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Abstract

In an aqueous environment, polymorphic forms I–III of carbamazepine all convert to the dihydrate. This study investigated the conversion
of each polymorphic form individually and of a mixture of forms III and I to the dihydrate. Two batches of form I with different crystal
morphology were used. Samples were dispersed independently in water at 23± 1 ◦C and recovered at various timepoints varying from 10 to
210 min. Scanning electron microscopy, X-ray powder diffraction and Raman spectroscopy were used to characterize the initial polymorphic
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orms and the recovered samples after 210 min. Raman spectroscopy combined with partial least squares analysis was used
uantitative models of binary and ternary mixtures of the different polymorphic forms with the dihydrate. On the basis of these m
onversion kinetics of the polymorphic forms I–III were characterized. First-order kinetics with an unconverted portion were used
he data (R2 ≥ 0.95). The unconverted portions ranged from 16 to 51% after dispersion for 210 min. The conversion kinetics wer
etween polymorphic forms with comparable crystal morphology, but differed significantly between batches of the same polymo

) with different crystal morphology. Furthermore, the conversion of forms III and I in the aqueous suspension was not influenc
resence of the other polymorph when dispersed together.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Definitions and characteristics of polymorphism and pseu-
opolymorphism in the pharmaceutical field have been well
escribed by several authors[1,2]. Polymorphism investiga-

ions are particularly important in drug and product develop-
ent in the pharmaceutical industry since the properties of
formulated product such as bioavailability and stability are
ften directly related with the physicochemical properties of

he existing polymorphs in the formulation.
Carbamazepine (CBZ) is an antiepileptic drug which has

een in routine use for over 20 years[3]. Four polymorphs
nd a hydrate as well as other solvates of CBZ have been
eported in the literature[4–6]. Among them, three principal

∗ Corresponding author. Tel.: + 64 3 479 5410; fax: +64 3 479 7034.
E-mail address: thomas.rades@stonebow.otago.ac.nz (T. Rades).

polymorphs—forms I–III and the dihydrate (DH) have b
well characterised[7–9]. CBZ form III is the form used in th
marketed tablets and the most stable form at room tem
ture. However, a decreased bioavailability and other prop
changes such as hardening and disintegration of CBZ ta
after storage have been reported. These changes hav
attributed to the formation of the DH[10–14]. Therefore
characterizing the conversion kinetics of CBZ form III to
DH is of great importance.

Efforts have been focused on investigating the tran
mation of CBZ form III to the DH for almost 20 years. Ea
in 1984, Laine et al. found that the conversion from fo
III to the DH was via a solution mediated mechanism wh
the growth of DH whiskers on the surface of form III co
be observed clearly using light microscopy[15]. Quantifica
tion of the relative amounts of CBZ form III and DH in
mixture by XRPD was carried out by Suryanarayanan[16],

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2005.07.030



272 F. Tian et al. / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 271–280

who subsequently reported a first-order kinetics of transfor-
mation from form III to the DH by quantifying the relative
peak intensity changes of X-ray powder diffraction (XRPD)
during the conversion[17]. Recently, Brittain[18] reported
a novel way of characterizing the transformation kinetics of
form III to the DH by detecting the fluorescence changes
during the conversion since the polymorph and the DH show
substantial fluorescence differences.

However, with the exception of fluorescence detection,
techniques used for quantifying CBZ conversion to the
DH thus far have only been XRPD, differential scanning
calorimetry and Karl–Fischer titration, which are time con-
suming, and most importantly, polymorphic changes can
potentially be induced during sample preparations such as
filtration, grinding and drying.

Fourier transform (FT) Raman spectroscopy has attracted
a high interest in the pharmaceutical field recently. Charac-
terization of CBZ polymorphic forms and composition using
FT-Raman spectroscopy were carried out by a number of
authors[7,19–23], and quantitative analysis of the solid state
polymorphic conversion from CBZ forms III to I has also
been reported recently[24]. There are several advantages of
using FT Raman spectroscopy as an analytical tool. Firstly,
almost no sample preparation is required which facilitates
quantitative analysis in polymorphic mixtures and formu-
lations since polymorphic changes or spectral variances
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Grzesiak et al.[4]. Two source materials were used for
form I preparation: form I (first batch) from Sigma Chem-
ical Company (St. Louis, MO) and form I (second batch)
from Sigma–Aldrich Chemie (Munich, Germany). Form II
was prepared by freeze-drying fresh DH. DH was prepared
from the CBZ as received from Sigma Chemical Company
(St. Louis, MO) by recrystallization from an ethanol–water
mixture as reported by Krahn and Mielck[44]. All forms were
confirmed by X-ray powder diffraction as reported previously
[4,44].

The particle size of the different polymorphic forms was
controlled by sieving them to the range 180–250�m (Test
sieves, Endecotts Ltd., England).

2.1. X-ray powder diffraction (XRPD)

XRPD analysis was used to confirm the nature of prepared
CBZ polymorphs and also to characterize the recovered sam-
ples after dispersion in water for 210 min.

The XRPD measurements were performed using a Philips
PW 1130/00 X-ray generator (Philips, Almelo, The Nether-
lands), and a Phililps PW 1050 goniometer (Philips, Almelo,
The Netherlands). The X-ray generator was set to an acceler-
ation voltage of 40 kV and a filament emission of 20 mA. The
diffraction patterns were collected over the range of 8–40◦
(2θ) at a step size of 0.02◦ (2θ) using an aluminium sample
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ue to sample preparation are limited[25–28]. Secondly
lurry samples can be measured directly since wate
very weak Raman spectrum. This advantage of Ra

pectroscopy has been successfully employed in the i
igations of emulsion and suspension formulations[29–36].
hirdly, the small sample size required combined with
on-invasive measurements all contribute to its great p

ial for application in pharmaceutical research and indu
37–40].

To facilitate quantitative analysis, multivariate analy
echniques such as principal component analysis (PCA
artial least squares (PLS) have recently received co
rable attention in quantitative spectroscopy. The co
ation of multivariate analysis with Raman spectrosc
as demonstrated a greatly increased ability in achie
recise quantification of various pharmaceutical sys

19,22,23,34,36,41–43].
In this study, FT-Raman spectroscopy is emplo

o investigate the conversion kinetics of three C
olymorphs—forms I–III separately, and also a mixture

orms I and III to the DH in aqueous suspension. PLS a
sis is applied to the Raman spectra to obtain quantit
esults.

. Experimental

CBZ form III (Alphapharm Pty Ltd., Glebe, Australi
as used as received. CBZ form I was prepared by

ng the source material at 150◦C for 3 h as described b
older. The diffractograms were displayed using Mac
ersion 4.0.5 software (A.J. Hall, Applied Geology, Univ
ity of Strathclyde, England).

.2. Scanning electron microscopy (SEM)

SEM micrographs were taken for the initial CBZ po
orphs and also the samples recovered after dispe

n water for 210 min. Samples were mounted onto a
f double-sided carbon tape and sputter coated w

hin layer of gold–palladium under argon vacuum prio
nalysis.

SEM (Cambridge Instrument, Stereoscan 360) was
ormed using a 15 kV beam acceleration voltage. Mi
raphs were recorded using a PGTE Mitsubishi video/
rocessor.

.3. Raman spectroscopy

The FT-Raman instrument consisted of a Bruker F
06/S FT-Raman accessory (Bruker Optik, Ettling
ermany) with a Coherent Compass 1064-500N

Coherent Inc, Santa Clara, USA) attached to a Bruker
5 FT-IR interferometer, and a D 425 Ge diode dete
nalysis was carried out at room temperature utilizin

aser wavelength of 1064 nm (Nd:YAG laser) and a l
ower of 105 mW. Back-scattered radiation was collecte
n angle of 180◦. Samples were packed into an alumin
up and a total of 16 scans was averaged for each sa
t a resolution of 4 cm−1. Sulfur was used as referen
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standard to monitor the wavenumber accuracy. OPUSTM 5.0
(Bruker Optik, Ettlingen, Germany) was used for all spectral
analysis.

2.4. Mixture quantitation

2.4.1. Binary model prepared from recovered slurries
Binary mixtures of CBZ form I (first batch) and DH, and

form II and DH were prepared separately in triplicate at 20%
(w/w) intervals from 0 to 100% form I (form II) in DH (20 mg
per sample). Each powder mixture was transferred into a 2 ml
glass tube and a small magnetic stirrer was added. Immedi-
ately after adding 1 ml distilled water, the tube was capped,
shaken up and down once and put into a water jacketed beaker.
Each sample was stirred for 10 s, and then recovered by pour-
ing the dispersion onto two layers of filtration paper to remove
excess water. The CBZ slurry was then transferred into three
sample cups consecutively (about 1 mg sample per cup). The
Raman spectra were recorded immediately after filling the
sample cups.

As CBZ is only very slightly soluble in water at room
temperature[45] it was assumed that the dissolution of
CBZ had no influence on its solid dispersion concentra-
tion. Also, in order to confirm that there was no change in
the DH during dispersion, pure DH was dispersed in water
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line differences. The calibration models were calculated
using the PLS algorithm and cross-validation (one sample
removed per cycle). The root-mean-squared errors of cross
validation (RMSECV) were determined for each number of
factors.

2.5. Kinetics studies

Each pure polymorph—forms I (first and second batch), II
and III was weighed (40 mg per sample) into a 2 ml glass tube.
For the mixture of forms I (second batch) and III, 20 mg of
each form was poured together into a 2 ml glass tube (40 mg
per mixture). All samples were prepared in triplicate. After
adding a small magnetic stirrer into each tube, water (2 ml)
was added and then the stoppered tube was placed into 100 ml
water jacketed beakers. The dispersion temperature was con-
trolled at 23± 1◦C. Independent samples were dispersed for
each of the time intervals of 10, 30, 60, 90, 120, 180 and
210 min, and recovered for measurement.

The differences of the conversion kinetics between poly-
morphic forms were tested by one-way analysis of variance
(ANOVA) and Tukey’s pairwise comparisons (significance
level was 0.05) using Minitab 12.1 software (Minitab Ltd.,
USA).
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or 210 min and then recovered for analysis as desc
bove.

.4.2. Binary models prepared from dry powder
Using geometric mixing, CBZ polymorphs of forms I (fi

atch), II and III were blended separately with DH to fo
inary physical mixtures at 20% (w/w) intervals from 0
00% CBZ anhydrate in DH (20 mg per sample). Each
entration was prepared in triplicate and measured by R
pectroscopy.

.4.3. Ternary model prepared from dry powder
Thirty-three ternary mixtures (100 mg per mixture)

orm I (second batch), form III and DH were prepared a
ndependent sample set for the ternary model, with rand
arying concentrations of each component.

.4.4. Multivariate analysis
Multivariate analysis was performed using the Qua

ackage that accompanies OPUSTM software (Bruke
ptics, Germany). The selection of spectral regions
alibration was based on the wavenumber regions
howed the largest differences between the componen
herefore provided the greatest contribution to the lin
egression equation for the analyte. All spectra were m
entered. Although every effort was made to pack the sa
ups consistently, multiplicative scattering correction (M
as applied to correct spectra intensity differences du
acking differences. Other spectral preprocessing cons
f first derivative calculation if necessary to remove b
. Results and discussion

.1. Characterization of the initial CBZ polymorphs

.1.1. XRPD
The X-ray diffractograms of each CBZ polymorph (Fig. 1)

greed well with those reported in the literature[4,44]. How-
ver, the relative height of some peaks was different bet
he two batches of form I, which may be caused by di
nt crystal habits. As shown by SEM (Fig. 2), form I (first

Fig. 1. X-ray diffractograms of the initial CBZ polymorphs.
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Fig. 2. SEM micrographs of CBZ polymorphs: (A) form I (first batch); (B) form I (second batch); (C) form II; (D) form III (horizontal scale bars: 1.00 mm).

batch) consisted of needle-like crystals, therefore, preferred
orientation was likely to be induced when it was packed in
the XRPD sample holder.

3.1.2. SEM
The morphology of all CBZ polymorphs—form I (first

and second batch), II and III which were used for the kinetics
studies is shown inFig. 2.

As mentioned above, the characteristic peak positions in
the X-ray diffractograms of the two batches of form I agreed
well with each other although some relative peak heights
differed. However, their morphology was obviously different.
Form I (first batch) consisted mainly of prism-like particles
(Fig. 2A), while form I (second batch) consisted of needle-
like aggregates (Fig. 2B). Form II also exhibited a needle-like
morphology but the needles appeared more densely packed
than the form I needles (Fig. 2C). Form III showed a typical
prism-like shape (Fig. 2D) [6].

3.1.3. Raman spectroscopy
Raman spectra for the initial CBZ polymorphic forms

are shown inFig. 3. There were many spectral differences

between these polymorphs (indicated by the arrows). Since
crystal shape has much less influence on the Raman spectrum
than on the X-ray diffractogram[46], Raman spectra for the
two batches of form I were identical.

Fig. 3. Raman spectra of the initial CBZ polymorphs. (Arrows show area of
spectral differences between the samples.)
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Fig. 4. X-ray diffractograms of the recovered (rec) forms and the dihydrate
(DH). (Arrows show characteristic peaks of forms I–III.)

3.2. Characterization of the samples recovered after
210 min dispersion in aqueous suspension

3.2.1. XRPD
The diffractograms for the recovered samples from the

210 min dispersions are shown inFig. 4. The DH has char-
acteristic peaks at 8.9◦, 12.1◦ and 18.7◦ (2θ) which could
be found in the diffractograms of all the recovered samples.
Also, characteristic peaks for each polymorph remaining in
the recovered samples could be seen (indicated by the arrows
in Fig. 4). The diffractogram of the recovered form I (second
batch) was very similar to that of the DH which indicated a
high degree of conversion.

3.2.2. SEM
The morphology of the recovered samples from the

210 min dispersions is shown inFig. 5. A distinct and com-
mon feature seen inFig. 5A, C and D was some areas of
closely packed, smooth surfaces. However, this feature was
absent inFig. 5B, where almost all crystals were of needle-
like shape (typical DH morphology)[15,21,47]. This con-
firmed the finding from XRPD that form I (second batch)
converted mostly to the DH after 210 min dispersion, while
the other polymorphs – forms I (first batch), II and III – still
had a certain amount of original crystals remaining in the
suspension.
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3.3. Quantitative studies

3.3.1. Quantitation of the binary mixtures
Table 1shows the parameters used for the quantitative

models of all binary mixtures. For all models, the RMSECV
was less than 8% suggesting a good predictive ability of the
models. The lower RMSECV for the slurry model is proba-
bly due to better mixing. However, as described in the next
section, slurry models are prone to polymorphic conversion
due to the presence of the water in their preparation, which
can affect the model accuracy.

Furthermore, as particle size has been reported to influence
peak intensity and/or width[35,48,49], form III of different
size ranges was measured by Raman spectroscopy. The spec-
tral variances became negligible after processing (MSC and
first derivative calculation) for PLS analysis. Furthermore,
the ability of applying PLS to correct particle size effects on
the relative peak intensities in Raman spectra for quantitative
analysis of polymorphic forms has been reported by Zhou et
al. [50].

3.3.2. Conversion kinetics of the pure CBZ polymorphic
forms

As shown above, two methods were used for the model
preparation of form I—recovered slurries and dry powder.
Therefore, conversion kinetics based on the two types of
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.2.3. Raman spectroscopy
Raman spectra for all the recovered samples showe

erent peak patterns to their initial polymorphs and als
ncreased similarity to that of the DH, especially for the rec
red form I (second batch). Although Raman spectra fo

wo batches of form I were exactly the same (Fig. 3), differ-
nces can be seen in the spectra (around 3050, 1000, 8
00 cm−1) of the recovered samples due to different ext
f conversion. The spectrum of the slurry recovered from
ure DH dispersion is also shown inFig. 6, and is identica

o the DH spectrum.
d

inary models were plotted together for form I (Fig. 7)
n order to compare differences between these two m
ls. An assumption was made that each polymorphic
onverted directly to the DH and not via some ot
orm.

For each batch of form I, the slurry and powder mo
greed very well with each other, confirming the appl
ility of both models when using them for kinetics stud
owever, for the model using the recovered slurries t
ccurate, it is necessary that no polymorph converts t
H during the dispersion of the polymorph in water, wh
ay not be the case for very fast converting samples, su

orm II. Although the conversion trends of form II predic
y the two models were similar, the actual values of the

ormation predicted from the slurry model were about 2
ess than those for the powder model (Fig. 8). This difference
as due to conversion to the DH in the 10 s disper
reparation. Since calibration models using dry pow
ixtures to quantify polymorphic conversion in aque

uspension were found to be accurate by Ono et al.[32] using
oth off-line and in situ measurements, quantitative mo
sing dry powder mixtures were prepared for the subseq
tudies.

As first-order kinetics have been reported for the con
ion of CBZ form III to the DH in aqueous solution by a f
uthors[17,18], the same kinetics were evaluated for the c
ersion of all CBZ forms.Fig. 9shows conversion profiles f
ll these forms using their corresponding binary quantita
odels, and first-order kinetics models with an unconve
ortion were fitted.
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Fig. 5. SEM micrographs of the recovered forms: (A) form I (first batch); (B) form I (second batch); (C) form II; (D) form III (horizontal scale bars: 20.0�m).

Table 2shows the calculated rate constants (k) and the
unconverted portions (B) after 210 min dispersion in aqueous
suspension (t = time):

y = B + A e−kt (1)

As shown above, there was an unconverted portion after
210 min dispersion fitted for all CBZ forms, which indicated
conversion to the DH was not complete. This incomplete con-
version was also supported by the results from SEM, XRPD,
and might be caused by the DH needles forming at the surface

Table 1
Parameters used in the generation of the binary models and model assessment

Recovered slurries Dry powder

Form I (first batch)/DHa Form II/DHa Form I (first batch)/DHa Form II/DHa Form III/DHa

Spectral regions (cm−1) 1514.3–1473.8 3099.7–3003.3 1514.3–1473.8 3236.7–2849.0 1685.9–1473.8
1282.8–1234.6 1722.6–1390.8 1282.8–1234.6 1682.1–1469.9 1269.3–1099.6
1147.8–1082.2 1277.0–1080.3 1147.8–1082.2 1433.3–1388.9 740.8–706.1
1061.0–1008.2 906.7–733.1 1061.0–1008.2 1273.2–1234.6 640.5–557.6
818.0–760.1 661.7–603.9 818.0–760.1 1176.7–1093.8 405.2–349.3
630.9–609.5 351.2–308.8 630.9–609.5 899.0–862.3
596.2–528.6 596.2–528.6 740.8–519.0
596.2–528.6 596.2–528.6 499.7–430.3

347.3–308.8

Factors used 3 2 2 2 2
RMSECV (%) 1.70 3.12 4.56 5.39 7.71
R2 0.998 0.991 0.982 0.975 0.952

a Mixture.
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Table 2
First-order rate constants and unconverted portions after 210 min dispersion in aqueous suspension for each CBZ form

Crystal habit

Prism-like crystals Needle-like crystals

Form I (first) Form III Form I (second) Form II

Rate constant (min−1) 0.0196± 0.0037 0.0529± 0.0134 0.0982± 0.0182 0.174± 0.021
Unconverted portion (%) 34.6± 3.8 51.1± 1.4 16.5± 1.9 27.9± 0.4

Fig. 6. Raman spectra of DH and the recovered (rec) CBZ samples.

of the particles and then covering the surface of the remain-
ing anhydrate, thus slowing down or even stopping further
conversion.

Other possible kinetic models based on solid-state reaction
mechanisms were also considered[51–53](Table 3).

The best fitting and simplest model was a first-order kinet-
ics model (M1) with an unconverted portion (R2 ≥ 0.949).

Fig. 7. Conversion of form I based on the two types of binary calibration
m
r
d wder
a vered
s

Fig. 8. Conversion of form II based on the two types of binary calibration
models: from (�) dry powder and (�) recovered slurries. Values based on
the model from dry powder are interpolated by the solid lines; values based
on the model from recovered slurries are interpolated by the dotted lines.

However, the form II kinetics appeared to be best described by
a two phase model (M2) consisting of a very fast initial con-
version followed by a sustained slow conversion (R2 = 0.999).
This fast initial conversion may be related to voids in the form
II crystal structure, which greatly facilitated the penetration
of water into its crystals[6].

Fig. 9. Conversion of CBZ polymorphs as predicted by the binary models:
(�) form I (first batch); (�) form III; (�) form II; (�) form I (second batch).
odels: form I (first batch) based on model from (�) dry powder and (�)
ecovered slurries; form I (second batch) based on model from (�) dry pow-
er and (�) recovered slurries. Values based on the model from dry po
re interpolated by the solid lines; values based on the model from reco
lurries are interpolated by the dotted lines.
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Table 3
Equations for common kinetic models

Equation Mechanism

M1 y = B + A e−kt First-order mechanism with an unconverted portion
M2 y = B + A1 e−(t−t0)k1 + A2 e−(t−t0)k2 Exponential two phase decay

M3 y/y0 = e−(kt)2 Two-dimensional growth of nuclei mechanism (Avrami equation)[51–53]

M4 y/y0 = e−(kt)3 Three-dimensional growth of nuclei mechanism (Avrami equation)[51,53]

M 5 M1/3 = M
1/3
0 − kt Dissolution of monodispersed powder under sink conditions (Hixon–Crowell equation)[54]

Further samples would have been desirable in the early
phase for the rapidly converting forms. However, this was
limited due to the off-line nature of the measurement where
high variances were likely to be induced by sampling errors
in the fast converting phase.

One-way ANOVA was used to test if there were significant
differences in the conversion kinetics between the crystals of
similar shape but different polymorphic form. There was no
significant difference between form I (first batch) and form
III prisms.

Also, for form I (second batch) and form II needles, no
significant differences were detected at every conversion time
point except 60 and 90 min. The similar conversion rates may
be due to forms II and I needles having very similar hydrogen
bonding in their crystal structures[4]. Also, form I (second
batch) consisted of aggregated needles (Fig. 2), which might
be deaggregated, thus increasing the exposed surface area
which explains its highest conversion extent among all the
forms (almost 90% conversion at 210 min).

However, the conversion profiles of the two batches of
form I with different crystal morphology were significantly
different. The needle-like form I (second batch) had a higher
conversion rate (about five times faster) and conversion extent
(about 30% more converted to the DH after 210 min disper-
sion).

It can be concluded that for samples of the same sieve-
s than
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t CBZ
a a
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thus allow further conversion. The stirring system used in
this study was of much lower force than that used by Yong
and Suryanarayanan and it was observed under SEM that
DH needles were attached to or covered the surface of the
CBZ samples recovered after 210 min dispersion. However,
as the particle size range and the morphology of the samples
used by Yong and Suryanarayanan were not specified in their
paper, the different extents of conversion might also be due to
particle morphology and size differences between the initial
samples.

3.3.3. Quantitation of the ternary mixtures
The quantitative ternary model was generated with a

RMSECV of 3% or less for all components which suggested
a very good predictive ability of the model.

3.3.4. Conversion kinetics of the mixture of forms I
(second batch) and III (50:50)

The kinetics values of forms I and III from the ternary
model were plotted together with the halved values based on
the binary models (Fig. 10), since the sample concentration
of forms I and III in the mixture was half that in their separate
dispersions. Eq.(1) was fitted for forms I and III respectively
and their first-order rate constants and the unconverted por-
tions based on the binary and ternary models are listed in
Table 4.

F od-
e
t own
a s.
ize fraction, crystal morphology has a greater effect
he polymorphic form on the conversion kinetics of CBZ
he DH in aqueous suspension. Since the conversion of
nhydrates to the DH are solution mediated[47], surface are
ay be a critical parameter to explain the different con

ion profiles between these CBZ forms. The actual su
rea for these samples was not determined due to the li
mounts of samples available in this study, however,
EM micrographs, the surface area could be estimated

anked as D < A/C < B (Fig. 2).
The first-order rate constant calculated for form III c

ersion agreed well with that reported by Yong and Su
arayanan[17], confirming the applicability of this metho

or the kinetics studies. However, there was a differenc
he extent of conversion where form III reached a platea
9% conversion to the DH in this experiment but conve
ompletely within 60 min in the study reported in the lite
ure. This may be explained by the available surface are
he continuing nucleation being limited by the attachm
f the DH crystals to the unchanged anhydrate. Mech
al agitation may facilitate the removal of these crystals
ig. 10. Conversion of forms III and I predicted by binary and ternary m
ls: form III based on (�) ternary and (�) binary models; form I based on (�)

ernary and (�) binary models. Values from the ternary models are sh
s solid lines; values from the binary models are shown as dotted line
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Table 4
First-order rate constant and unconverted portion for forms III and I (second batch) based on both binary and ternary models

CBZ forms First-order rate constant (min−1) Unconverted portion (%)

Binary models Ternary model Binary models Ternary model

Form I (second batch) 0.098± 0.018 0.147± 0.025 34.6± 3.8 0.010± 0.300
Form III 0.053± 0.013 0.023± 0.018 51.1± 1.4 23.8± 6.4

One-way ANOVA showed that there was no significant
difference between the conversion rates for form III alone
(using the binary model) and form III in the mixture (using
the ternary model) except for the values at 10 min, although
the rate constants and the unconverted portion were slightly
differently predicted by two models (Table 4).

For form I, there were significant differences between
values at every time point except 60 min. Although this dif-
ference needs to be investigated further, it may be due to the
small amount of form I remaining in the dispersion and the
small proportion of the recovered sample measured (of each
40 mg dispersed sample, three samples each of about 1 mg
were measured after recovery). Furthermore, as shown by
XRPD (Fig. 4), some characteristic peaks of form I can still
be seen in the recovered samples from the mixture of forms
III and I after dispersing for 210 min, albeit small.

It may be concluded that there was no interaction or influ-
ence on form III conversion when dispersed together with
form I as the conversion kinetics of form III were almost
the same as for the pure form III dispersion. The conversion
kinetics of form I in the mixture were not clearly detected.
In a future study, a Raman probe will be used to investigate
these polymorphic systems, where the sampling errors will
be minimized and the feasibility of online accurate quanti-
tative analysis of these polymorphic forms and conversion
processes in suspension will be investigated.
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