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Abstract

Visual observations of the hydration process of single carbamazepine (CBZ) crystals in water and in various excipient solutions [(1%
w/v) — hydroxypropyl cellulose (HPC), poly(vinyl pyrrolidone) (PVP), sodium carboxymethylcellulose (CMC) at pH 7.5 and 3.0, and
polyethylene glycol (PEG)] using scanning electron microscopy (SEM) are reported in this paper. Raman microscopy was used to con-
firm the chemical structures of the unconverted CBZ and the CBZ dihydrate (DH) needles. It was found that defect structures were a
more important driving force than the nature of crystal faces for the initiation of the hydration, but face differences became obvious after
6 h immersion. The biggest crystal face grown from methanol, (100), was the slowest one to be covered with DH needles. A comparison
of the molecular arrangements along the three crystal faces [(100), (010) and (001)] was carried out using crystal structure visualization
software, and fewer polar groups exposed on the (100) face than on the (001) and (010) faces were found, explaining the comparatively
weak interaction of the (100) face with water during hydration. Furthermore, investigation of the influence of excipients on the hydration
of CBZ showed that both HPC and PVP strongly inhibited conversion, and no conversion of CBZ to DH was found after 18 h immer-
sion in water. PEG and CMC (pH 7.5) were less potent inhibitors than HPC and PVP, and DH needles were observed on all the faces
except the (100) face after 18 h immersion. No conversion was detected for the crystal immersed in CMC solution at pH 3.0. This is likely
to be caused by the decreased polarity of CMC in water at pH 3.0 (pK,,cmc = 4.3), and thus a higher surface adsorption of CMC to the
CBZ crystals in dispersion. The influence of excipients on the conversion of CBZ observed in this study agreed well with our previous
quantitative studies using Raman spectroscopy. In this study, visual observation using electron microscopy has been demonstrated to be
a unique and powerful tool to improve our understanding of polymorphic conversions of CBZ in aqueous suspension.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction niques are widely used especially in early stage evaluation of
drug candidates when only a limited amount of material is

Visual characterisation of any solid material is extremely available. Microscopy can be utilised in the evaluation of
important in drug development. Different microscopic tech- particle morphology e.g. to build estimations of the particle
size distribution, to determine relative crystallinity and often

—_— ) to acquire crystallographic information as well [1].
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A certain amount of 3D characteristics is often required in
order to get qualitative or quantitative information about
particle morphology. Depending on how the images are
produced different amounts of 3D features can be distin-
guished; for instance, optical microscopy has a poorer
depth of field and lower resolution than scanning electron
microscopy (SEM). However, both optical microscopy
and SEM are frequently used in the characterisation of
pharmaceutical solids and they are often complementary
in problem solving. The use of SEM in various applications
probing morphology has been reviewed by Newman and
Brittain [1]. However, in recent research on drug crystals,
polymorphism and polymorphic transitions, SEM images
have provided qualitative evidence and the quantification
has been provided by other techniques [2-5]. Consequently,
the interpretation of occurring phenomena based on mea-
surements with solid-state characterisation techniques,
including spectroscopic methods, is often not fully comple-
mented by the use of imaging techniques.

The possible applications of optical microscopy and
SEM in crystal studies are numerous including defect char-
acterisation, monitoring of face dependent phenomena,
visualization of dissolution mechanisms and interactions
between drug crystals and excipients. In this study, the
visualization power of SEM is demonstrated in an anhy-
drate to hydrate conversion study using carbamazepine
(CBZ). Light microscopy has been explored for this pur-
pose by Laine and co-workers as early as 1984, where the
whole hydration process of CBZ in aqueous suspension
and the related mechanism were described based on the
images of the CBZ crystals [6]. Later, the conversion kinet-
ics of CBZ polymorphic anhydrate to the DH in aqueous
suspension was quantified using X-ray powder diffraction
and fluorescence [7,8]. More recently, in 2006, quantitative
studies of the conversion of three different CBZ polymor-
phic forms I, IT and III, and also mixtures of forms I and
I, to the DH in aqueous suspension were investigated
by our group using Raman spectroscopy [9]. Possible con-
version mechanisms of the different polymorphic forms to
the DH were suggested based on differences in crystal mor-
phology. Interestingly, for all polymorphic forms (particle
size 180-250 um) used in that study, an incomplete conver-
sion after 210 min of dispersion in water was found. This
was assumed to be caused by the deactivation of the origi-
nal surface by a coating of DH crystals, which was also
suggested by other authors [6,10]. Such coverage would
impede further penetration of water molecules into the core
of the unconverted CBZ. The influence of excipients on the
conversion kinetics of CBZ polymorphs to the DH was
also investigated by our group [11]. It was found that excip-
ients having both low solubility parameters (<27.0 MPa'/?)
and strong hydrogen bonding groups could inhibit the con-
version completely. Such excipients include hydroxypropyl
cellulose (HPC) and poly(vinyl pyrrolidone) (PVP). The
inhibition ability decreased with increasing solubility
parameter, e.g. for sodium carboxymethylcellulose
(CMCQ). Excipients such as polyethylene glycol (PEG) lack-

ing strong hydrogen bonding groups were of poor inhibi-
tion ability although they have a low solubility parameter
(<21.0 MPa'/?). However, even with a better understand-
ing of the conversion kinetics of bulk CBZ power and
the influence of excipients on the kinetics based on the
quantitative studies described above, questions regarding
the hydration process of single crystals remain open: Is sur-
face coverage of DH crystals on the initial CBZ crystals the
reason for the observed incomplete conversion of CBZ in
water? Is the hydrogen bonding with water in CBZ face-de-
pendent? Do different faces of CBZ interact differently with
the different excipients? Recently, SEM was used in the
investigation of DH growth on the surface of single CBZ
crystals [10] but the focus of data analysis was not on image
information from SEM. The efforts of applying imaging
techniques on more fundamental investigations have
always been limited compared with the use of other tech-
niques such as X-ray powder diffraction, and more recently
IR and Raman spectroscopy, which have all been tried in
various ways to extract more information from CBZ sus-
pensions [2,5,7-9,12-21]. Therefore, the aim of this study
is to apply SEM as a visualization technique to explore
the relation between the crystal morphology and the anhy-
drate-hydrate conversion process. Also, as the growth of
the DH crystals is related to molecular interactions
between CBZ and water molecules, conversion differences
between the important crystal faces are studied and dis-
cussed in terms of the molecular arrangements along the
crystal faces. Furthermore, the effect of excipients on the
conversion of CBZ crystals is investigated.

2. Materials and methods
2.1. Materials

CBZ form III was purchased from Aldrich Chemie
(Munich, Germany). Methanol (HPLC grade) was obtained
from Merck Ltd. (Palmerston, New Zealand). HPC with a
nominal molecular weight of 80,000 and sodium carboxym-
ethyl cellulose (CMC) with a nominal molecular weight of
90,000 were purchased from Sigma Chemical Co. (St. Louis,
MO). PVP with a nominal molecular weight of 24,500 and
PEG with a nominal molecular weight of 6000 were obtained
from BDH Chemicals Ltd. (Poole, England).

2.2. Methods

2.2.1. Growth of single CBZ crystals

Single crystals were grown by cooling a saturated solu-
tion of CBZ form III (p-monoclinic form) (1 g) dissolved
in methanol (15ml) at 70 °C. The solution was placed
intact in a fume hood at room temperature allowing grad-
ual evaporation of methanol.

2.2.2. Immersion of single CBZ crystals
The freshly prepared single CBZ crystals were mounted
onto SEM sample holders using a strip of double-sided
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tape, and then immersed in distilled water or each excipient
solution (1% w/v) separately at room temperature without
stirring. The samples were recovered at several predeter-
mined time intervals and then coated for SEM.

2.2.3. Crystal morphology of single CBZ crystals

SEM micrographs were taken of the initial CBZ single
crystal, and also of the crystals recovered after immersion.
In total, approximately 100 crystals per sample were
examined with SEM and typical sample crystals are pre-
sented. Samples were sputter coated with a thin layer of
gold-palladium under argon vacuum prior to analysis.
SEM (Cambridge Instrument, Stereoscan 360) was per-
formed using a 15 kV beam acceleration voltage. Micro-
graphs were recorded using a PGTE Mitsubishi video/
COpYy Processor.

The interplanar angles between the faces of a typical
CBZ crystal were measured using a two-circle reflecting
goniometer, and the Miller indices of the faces were calcu-
lated based on the equation which relates the interplanar
angles of p-monoclinic crystal system to the unit cell
parameters reported for CBZ [22].

2.2.4. FT-Raman spectroscopic techniques

The FT-Raman instrument consisted of a Bruker FRA
106/S FT-Raman accessory (Bruker Optik, Ettlingen,
Germany) with a Coherent Compass 1064-500N laser
(Coherent Inc, Santa Clara, USA) attached to a Bruker
IFS 55 FT-IR interferometer, and a liquid nitrogen-
cooled D 418 Ge diode detector. Analysis was carried
out at room temperature utilising a laser wavelength of
1064 nm (Nd:YAG laser) and a laser power of 105 mW.
Back-scattered radiation was collected at an angle of
180°. Samples of CBZ and the DH powder were measured
in aluminum cups and 16 scans were averaged for each
sample at a resolution of 4 cm™'. Sulfur was used as a ref-
erence standard to monitor the wavenumber accuracy.
OPUS™ 5.5 (Bruker Optik, Ettlingen, Germany) was used
for all spectral analysis.

FT-Raman microscopy (Ramanscope II Bruker Optik,
Ettlingen, Germany) was also used for qualitatively deter-
mining the changes of the crystal during hydration. The
optical and Raman images were obtained using a 40x
objective, and Raman spectra were acquired using 16 scans
at a laser power of 500 mW. There was no visual sign of
physical or chemical changes after irradiation. Data collec-
tion, stage control and data processing were preformed
using software OPUS™ 5.5 (Bruker Optik, Ettlingen,
Germany).

3. Results and discussion
3.1. Characterisation of the initial single CBZ crystal
The morphology of a typical CBZ crystal and the Miller

indices of three faces [(100), (001) and (010)] are shown in
Fig. 1.

Fig. 1. Morphology of a typical CBZ crystal and Miller indices of three
faces.

3.2. Hydration of CBZ crystals

3.2.1. SEM

Fig. 2(a—c) show the SEM images of three selected single
crystals (left) and details of their respective surfaces at a
higher magnification (right). The magnified area is indicat-
ed by a rectangle in the micrographs on the left side. All the
crystals in Fig. 2 were immersed in water for less than 1 h.
As described by Laine and co-workers, the morphology of
DH crystals resembled clusters of whiskers [6]. The obvious
morphological differences between CBZ anhydrate (form
I1T) and the DH greatly facilitate the detection of the start-
ing point of the hydration as well as the whole hydration
process (see below). As indicated by the arrows in Fig. 2,
DH needles could be observed at surface defect structures
of each crystal after less than 1 h immersion in water. How-
ever, for the areas without obvious defects, no needles
could be seen indicating no conversion. Therefore, the
SEM images indicate that the initiation of the hydration
process is due to the presence of defect structures and that
these are a more important driving force to initiate hydra-
tion than the nature of crystal faces. This is plausible as it is
widely accepted that the crystal growth behaviour has an
extreme dependence on defect structures in the crystallisa-
tion process [23].

It was noted that the surface morphology of the whole
crystal also changed after 1 h immersion in water compared
with their original surface morphology [the magnified sur-
face of the initial crystal is shown in Fig. 3a (right)]. The
surfaces eroded and surface roughness increased, which is
a clear indication of CBZ dissolving in water (Fig. 2(a—)
(right) and 3(b—c)).

For crystals without any obvious surface defects as
shown in Fig. 3a (left), it is hard to predict the starting sites
for hydration. However, as the conversion process pro-
ceeded (from O to 18 h), the surface erosion due to CBZ dis-
solution increased as shown in the magnified micrographs
Fig. 3(b—e) (right). Also, differences in the degree of hydra-
tion between faces became clear. As shown in Fig. 3c (left),
all faces except (100) and (001) were heavily covered with
DH needles after 6 h immersion, whereas in Fig. 3d (left),
after another 6 h immersion, needles have also started
growing on (100) and (001) faces, but some parts of (100)
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Fig. 2. SEM micrographs of CBZ crystals immersed in water for less than 1 h. The whole crystals are shown on the left (a—c), and the areas indicated by
rectangles are shown, respectively, on the right at a higher magnification. Arrows are pointing the areas with DH growth.

face were still without DH. After 18 h immersion, only a
very small space of unconverted CBZ could still be
observed on the (100) face (Fig. 3e (left)). Therefore, the
(100) face showed the slowest conversion to DH needles.
It has been shown that in crystal growth the largest faces
form when the crystal phase molecules do not strongly
interact with solvent; strongly interacting faces tend to be
smaller in size [24,25]. Therefore, for the single crystals
(grown from methanol), the largest face, (100), should be
the one interacting least with the solvent molecules (meth-
anol). Since methanol and water are both polar, protic sol-
vents [26], the face interacting least with methanol should
also be the most inactive one in water. This prediction
agrees with the electron microscopical observations in this
study (Fig. 3). It is possible that the formation of DH
nuclei on the (100) face is greatly hampered by its slow dis-
solution (since it is the weakest face to interact with water).
It is also likely that the dissolved CBZ from this face is sup-
plied to the sites where DH nuclei have already formed to
promote whiskers growth there. This also explains why the
DH needles arrange in a fan-like shape as they mainly grew
from a few DH nuclei which worked as the centre points

for the growth and then spread to the surrounding areas.
Interestingly, [6] also described such orientated growing
structure of DH (clusters of whiskers) and mentioned that
this orientation could be an important factor for the DH
growth.

It can also be seen in Fig. 3e (left) that all the faces of the
initial CBZ were finally covered with DH needles. This fur-
ther confirmed the assumption raised in our previous study
that the incomplete conversion of CBZ polymorphs was
due to the surface coverage of the DH formed slowing
down the conversion process [9]. [10] have not reported
any visual evidence for face differences during the hydra-
tion of single CBZ crystals. However, our results showed
a clear difference between the (100) face and the other faces.

The chemical structures of CBZ and its dimer (present in
the crystalline form of CBZ) are shown in Fig. 4a and b,
respectively (the possible hydrogen binding sites of CBZ
are indicated by the asterisks*). It is well known that the
formation of the DH is due to the interaction of the hydro-
gen bonding groups of CBZ and water molecules [27,28].
The slower hydration rate of the (100) face on the CBZ
crystal compared with the other faces also indicated its
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Fig. 3. SEM micrographs of CBZ crystals during the hydration process: (a) initial CBZ crystal; (b) immersed in water for 3 h; (c) immersed in water for
6 h; (d) immersed in water for 12 h; (e) immersed in water for 18 h. The whole crystals are shown on the left (a—e), and the areas indicated by rectangles are
shown on the right at a higher magnification.
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Fig. 5. Molecular structure of the two faces [(100) and (010)] (a), and of
the two faces [(100) and (001)] (b).

Initial CBZ ©

poorer hydrogen bonding abilities. These are primarily due
to the CO and NH, groups, which are fewer in number
and/or less exposed at the (100) face.

To better understand the molecular arrangement along
the faces of the CBZ single crystal, Fig. 5a and b show
the [(100) and (010)] faces, and [(100) and (001)] faces,
respectively (illustrated with the crystal structure visualiza-
tion software, Mercury 1.4.1, CCDC, UK). These figures
can be used to explore the difference in hydrogen bonding
groups between these three faces of the CBZ crystal. In
Fig. 5a, the (010) face (green) is characterised by polar
NH groups and non-polar CH groups from the ring struc-
tures, whereas the (100) face (red) is mainly characterised
by non-polar hydrocarbon (CH) groups from the ring
structures of the CBZ molecule. Although polar carbonyl
groups are present, these are not as frequently occurring
as the polar NH groups on the (010) face. Also, for the
(001) face (blue) in Fig. 5b, both polar NH and carbonyl
groups are frequently occurring, indicating the stronger
hydrogen bonding ability of the (001) face compared to
the (100) face (red).
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Fig. 7. FT-Raman spectra of: (a) CBZ form III powder; (b) area on the
smooth surface of the initial crystal without contacting water; (c) area
without needles on the incompletely converted crystal; (d) area covered
with needles on the incompletely converted crystal; and (e) CBZ DH
powder. Peaks showing obvious differences between CBZ and the DH are
indicated by the arrows.

200 ;‘nn

Fig. 6. Micrographs of the surface of CBZ crystals taken by Raman microscopy (40x magnification): ellipse (b) is on the surface of initial CBZ; ellipses (c)
and (d) are on the surface of the CBZ recovered from 12 h immersion in water: (c) is the area without any growth of needles, (d) is the area covered with

needles.
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3.2.2. FT-Raman spectra Fig. 3d were also used for Raman measurements in order

The initial CBZ crystal (with no contact to water) shown  to further confirm the chemical structure of the initial
in Fig. 3a and the incompletely hydrated crystal shown in =~ CBZ and the needles grown on its surface. Although

(a) CBZ immersed in water for ~ 2 hours

Fig. 8. SEM micrographs of CBZ crystals immersed in water for 2 h (a) and for 18 h (g) and in various excipient solutions (b—f) for 18 h. The whole
crystals are shown on the left (a—g), and the areas indicated by rectangles are shown on the right (a—g) at a higher magnification.
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Fig. 8 (continued)

FT-Raman has been used in online measurements of the
conversion of CBZ to the DH in a microliter fluid cell
[29], the growth of needles on the surface of the single
CBZ crystals using FT-Raman microscopy presented in
this work has not been reported previously.

Fig. 6 shows micrographs of the surface of the crystals
shown in Fig. 3a and d taken with a Raman microscope.
The areas measured by the Raman laser on the crystal are
indicated by the ellipses in Fig. 6, and the labels inside the
ellipses (b, ¢, and d) correspond to the spectra shown in
Fig. 7.

The orientation of a crystalline sample can result in
intensity changes in Raman spectra [30]. In our studies
there are some small intensity differences between the
powder sample (which is randomly oriented, Fig. 7a)
and the crystalline samples (Fig. 7b and c). A small shoul-
der at 1588 cm™! due to the stretching of C=C bonds

becomes slightly more obvious in the crystalline samples
compared to the powder sample. Nevertheless, it is clear
that the spectra from the smooth surface at (100) face
of the initial CBZ (Fig. 7b) and that of the surface at
(100) face without any needles (Fig. 7c) are that of the
CBZ form III. Also, the Raman spectrum from the sur-
face covered with needles is similar to that of DH powder
(Fig. 7e). Although differences between form III and DH
can be observed in the whole spectral range shown in
Fig. 7 (as indicated by the arrows), the most distinguished
difference is the band pattern at around 1042 cm™! (aro-
matic C—H bend). The distinct band pattern of DH at
1040 and 1027 cm™' is reproduced in the spectrum of
the needles (Fig. 7d). The Raman spectra confirm that
the needles grown on the converted CBZ single crystal
are DH, and the area without needles coverage is the
unconverted CBZ.
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3.3. Hydration of CBZ crystals in the presence of excipients

Morphological differences of CBZ crystals immersed in
water and various excipient solutions are shown in Fig. §.
Again, the slow dissolution of the CBZ crystals can be
clearly seen by SEM as the surface became rough with rigid
edges as a function of time. However, these rigid edges did
not consist of DH, with its typical fan-like shaped needles.
This was also confirmed by FT-Raman microscopy.

The effect of various excipients on the conversion of the
CBZ to the DH can also be observed directly from the
SEM micrographs in Fig. 8. All the excipients — HPC,
PVP, CMC and PEG retarded the conversion to some
extent. Both HPC and PVP showed the highest inhibition
ability. They completely inhibited the conversion for 18 h
(Fig. 8b and c (left)). Taylor and co-workers have demon-
strated that the particle size of CBZ crystals dispersed in a
PVP solution decreased indicating the dissolution of the
crystals [31]. It has been shown clearly in this study that
crystals immersed in the excipients with an inhibitory effect
keep dissolving and resulting in a rough surface without
any formation of the DH nuclei.

CMC (pH 7.5) and PEG also inhibited the hydration to
some extent (Fig. 8d and e (left)), and the (100) face was the
slowest face for the DH growth in these solutions. Since
CMC is an anionic polymer, a low pH value (3.0) was also
used to investigate the pH influence on the hydration.
Interestingly, no DH needles could be observed after 18 h
immersion (Fig. 8f (left)). Again, the surface roughness of
the CBZ crystals increased greatly (Fig. 8f (right)), imply-
ing dissolution of CBZ in the CMC solution at pH 3.0
without conversion. This strongly retarded conversion at
decreased pH agreed well with the suggestions raised from
our previous study. The polarity (degree of ionization) of
CMC (pK,,cmc = 4.3) in water decreases with the decreas-
ing pH (from 7.5 to 3.0), which results in its enhanced sur-
face adsorption to the CBZ crystals in the solution. In
general, the SEM findings confirmed our previous quanti-
tative studies [11]. Whilst it is difficult to compare the rela-
tive degree of inhibition ability between HPC and PVP, or
between CMC (at pH 7.5) and PEG from the SEM micro-
graphs above since the size and shape of the initial crystals
immersed in the excipient solutions are not all exactly the
same, the structural information is unique to the micro-
scopic investigation, and clarified the quantitative behav-
iour detected by Raman spectroscopy [11].

4. Conclusions

In this study, the power and potential of SEM in the
investigation of pharmaceutical polymorphic conversions
has been demonstrated. The hydration phenomena of
CBZ were clearly observed with SEM imaging and a plau-
sible explanation for the partial conversion of CBZ to the
DH was formed based on the growth characteristics of
the DH needles. Also, a better understanding of factors
such as defects, face differences, influence of excipients,

which are all of importance to the physical stability of
CBZ, was gained from SEM images; such insights are
not expected to be directly detectable using bulk
techniques.
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