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bstract

The transformation kinetics of mefenamic acid form II to form I in three kinds of solvents and under high humidity conditions were extensively
nvestigated. Form II crystals were suspended in water, 50% ethanol and ethanol at 28, 33 and 37 ◦C, or stored at 50, 60 and 70 ◦C at 97% RH. Form
I transformed to form I under all storage conditions and the rate of transformation depended on the kind of solvent. The transformation followed the

hree-dimensional nuclei growth mechanism, depending on temperature. The nuclei formation and growth processes were significantly accelerated
n ethanol compared with water. The addition of seed crystals of the stable form I shortened the both nuclei formation and growth processes and
herefore the transformation was accelerated.

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

Polymorphs are solid crystalline phases of a drug compound,
esulting from at least two different molecular arrangements of
he compound in the solid state. The various physical prop-
rties of drugs showing polymorphism, for example, crystal
abit, intermolecular interaction, particle density, thermody-
amic activity, solubility, dissolution rate and chemical and
hysical stability, have been reported (Matsuda and Tatsumi,
990; Otsuka and Matsuda, 1995; Singh et al., 1998; Ashizawa,
001; Kushida and Ahizawa, 2002). The differences of physical
roperties may affect the reproducibility of the manufactur-
ng process of dosage forms and their performance. In addi-
ion, the solubility can affect the drug absorption and therefore
ts bioavailability (Aguiar and Zelmer, 1969; Kokubo et al.,
987). The pharmaceutical applications of polymorphs have also
een reviewed (FDA guidelines; Haleblian, 1975; Byrn et al.,

995).

Since polymorphs have different lattice energies, the more
nergetic ones seek to revert to the most stable or the latest
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nergetic form. Hence, polymorphs can transform to other crys-
al forms during manufacturing processes, including grinding,
neading and tabletting (Summer et al., 1976,1977; Otsuka et
l., 1997, 1999a,b, 2000; Zhang et al., 2002; Airaksinen et al.,
003). It is also widely known that the storage conditions, such as
emperature, humidity or pharmaceutical excipients, affect the
tability of metastable crystal forms (Matsuda and Kawaguchi,
986; Matsuda and Tatsumi, 1990; Otsuka et al., 1993; Zhang et
l., 2002; Tang et al., 2002). It is therefore important to charac-
erize the polymorph and clarify the physicochemical properties
f bulk drugs during the manufacturing processes and storage
eriod.

Mefenamic acid is a non-steroidal anti-inflammatory drug
nd widely used as an antipyretic analgesic and antirheumatic
rug. It has been reported that mefenamic acid has two poly-
orphs, forms I and II, and that they showed different solubility

nd stability. Form II exhibited higher solubility than form I
n several solvents (Aguiar and Zelmer, 1969; Romero et al.,
999). The dissolution profile of form II showed supersatu-
ation accompanying the decrease down to the solubility of

orm I due to the transformation to form I. Conversely, form I
ransformed to form II at high temperature (142.5–150 ◦C) and
his transformation followed the zero-order reaction mechanism
Polany-Winger equation) (Umeda et al., 1985).

mailto:f-katoh@kobepharma-u.ac.jp
dx.doi.org/10.1016/j.ijpharm.2006.04.020
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based on the statistical parameter, the correlation coefficient
r, to most closely represent the kinetics of the transformation
process.

Table 1
Kinetic equations for the most common mechanism of solid-state reactions

Symbol g(x) Mechanism

R1 x Zero-order mechanism
(Polany-Winger equation)

R2 2[1 − (1 − x)]1/2 Two-dimensional phase-boundary
mechanism

R3 3[1 − (1 − x)]1/3 Three-dimensional phase-boundary
mechanism

F1 −ln(1 − x) First-order mechanism
A2 [−ln(1 − x)]1/2 Two-dimensional growth of nuclei

mechanism (Avrami equation)
A3 [−ln(1 − x)]1/3 Three-dimensional growth of nuclei

mechanism (Avrami equation)
D1 x2 One-dimensional diffusion

mechanism
D2 (1 − x)ln(1 − x) + x Two-dimensional diffusion

mechanism
D3 [1 − (1 − x)1/3]2 Three-dimensional diffusion
F. Kato et al. / International Journ

The purpose of this study was to more precisely investigate
he stability of forms I and II at high humidity and in water and
thanolic suspensions, assuming the effect of the addition of
neading solvents in the granulation process. The kinetic trans-
ormation of form II to form I using several solid-state reaction
odels was also discussed.

. Materials and methods

A bulk powder of mefenamic acid of JP grade was obtained
rom Yamamoto Chemical Co., Japan. Form I crystals were pre-
ared by saturating 50 mL of acetone with an excess amount of
he drug. The undissolved drug was filtered off and the saturated
cetone solution was cooled slowly in an ice bath. This solution
as left overnight, and the recrystallized crystals were filtered,
ashed with water and dried at room temperature. Form II crys-

als were prepared from an N,N-dimethylformamide solution of
he drug (0.6 g/mL). After the crystals were dissolved in this sol-
ent, the hot solution was cooled to −40 ◦C. The solution was
aintained at this temperature until most of the mefenamic acid
as crystallized and then the crystals were filtered and dried at
0 ◦C. All other chemicals used were of analytical grade.

.1. Powder X-ray diffraction analysis

Powder X-ray diffraction (XRD) profiles were taken with an
-ray diffractometer (RINT 2100 Ultima, Rigaku Co., Japan).
he measurement conditions were as follows: target, Cu; filter,
i; voltage, 20 kV; current, 20 mA; receiving slit, 0.3 mm; scan

ange, 10◦–30◦ (2θ); step size, 0.02◦; scanning speed, 1◦/min.
bout 50 mg of the sample powder was carefully loaded into a
lass holder, and the sample surface was flattened softly to avoid
article orientation using a spatula and glass plate and then the
ample weight was accurately measured. The calibration curve
or quantification of the content of form II was established based
n the total intensity of the highest four independent diffraction
eaks, which were normalized against the sample weight.

.2. Thermal analysis

Differential scanning calorimetry (DSC) was performed with
Type 3100 instrument (Mac Science Co., Japan). The operat-

ng conditions in a closed-pan system were as follows: sam-
le weight, 5 mg; heating rate, 10 ◦C/min; N2 gas flow rate,
0 mL/min.

.3. Scanning electron microscopy (SEM)

The samples were coated with gold in an ion sputter JFC-1100
Jeol Datum Co., Japan), and photomicrographs of samples were
aken with a scanning electron microscope (model JSM-5200LV,
eol Datum Co., Japan).
.4. Storage conditions

The stability under two storage conditions was evaluated
s follows. The samples (each 2 g) were suspended in 20 mL

D
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f distilled water, 50% ethanol or pure ethanol. They were
tored at 28, 33 and 37 ◦C in a constant temperature water
ath (Incubator M-100, Taiyo Scientific Industrial Co., Japan)
t a shaking speed of 60 spm. Small amount of samples of
uspension were withdrawn at suitable time intervals and
hen immediately filtered and dried under vacuum at room
emperature. Other 2 g samples were stored at 50, 60 and
0 ◦C at 97% RH controlled with aqueous saturated solution of
2SO4.

.5. Solubility studies

The solubilities in water, 50% ethanol and ethanol were deter-
ined at 40 ◦C. An excess amount of solid sample was weighed

nd then placed in a 50 mL screw-capped vial. Afterwards,
0 mL of each solvent was added to vials and they were tightly
apped. The vials were shaken at 75 spm in a water bath for 24 h.
he concentration of mefenamic acid dissolved was measured at
47.0 nm with a UV spectrophotometer (UV-160A, Shimadzu
o., Japan) after filtering through a 0.45 �m membrane filter

DISMIC, PTFE, ADVANTEC, Japan).

.6. Kinetic analysis of the transformation

The kinetic transformation was analyzed based on nine kinds
f solid-state reaction models, as shown in Table 1 (Hancock
nd Sharp, 1972; Kaneniwa et al., 1985). The kinetic equation
or form II remaining involves the function f(x), and its inte-
rated form is the function g(x) (x = 0.05–0.95) where x is the
raction at time t. The model providing the best fit was selected
mechanism (Jander equation)
4 (1 − 2x/3) − (1 − x)2/3 Three-dimensional diffusion

mechanism (Ginstiling-Brounshtein
equation)
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suggested that the transformation rate of form II increased with
the rise of temperature and concentration of ethanol; it took
about 0.5 h to transform to form I in ethanol, whereas it took
more than 400 h in water at 28 ◦C. Moreover, the results of SEM
Fig. 1. Powder X-ray diffraction patterns and D

. Results and discussion

.1. Physicochemical characterization of forms I and II

Fig. 1 shows the XRD patterns and DSC profiles of forms I
nd II. The characteristic XRD peaks of form I were observed
t 6.3◦, 21.3◦ and 26.3◦ (2θ), while those of form II were
bserved at 11.8◦, 17.9◦, 23.8◦ and 25.6◦ (2θ). These results
oincided with those reported previously (Aguiar and Zelmer,
969). Therefore, the quantitative analysis was performed
y using these peak intensities of form II. DCS profiles of
orm I showed two endothermic peaks at 170 and 231 ◦C due
o the transformation to form II and the melting of form II,
espectively (Umeda et al., 1985). Form II exhibited only an
ndothermic peak at 233 ◦C due to the melting of form II. Fig. 2
hows SEM photographs of forms I and II crystals. Forms I and
I crystals were stick- and cube-shaped particles, respectively,
ndicating that they were quite different in their particle

orphology.

.2. The effect of the kind of suspension medium on the
ransformation of forms I and II

Form I did not show any morphological change during sus-
ension under any storage conditions. It is therefore indicative
hat form I was stable in this study. Fig. 3 shows powder XRD
atterns of form II after being suspended in water at 28 ◦C.
he main diffraction peaks attributable to form II (as indicated
ith open triangles) decreased and those of form I (shown with

losed triangles) increased with the elapse of suspension time.
he percent remaining calculated from the diffraction intensity
f form II after each suspension time were (a) 101%, (b) 82%,
c) 40% and (d) 0.1%, suggesting that form II crystals gradu-

lly transformed to form I. Fig. 4 shows the percent remaining
nd SEM photomicrographs of form II after being suspended in
arious suspension media. There were significant differences in
he transformation rate among these media. The results of trans-
ofiles of forms I and II: (a) form I; (b) form II.

ormation of form II in various media at different temperatures
Fig. 2. SEM photographs of forms I and II: (a) form I; (b) form II.
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Fig. 3. Change of powder X-ray diffraction patterns of form II after being sus-
pended in water at 28 ◦C: (a) 120 h; (b) 192 h; (c) 312 h; (d) 456 h. Closed and
open triangles represent the characteristic peaks attributable to forms I and II,
respectively.

p
p

3

t
a
t
t
l
e
a
I
o
o
t
c
p
s
i
i
o
t
p
c
w
r
d
o
c
a
c
t
r
f

Fig. 4. Percent remaining and SEM photographs of form II after being suspended in
28 ◦C; (�) 33 ◦C; (�) 37 ◦C.
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hotomicrographs revealed that the transformation of form II
rogressed in a three-dimensional direction.

.3. Kinetic interpretation of form II to form I

Kinetic analysis was carried out using nine solid-state reac-
ion models, shown in Table 1. Fig. 5 shows the plots of g(x)
pplied to the A3, R3 and D3 models against time for the con-
ent of form II suspended in suspension media. The results of
he fitting of transformation kinetic models evaluated by the
east-squares method (Table 2) suggested that the A3 model
xhibits the best correlation (0.990, 0.969 and 0.998 at 28, 33
nd 37 ◦C, respectively). These results also suggested that form
I transformed to form I following the three-dimensional growth
f nuclei mechanism. The fact that the x-axis intercepts were
bserved under any storage conditions also strongly suggested
hat the transformation consisted both of nuclei formation pro-
ess during the induction period (initial stage) and nuclei growth
rocess at later stage. Thus, the induction period and rate con-
tant of the nuclei growth process were calculated from the
ntercept and slope of the line, respectively. The rate constant
n the nuclei formation process was calculated as the reciprocal
f the induction period (Otsuka et al., 2002). Tables 3 and 4 show
he kinetic parameters for nuclei formation and nuclei growth
rocesses thus obtained. In ethanol, the nuclei formation rate
onstant was almost the same regardless of the temperature,
hile the nuclei growth rate constant was accelerated with the

ise of temperature. The transformation rate constant in ethanol
epended on the nuclei growth process and temperature. On the
ther hand, both the nuclei formation and the nuclei growth rate
onstant were accelerated with the rise of temperature in water
nd 50% ethanol. The nuclei formation and nuclei growth rate

onstants in ethanol were about 1430 and 570 times greater than
hose in water and 50% ethanol at 37 ◦C, respectively. These
esults suggested that the transformation of form II was by far
aster in ethanol than in water.

water, 50% ethanol and ethanol: (a) water; (b) 50% ethanol; (c) ethanol. (©)



22 F. Kato et al. / International Journal of Pharmaceutics 321 (2006) 18–26

Fig. 5. Dependence of the function g(x) on time for the content of form II suspended in water, water–ethanol and ethanol: (a) water; (b) 50% ethanol; (c) ethanol.
(©) 28 ◦C; (�) 33 ◦C; (�) 37 ◦C.

Table 2
Correlation coefficients of plots of g(x) against the transformation time of form II

Function, g(x) Temperature (◦C)

Water 50% Ethanol Ethanol

28 33 37 28 33 37 28 33 37

A3 0.990 0.969 0.998 0.990 0.932 0.977 0.988 0.999 0.999
R3 0.988 0.954 0.960 0.993 0.879 0.912 0.969 0.958 0.944
D3 0.993 0.993 0.970 0.992 0.885 0.919 0.975 0.969 0.955

Table 3
Rate constants for the nuclei formation process of form II and that of form II + 1% form I seed crystals

Temperature (◦C) Nuclei formation process

Form II Form II + form I

Water 50% Ethanol Ethanol Water 50% Ethanol Ethanol

28 5.37 × 10−3 5.66 × 10−1 5.66 × 10 2.85 × 10−2 1.68 7.31 × 10
33 1.71 × 10−2 2.48 × 10−1 4.35 × 10 4.75 × 10−2 3.99 3.08 × 102

37 4.76 × 10−2 2.71 × 10−1 6.87 × 10 7.55 × 10−2 4.10 1.33 × 102

Table 4
Rate constants for the nuclei growth process of form II and that of form II + 1% form I seed crystals

Temperature (◦C) Nuclei growth process

Form II Form II + form I

Water 50% Ethanol Ethanol Water 50% Ethanol Ethanol

28 4.76 × 10−3 2.13 × 10−1 6.03 × 10−1 5.76 × 10−3 4.58 × 10−1 7.44
33 6.51 × 10−3 4.52 × 10−1 4.51 8.84 × 10−3 6.69 × 10−1 7.27
37 9.10 × 10−3 4.99 × 10−1 5.15 1.58 × 10−2 1.07 1.40 × 10
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Fig. 6. Percent remaining of form II with the addition of 1% form I seed crystal after being suspended in water, 50% ethanol and ethanol: (a) water; (b) 50% ethanol;
(c) ethanol. (©) 28 ◦C; (�) 33 ◦C; (�) 37 ◦C.

Table 5
Correlation coefficients of plots of g(x) against the transformation time of form II + 1% form I seed crystals

Function, g(x) Temperature (◦C)

Water 50% Ethanol Ethanol

28 33 37 28 33 37 28 33 37

A3 0.988 0.979 0.991 0.994 0.995 0.979 0.971 0.999 0.991
R3 0.921 0.953 0.944 0.968 0.962 0.938 0.921 0.995 0.949
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.4. Relationship between solubility and transformation
ate of form II

The growth of crystal is a phase transformation from liquid
o solid state. The solubilities of mefenamic acid in suspen-
ion media used in this study were investigated. The solubil-
ty of the drug in water, 50% ethanol and ethanol at 40 ◦C
ere 0.08 ± 0.01, 23.04 ± 1.22 and 1045.2 ± 32.7 mg/100 mL,

espectively. These results supported that the transformation rate
epended on the solubility of mefenamic acid in the suspending
edium. Therefore, the transformation of form II to form I can

e explained as the process where form II crystals partially dis-
olved in the medium and were subsequently crystallized as the
table form I.

.5. Effect of the addition of seed crystals on the
ransformation of form II to form I in various suspension
edia
In order to clarify the behavior of nuclei for the transformation
f form II to form I, the effect of the addition of 1% (w/w) form
seed crystals was examined.

g
a
e
n

able 6
ctivation energies for nuclei formation and growth processes for form II and those o

Nuclei formation process (kJ/mol)

Form II Form II + form I

ater 135.2 60.4
0% Ethanol 106.4 60.7
thanol 6.7 53.3
0.969 0.951 0.930 0.997 0.957

Fig. 6 shows the percent remaining of form II in the pres-
nce of 1% form I crystals after being suspended in water, 50%
thanol and pure ethanol. The transformation was accelerated
y adding seed crystals under all suspended conditions. The
esults of fitting transformation models of form II are summa-
ized in Table 5. In this table, the best correlation was obtained
or the three-dimensional nuclei growth equation. The kinetic
arameters for nuclei formation and growth processes of form
I with the seed crystals are shown in Tables 3 and 4. The
ate constants of both nuclei formation and growth processes
n the presence of 1% form I seed crystals were larger than
hose without seed crystals. The rate constants in the nuclei for-

ation and growth processes in ethanol were about 104 and
03 times larger than those in water, respectively. The addition
f form I crystals contributed not only to the rate constant of
uclei formation, but also that of nuclei growth process, indi-
ating the increase of both parameters under all conditions.
n particular, the rate constants of both nuclei formation and

rowth processes at 37 ◦C were significantly larger than those
t lower temperatures and the transformation was much accel-
rated at high temperatures. Since the transformation mecha-
ism followed the A3 model, these results suggested that the

f form II + 1% form I seed crystals

Nuclei growth process (kJ/mol)

Form II Form II + form I

37.7 61.0
57.3 51.6

145.5 34.0
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other models (R3 and D3) the intercepts of the y-axis were posi-
tive, suggesting that the values of the induction period would be
negative. Therefore the R3 and D3 models were not applicable
ig. 7. Arrhenius plots for nuclei formation and growth processes of form II an
b) nuclei growth process. Form II + 1% form I: (c) nuclei formation process; (d

ddition of seed crystals mainly affected the nuclei formation
rocess.

.6. Arrhenius plots for nuclei formation and nuclei growth
rocesses

Fig. 7 shows the Arrhenius plots for nuclei formation and
uclei growth processes of form II and form II containing 1%
orm I seed crystals. The transformations of both form II and
orm II containing form I exhibited a good correlation on the
lots. These transformation rate constants clearly depended on
he temperature during suspending period. Thus, the activation
nergies for transformation of form II to form I were calcu-
ated and listed in Table 6. The addition of form I seed crystals
ignificantly decreased the activation energy of the nuclei forma-
ion process and thus the transformation was accelerated by the
dding of seed crystals in water and 50% ethanol system. Con-
ersely, the transformation accelerated due to great reduction
f the activation energy of nuclei growth process in the ethanol
ystem.

.7. Effect of humidity on the transformation of form II to
orm I
From the results described above, it is easily estimated that
orm II may be possibly be transformed to form I under ambi-
nt humidity conditions. Fig. 8 shows the percent remaining of
orm II stored at 97% RH. It took more than 30 and 20 days

F
7

se of form II + 1% form I seed crystals. Form II: (a) nuclei formation process;
lei growth process. (©) water; (�) 50% ethanol; (�) ethanol.

o transform to form I at 60 and 70 ◦C, respectively. Fig. 9(a)
hows the plots of g(x) described by the A3 model (Avrami
quation) against time during the storage of form II. The lin-
arity of plots of the equation calculated by the least-squares
ethod showed good correlation. On the other hand, for the
ig. 8. Percent remaining of form II at 97% RH: (©) 50 ◦C; (�) 60 ◦C; (�)
0 ◦C.
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ig. 9. A3 plots of form II (a) and the Arrhenius plots for nuclei formation and
b): (©) nuclei formation process; (�) nuclei growth process.

o this system. The rate constants of the nuclei formation process
t 50, 60 and 70 ◦C were 0.040, 0.099 and 0.262 h−1, and the
ate constants of nuclei growth processes were 0.013, 0.051 and
.053 h−1, respectively. The Arrhenius plots of the rate constants
or the nuclei formation and nuclei growth processes at various
emperatures are summarized in Fig. 9(b). It also showed good
orrelation on the plots, suggesting the temperature dependency
or the transformation of form II. The activation energies for the
uclei formation and nuclei growth processes calculated were
6.6 and 66.7 kJ/mol, respectively. From the results of the sus-
ension system, the transformation of form II at high humidity
ould also be accelerated by adding seed crystals.

. Conclusions

When incorporating metastable polymorph crystals in the
osage forms, it is essential to investigate the stability of this
rystalline form to ensure pharmaceutical quality and bioavail-
bility. Form II crystals have higher solubility than that of form
and it is therefore preferable to use form II for pharmaceuti-
al preparations. However, from the results of the present study,
orm II transformed to the stable form I, following the three-
imensional nuclei reaction mechanism under all storage con-
itions. Furthermore, the transformation was accelerated with
he elevation of temperature, by adding seed crystals of form I
1%). The transformation rate depended on the solubility in the
uspending media used.

Since the temperature of these samples is elevated to some
xtent under mechanical conditions during the grinding, knead-
ng and drying processes, the transformation may be accelerated.
lso, the transformation would surely be accelerated if a small

mount of form I crystals are intermixed in the bulk samples. It
s therefore concluded that attention is necessary during the wet
ranulation process of metastable crystalline drug.
eferences

guiar, A.J., Zelmer, J.E., 1969. Dissolution behavior of polymorphs of chlo-
ramphenicol palmitate and mefenamic acid. J. Pharm. Sci. 58, 983–987.

O

th processes of form II (b) at 97% RH. (a): (©) 50 ◦C; (�) 60 ◦C; (�) 70 ◦C;

iraksinen, S., Luukkonen, P., Jorgensen, A., Karjalainen, M., Rantanen, J.,
Yliruusi, J., 2003. Effects of excipients on hydrate formation in wet masses
containing theophylline. J. Pharm. Sci. 92, 516–528.

shizawa, K., 2001. Physico-chemical studies on the molecular details of drug
crystals. Pharm. Tech. Japan 17, 1863–1874.

yrn, S., Pfeiffer, R., Ganey, M., Hoiberg, C., Poochikian, G., 1995. Pharmaceu-
tical solids: a strategic approach to regulatory considerations. Pharm. Res.
12, 945–954.

ood and Drug Administration, 1985. Guidelines: manufacturing and controls
for INDs and NDAs. Pharm. Tech. Japan 1, 835–850.

aleblian, J.K., 1975. Characterization of habits and crystalline modification
of solids and their pharmaceutical applications. J. Pharm. Sci. 64, 1269–
1288.

ancock, J.D., Sharp, J.H., 1972. Method of comparing solid-state kinetic data
and its application to the decomposition of kaolinite, brucite, and BaCO3. J.
Am. Ceram. Soc. 55, 74–77.

aneniwa, N., Otsuka, M., Hayashi, T., 1985. Physicochemical characteriza-
tion of indomethacin polymorphs and the transformation kinetics in ethanol.
Chem. Pharm. Bull. 33, 3447–3455.

okubo, H., Morimoto, K., Ishida, T., Inoue, M., Morisaka, K., 1987. Bioavail-
ability and inhibitory effect for stress ulcer of simetidine polymorphs in rats.
Int. J. Pharm. 35, 181–183.

ushida, I., Ahizawa, K., 2002. Solid state characterization of E2101, a novel
antispatic drug. J. Pharm. Sci. 91, 2193–2202.

atsuda, Y., Kawaguchi, S., 1986. Physicochemical characterization of
oxyphenbutazone and solid-state stability of its amorphous form under
various temperature and humidity conditions. Chem. Pharm. Bull. 34,
1289–1298.

atsuda, Y., Tatsumi, E., 1990. Physicochemical characterization of furosemide
modifications. Int. J. Pharm. 60, 11–26.

tsuka, M., Matsuda, Y., 1995. Polymorphism: pharmaceutical aspects. In:
Swabric, J., Boylan, J.C. (Eds.), Encyclopedia of Pharmaceutical Technol-
ogy, vol. 12. Marcel Dekker, New York, NY, pp. 305–326.

tsuka, M., Onoe, M., Matsuda, Y., 1993. Physicochemical stability of pheno-
barbital polymorphs at various levels of humidity and temperature. Pharm.
Res. 10, 577–582.

tsuka, M., Hasegawa, H., Matsuda, Y., 1997. Effect of polymorphic trans-
formation during the extrusion–granulation process on the pharmaceutical
properties of carbamazepine granules. Chem. Pharm. Bull. 45, 894–898.

tsuka, M., Hasegawa, H., Matsuda, Y., 1999a. Effect of polymorphic forms
of bulk powders on pharmaceutical properties of carbamazepine granules.
Chem. Pharm. Bull. 47, 852–856.

tsuka, M., Ofusa, T., Matsuda, Y., 1999b. Effect of environmental humidity on

the transformation pathway of carbamazepine polymorphic modifications
during grinding. Colloids Surf. B 13, 263–273.

tsuka, M., Ofusa, T., Matsuda, Y., 2000. Effect of binders on polymorphic
transformation kinetics of carbamazepine in aqueous solution. Colloids Surf.
B 17, 145–152.



2 al of

O

R

S

S

S

T

U

the solid state at high temperatures. Chem. Pharm. Bull. 33, 2073–
2078.
6 F. Kato et al. / International Journ

tsuka, M., Kato, F., Matsuda, Y., 2002. Physicochemical stability of cime-
tidine amorphous forms estimated by isothermal microcalorimetry. AAPS
PharmSciTech 3, article 30.

omero, S., Escalera, B., Bustamante, P., 1999. Solubility behavior of poly-
morphs I and II of mefenamic acid in solvent mixtures. Int. J. Pharm. 178,
193–202.

ingh, D., Marshall, P.V., Shilds, L., York, P., 1998. Solid-state characterization
of chlordiazepoxide polymorphs. J. Pharm. Sci. 87, 655–662.

ummer, M.P., Enver, R.P., Carless, J.E., 1976. The influence of crystal form on

the radial stress transmission characteristics of pharmaceutical materials. J.
Pharm. Pharmacol. 28, 89–99.

ummer, M.P., Enver, R.P., Carless, J.E., 1977. Influence of crystal form on
tensile strength of compacts of pharmaceutical materials. J. Pharm. Sci. 77,
1172–1175.

Z

Pharmaceutics 321 (2006) 18–26

ang, X.C., Pikal, M.J., Taylor, L.S., 2002. The effect of temper-
ature on hydrogen bonding in crystalline and amorphous phase
in dihydropyrine calcium channel blockers. Pharm. Res. 19, 484–
490.

meda, T., Ohnishi, N., Yokoyama, T., Kuroda, T., Kita, Y., Kuroda, K.,
Tatsumi, E., Matsuda, Y., 1985. A kinetic study on the isothermal tran-
sition of polymorphic forms of tolbutamide and mefenamic acid in
hang, G.Z., Gu, C., Zell, M.T., Burkhardt, R.T., Munson, E.J., Grant, D.W.,
2002. Crystallization and transitions of sulfamerazine polymorphs. J. Pharm.
Sci. 91, 1089–1100.


	Kinetic study of the transformation of mefenamic acid polymorphs in various solvents and under high humidity conditions
	Introduction
	Materials and methods
	Powder X-ray diffraction analysis
	Thermal analysis
	Scanning electron microscopy (SEM)
	Storage conditions
	Solubility studies
	Kinetic analysis of the transformation

	Results and discussion
	Physicochemical characterization of forms I and II
	The effect of the kind of suspension medium on the transformation of forms I and II
	Kinetic interpretation of form II to form I
	Relationship between solubility and transformation rate of form II
	Effect of the addition of seed crystals on the transformation of form II to form I in various suspension media
	Arrhenius plots for nuclei formation and nuclei growth processes
	Effect of humidity on the transformation of form II to form I

	Conclusions
	References


