) at a given temperature
(Tp) under the effect of an electric field. This step orients the
dipoles within the molecular structure. Because molecular
mobility increases as the temperature increases, the nature
and the amount of polarization created by the field will de-
pend on the polarization temperature. Step 2 is the cooling
step during which the sample is cooled to a given temperature
(TP�), in the presence of the electric field. The purpose of this
step is to freeze-in the dipolar orientation, that is, to retain (at
least partially) the polarization created by the electric field at
the polarization temperature. In step 3, the polarizing electric
field is removed and the sample is held for a certain amount
of time with no field (tw). Some of the polarization will dis-
appear, and some will be retained. Relaxation time of the
molecular motions, in general is temperature dependent in
such a way that it increases with decreasing temperature.
Thus, the retained polarization corresponds to dipolar
motions that were activated by the electric field at the

Scheme 1. Structure of LAB687.

Scheme 2. Structure of polyvinylpyrrolidone, PVPK-30.

Scheme 3. Representation of TSDC thermal windowing (TW) pro-
cedure where TP is polarization temperature, tP is polarization time,
Tp� is temperature to which a sample is cooled, T0 is freezing tem-
perature, and Tf is final temperature to which a sample is heated.
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polarization temperature and whose characteristic time [re-
laxation time �(T)] is sufficiently temperature dependent to
give rise to a “freezing-in” of the polarization. That is, the
retained polarization contains the contribution of the molecu-
lar motions that are relatively fast at Tp but become slower
than the time scale of the measurement at TP�. The state of
the sample at the end of this step is thus a non-equilibrium
state, where the depolarization (that is due to molecular mo-
tion) is prevented for kinetic reasons. During the cooling
phase in step 2, the temperature interval �T � Tp − TP� is
small, typically 1–4°C (as opposed to a wide interval �T � Tp

− T0, in the global experiments), and step 3 (an isothermal
step with the field turned off) is followed by an additional
cooling step (step 4) with the field turned off down to T0,
which is the temperature to which a sample is cooled and held
for a certain amount of time (t0) before starting the linear
heating ramp. This procedure is called thermal windowing
(TW) also known as thermal sampling or fractional polariza-
tion), and by decreasing the polarization temperature system-
atically (while keeping �T constant), across the global peak
temperature region, different single mode or narrowly distrib-
uted dipoles will be selectively activated according to the
characteristic values of enthalpies and entropies of activation
for these specific dipoles. Performing different TW experi-
ments with the polarization temperature Tp varying in the
global peak temperature region allows the selective activation
of the different fractions or segments of the global peak.

Finally, the last step (step 6) is the linear heating ramp
where the relaxation times of the molecular motions de-
crease, allowing the sample to return to the equilibrium state
(depolarization step). This gives rise to a small intensity elec-
tric current (I), which is measured as a function of tempera-
ture and constitutes the experimental output of a TSDC ex-
periment.

In TW, the location described by Tm (temperature of
maximum current intensity) of each TW peak, is a function of
the thermal activation energy barrier for that specific relax-
ation process while the peak area for each TW peak (at a
constant voltage of the electric field) is proportional to the
number of dipoles undergoing that specific relaxation (17).

In this work, TSDC experiments were carried out using a
TSC/RMA 9000 instrument (TherMold Partners, Stamford,
CT, USA) equipped with a computer analyzing system (TSC
9000 Analysis). Samples (3–5 mg) were weighed into alumi-
num DSC pans, covered with a small piece of Teflon, and
placed between the electrodes of a parallel plane capacitor
that was then shielded by a Faraday cage and evacuated to
10−4 mbar and flushed several times with 1.1 bar of high-
purity helium prior to experiments. All samples were given
similar thermal histories prior to measurement. Experiments
were conducted according to the procedure shown in Scheme
3 and described above (thermal windowing). In all experi-
ments, the polarization time (tp) � 2 min, polarizing field
intensity (E) � 300 V · mm−1, isothermal holding time after
turning the field off (tw) in step 3 � 1 min, isothermal holding
time at the freezing temperature (t0) in step 5 � 1 min, heat-
ing rate (r) � 4°C/min, and width of the polarizing window in
the thermal windowing experiment, �T � TP – TP� � 4°C.
Cooling was conducted using liquid nitrogen connected to the
Faraday cage according to the Newtonian cooling mode,
which allows the sample to reach the freezing temperature,
T0, as fast as possible (�20°C/min). Values of the other ex-

perimental parameters that varied between experiments, that
is, TP, the polarization temperature, T0, the freezing tempera-
ture, and Tf, the final temperature to which a sample is
heated, are presented in the results section under their re-
spective figures.

RESULTS

To understand further the data obtained by the global
experiments with TSDC (16), thermal windowing was applied
to the amorphous drug, polymer, and their solid dispersions.
The result of thermal windowing applied to PVPK-30 is ex-
hibited in Fig. 1. The peaks represent the resolution of the
global spectrum into their individual relaxations, where each
relaxation is characterized by a temperature dependent relax-
ation time �(T). These peaks are obtained by varying the
polarization temperature, Tp from 180°C to 76°C in intervals
(width of the polarization window) �T � Tp − TP � 4°C. For
example, PVPK-30 (Fig. 1), the sample was first polarized at
TP � 180°C for a polarization time tP � 2 min with an in-
tensity of the polarizing field E � 300 V/mm. With the field
on, the sample was cooled by �T � 4°C to a TP� � 176°C.
The field was then turned off and the sample was further
cooled to a “freezing-in” temperature (T0) � 60°C. The
sample was then depolarized by heating to a final tempera-
ture (Tf) � 200°C at a heating rate (r) � 4°C/min. This
results in one TW peak that has a characteristic temperature
dependent relaxation time �(T) corresponding to a single
mode or narrowly distributed modes of motion activated in
that temperature range. The next experiment would start with
a TP � 176°C and will be cooled to TP� � 172°C before the
field was turned off and so on. By decreasing the polarization
temperature systematically, while keeping �T constant, dif-
ferent single modes or narrowly distributed relaxations will be
selectively activated and will show as peaks with a maximum
temperature Tm (note that the temperature of peak maximum
Tm decreases as Tp decreases).

Fig. 1. Thermal windowing (TW) components of the relaxations ob-
served for PVPK-30. The polarization temperature varied from
180°C to 76°C with intervals (width of the polarization window)
�T � Tp −TP� � 4°C (i.e., polarization temperatures were TP �

180°C, 176°C, 172°C, 168°C, 164°C, etc., down to 76°C). The other
experimental parameters were the same for each TW run: polariza-
tion time tP � 2 min, intensity of the polarizing field E � 300 V/mm,
tw � 1 min, T0 � 60°C, t0 �1 min, Tf � 200°C, and r � 4°C/min.
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The thermal windowing results for amorphous LAB687
are shown in Fig. 2 with Tp varying from 100°C to 60°C.
Numerous peaks were obtained, each corresponding to single
or narrowly distributed relaxations activated in that tempera-
ture range with a characteristic �(T).

Thermal windowing was also applied to the solid disper-
sions/solutions of the drug and the polymer. Results obtained
for the 20%, 40%, and 50% solid dispersions are demon-
strated in Figs. 3, 4, and 5, respectively.

DISCUSSION

Using the thermal windowing technique, it is possible to
experimentally resolve/separate heterogeneous and broadly
distributed relaxations encountered in real systems into nar-
rowly distributed components, fractions, or segments. From a
single TW experiment, the temperature dependent relaxation
time �(T) is indicative of molecular mobility, of a single (or
narrowly distributed) relaxation mode(s) can be directly cal-
culated. By moving the polarization window across the global
peak temperature region, different single modes or narrowly
distributed relaxations will be selectively activated and will
show as smaller peaks with a maximum at a certain tempera-
ture (Tm). The advantage of this is 2-fold: a) molecular mo-
bility measured by relaxation times can be detected and quan-
tified at the lower temperature end (tail) of the global peak
below its maximum corresponding to the calorimetrically de-
termined Tg; in other words, the relaxation (molecular mo-
bility) that still exists below the glass transition temperature
routinely measured by other techniques can be determined
over the temperature range it exists below Tg; b) a distribu-
tion of temperature-dependent relaxation times �(T) associ-
ated with different components of molecular mobility can be
determined as opposed to a single average value of the whole
distribution that corresponds to the most probable relaxation
time as obtained by the other techniques [e.g. dielec-

tric spectroscopy and temperature modulated differential
scanning calorimetry (18)].

In general, each TW peak in the glass transition region
has an intensity and shape that are influenced by the polar-
izing efficiency of the electric field, which increases as the
molecular mobility increases (i.e., as Tp increases). The inten-
sity and shapes are also influenced by the tendency of the
polarization to disappear during the no-field cooling step,
which is particularly effective near and above Tg. For polar-

Fig. 4. Thermal windowing (TW) components of the relaxations ob-
served for the 40% solid dispersion of LAB687/PVPK-30. The po-
larization temperature varied from 144°C to 88°C with intervals
(width of the polarization window) �T� Tp − TP� � 4°C (i.e., po-
larization temperatures were TP � 144°C, 140°C, 136°C, 132°C,
128°C, etc., down to 88°C). The other experimental parameters were
the same for each TW run: polarization time tP � 2 min, intensity of
the polarizing field E � 300 V/mm, tw � 1 min., T0 � 60°C, t0 �1
min, Tf � 155°C, and r � 4°C/min.

Fig. 2. Thermal windowing (TW) components of the relaxations ob-
served for amorphous LAB687. The polarization temperature varied
from 100°C to 60°C with intervals (width of the polarization window)
�T� Tp − TP� � 4°C (i.e., polarization temperatures were TP �

100°C, 96°C, 92°C, 88°C, 84°C, etc., down to 60°C). The other ex-
perimental parameters were the same for each TW run: polarization
time tP � 2 min, intensity of the polarizing field E � 300 V/mm, tw�

1 min, T0 � 40°C, t0 � 1 min, Tf � 120°C, and r � 4°C/min.

Fig. 3. Thermal windowing (TW) components of the relaxations ob-
served for the 20% solid dispersion of LAB687/PVPK-30. The po-
larization temperature varied from 144°C to 88°C with intervals
(width of the polarization window) �T� Tp − TP� � 4°C (i.e., po-
larization temperatures were TP � 144°C, 140°C, 136°C, 132°C,
128°C, etc., down to 88°C). The other experimental parameters were
the same for each TW run: polarization time tP � 2 min., intensity of
the polarizing field E � 300 V/mm, tw � 1 min, T0 � 60°C, t0 �1
min, Tf � 155°C, and r � 4°C/min.
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ization temperatures far below Tg, only the lower activation
energy modes had enough time to be activated in the polar-
ization time (tp) used in the experiment. As the polarization
temperature approaches Tg, the electric field is capable in the
same polarization time tp, constant for all experiments in this
work to activate barriers with increasing amplitude (TW
peaks show higher intensity and sharpness). When the polar-
ization temperature exceeds a given temperature in the vicin-
ity of Tg, a large portion of the modes are depolarized during
the no-field cooling (steps 3 and 4 in Scheme 3), and the
corresponding TW peaks will have a decreasing intensity. The
TW peak with the single largest maximum intensity in the
glass transition region, located at TM, is the peak where a
higher extent of polarization is allowed to be frozen-in. It
corresponds to a situation in which the electric field is allowed
to polarize nearly all the higher activation energy motional
modes associated with the glass transition relaxation. There-
fore, TM represents the lower limit (onset) of the transition
range between the nonequilibrium glass and the metastable
supercooled liquid and therefore defines the time-scale of the
system when nearly all activation barriers are activated, that
is, a time-scale of the system very near equilibrium (18).

Strictly, within each material and for each global peak,
the TW components obtained at higher polarization tempera-
tures correspond to motional processes with higher activation
enthalpies, whereas those obtained at lower polarization tem-
perature represent the processes with lower activation energy
(enthalpy) modes.

In Fig. 2 (TW for the drug alone), the numerous TW
peaks spread over a wide temperature range indicate a wide
distribution range of motional processes that extend to at
least 30°C below Tg for this glass. The drug substance exhibits
a high degree of heterogeneity, which means it has a continu-
ous distribution of relaxations with only small differences in
activation energy (kinetic parameters). This makes the sepa-
ration of the TW peaks into single individual dipolar modes of

motion difficult. In addition, the purpose of the thermal win-
dowing experiments conducted in this work was not to resolve
fully each peak into each corresponding single individual di-
polar motion mode, but to separate a broad distribution of
relaxations into its narrowly distributed components, frac-
tions, or segments and to calculate the corresponding tem-
perature dependent relaxation times, their distribution, and
the kinetic parameters associated with these relaxations. This
is done in order to probe and compare the heterogeneity vs.
the homogeneity of the amorphous drug substance, the poly-
mer, and the effect of combining both to form solid disper-
sions at different loads.

Incorporation of this amorphous drug into solid disper-
sion (20% load) results in very few modes of motion (Fig. 3),
indicating a homogeneous system with a narrow distribution
range of relaxation modes over a narrow temperature range
at and below Tg compared to the drug alone. Comparing the
TW peaks in Fig. 3 (20% solid dispersion) to those for the
drug alone in Fig. 2, one finds that the solid dispersion has
fewer peaks indicating fewer modes of motion and their lo-
cations change over a much narrower temperature range. In
comparison, the TW of the 40% solid dispersion shows that as
the drug load increases, the system becomes increasingly less
homogeneous, with a distribution that is somewhat wider
than that for the lower load but still narrower than for the
drug by itself (Fig. 4). This effect is even more pronounced for
the 50% solid dispersion (Fig. 5) more peaks with locations
spanning a wider temperature range.

The temperature-dependent relaxation time �(T) mea-
sured by TSDC is the time it takes the aligned dipoles to
disorient randomly as the temperature is increased. The align-
ment that is forced on the dipoles by the charging field is
counteracted by thermal motion that increases as a function
of increasing temperature. The temperature-dependent relax-
ation time, �(T) associated with single, or narrowly distrib-
uted components of a relaxation, can be calculated from each
single TW peak based on the Debye relaxation concept (17):

��T� =
P�T�

I�T�
(1)

P�T� =
1
r �T

Tf
I�T�dT (2)

where P(T) is the polarization at temperature T, r is the heat-
ing rate, and I(T) is the current generated by the decay in
polarization (due to disorientation of the aligned dipoles) di-
rectly measured by TSDC at temperature T (the ordinate-axis
of the output from a TW experiment). Tf is a temperature
well above the TSDC peak maximum temperature, where the
sample is already completely depolarized. More details about
the mathematical origin of Eqs. 1 and 2 are described by Van
Turnhout (17).

Plots of log � (tau) vs. 1/T for each TW peak can be
accumulated to produce a relaxation map for each material
containing all the kinetic information relative to the mode of
motion under consideration. Figure 6 represents the relax-
ation map [log10�(T) vs. 1/T lines] calculated from each of the
TW peaks for amorphous LAB687 in Fig. 2. Similarly, Figs. 7,
8, and 9 represent the relaxation maps calculated from each of
the TW peaks for PVPK-30 (Fig. 1), the 20% (Fig. 3), and
40% (Fig. 4) solid dispersions, respectively.

Fig. 5. Thermal windowing (TW) components of the relaxations ob-
served for the 50% solid dispersion of LAB687/PVPK-30. The po-
larization temperature varied from 144°C to 88°C with intervals
(width of the polarization window) �T� Tp − TP� � 4°C (i.e., po-
larization temperatures were TP � 144°C, 140°C, 136°C, 132°C,
128°C, etc., down to 88°C). The other experimental parameters were
the same for each TW run: polarization time tP � 2 min, intensity of
the polarizing field E � 300 V/mm, tw � 1 min, T0 � 60°C, t0 � 1
min, Tf � 155°C, and r � 4°C/min.
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Note that in Fig. 7 for PVPK-30, there is a discontinuity
or gap between the TW components in the relaxation map
between 143°C and 166°C (no TW peaks of significant inten-
sities were observed). This indicates the presence of two dis-
tinct dynamic regions with different kinetic parameters as is
presented below (a �-process vs. an �-process). This behavior
has been reported previously for maltitol, a small organic
glass former (19). No such behavior was observed for either
the drug substance or for the solid dispersions at the loads
tested (20% and 40%).

These relaxation maps are of value in the assessment of
solid dispersion systems in drug development as follows:

1. Values of temperature dependent relaxation times at
and below Tg can be obtained as discussed. Furthermore, a
distribution of relaxation times is obtained as opposed to an
average single value which allows more realistic correlations
with product stability, that is, the temperature at which the
majority (e.g., >90%) of the distribution has a relaxation time
greater than the anticipated storage time (shelf-life) can be
determined as opposed to making that decision based on an
average value below which mobility might still exist.

2. Provides experimentally the relaxation time tempera-
ture dependence. This gives a direct idea of how mobility will
be affected by fluctuations in temperature that might occur

during shipping and/or storage. For example, in this case the
drug by itself shows mostly nonlinear curves of log � vs. 1/T
(Fig. 6), indicating a fragile glass with a strong dependence on
temperature (VTF behavior characteristic of the metastable
supercooled liquid). Incorporation of this drug into solid dis-
persions of PVPK-30, especially at the lower drug load (i.e.,
20%), changes the dynamics of the system into a stronger
glass with a weaker dependence on temperature (Arrhenius-
like behavior characteristic of the glassy state) exhibited by
more linear curves of log � vs. 1/T (Figs. 8 and 9). It has been
reported that the curvature of the log � vs. 1/T lines tends to
increase with increasing fragility, especially for the TW peaks
near Tg. This is very probably a manifestation of the com-
plexity of the Gibbs energy surface (chemical potential sur-
face) of the �-relaxation in fragile glasses (19). In these sys-
tems, the surface presents a very complex topology, showing
a landscape with a variety of energy maxima and minima
mutually connected. Small variations of temperature below
and near Tg thus give rise to pronounced modifications of the
structural configuration of the glass, which is at the

Fig. 7. Relaxation map of PVPK-30 [log10 �(T) vs. 1/T plots for TW
peaks in Fig. 1].

Fig. 8. Relaxation map of the 20% solid dispersion of LAB687/
PVPK-30 [log10 �(T) vs. 1/T plots for TW peaks in Fig. 3].

Fig. 9. Relaxation map of the 40% solid dispersion of LAB687/
PVPK-30 [log10 �(T) vs. 1/T plots for TW peaks in Fig. 4].

Fig. 6. Relaxation map of amorphous LAB687 [log10 �(T) vs. 1/T
plots for TW peaks in Fig. 2].
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origin of the so-called fragile behavior. It is this fragility that
generates the pronounced departure from the Arrhenius be-
havior. In this case, the electric field is able, in a narrow
window TW experiment at those temperatures near Tg, to
polarize a wide diversity of modes of motion. It is especially
true for relaxations that show a sharp glass transition peak,
that the log10�(T) vs. 1/T lines of the TW peaks will show an
appreciable curvature. The slopes of these lines are propor-
tional to the activation enthalpies, discussed below.

3. Applied not only to the drug by itself but to amor-
phous drug-polymer solid dispersions, the impact on molecu-
lar mobility of formulation with a polymer can be experimen-
tally measured directly as a function of drug/polymer ratio.
This allows for realistic comparisons and appropriate choices
to be made between different formulations/different drug
loads with equally acceptable high average Tg but yet with
different width of the relaxation time distribution. For ex-
ample, compare the thermal windowing results for the 20%
S.D. in Fig. 3 (average Tg � 142°C) and for the 50% S.D. in
Fig. 5 (average Tg �114.5°C).

4. From the temperature dependence of relaxation times
(relaxation maps), kinetic parameters (thermodynamic acti-
vation parameters) such as the activation enthalpy (�Hact),
activation entropy (�Sact) and activation free energy (�Gact)
can be calculated for the various narrowly distributed mo-
tional modes. These provide information on the dynamics of
molecular mobility, that is, how � varies with temperature and
to what extent. More importantly, through thermal window-
ing, the kinetic parameters for the whole distribution can be
obtained and, therefore, the variation/dependence (or lack
thereof) of these kinetic parameters themselves with tem-
perature can be determined. Thus, changes in the dynamics
and or mechanism of relaxation as the temperature is varied
and the roles that each of the enthalpy and entropy of acti-
vation play in determining this variation can be delineated.
Moreover, the effect of polymer on these activation thermo-
dynamic parameters, assessed by comparing solid dispersions
at different drug loads, provides a mechanistic understanding
of the impact of formulating amorphous drugs as solid dis-
persions (solutions) on the drug’s molecular mobility and con-
sequently its physical stability.

Activation enthalpy (�Hact) can be calculated from the
slopes of the corresponding curves in the relaxation maps
according to Eq. 3, and results can be used for a numerical
comparison.

�Hact = R
dln��T�

dln1�T
(3)

where R is the gas constant.
Note that for the curved log10�(T) vs. 1/T lines, activation

enthalpy of the TW peak was obtained from the slope at Tm,
which is the temperature of the maximum current intensity
for each TW peak. This was done in order to have a numerical
estimation of the kinetic parameters for comparisons among
the drug substance, the polymer (PVPK-30) and their solid
dispersions. Activation enthalpy results obtained from these
analyses are summarized in Table I. It has been reported that
the curvature in the lines of log10�(T) vs. 1/T may be ascribed
to cooperative modes that have higher activation enthalpy
values. These are characteristic of the �-relaxations that are
encountered close to the glass transition region vs. the �-re-

laxations that have lower values of activation enthalpy and
are noncooperative (14). Inspection or the activation enthal-
pies (Table I) show that the drug alone, which exhibited cur-
vature in log10�(T) vs. 1/T lines and a VTF-like behavior (Fig.
6), has higher values of activation enthalpies compared to the
solid dispersions at both the 20% and 40% loads where more
linear curves of log � vs. 1/T and Arrhenius-like behavior
were observed (Figs. 8 and 9). The higher activation enthalpy
values obtained for the drug can be explained by the strong
intra- and intermolecular interactions between the moving
entity and the neighboring atoms and/or molecules in the case
of cooperative motions that characterize the glass transition
and hence the high enthalpy values. Based on these results,
the second peak that was observed in the TSDC global spec-
trum for the drug (92°C) in part I (16) was also assigned to be
a glass transition but for a more rigid part of the amorphous
solid.

As for the polymer PVPK-30, two distinct modes of mo-
tion were observed, one with higher activation enthalpies cor-
responding to �-relaxations similar to what was observed for
the drug alone and the other with lower activation enthalpies
such as those reported for other polymers (19) for localized
and low amplitude molecular motions (�-relaxations). These
correspond to local modes of motion originating from non-
cooperative motional processes that in general involve small
groups of atoms or consist of low amplitude molecular mo-
tions. An elementary, local, noncooperative motional process
is such that the interactions between the moving entity and
the neighboring atoms and/or molecules are weak, and there-
fore the values of activation enthalpies are low. Based on this,
the additional peak that was observed in the TSDC global
spectrum of PVPK-30 (at 132.3°C, part I) is considered a
�-relaxation.

The variation of �Hact with temperature (covering the
whole range in Table I) is demonstrated in Fig. 10 and com-
pared for the different materials. For each material, �Hact of
each TW peak [normalized by subtracting the corresponding
value of the activation enthalpy at Tg (TM)] is plotted vs. Tm,

the temperature of the maximum current of each TW peak
[normalized by subtracting the corresponding Tg (TM)]. The
scatter of the data is highest for the drug substance alone and
is lowest for the 20% dispersion (deviation from the line at
zero) indicating the effect of the polymer on decreasing the
width of the distribution of molecular motions and relaxation
times in the drug. Note that again for PVPK-30, there are two
distinct regions, with the one at lower values of Tm-Tg having
a value of �Hact that is significantly lower than that at Tg.

Table I. Comparison Between the Kinetic Parameters of Activation
for the Various Molecular Mobility Modes in the Drug (LAB687),
Polymer (PVPK-30), and Their Solid Dispersions (S.D.) at Two Dif-

ferent Drug Loads

Material
range

�Hact range
(Kcal/mol)

�Sact range
(Cal/°C � mol)

�Gact range
(Kcal/mol)

LAB687 52.6–159.7 79–260 20–24.5
20% S.D. 22.4–41.5 3–37 26–28.6
40% S.D. 27.4–69.2 27.3–93 25.8–27
PVPK-30

�-relaxation 15–30 0–31 18.5–27
�-relaxation 60–115 138–230 30–38
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The entropy of activation (�Sact) was calculated by ap-
plying the Eyring equation to each TW peak according to Eq. 4:

��T� =
h

RT
exp�−�Sact

R � exp��Hact

RT � (4)

where h is the Planck’s constant, and �Hact is the activation
enthalpy (slopes of the log10�(T) vs. 1/T curves in the relax-
ation maps).

Gibbs free energy of activation (�Gact) can then be ob-
tained from the calculated values of �Hact and �Sact for each
narrowly distributed group of relaxation modes (each TW
peak). The entropy and free energy of activation values ob-
tained for LAB687, PVPK-30, and their solid dispersions are
summarized in Table I.

As discussed above, local modes of motion in solids origi-
nate from non-cooperative motional processes that involve in
general small groups of atoms or consist of low amplitude
molecular motions. Not only are these motions characterized
by small activation enthalpies (weak interactions between
neighboring atoms and/or molecules) but they also occur
without disturbing the neighbors, so that the activation en-
tropy associated to such a motional process is very small.

The glass transition relaxation (�-relaxations) is a com-
plex relaxation that in addition to being associated with high
enthalpies (extensive intra- and intermolecular interactions)
have quite large activation entropies and is believed to in-
volve a spectrum of related cooperative motions. The glass
transition relaxation would thus reflect a spectrum of internal
motions having different activation energies and involving
molecular segments or clusters of varying sizes (different en-
tropies).

Similar to what was observed for �Hact, �Sact (Table I)
has higher values and wider distributions for the drug alone as
compared to its solid dispersions. Comparison between the
�Sact values for the 20% and the 40% dispersions shows that
the lower load dispersion has significantly lower values and
narrower distribution compared to the higher load.

These results clearly show the effect of formulating the
drug in a solid dispersion of a polymer on converting the
system from one with high cooperativity between molecular
motions (characterized by high enthalpy and entropy of acti-
vation) to one that is closer to an ideal system (lower enthal-
py), with less extent of freedom (low entropy). This result also
explains and is in agreement with the accurate predictions

obtained when using the Gordon-Taylor equation to calculate
the glass transition data (16), especially at the lower drug
loadings since the main assumption in this equation is ideal
miscibility.

As for �Gact (overall barrier for molecular mobility), it is
highest for the �-relaxation of the polymer followed by the
20% solid dispersion, indicating suppressed mobility, and it is
lowest for the drug substance alone.

CONCLUSIONS

Using TSDC the motional processes in amorphous solids
were directly detected and quantitatively characterized at and
below glass transition. This was applied not only to single
components of an amorphous pharmaceutical new chemical
entity and a polymer frequently used in the pharmaceutical
industry but also to their formulations as solid dispersions at
different drug loads. Determination of the distribution of
temperature dependent relaxation times using thermal win-
dowing vs. a single average value allowed for relevant kinetic
parameters to be obtained and used in mechanistically delin-
eating the effects on molecular mobility of temperature and
of incorporating the drug in a polymer.

This all leads to a better understanding and more realistic
assessment of the physical stability of an amorphous drug
within a formulation and allows for appropriate choices to be
made regarding drug loading, storage temperature and type
of polymer that would realistically correlate to the physical
stability during storage and would lead to retardation of mo-
lecular motion over meaningful time scales.

In addition, relaxation maps and kinetic parameters for
the drug substance and the polymer (each by themselves)
confirmed our earlier conclusions (16), where both peaks for
the drug substance corresponded to �-transitions (high acti-
vation energy and entropy), whereas the lower temperature
event for the polymer was a �-relaxation that has a signifi-
cantly lower activation energy and entropy, followed by an
�-relaxation at a higher temperature.
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