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Thermodynamic and kinetic characterization of polymorphic
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Abstract

Two polymorphs of famotidine were prepared by recrystallization from acetonitrile for form A and methanol for form B, respectively. The effect
of grinding process on the polymorphic transformation of famotidine was investigated. Each famotidine sample ground for various grinding times
in a ceramic mortar was determined by differential scanning calorimetry (DSC), conventional and thermal Fourier transform infrared (FT-IR)
microspectroscopy. The results indicate that the raw material of famotidine was proved to be a form B. A unique IR absorption band at 3505 cm−1
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or famotidine form B gradually decreased its intensity with the grinding time, while two newer IR absorption bands at 3451 and 1671 cm−1

or famotidine form A slowly appeared. The peak intensity ratio of 3451/3505 cm−1 was linearly (r = 0.9901) increased with the grinding time,
uggesting that the grinding process could induce the polymorphic transformation of famotidine from form B to form A by a zero-order process.
he DSC endothermic peaks also confirmed this polymorphic transformation from famotidine form B (167 ◦C, �H: 165 J/g) to famotidine form A

174 ◦C, �H: 148 J/g) in which the values of enthalpy were linearly reduced with the increase of grinding time (r = 0.9943). The phase transition
emperature of the different ground famotidine samples could be easily and only evidenced by using thermal FT-IR microspectroscopy, rather than
y DSC analysis. These phase transition temperatures of the famotidine form B ground for 5–20 min quickly reduced from 144 to 134 ◦C and
aintained a constant at 134 ◦C even after 20–30 min grinding. The grinding process not only decreased the crystallinity of famotidine form B but

lso reduced the particle size of famotidine form B, resulting in easy induction of the polymorphic transformation of famotidine from form B to
orm A in ground famotidine sample.

2006 Elsevier B.V. All rights reserved.
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. Introduction

More than half of the pharmaceutical drug compounds exhibit
solid-state polymorphism. Pharmaceutical solid polymor-

hism is defined as the ability of a drug compound to crys-
allize into more than one different crystalline forms, which the

olecules have different packing arrangements and/or confor-
ations within the crystal lattice (Byrn et al., 1995; Bugay, 2001;
hawla and Bansal, 2004). Different crystalline polymorphs
an significantly influence the physicochemical properties, for-
ulation development and manufacturing production of drug,

esulting in the problems of compactibility, dissolution, bioavail-
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ability, bioactivity and shelf-life of drug substance (Newman and
Byrn, 2003; Yu et al., 2003).

In common, the most stable polymorph is preferred in a
marketed formulation to prevent the polymorphic transforma-
tion during processing or storage. This phase transformation
has caused the bioavailability problem of drug. In 1998, Abbott
Laboratories had temporarily withdrawn their HIV protease
inhibitor drug (Norvir) from the market until they corrected
its polymorphism, because of the phase transformation of an
unwanted polymorph of the drug produced during storage
(Morissette et al., 2003; Raw et al., 2004). Thus, FDA has
recently paid more attention to regulate the effect of polymor-
phism on the bioequivalence between generic drug product
and the innovator brand in the application of ANDA (Yu et al.,
2003; Raw et al., 2004). A stringent regulatory requirement
has been imposed on the identification and specification of
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polymorphs for particular drug materials as part of the quality
assurance process.

Famotidine is a representative third generation of a his-
tamine H2-receptor antagonist, which is commonly used to
treat stomach and duodenal ulcers, reflux of stomach acid into
the esophagus, and Zollinger–Ellison syndrome (Langtry et al.,
1989). Famotidine has two polymorphic forms (A and B) that
differed by the arrangement of intra/intermolecular hydrogen
bonds, but another form C had also been found (Hegedus et
al., 1989; Hassan et al., 1997; Ferenczy et al., 2000; Roux et
al., 2002). FDA has convinced that famotidine was one of the
generic drug products having different physical forms (Yu et al.,
2003; Chawla and Bansal, 2004). Although the characteristics
and crystal structure of two polymorphs of famotidine have been
considerably investigated (Hegedus et al., 1989; Hassan et al.,
1997; Ferenczy et al., 2000), the influence of pharmaceutical
manufacturing process on the polymorphic transformation of
famotidine was scanty reported.

It is well known that the grinding or milling is one of the
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(2) Form B: The same preparation method of form A, but ace-
tonitrile was replaced by methanol. Here, the raw material
of famotidine was proved to be a form B.

2.3. Preparation of ground samples

A certain amount of famotidine (form B) was respectively
ground for different times (ranging from 5 to 30 min) in a ceramic
mortar. No decomposition was detected by TLC in the course
of grinding process.

2.4. Differential scanning calorimetric study

Each famotidine sample was directly examined using differ-
ential scanning calorimetry (DSC; DSC-910, TA Instruments
Inc., New Castle, DE, USA) at a heating rate of 1, 3 or 10 ◦C/min
with an open pan system in a stream of N2 gas from 30 to 200 ◦C.

2.5. Conventional and thermal FT-IR microspectroscopic
study

A trace powder of each famotidine sample was respectively
smeared on one piece of KBr pellet and then directly compressed
with an IR spectrophotometric hydraulic press (Riken Seiki Co.,
Tokyo, Japan) under 200 kg/cm2 for 15 s, and quickly removed
the pressure. The compressed KBr disc was respectively deter-
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anufacturing processes in pharmaceutical industry. Grinding
rocess can modify the physical and chemical properties of
rugs, such as introduction of a significant lattice strain within
he crystalline drug, alteration of crystallinity of drug, reduction
f particle size, and induction of polymorphic transformation of
rug polymorphs (Yonemochi et al., 1999; Taddei et al., 2002;
asenack and Muller, 2004). The purpose of this study was

o investigate the thermodynamic and kinetic behavior of the
olymorphic solid-state transformation processes of famotidine
uring grinding.

. Materials and methods

.1. Materials

Famotidine was kindly obtained from China Chem. Synthesis
nd. Co. Ltd. (Shu-Lin, Taipei, Taiwan, ROC). The organic sol-
ents were of analytical reagent grade (Nacalai Tesque, Kyoto,
apan). The KBr crystals for the pellets were obtained from Jasco
arts Center (Jasco Co., Tokyo, Japan).

.2. Preparation of two crystalline forms of famotidine

According to the report of Hassan et al. (1997), forms A and
of famotidine were recrystallized as follows:

1) Form A: The powder of famotidine was suspended and dis-
solved in boiling acetonitrile, then filtrated while hot. The
filtrate was stored in a refrigerator for crystallization. The
crystals collected were dried under vacuum and stored in a
silica gel desiccator.
ined by Fourier transform infrared (FT-IR) microspectroscopy
Micro FT-IR 200, Jasco Co., Tokyo, Japan) with a mercury cad-
ium telluride (MCT) detector by transmission technique.
Another compressed KBr disc was placed onto a micro-

ot stage (DSC microscopy cell, FP 84, Mettler, Greifensee,
witzerland). The DSC microscopy cell was placed in an FT-IR
icroscopic spectrometer (Micro FT-IR 200, Jasco Co., Tokyo,

apan). The system was operated in transmission mode. The
emperature of the DSC microscopy cell was monitored with a
entral processor (FP 80HT, Mettler, Switzerland). The heat-
ng rate of the DSC assembly was maintained at 3 ◦C/min
nder ambient conditions. Each sample disc was equilibrated
o the starting temperature (30 ◦C) and then heated from 30 to
60 ◦C. The thermal-responsive IR spectra were simultaneously
ecorded during heating (Lin and Chien, 2003).

.6. Data analysis

All experiments were conducted at least in triplicate (n = 3)
nd results were expressed as mean ± standard deviation. Spec-
ral manager software (Jasco Co., Tokyo, Japan) was used for
ata acquisition and handling. The representative spectrum or
urve was the average of three determinations.

. Results and discussion

.1. FT-IR spectra and DSC thermograms of two
amotidine polymorphs

It has been reported that the polymorphic forms A and B
f famotidine exhibit a monotropic behavior, in which form A
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Fig. 1. The representative FT-IR spectra and DSC thermograms of polymorphic forms A and B of famotidine.

was more stable than form B (Ferenczy et al., 2000). Fig. 1
shows the representative FT-IR spectra and DSC thermograms
of polymorphic forms A and B of famotidine. It is evident that
several characteristic absorption bands and their assignments at
3451, 3408, 1671, 1645, 1548, 1451, 1330 and 1293 cm−1 were
observed in the IR spectrum of form A, while at 3505, 3400,
3378, 1637, 1601, 1532, 1427, 1321 and 1287 cm−1 appeared
in the IR spectrum of form B, respectively. On the other hand,
two endothermic peaks at 174 ◦C with enthalpy of 148 J/g for
form A and at 167 ◦C with enthalpy of 165 J/g for form B were
respectively found in their DSC thermograms. Both data of this
study were consistent with the reports of other studies (Hegedus
et al., 1989; Hassan et al., 1997). The raw material of famotidine
used in this study was proved to be a form B. In particular, the
IR absorption bands at 3451 and 3505 cm−1 may be used as a

fingerprint-marker to differentiate the polymorphs A and B of
famotidine.

3.2. Grinding effect on the polymorphic transformation of
famotidine polymorph

In preparing pharmaceutical solid dosage forms, grinding
process is generally used for reducing the particle size of a
solid drug to increase its dissolution rate, particularly for water-
insoluble drug. Many papers have reported about the effect of
grinding on the physical and chemical properties of drugs with or
without additives (Mura et al., 2002; Mirmehrabi et al., 2004).
In the present study, the famotidine form B was ground with
time. The changes in FT-IR spectra and DSC thermograms of
famotidine form B samples after grinding were determined. The

F of fam
f in (e),
ig. 2. Grinding time-dependent changes in the representative FT-IR spectra
amotidine form B after grinding for 5 min (b), 10 min (c), 20 min (d) and 30 m
otidine form B samples. Key: intact famotidine form B before grinding (a),
intact famotidine form A before grinding (f).
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effect of grinding time on the representative FT-IR spectra of
famotidine form B is displayed in Fig. 2. Obviously, a unique
IR absorption band at 3505 cm−1 for famotidine form B grad-
ually decreased its intensity with the grinding time, while two
new IR absorption bands at 3451 and 1671 cm−1 for famoti-
dine form A slowly appeared. Several absorption bands at 3400,
1637, 1601, 1532, 1427, 1321, and 1287 cm−1 were shifted to
3408, 1645, 1604, 1548, 1451, 1330 and 1293 cm−1 with differ-
ent grinding times, respectively. The relationship between the
peak intensity ratio of 3451/3505 cm−1 and grinding time is
shown in Fig. 3. It is readily observed that the plot is linear
(correlation coefficient, r = 0.9901) over the grinding time, as
determined by using the least-squares method, suggesting that
the grinding process correspondingly induces the polymorphic
transformation of famotidine from form B to form A. This linear
plot implies that the mechanism of polymorphic transformation
from form B to form A for famotidine seems to be a zero-order
kinetic model during grinding process.

The DSC thermograms of two polymorphs A and B recrys-
tallized, as well as the different famotidine ground samples
determined by three heating rates are indicated in Fig. 4. Clearly,
each single endothermic peak for famotidine form B was respec-
tively observed near 160, 164 or 167 ◦C for heating rate of 1, 3 or
10 ◦C/min (Fig. 4a). The value of 167oC was almost consistent
with the 166.4 ◦C in DSC curve found for famotidine form B
recrystallized from boiling methanol by using a heating rate of
1
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Fig. 4. The effect of heating rate on the DSC thermograms of two polymorphs
A and B recrystallized, as well as the different famotidine ground samples. Key:
intact famotidine form B before grinding (a), famotidine form B after grinding
for 5 min (b), 10 min (c), 20 min (d) and 30 min (e), intact famotidine form A
before grinding (f). Heating rate: thin solid line, 1 ◦C/min; dotted line, 3 ◦C/min;
thick solid line, 10 ◦C/min.

Hassan et al., 1997). This strongly demonstrates that the poly-
morphic transformation of famotidine was performed from form
B to form A during grinding process. It is interesting to note that
two endothermic shoulders at 158 and 162 ◦C were observed
in the DSC curve of famotidine form B with heating rate of 1
or 3 ◦C/min after only grinding for 5 min. Both shoulders were
transferred to 162 and 167 ◦C, which was near to the DSC curve
of famotidine form A. These two shoulders might be proposed as
a polymorphic phase transition temperature from form B to form
A under the heating rate of 1 or 3 ◦C/min for the 5 min-ground
mixture.

F
g

0 ◦C/min (Hassan et al., 1997). This suggests that our sample
sed was an intact form B of famotidine. The slower the heat-
ng rate used the lower the endothermic temperature obtained.
nce the famotidine form B was ground beyond 5 min, each

bove endothermic peak was increased from 160 to 162, 164
o 167 or 167 to 173 ◦C, respectively (Fig. 4b). Even grinding
or 30 min, each corresponding endothermic peak was almost
aintained within 162–163, 167–168 or 172–173 ◦C (Fig. 4e)
hich was near to the DSC curve for famotidine form A used

n this study (Fig. 4f) and other reports (Hegedus et al., 1989;

ig. 3. The relationship between the peak intensity ratio of 3451/3505 cm−1 and
rinding time.
ig. 5. The grinding time-dependent changes in DSC enthalpy of fusion for the
round famotidine mixture determined with 10 ◦C/min.
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Fig. 6. Three-dimensional plots for the representative FT-IR spectra of famotidine form B (A) and its 30 min-ground sample (B) as a function of temperature.

Fig. 5 shows the grinding time-dependent changes in DSC
enthalpy of fusion for the famotidine ground mixture determined
with 10 ◦C/min. Obviously, the values of enthalpy of fusion
for different ground mixtures of famotidine form B were lin-
early reduced with the increase of grinding time (r = 0.9943).
The decreasing trend of the enthalpy might be explained by the
gradual formation of famotidine form A with grinding time,
in which the enthalpy of intact form A was about 148 J/g
near to other studies (Roux et al., 2002). Moreover, the alter-
ation of crystallinity and reduction of particle size for famoti-
dine form B accompanying with the increase of grinding time
might also cause the decrease of the heat of fusion (Yonemochi
et al., 1999; Taddei et al., 2002; Rasenack and Muller,
2004).

3.3. Phase transition temperature of the different ground
famotidine samples determined by thermal FT-IR
microspectroscopy

Fig. 6 reveals the three-dimensional plots for the representa-
tive FT-IR spectra of famotidine form B and its 30 min-ground
sample as a function of temperature. There was lack significant
change in the three-dimensional plot of FT-IR spectra for the
intact famotidine form B, indicating the absence of polymorphic
transformation for form B without further treatment. However, it
clearly evidences that the IR peak intensity at 3505 cm−1 for the
30 min-famotidine form B ground sample was markedly reduced
from 134 ◦C with temperature. As indicated in Fig. 2, the 30 min-
ground sample was consisted of a mixture of forms A and B

F A-1)
o B: 5
ig. 7. The grinding time-dependent changes in the peak intensity of 3505 cm−1 (
f famotidine form B to form A (B). Key: the grinding time for famotidine form
and its corresponding first derivative line (A-2), and phase transition temperature
min (a), 10 min (b), 20 min (c), and 30 min (d).
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of famotidine. The 160 ◦C-heated sample after cooling to room
temperature exhibited the same FT-IR spectra as that of the form
A of famotidine. Thus the disappearance of 3505 cm−1 peak
assigned to the characteristic peak of form B might be due to
the polymorphic transformation from form B to form A during
grinding, 134 ◦C was assigned to the phase transition tempera-
ture. A novel and powerful Fourier transform infrared (FT-IR)
microspectroscope equipped with a thermal analyzer has been
extensively used to simultaneously determine the correlation
between the thermal response and the structural change of poly-
mers and polymorphism of drugs (Spragg, 2000; Wang et al.,
2002). The phase transition temperature of the different ground
famotidine samples in this study could be easily and only evi-
denced by using thermal FT-IR microspectroscopy, rather than
by DSC analysis. The FT-IR spectroscopy fast providing quite
informative spectra of structural changes of sample than DSC
thermograms might be responsible for this result.

The phase transition temperature of each ground sample was
obtained from the time-dependent changes in the peak intensity
of 3505 cm−1 (Fig. 7A-1) and its corresponding first derivative
line (Fig. 7A-2). The effect of grinding time on the phase tran-
sition temperature of famotidine form B to form A is shown in
Fig. 7B. The result clearly demonstrates that the phase transition
temperature of the famotidine form B ground for 5–20 min was
quickly reduced from 144 to 134 ◦C, but the temperature was
maintained constant at 134 ◦C even grinding for 20–30 min. The
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ecrease of crystallinity and/or the reduction of the particle size
f famotidine form B during grinding might be responsible for
he marked reduction of the phase transition temperature of the
round famotidine sample. The results shown in Fig. 2 seem to
onfirm this reason.

. Conclusions

The result of this study demonstrates the polymorphic trans-
ormation of famotidine from form B to form A might be
ccurred during grinding process. The mechanism of this poly-
orphic transformation of famotidine seems to be a zero-order

inetic model via grinding. The grinding process not only
ecreased the crystallinity but also reduced the particle size of
amotidine form B, resulting in easy induction of the polymor-
hic transformation of famotidine from form B to form A in the
round famotidine sample.
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