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Purpose. A pattern fitting procedure using X-ray powder diffraction patterns was applied to study the
crystallization kinetics of amorphous griseofulvin. From the optimized parameters obtained by pattern
fitting, a change in the quantity and quality of griseofulvin crystals with crystallization was also
investigated.

Materials and Methods. Amorphous griseofulvin was prepared by cooling the melts followed by
pulverization. X-ray diffraction patterns of amorphous griseofulvin were repeatedly measured every 20
h. The observed pattern was separated into crystalline diffraction intensity and amorphous scattering
intensity by the nonlinear least-squares procedure.

Results. The fitting between the observed and simulated diffraction patterns was satisfactorily
independent of the degree of crystallinity. Since a good linear relationship was found in a plot of
amorphous scattering intensity against crystalline diffraction intensity, the degree of crystallinity can be
determined according to Hermans’ method. The diffraction peak width increased with higher diffraction
angles with crystallization. The crystallization was biphasic: fast and slow crystallization with the growth
of low disordered crystals and disordered crystals, respectively.

Conclusion. The pattern fitting procedure is a powerful tool to analyze the X-ray diffraction patterns of
semicrystalline materials. This procedure can simultaneously analyze the degree of crystallinity and

crystal disorder in semicrystalline samples during crystallization.
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INTRODUCTION

The amorphous state is feasible for improving the dissolu-
tion rate and bioavailability of poorly water soluble drugs.
However, because the physico-chemical stability of an amor-
phous drug is lower than that of a crystalline one, the crystal-
lization of amorphous drugs would be of concern, particularly
when amorphous drugs are used in solid dosage forms.

The crystallization kinetics of amorphous drugs has been
studied by X-ray diffraction and thermal analysis (1-3). In
the X-ray diffraction method, the amount of the crystalline or
amorphous phase in the sample can be determined by
quantitative phase analysis using crystalline diffraction inten-
sity and amorphous scattering intensity. Surana et al. have
conducted studies on the crystallization kinetics of amor-
phous sucrose based on the increase in integrated intensity of
particular diffraction lines (4). Several reports on the
quantitative analysis of the crystalline phase or amorphous
phase using X-ray methods have been reported (5-7). In
these reports, the amount of the crystalline phase was
determined from the change in crystalline diffraction inten-
sities of particular diffraction lines.
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Because almost all drugs are organic compounds, their
crystalline powder would easily show a preferred orientation
when packed in a sample plate for X-ray measurement (8).
The preferred orientation of crystallites in a sample would
lead to the modification of diffraction intensities, and this
produces some errors in the quantitative phase analysis by X-
ray diffraction methods. Therefore, a correction for the
preferred orientation of crystallites would be essential for
the quantitative phase analysis by X-ray powder diffraction
measurements. There are, however, few reports on the
quantitative phase analysis taking into account the preferred
orientation of crystallites in a sample.

Furthermore, not only the quantity (degree of crystal-
linity) but also the quality (lattice disorders) of crystals in
semicrystalline samples would affect the pharmaceutical
properties of drugs. However, there have been few reports
on the quantitative phase analysis taking into account the
change in the quality of crystals during crystallization.

In previous reports, we described a pattern fitting
procedure for characterizing orthorhombic and monoclinic
crystals using powder X-ray diffraction data (9,10). This
method is based on the Rietveld analysis in which the effect
of the preferred orientation of crystallites on diffraction
intensity can be corrected using an appropriate preferred
orientation function and the lattice disorder in crystals can be
evaluated by peak width parameters (11,12). The Rietveld
method is basically a method for crystal structure analysis
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Table I. Crystal Structure of Griseofulvin

Formula C17H17CIO(,
Formula weight 352.77
Crystal system Tetragonal
Space group P41

a (A) 8.9721 (8)
c (A) 19.884 (4)
V (A% 1,600.6 (5)
V4 4

Flack Parameter —0.03(5)
Number of reflections 9,884

R; Rw 0.066; 0.107
R1 0.036
Goodness-of-fit 1.01

using powder diffraction data, and it has also been applied to
the various fields of crystal sciences (13,14). In the future, the
pattern fitting procedure can be used to obtain many
characteristics of crystals simultaneously, such as the lattice
disorder of crystals, preferred orientation of crystallites,
lattice constants, etc. (12).

In this study, we applied the pattern fitting procedure to
study the crystallization kinetics of amorphous griseofulvin.
The X-ray powder diffraction patterns observed during
crystallization were divided into crystalline diffraction inten-
sity and amorphous scattering intensity. From the change in
the ratio of crystalline and amorphous intensities, the degree
of crystallinity was determined by Hermans’ method; the
crystallization kinetics of amorphous griseofulvin was then
investigated. Furthermore, as the crystallization proceeded,
the lattice disorder in the crystals was investigated from the
scattering angle dependence of the peak width broadening.
The purpose of this report is to simultaneously analyze the
quantity (degree of crystallinity) and quality (lattice disorder)
of the crystals during the crystallization of amorphous
griseofulvin by the pattern fitting procedure.

MATERIALS AND METHODS
Materials

Griseofulvin was of the reagent grade (Sigma Chemical
Co., St. Louis, MO., USA). A single crystal of griseofulvin for
crystal structure analysis was obtained by crystallization from
an ethanol solution at room temperature. Crystalline griseo-
fulvin powder was prepared by passing the crystallized
griseofulvin through a 250 mesh (63 um) sieve. Amorphous
griseofulvin was prepared by cooling the melt. After amor-
phous griseofulvin was pulverized by a mortar and pestle, the
powder was passed through a 250 mesh (63 um) sieve. The
amorphous griseofulvin powder was packed in an aluminum
sample plate immediately after its preparation.

Crystal Structure Analysis

The crystal structure of griseofulvin was determined by
the RASA system (Rigaku, Tokyo, Japan). The X-ray source
was Mo-Ko radiation with a voltage of 50 kV and a current of
200 mA. Diffraction data were collected at 298 K. The
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Fig. 1. Oak ridge thermal ellipsoid plot (ORTEP) of griseofulvin
molecules.

structure was solved by a direct method and refined using
full-matrix least squares method on the basis of F2 . Non-
hydrogen atoms were anisotropically refined, and the abso-
lute structure of griseofulvin was determined by using the
Flack parameter. A summary of the crystal structure analysis
is given in Table I, and the structure is shown as an oak ridge
thermal ellipsoid plot (ORTEP) diagram in Fig. 1. The
crystal structure factors used in the pattern fitting were
calculated from the refined crystal structure of griseofulvin.

The crystal structure of griseofulvin has already reported
(15). However, since limited information on the crystal
structure is given in literatures, we had to determine the
crystal structure of griseofulvin in our study.

Powder X-ray Diffraction

The powder X-ray diffraction intensities were measured
using a RINT 2500 X-ray diffractometer (Rigaku Co., Tokyo,
Japan), and symmetrical reflection geometry was employed.
The X-ray source was Cu-Ko radiation with a voltage of
50 kV and a current of 100 mA. The diffracted X-ray beam
was monochromated by a bent graphite monochromator, and
a scintillation counter was used as the detector. Diffraction
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Fig. 2. Basic concept of pattern-fitting to separate into crystalline
diffraction intensity and amorphous scattering intensity.
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intensities were measured by a fixed-time step-scanning
method in the range of 5-40° (20) at an interval of 0.02°.
The measurement was carried out at room temperature and
repeated every 20 h. The X-ray absorption by the specimen
and the contribution of Cu-Ko, to the observed diffraction
intensity were ignored in the pattern fitting calculation.

Pattern-fitting

A computer program for pattern fitting was developed
using the MATLAB software version 6.12 with optimization
and statistics toolboxes (The Math Works Inc., MA., USA).
The trust-region reflective Newton method was applied to
optimize the fitting parameters (16,17).

RESULTS
Theoretical Background of Pattern Fitting

The observed X-ray diffraction pattern was assumed to
consist of discrete diffraction intensities from the crystalline
phase (crystalline diffraction intensity) and halo intensities
from the amorphous phase (amorphous scattering intensity).

The crystalline diffraction intensity was simulated by the
X-ray diffraction theory using the information of the crystal
structure as given by Eq. 1 (11,18).

1(26) = Ker Y Fryy - it - Lpiaa - G(20a — 26) - P (1)

where 1(26;) is the observed crystalline diffraction intensity at
20;; K., the normalization constant; n, the number of hkl
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reflections; Fjyy, the crystal structure factor of the nth hkl
reflection; m, the multiplicity factor; Lp, the Lorentz-
polarization factor; and 26,,,, the scattering angle of an hk/
reflection calculated from the lattice constants and the Miller
indices of the &kl reflection, as expressed by Eq. 2.

0= sin! &\/h2+k2+ﬁ
B 2 a2 c?

where a and ¢ are the lattice constants of the tetragonal
griseofulvin crystal.

G is the profile function (we used the modified Lorentz
function (19)) as represented by Eq. 3; H is the full width at
half maximum (FWHM), Eq. 4; and s is the asymmetric
parameter, Eq. 5.

(2)

G = 25¢% / {7TH (1 + enw (20w — 26, / H2>2} 3)

H? = Utan® O + V tan Oy + W (4)

s=1—A-sign20u — 26;)20m — 26;) / tanbus (5

where s is the function for the correction of the peak
asymmetry and cyy is the normalization constant for the
modified Lorentz function (19). U, V, and W in Eq. 4 are the
peak width parameters (18), and A in Eq. 5 is the asymmetric
parameter.

Table II. Reflecting Plane Indices, Structure Factors, and Multiplicity Factors used in Pattern Fitting

h k 1 F m h K 1 F m h k 1 F m
1 0 0 5.3 4 2 2 0 329 4 1 1 7 20.1 8
1 0 1 51.3 8 2 2 1 2.6 8 3 0 4 40.3 8
1 0 2 61.6 8 2 1 4 83.1 8 2 1 6 9.7 8
1 1 0 22.5 4 1 2 4 90.2 8 1 2 6 47.4 8
1 1 1 67.8 8 1 0 6 4.5 8 2 3 0 71.6 4
1 1 2 82.4 8 2 2 2 25.4 8 3 2 0 47.8 4
1 0 3 62.0 8 3 0 0 19.1 4 0 0 8 433 2
0 0 4 46.5 2 2 0 5 823 8 2 2 5 342 8
1 1 3 60.5 8 3 0 1 42.4 8 3 2 1 11.0 8
2 0 0 52.8 4 1 1 6 15.7 8 2 3 1 21.2 8
2 0 1 34.7 8 3 0 2 46.9 8 1 3 4 459 8
1 0 4 49.7 8 2 2 3 28.5 8 3 1 4 47.5 8
2 0 2 65.6 8 3 1 0 24.7 4 2 3 2 7.5 8
2 1 0 27.3 4 1 3 0 84.3 4 3 2 2 553 8
1 2 0 65.3 4 2 1 5 32.7 8 2 0 7 33.1 8
1 2 1 513 8 1 2 5 385 8 1 0 8 56.3 8
2 1 1 374 8 1 3 1 342 8 3 0 5 18.5 8
1 1 4 59.4 8 3 1 1 5.7 8 2 3 3 355 8
1 2 2 42.9 8 3 1 2 25.7 8 3 2 3 41.0 8
2 1 2 22.0 8 1 3 2 25.0 8 2 1 7 11.0 8
2 0 3 100.7 8 3 0 3 39.0 8 1 2 7 38.1 8
1 0 5 40.9 8 1 0 7 433 8 1 1 8 75.3 8
2 1 3 39.8 8 2 2 4 26.1 8 3 1 5 26.4 8
1 2 3 51.0 8 2 0 6 23.6 8 1 3 5 30.0 8
1 1 5 75.7 8 1 3 3 16.9 8 2 2 6 28.0 8
2 0 4 139.6 8 3 1 3 4.2 8
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P in Eq. 1 is the preferred orientation function as follows

P = exp (—agpy,) (6)

where o is the preferred orientation parameter indicating the
strength of the preferred orientation of the crystallites in the
sample, and ¢ is the acute angle between the preferred
orientation plane (normal to the preferred orientation axis)
and the (hkl) plane. The preferred orientation plane was
selected to be the (001) plane because the best fit was then
achieved by a trial and error approach.

The amorphous scattering intensity in the observed X-ray
pattern was postulated to be proportional to the halo scattering
intensity of amorphous griseofulvin before crystallization.

Finally, the observed X-ray diffraction patterns of
semicrystalline samples were expressed as follows:

Loos(20:) = Ker > Fiyg - it - Lt - G20 — 26,) - P (7)

+Kam1am (291)

where K,, is the proportional constant of the observed
amorphous scattering intensity to the halo scattering intensity
of amorphous griseofulvin (Z,,).

In the process of pattern fitting, the crystal lattice
parameters (a and ¢), FWHM parameters (U, V, and W),
asymmetric parameter (A), preferred orientation parameter
(a), and normalization constants (K. and K,,) were
optimized simultaneously in order to minimize the sum (Eq.
8) using the nonlinear least squares procedure.

N

sum = 3 (wi(Lons (261) — Lear(261))°) (8)

i=1

where N is the number of data points, w; is the weight of the
data (1/1,p5(26;) ), and Ips(28;) and I.,;(26;) are the observed
and calculated intensities at 20;, respectively.

26 (deg)

Fig. 3. Typical example of separation of crystalline diffraction
intensity and amorphous scattering intensity by pattern fitting a
original intensity, b difference between original and simulated
intensities, ¢ crystalline diffraction intensity, d amorphous scattering
intensity.
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After the observed intensities are fit into Eq. 7, the
observed pattern can be decomposed into the crystalline
diffraction intensity and the amorphous scattering intensity.
From the separated crystalline diffraction intensity, several
crystallographic parameters of the griseofulvin crystals in
the samples can be simultaneously obtained from the
optimized parameters. The concept of pattern fitting to
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Fig. 5. Plot of optimized parameter of preferred orientation param-
eter with proportion of crystalline diffraction intensity in test
patterns.
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Fig. 6. Change in the X-ray diffraction pattern of amorphous
griseofulvin with crystallization a amorphous griseofulvin, b 40 h, ¢
80 h, d 120 h, e 160 h, £ 200 h, g 240 h, h 280 h, i 480 h, j 880 h.

decompose into crystalline intensity and amorphous inten-
sity is illustrated in Fig. 2.

The diffraction plane indices, crystal structure factors,
and multiplicity of the griseofulvin crystal used in the pattern
fitting are summarized in Table II. The intensity data of all
the reflections observed theoretically between 5-40° (26)
were used in the pattern fitting calculation. Figure 3 shows a
typical example of the decomposition into crystalline diffrac-
tion intensity and amorphous scattering intensity by pattern
fitting.
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Fig. 7. Change in K. and K,,, with crystallization of amorphous

griseofulvin Bars represent 95% CI of estimated values.
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K,,=—0.4191xK +1.0089

R?=0.9820
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Fig. 8. Plot of K, against K.

Lower Limit of Detection of Crystal Contents
by Pattern Fitting

The lower limit of the detection of griseofulvin crystal
content by the pattern fitting procedure was investigated as
follows: the test diffraction patterns were generated with
variable proportions of crystalline diffraction intensity mea-
sured with the crystalline griseofulvin powder and amor-

—1
In(-In(1-Xcr)) = 0.56711 x In(t) — 5.2552
R"2=0.94953
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Fig. 9. Plot of In(-In(1-X,,)) vs In ¢ for crystallization of amorphous
griseofulvin.



Powder X-ray Diffraction, Crystallization

1R 1-Xcr=0.10453+Exp(-0.00975+1)+0.89711+Exp(~0.000115t)
R"2 =0.99879

1-Xcr
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Fig. 10. Plot of In(1-X.) vs ¢ for crystallization of amorphous
griseofulvin.

phous halo intensity measured with the amorphous griseo-
fulvin powder. The lower limit of crystal contents to
reproduce the original crystallographic parameters was
determined from the optimized parameters by pattern fitting
using test patterns.

Figures 4 and 5 indicate the plot of the lattice constants
and the preferred orientation parameters with the proportion
of crystalline diffraction intensity. The marks at 100%
crystalline diffraction intensity indicate the parameters
obtained by pattern fitting with the crystalline griseofulvin
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Fig. 11. Change in the crystal lattice constants of griseofulvin with
crystallization of amorphous griseofulvin Bars represent 95% CI of
estimated values.
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powder. The ratio of the crystalline and amorphous intensi-
ties of the optimized parameters obtained using the test
patterns was 2.5:97.5; these parameters had a large standard
error of estimation and were not considered to indicate the
characteristics of the crystals in the sample. When using the
test patterns with a crystalline diffraction intensity of more
than 5%, the confidence intervals of the optimized parame-
ters overlapped with each other and also with those obtained
with the crystalline griseofulvin powder. These results
indicate that when the crystal content in a sample is more
than about 5%, the optimized parameters by pattern fitting
are considered to indicate the characteristics of the griseo-
fulvin crystals in the sample. Therefore, the lower limit of the
crystal content in the sample was determined to be about 5%
by pattern fitting.

Change in Characteristics of Griseofulvin Crystals
During Crystallization

Figure 6 shows the change in the X-ray diffraction
patterns of amorphous griseofulvin on standing. There were
no diffraction peaks in the pattern measured at 0 h. The
crystalline diffraction intensity was then found in the pattern
measured after standing for 40 h and it increased as time
elapsed, indicating that crystallization occurred gradually.
The observed diffraction patterns after standing for 40 h or
longer were used for the pattern fitting. All the fittings
between the observed and simulation patterns were satisfac-
tory, as shown in Fig. 3. By pattern fitting, accompanied with
the decomposition of crystalline diffraction intensity and
amorphous scattering intensity, some crystallographic param-
eters of the griseofulvin crystals in the sample can also be
optimized simultaneously. From the change in the optimized
parameters, the characteristics of the griseofulvin crystals
during crystallization were investigated.

Figure 7 shows the change in optimized K. and K,y
with the crystallization of amorphous griseofulvin. As crys-
tallization proceeded, K,,, decreased while K, increased. K,

0.8

Course of
time

Full-width at half-maximum (deg)

10 15 20 25 30 35 40
26 (deg)
Fig. 12. Change in the FWHM of griseofulvin with crystalliza-

tion of amorphous griseofulvin =40 h, =—— (S0 h,
= == ==]20h, sessamana60 h, - 200 h, 280 h,



886

and K, are considered to be the indicators of crystalline
diffraction intensity and amorphous scattering intensity,
respectively. If a plot of K, against K., would show a linear
relationship, the degree of crystallinity can be determined by
Hermans’ method (20). Since a good linear relationship was
found, as shown in Fig. 8, the degree of crystallinity of each
sample can be determined by Hermans’ method.

Figures 9 and 10 show the change in the crystallinity of
griseofulvin during crystallization plotting with Eqgs. 9 and 10.

ln(—ln(l—XCR)) :a-ln(t)—i—b (9)

(1 — XCR) = aq exXp (—b1 . l‘) + ap exp (—bzt) (10)

Equation 9 is a logarithmic form of the Avrami-Erofeev
equation. (21,22). This model considers crystallization pro-
cess with nucleation and growth. If a plot of In(—In(1-Xcr))
against t shows a linear relationship, a slope, a, represents the
dimensional order of the nucleation and crystal growth
process. As shown in Fig. 9, the plot did not give a good
straight line. This result suggests that the crystallization of
amorphous griseofulvin did not follow simple nucleation and
growth model. On the other hand, a plot with Eq. 10 showed
good fit between observed and calculated values. This result
indicates that the crystallization process of amorphous
griseofulvin was biphasic: a fast crystallization process at
the early stage of crystallization and then a slow crystalliza-
tion process at a later stage.

Figure 11 shows the change in the lattice constants of the
griseofulvin crystals determined by pattern fitting during
crystallization. At an initial stage of crystallization, the
optimized lattice constants had a large standard error of
estimation. This is because a minor part of the sample had
crystallized and the crystalline diffraction intensity was
extremely weak. As crystallization proceeded, the lattice
constants gradually increased while the standard error of
estimation decreased.

Figure 12 shows the change in the FWHM of the
diffraction peaks with the scattering angle as crystallization
proceeded, calculated from the optimized U, V, and W values
obtained by pattern fitting. The diffraction peaks were not
observed to broaden at lower scattering angles, and a marked
increase in the broadening was found at higher scattering
angles with crystallization.

DISCUSSION

The fitting between the observed diffraction patterns
and simulation patterns were satisfactory, and the fitting
parameters were significantly optimized (the 95% confidence
intervals of the estimates of all the fitting parameters did not
include 0). From the fitting results, the degree of crystallinity
was calculated and the crystallization process of amorphous
griseofulvin was found to be biphasic: a fast crystallization
process at the early stage of crystallization and then a slow
crystallization process at a later stage.

A broadening of the diffraction peak is affected by both the
crystallite size and the lattice disorder (23). In the paracrystal
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theory, the broadening of diffraction peaks is attributed to
crystallites smaller than 1,000 A. The broadening is indepen-
dent of the scattering angle. Also, the lattice disorder results in
an increase in the peak width with the scattering angle (24).
The marked increase in the peak width at higher angles with
crystallization is attributed to the growth of disordered crystals
at a later stage of crystallization.

It was found that the lattice constants increased and the
FWHM of the peaks at higher diffraction angles markedly
increased with crystallization; these results indicate that the
disordered griseofulvin crystals were grown at a later stage of
crystallization.

As a whole, the crystallization process of amorphous
griseofulvin was considered to be as follows: at the first stage
of crystallization, griseofulvin crystals with a slight lattice
disorder were formed and the disordered griseofulvin crystals
were then grown as crystallization proceeded.

In conclusion, the pattern fitting procedure is a powerful
tool to trace the crystallization kinetics of amorphous
samples. In pattern fitting, the degree of crystallinity and
the characteristics of the crystals in semicrystalline samples
were determined simultaneously. The crystallization of amor-
phous griseofulvin was found to be biphasic: fast crystalliza-
tion with the growth of low disordered crystals and slow
crystallization with the growth of disordered crystals.
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