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ABSTRACT: Isothermal crystallization of amorphous nifedipine, phenobarbital, and flo-
propione was studied at temperatures above and below their glass transition tempera-
tures (Tg). A sharp decrease in the crystallization rate with decreasing temperature
was observed for phenobarbital and flopropione, such that no crystallization was ob-
served at temperatures 20–30°C lower than their Tg within ordinary experimental time
periods. In contrast, the crystallization rate of nifedipine decreased moderately with
decreasing temperature, and considerable crystallization was observed at 40°C below
its Tg within 4 months. The molecular mobility of these amorphous drugs was assessed
by enthalpy relaxation and 1H-NMR relaxation measurements. The enthalpy relax-
ation time of nifedipine was smaller than that of phenobarbital or flopropinone at the
same T − Tg values, suggesting higher molecular mobility of nifedipine. The spin–
lattice relaxation time in the rotating frame (T1r) decreased markedly at temperature
above Tg. The slope of the Arrhenius type plot of the T1r for nifedipine protons changed
at about 10°C below the Tg, whereas the slope for phenobarbital protons became dis-
continuous at about 10°C above the Tg. Even at temperatures below its Tg, the spin–
spin relaxation process of nifedipine could be described by the sum of its Gaussian
relaxation, which is characteristic of solid protons, and its Lorentzian relaxation, which
is characteristic of protons with higher mobility. In contrast, no Lorentzian relaxation
was observed for phenobarbital or flopropione at temperatures below their Tg. These
results also suggest that nifedipine has higher molecular mobility than phenobarbital
and flopropione at temperatures below Tg. The faster crystallization of nifedipine than
that of phenobarbital or flopropione observed at temperatures below its Tg may be
partly ascribed to its higher molecular mobility at these temperatures. © 2000 Wiley-Liss,
Inc. and the American Pharmaceutical Association J Pharm Sci 89: 408–416, 2000

INTRODUCTION

Amorphous forms of poorly soluble drugs have
been utilized to improve their dissolution rates
and bioavailabilities. However, loss of physical
stability, evidenced by crystallization, is an issue

of concern with amorphous drugs. Chemical and
physical instability of pharmaceuticals contain-
ing amorphous drugs and/or excipients is ascrib-
able, in large part, to their higher molecular mo-
bility compared with crystalline solids.1 Crystal-
lization of indomethacin and phenobarbital has
occurred even at temperatures below their glass
transition temperatures (Tg),2–4 indicating the
high molecular mobility of amorphous solids. To
gain information on the molecular mobility of
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amorphous pharmaceutical solids, various relax-
ation time measurements with different time
scales have been implemented. These include en-
thalpy relaxation time measurement by differen-
tial scanning calorimetry (DSC),5–9 shear viscos-
ity measurement,10 dielectric relaxation,11,12 and
nuclear magnetic relaxation.13–17 Correlation be-
tween the molecular mobility of amorphous phar-
maceuticals and their stability has been reported
for various systems. Protein aggregation in a ly-
ophilized formulation containing a monoclonal
antibody was found to be related to enthalpy re-
laxation time below its Tg,9 while the protein sta-
bility of a freeze-dried g-globulin formulation was
related to its nuclear magnetic resonance (NMR)
relaxation time.14–16 In previous studies, the mo-
lecular mobility of amorphous nifedipine, as mea-
sured by the 1H NMR spin–spin relaxation time of
nifedipine protons, was increased by sorbed wa-
ter, resulting in enhanced crystallization.18,19

This paper describes the crystallization rates of
amorphous nifedipine, Phenobarbital, and flopro-
pione at temperatures above and below Tg, and
the molecular mobility of these drugs as mea-
sured by their enthalpy relaxation and 1H nuclear
magnetic relaxation times. Differences in the
temperature dependence of crystallization among
these drugs are discussed in terms of differences
in molecular mobility as measured by enthalpy
relaxation time and 1H NMR relaxation time.

MATERIALS AND METHODS

Materials

Crystalline nifedipine and crystalline flopropione
were purchased from Sigma Chemical Co. (St.
Louis, Mo) and used as received. Crystalline phe-
nobarbital (Form II20)was prepared from pheno-
barbital sodium (Wako Pure Chemical Industries
Ltd., Osaka) according to the literature.21

Determination of the Crystallization Rates and
Enthalpy Relaxation Times of Amorphous
Nifedipine, Phenobarbital, and Flopropione

Amorphous nifedipine, phenobarbital, and flopro-
pione were prepared by melting and subsequent
rapid cooling in a model 2920 differential scan-
ning calorimeter (TA Instrument, New Castle,
DE). About 5 mg of each crystalline drug was
sealed in an aluminum sample pan with a pin
hole in the lid. The samples were heated to 193°C

(nifedipine and phenobarbital)or 198°C (flopropi-
one) at 40°C/min, maintained at this temperature
for 2 min, then cooled to −40°C at −40°C/min us-
ing liquid nitrogen and an aluminum cooling can.
The samples were then reheated to room tem-
perature at 20°C/min, transferred into vessels
containing P2O5 and stored in chambers main-
tained at constant temperatures (5–75°C). The
stored samples were withdrawn at appropriate
time intervals. The thermogram of each sample
was recorded over the range −40 to 200°C during
heating at 20°C/min to determine its heat of crys-
tallization and relaxation enthalpy. During the
preparation process of amorphous samples and
differential scanning calorimetry (DSC), the DSC
cell was purged by nitrogen (30 mL/min). Chemi-
cal degradation of these drugs was negligible dur-
ing preparation process of amorphous samples
and storage.

Determination of 1H NMR Relaxation Times

Approximately 0.6 g of each crystalline drug was
weighed into an NMR sample tube and stored at
180–190°C for 15 min. The sample was then
cooled by immersing it in liquid nitrogen. The
spin–lattice relaxation time (T1), spin–spin relax-
ation time (T2), and spin–lattice relaxation time
in the rotating frame (T1r) were measured using a
Model JNM-MU25 spectrometer (JEOL, Tokyo)
operated at a 1H resonance frequency of 25 MHz.
T1 was measured by the inversion–recovery
method. The spin–spin relaxation process was
analyzed from solid echo decay signals obtained
by using the solid echo pulse sequence.14–17 For
T1r measurement, a spin locking field of 1 mT was
applied to the samples.

RESULTS

Temperature Dependence of the Crystallization of
Amorphous Nifedipine, Phenobarbital,
and Flopropione

Typical differential scanning calorimetry (DSC)
thermograms for amorphous nifedipine, pheno-
barbital, and flopropione are shown in Figure 1.
All three drugs exhibited glass transition at about
40–60°C and produced an exothermic peak at
110–130°C, which could be attributed to crystal-
lization of the amorphous drugs. Another small
exothermic peak due to polymorphic transition
from the metastable to the stable crystalline form
was observed at around 140–160°C. An endother-
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mic peak caused by melting of the crystallized
drugs was also observed at around 170–180°C.
Figure 2 shows time profiles for the fraction of
amorphous nifedipine, phenobarbital, and flopro-
pione remaining after storage at various tempera-
tures. The fraction of amorphous drug remaining
(R) was estimated from the heat of crystallization
observed by DSC according to eq 1. The heat of
crystallization did not clearly depend on the scan-
ning rate (5–20°C/min), suggesting that the heat
of crystallization can be used as a measure of frac-
tion of amorphous drug.

R = DHc~t!/DHc~0! (1)

where DHc(0) and DHc(t) are the heat of crystal-
lization observed for the initial sample and
sample stored for time t, respectively. From the
time course of R, the time required for 10% of
amorphous drug to be crystallized, t90, was calcu-
lated and shown as a function of scaled tempera-
ture, T −Tg, in Figure 3. The plot for nifedipine
had a shallower slope than those for phenobarbi-
tal and flopropione. Crystallization of nifedipine
was observed at 5°C, which was about 40°C below
the Tg. In contrast, the crystallization of pheno-
barbital and flopropione at temperatures 20–30°C
below the Tg occurred too slowly to determine its
rate within ordinary experimental time periods.

Temperature Dependence of the Enthalpy
Relaxation Times of Amorphous Nifedipine,
Phenobarbital, and Flopropione

The molecular mobility of amorphous nifedipine,
phenobarbital, and flopropione at temperatures
below their Tg was studied in terms of enthalpy
relaxation times. Figure 4 shows the time profiles
for the relaxation enthalpy of amorphous nifed-
ipine, phenobarbital, and flopropione after stor-
age at temperatures giving similar T − Tg value.
The enthalpy relaxation time was estimated from
the time profile according to the Kohlraush–
Williams–Watts equation (eq 2):6,7

DH~t!/DH` = 1 − exp{−~t/t!b (2)

where DH(t) and DH are the relaxation enthalpy
recovered at time t and the maximum enthalpy
recovery, respectively, t is the mean relaxation
time, and b is a relaxation time distribution pa-
rameter with a value between 0 and 1. The maxi-
mum enthalpy recovery at temperature T was cal-
culated from the change in the heat capacity at Tg
(DCp) according to eq 3:6

DH` = ~Tg − T!DCp (3)

The Tg and DCp values used were summarized in
Table I. The b estimate varied with the experi-
mental temperature and among the drugs. In or-
der to compare the molecular mobility of the
drugs, the time required for the relaxation enthal-
py to reach half of the maximum enthalpy value,
t1/2, was calculated from the t and b estimates.7

Figure 5 shows t1/2 as a function of scaled tem-
perature, T − Tg. At the same T − Tg value, the t1/2
value of nifedipine was smaller than that of phe-
nobarbital and flopropione, suggesting that amor-
phous nifedipine has higher molecular mobility.

Temperature Dependence of the 1H NMR
Relaxation Times of Amorphous Nifedipine,
Phenobarbital, and Flopropione

1H NMR relaxation times were measured to gain
further information on the molecular mobility of
amorphous nifedipine, phenobarbital, and flopro-
pione. Spin–lattice relaxation times (T1), T1r,
and spin–spin relaxation processes were mea-
sured at temperatures above and below Tg. Fig-
ure 6A,B shows the Arrhenius type plots of T1 and

Figure 1. Typical DSC thermogram traces for amor-
phous nifedipine (A), phenobarbital (B), and flopropi-
one (C).
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T1r, respectively. Although the change in T1 with
temperature was small, the slope seemed to
change at around the Tg for the T1 of nifedipine
and phenobarbital (Figure 6A). On the other
hand, a marked decrease was observed at tem-
peratures above Tg for the T1r (Figure 6B). The
effect of glass transition on T1r was much larger
than that on T1. Figure 7 shows spin–spin relax-
ation processes observed for the amorphous drugs
at temperatures below and above Tg. For pheno-
barbital and flopropione, the relaxation process
at a particular temperature below Tg was de-

scribed by single Gaussian equation, which is
characteristic of solid protons (Figure 7A-1,B-1).
The relaxation process described by the Lorentz-
ian equation for protons with a higher molecular
motion was observed only at temperatures above
Tg (Figure 7A-2,B-2). These findings indicate that
the molecular motion of these drugs is slow at
temperatures below Tg. In contrast, the relax-
ation process for amorphous nifedipine could be
described by summing the Gaussian and Lorentz-
ian equations, even at temperatures below Tg
(Figure 7C).

Figure 2. Time profiles for the fraction of amorphous nifedipine (A), phenobarbital
(B), and flopropione (C) remaining after storage at various temperatures.
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DISCUSSION

Enthalpy relaxation is associated with molecular
motion. Therefore, an amorphous drug can be

considered to be stable during a period shorter
than the enthalpy relaxation time, when the mo-
lecular processes responsible for destabilization
of the drug are coupled with those needed for en-
thalpy relaxation.1,6,10 The relaxation times of
amorphous indomethacin, sucrose, trehalose, and
sorbitol were in the region of 3–5 years at tem-
perature about 50°C below their Tg.8 Amorphous
drugs are considered to have molecular mobility
even at the temperatures below their Tg. The mo-
lecular mobility of nifedipine, phenobarbital, and
flopropione was estimated from the temperature
dependence of the enthalpy relaxation time pa-
rameter, t1/2. At the temperatures giving same T −
Tg values, t1/2 of nifedipine was smaller than that
of phenobarbital and flopropione, suggesting the

Figure 4. Time profiles of enthalpy recovered for
amorphous nifedipine (n), phenobarbital (s), and
flopropione (×) after storage at temperatures giving
similar T − Tg values. The solid lines were generated by
fitting the data to the Kohlraush–Williams–Watts
equation. Temperature: nifedipine, 30°C(T − Tg 4
−18.6°C); phenobarbital, 25°C (T − Tg 4 −20.4°C); flo-
propione, 45°C (T − Tg 4 −17.1°C).

Figure 5. Enthalpy relaxation time parameter, t1/2,
for amorphous nifedipine (n), phenobarbital (s), and
flopropione (×) as a function of scaled temperature,
T − Tg.

Figure 3. Time required for 10% of amorphous nifed-
ipine (n), phenobarbital (s) and flopropione (×) to be
crystallized, t90, as a function of scaled temperature,
T − Tg.

Table I. Glass Transition Temperature (Tg) and
Change in the Heat Capacity (DCp) at Tg of
Amorphous Nifedipine, Phenobarbital,
and Flopropionea

Tg (°C) SD
DCp (Tg)

(J/gK) SD

Nifedipine 48.6 0.5 0.27 0.01
Phenobarbital 45.4 0.7 0.46 0.01
Flopropione 62.1 0.7 0.70 0.04

a Average and standard deviation of three determinations
are reported. The Tg value reported is the inflection point of
base line deflection in the thermogram.
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higher molecular mobility of nifedipine (Figure 5).
The molecular mobility of these amorphous drugs
estimated from 1H NMR relaxation measurement
also supports this suggestion.

The 1H NMR relaxation time T1 and T1r are
determined by both the correlation time (tc) and
the intensity of dipole–dipole interactions (eqs 4
and 5):22

1/T1 =
2g4h2I~I + 1!

5~2p!2r6 F tc

~1 + v0
2tc

2!
+

4tc

~1 + 4v0
2tc

2!
G

(4)

1/T1r =
3g4h2I~I + 1!

20~2p!2r6 F 3tc

~1 + v1
2tc

2!
+

5tc

~1 + v0
2tc

2!

+
2tc

~1 + 4v0
2tc

2!
G (5)

where g, h, I, and r are the gyromagnetic ratio of
the proton, Planck’s constant, the spin quantum
number of the proton, and the distance between
neighboring spins, respectively. v0 and v1 repre-
sent the resonance frequency and the frequency of
precession generated by the spin locking field. For
solid protons, the spin–spin relaxation time (T2)
is written as follows:

~1/T2!2 =
9g4h2

32~2p!2
S,|fk0|2. (6)

fk0 = ~3 cos2uk − 1!rk
3 (7)

where rk is the radius vector from the typical
nucleus to nuclear neighbor k and uk is the angle
between rk and the laboratory magnetic field di-
rection. When molecular motion occurs, uk and rk
become time dependent and a time-averaged fk0
must be used. These motions become apparent
when correlation time for the molecular motions
becomes comparable with T2. In this region, T2
will be temperature dependent. In other words,
when T2 becomes temperature dependent, the
molecular motion with correlation frequency of
104.5 Hz becomes apparent.23

Since the intensity of dipole–dipole interac-
tions varies between compounds, it is difficult to
compare the molecular mobility among the drugs
directly based on their relaxation times. How-
ever, the temperature dependence of the re-
laxation time reflects the change in tc with tem-

Figure 6. 1H spin–lattice relaxation times (A) and 1H
spin–lattice relaxation time in the rotating frame (B)
for amorphous nifedipine (n), phenobarbital (s), and
flopropione (×) as a function of temperature. The ar-
rows in the figures represent Tg. (C) 1H spin–lattice
relaxation time in the rotating frame as a function of
scaled temperature, Tg/T.
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perature within a narrow temperature range,22

because the intensity of dipole–dipole interaction
can be considered to be constant. Equations 4 and
5 imply that T1 and T1r would reach their mini-
mum values at tc ∼ 0.62/v0 and tc ∼ 0.5/v1, respec-
tively, and that the molecular motions involved in
the spin–lattice relaxation process would take
place effectively at a tc of approximately 0.62/v0
(ns–ms time scale) for T1 and approximately 0.5/
v1 (ms–ms time scale) for T1r. For solid samples,
T2 is much smaller than T1 and T1r, and the
spin energy of protons with a longer T1 or T1r

can be transferred to protons with a shorter T1
or T1r, causing them effectively to relax. There-
fore, the T1 and T1r values observed should reflect
the molecular motion of the functional group,
which shows the most effective spin–lattice relax-
ation process. In other words, the 1H NMR T1 of
solid samples is associated with rapid motions (tc
∼ 0.62/v0), such as the rotation of a methyl group,
while T1r reflects slower motions (tc ∼ 0.5/v1).23,24

T1r decreased markedly at temperatures above Tg
(as shown in Figure 6), whereas the temperature
dependence of T1 is small. This difference may be

Figure 7. Typical spin–spin relaxation decays for amorphous phenobarbital (A-1, T −
Tg 4 −20.4°C; A-2, T − Tg 4 19.6°C), flopropione (B-1, T − Tg 4 −37.1°C; B-2, T − Tg

4 12.9°C) and nifedipine (C, T − Tg 4 −23.6°C). The dotted, dashed, and solid lines
represent the Gaussian relaxation process, the Lorentzian relaxation process, and the
sum of both processes, respectively.
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ascribed to a difference in the temperature depen-
dence of the molecular motion that affects T1 and
T1r. Rapid molecular motions such as the rotation
of a methyl group may not change much upon
glass transition.
Difference in molecular mobility among these
drugs was reflected in the different temperature
dependence of T1r and spin–spin relaxation pro-
cess. For phenobarbital, T1r started to decrease
markedly at a temperature 5–10°C higher than
its Tg, whereas the T1r of nifedipine began to de-
crease at a temperature 5–10°C lower than its Tg

(Figure 6 C). This suggests that the molecular
motions that affect the T1r begin to take place at
a lower temperature in nifedipine than in pheno-
barbital. Crystallization of nifedipine was ob-
served at a temperature 40°C below its Tg,
whereas phenobarbital and flopropione did not
crystallize at temperatures 20–30°C lower than
their Tg within ordinary experimental time peri-
ods (Fig. 3). These differences in the temperature
dependence of crystallization may be predicted
from the temperature dependence of T1r (Figure
6C). For phenobarbital, T1r started to decrease
markedly at a temperature 5–10°C higher than
its Tg, whereas the T1r of nifedipine began to de-
crease at a temperature 5–10°C lower than its Tg

(Figure 6C). This suggests that the molecular mo-
tions that affect the T1r begin to take place at a
lower temperature in nifedipine than in pheno-
barbital. This speculation may be supported by
the presence of a Lorentzian relaxation process,
which could be observed in the solid echo decay
signals for nifedipine even at temperatures below
Tg (Figure 7C). The NMR results, therefore, sug-
gest that amorphous nifedipine has higher mo-
lecular mobility than phenobarbital and flopropi-
one at temperatures below Tg as suggested by
enthalpy relaxation measurements, and the
higher molecular mobility of nifedipine may re-
sult in its rapid crystallization of at temperatures
below its Tg.
In conclusion, crystallization of amorphous nifed-
ipine, phenobarbital, and flopropione were deter-
mined under isothermal conditions. The crystal-
lization of nifedipine occurred much faster than
that of phenobarbital and flopropione at tempera-
tures below Tg. This may be in part attributed to
the higher molecular mobility of nifedipine at
temperatures below its Tg, as indicated by enthal-
py relaxation and 1H nuclear magnetic relaxation
measurements.
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