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Raman imaging methods have appeared in the last years as a powerful approach to monitoring the quality of
pharmaceutical compounds. Because polymorphism occurs in many crystalline pharmaceutical compounds, it is
essential to monitor polymorphic transformations induced by different external stimulus, such as temperature
changes, to which those compounds may be submitted. Raman imaging with k-means cluster analysis (CA) is
used here as an essential technique to investigate structural and chemical transformations occurring in carba-
mazepine p-monoclinic (CBZ III) into carbamazepine triclinic (CBZ I) when submitted to temperatures near the
melting point of CBZ III (178 °C) and CBZ I (193 °C).

CBZ III commercial powder and laboratorial prepared CBZ I were analyzed by differential scanning calo-
rimetry, powder X-ray diffraction and Raman spectroscopy with variable temperature. After thermal treatment,
the resultant CBZ powder was evaluated by Raman imaging, in which all imaging data was analyzed using CA.
Raman imaging allowed the identification of different polymorphs of CBZ (CBZ III and CBZ I) and iminostilbene

(IMS), a degradation product of CBZ, in the treated samples, depending on the heating treatment method.

1. Introduction

Polymorphism is the ability of a compound to crystalize into distinct
crystalline forms depending on the ambient and experimental condi-
tions. Monitoring and controlling the polymorphism behavior of mo-
lecular compounds have been a long-standing challenge in various
applications. In particular, polymorphs of pharmaceutical compounds
have distinct physical-chemical properties that impact their bioavail-
ability and chemical stability.(Censi and Di Martino, 2015; Diao et al.,
2012; Hilfiker, 2006; Hilfiker and Raumer, 2019; Rodriguez-Spong
et al., 2004) The European Pharmacopeia has shown that 57% of
pharmaceutical compounds are capable of forming hydrates, 20% form
solvates, and about 58% are polymorphic.(Bechtloff et al., 2001)

Carbamazepine (CBZ, 5H-dibenzazepine-5-carboxamide) is an anti-
convulsant drug belonging to the Biopharmaceutics Classification Sys-
tem II Class, which is used to treat epilepsy and to relieve trigeminal
neuralgia.(Dolgga et al., 2019; Flicker et al., 2011; O’Brien et al., 2004)

There are five anhydrous polymorphic forms reported in the litera-
ture, though the terminology to distinguish the several forms lacks
uniformity, with some authors using a Roman numerical system and
others using a Greek notation. Here, the CBZ polymorphs are named
according to the terminology followed by Grzesiak et al.(Grzesiak et al.,
2003) and F. Flicker et al. (Flicker et al., 2012, 2011) as follows: crystal
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lattice p-monoclinic (III), triclinic (I), c-monoclinic (IV), trigonal (II), a
catemeric polymorph (V) and one dihydrate form.(Arlin et al., 2011;
Grzesiak et al., 2003; Li et al., 2008) The polymorph CBZ III is the
commercially available therapeutic agent and the thermodynamic stable
form at room temperature.

Carbamazepine polymorphs and the hydrate compound have
different dissolution rates in the human gastrointestinal tract, resulting
in distinct bio-availability. Thus, depending on the pharmaceutical
product history, different commercial brands of CBZ tablets can present
distinct drug performances or even clinical failure due to CBZ poly-
morphism.(Meyer et al., 1992) This highlights the relevance of under-
standing and monitoring the polymorphism in CBZ products.

Carbamazepine presents a rare case of packing polymorphism, in
which all four polymorphs (I, II, IIT and IV) present an identical mo-
lecular conformation (with differences in the packing of the carbox-
amide dimer units) and strong hydrogen bonding.(Grzesiak et al., 2003;
Lang et al., 2002; Rodriguez-Spong et al., 2004) For instance, the CBZ
polymorphs (I to II) pack in a similar mode, in which both modifications
show two C-HeeeO intermolecular interactions between an oxygen and
two different hydrogen donors.(Rodriguez-Spong et al., 2004) The most
recently discovered form V is the only known polymorph of CBZ that
occurs in a catemeric configuration without forming dimers.(Arlin et al.,
2011; Clout et al., 2018)
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Scheme 1. Flow chart showing the preparation methods and thermal transition
between CBZ polymorphs I, III and IV.

Spectroscopic techniques such as infrared (IR) and Raman spec-
troscopies have been widely used as characterization tools of Active
Pharmaceutical Ingredients (APIs), namely in identifying polymorphs,
co-crystals, impurities, amorphous materials and solvates.(Nanubolu
and Burley, 2012) These vibrational spectroscopy techniques offer short
periods of analysis time, involve non-contact and non-destructive mea-
surements, fast sample preparation and, in the case of Raman mea-
surements, the samples can be measured directly in water without
solvent interference.(Inoue et al., 2019; Kogermann et al., 2007; Tian
et al., 2006) Although both techniques probe molecular vibrations and
are frequently employed as complementary tools, Raman spectroscopy
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presents more sensitivity for APIs detection (stronger Raman signal)
than for the excipients commonly used. This is because Raman spec-
troscopy is not sensitive to high dipole moment bonds present in most
excipients; however, it is highly sensitive to conjugated double bonds
and aromatic rings that normally exist in a variety of APIs.(Farias and
Carneiro, 2014) Consequently, Raman spectroscopy can detect changes
in intramolecular bonding (e.g. C-C symmetric vibrations) and, as a
result, reveal structural information at the molecular level.(Kogermann
et al., 2007) Also, low-frequency Raman spectroscopy can be especially
useful because it can easily differentiate API crystalline forms due to
distinct lattice vibrational modes.(Inoue et al., 2017; Larkin et al., 2014;
Roy et al., 2013; Taylor and Zografi, 1998) The last decade has assisted
to an increasing interest in applying Raman imaging techniques to the
development, manufacturing and quality control of pharmaceutical
products.(Firkala et al., 2013; Nanubolu and Burley, 2012; Piqueras
et al., 2014) A main advantage of Raman based images is that they
combine spatial and spectral information about the analyzed sample. A
selected area of the sample is analyzed, with high spatial resolution
(within the micrometer range), which allows to monitor the analyte
even at low concentrations.(Fateixa et al., 2018a; Fateixa et al., 2018b;
Mitsutake et al., 2019) Raman imaging has been used as an effective
spectroscopic technique in the pharmaceutical field for the study of
pharmaceutical formulations concerning drug/excipient distribution,
particle/domain size and shape, crystallization and aggregation stage,
phase separation, surface migration and polymorphic forms.(Brown
et al., 2010; Carruthers et al., 2021; Clarke et al., 2001; Dadou et al.,
2020; Di Febo et al., 2020; Sarri et al., 2019; Xu et al., 2020)

We have been exploring Raman imaging as a tool to characterize the
distribution/aggregation state of specific compounds that are dispersed
in composites, which in some cases have great interest for pharmaceu-
tical areas, namely in drug delivery, cancer therapies and bone regen-
eration.(Fateixa et al., 2017; Marques et al., 2019; Monteiro et al., 2018)

Raman imaging is particularly suitable to study polymorphic trans-
formations due to the significant differences in the Raman features of the

Fig. 1. Molecular packing (left) and optical microscope image (right, 10x objective) of (A) CBZ p-monoclinic (CBZ III), (B) CBZ triclinic (CBZ I). The molecular
packing of CBZ polymorphs was performed using the program Mercury 4.1 and the data retrieved from WebCSD.
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Fig. 2. Raman spectra of CBZ III (a) and CBZ I (b), using two different laser sources 1064 nm (A) and 633 nm (B). The three panels correspond to different spectral
regions. Dashed lines highlight the diagnosis bands chosen to monitor the presence of CBZ III (blue dashed line; 104 cm ') and CBZ I (green dashed line; 118 cm™?).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

polymorphs, allowing their detection in different areas of the sample.
(Clout et al., 2018; Di Febo et al., 2020; Piqueras et al., 2014; Sarri et al.,
2019) For instance, Piqueras et al. have reported the use of multiset
analysis on several Raman images acquired during the thermal-induced
polymorphic transformation of CBZ, providing a complete description of
this process from global (image) and local (pixel) level and structural
(identification of the polymorphic forms) point of view.(Piqueras et al.,
2014) They have proven the presence of two CBZ polymorphs forms
(p-monoclinic (III) and an unidentified CBZ polymorph) at the begin-
ning of the thermal degradation process (25 °C) of anhydrous com-
mercial CBZ, using fixed-size image window-evolving factor analysis
(FSIW-EFA). Both CBZ polymorphs have evolved to a third one (CBZ I)
after exposure to a gradient temperature until they reach 160 °C. Burley
and co-workers have used in situ Raman spectroscopy and Raman im-
aging to monitor the crystallization behavior of amorphous paracetamol
for variable temperatures in both covered and uncovered sample
holders.(Nanubolu and Burley, 2012) Using this imaging technique,
they have demonstrated that amorphous paracetamol samples synthe-
sized under variable experimental conditions can exhibit differences in
the crystallization pathway.

Although the characterization of the different CBZ polymorphs and
the associated transformation conditions have been reported, an upda-
ted overall picture of the CBZ polymorphism process is important.
Namely, there is a lack of detailed investigation on the temperature
influence in CBZ polymorphs crystal structure and degradation prod-
ucts. The transition of CBZ III into CBZ I during heating has been
investigated using a variety of techniques such as DSC analysis, Raman
and IR spectroscopies and powder X-ray diffraction;(Behme and Brooke,
1991; Edwards et al., 2001; Flicker et al., 2012; Hu et al., 2019a; O’Brien
et al., 2004; Piqueras et al., 2014; Rustichelli et al., 2000a) however, the
polymorphism process of CBZ during the cooling step and re-heating has
been less studied. Recently, Dotega et al. have shown that the tempera-
ture of CBZ decomposition is lower than the melting point of CBZ I

(~192°C), and identified the presence of iminostilbene (IMS) during the
re-heating of CBZ III sample using DSC analysis and powder X-ray
diffraction.(Dolega et al., 2020b, 2020a, 2019)

Hence, this research aims to provide a systematic overview of car-
bamazepine p-monoclinic (CBZ III) crystallization into carbamazepine
triclinic (CBZ I) under different experimental and analytical conditions
using confocal Raman microscopy. In particular, this work reports for
the first time Raman imaging, together with k-means cluster analysis
(CA), to identify the polymorphic transition of CBZ III into CBZ I and the
degradation product of CBZ III (iminostilbene). Furthermore, the spatial
distribution of CBZ III (API) in commercial tablets is also reported here
by using the Raman imaging technique, demonstrating the potential of
this approach for quality monitoring purposes.

2. Experimental section
2.1. Materials

Carbamazepine polymorph III powder (CBZ III) was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used as received; hydrox-
ypropyl cellulose (M,, = 60000, Sigma-Aldrich). All solvents were ob-
tained from commercial sources and used as received or distilled and
dried by standard procedures. Safety: CBZ is an API that should be
handled in small amounts and under adequate safety conditions due to
its toxicity. Waste from these compounds should be placed in containers
for further treatment and disposal.

2.2. Preparation of CBZ polymorphs

Pure polymorph III (CBZ III_pure) was obtained by the dissolution of
commercial CBZ III in ethanol (5.1 g/100 mL) at 80 °C, over 40 min, and
then, the solution was cooled to 25 °C and held at this temperature for 5
h. The crystals obtained were filtered and dried overnight at 30 °C,
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Fig. 3. Optical microscope images with the scanned area marked in red (right) and the respective Raman images (left, excitation at 633 nm) obtained using the
integrated intensity of the Raman band at 118 cm ! for CBZ I (A) and Raman band at 104 cm ™! for CBZ III (B). The vertical bar shows the color profile in the image

with the relative intensity scale.

following the procedure of Li et al.(Li et al., 2008) CBZ polymorph I (CBZ
I) was prepared by heating CBZ III at 170 °C for 2 h, as described pre-
viously by Strachan et al.(Strachan et al., 2004b) The CBZ polymorph IV
(CBZ 1V) was prepared by the slow evaporation of 0.6 mL of anhydrous
methanol solution (1.5 g/100 mL, 20 °C) of CBZ III in the presence of 24
mg of hydroxypropyl cellulose, following the work of Lang et al.(Lang
et al., 2002)

Scheme 1 summarizes a CBZ polymorphism flow chart, showing the
preparation methods used in this paper and/or the thermal transitions
between CBZ I-IV.

2.3. Temperature-dependent powder X-ray diffraction (XRD) analysis

Variable-temperature powder XRD studies were acquired at a heat-
ing rate of 5 °C/min. Pellets of CBZ polymorphs (~100 mg) with a
diameter of 2.5 cm were placed in the cavity of a stainless-steel holder.
The sample was first heated from 25 °C to 178 (or 195 °C) at 5 °C/min,
held for 5 min at 178 °C (or 195 °C), and then left to cool down at room
temperature (25 °C) on air. After the analysis, the room was ventilated to
dispose of possible toxic products from the decomposition of CBZ.

2.4. Differential scanning calorimetry (DSC) measurements

The crystallization and melting dynamics of CBZ polymorphs were
evaluated by DSC. For each sample, 2 cycles of heating—cooling were
performed. In detail, the DSC analysis was carried out at a heating rate of
5 °C/min under Ny atmosphere and in the temperature range of 25 °C to
195 °C. The sample was first heated from 25 °C to 195 °C, at 5 °C/min,
held for 1 min at 195 °C and then cooled from 195 °C to 25 °C, at 5 °C/
min, hold for 1 min at 25 °C and a second heating—cooling cycle was
done immediately after, using the same instrumental parameters. The

onset of each thermal event (Tonset) and the enthalpy (AH) were used to
compare the endothermic and exothermic peaks of the CBZ sample.

2.5. FT-Raman measurements

FT-Raman spectra of CBZ I and CBZ III were measured using a FT-
Raman spectrometer Bruker RFS 100/S with a laser excitation source
at 1064 nm. Each Raman spectra were acquired with 200 scans, at a
power of 100 mW and 4 cm ™! of resolution.

2.6. Temperature-dependent confocal Raman microscopy

A combined Raman-AFM-SNOM confocal microscope system WITec
alpha300 RAS™ was used. Raman spectra of the CBZ polymorphs were
acquired at 10mW of power, 10 acquisition, 2 s each acquisition using a
633 nm excitation laser source. Raman imaging was performed by tak-
ing 150 x 150 Raman spectra in a uniform 25 x 25 pm grid for small
areas and 250 x 250 Raman spectra in a 100 x 100 pm grid for large
areas. A 100 x objective was used, and the integration time for each
spectrum was 0.05 s (power set at 10 mW). The time required to create
the Raman images using that integration time was 22 min (small areas)
and 60 min (large areas). CBZ tablets (400 mg of CBZ) were obtained
from a commercial supplier; it was designed as CBZ-tablet. Raman im-
aging was performed on the commercial tablets by taking 600 x 300
Raman spectra in a uniform 6000 pm x 3000 pm grid with a 10x
Objective (10 mW; 180,000 Raman spectra with 0.05 s and 1 acquisition
each; 8 h) and Raman spectra were acquired on crushed CBZ-tablet (2 s,
10 acquisitions each).

Data acquisition and processing were performed using WITec Project
5.0" software. The average Raman spectra were obtained from all data
points in the Raman images (22500 spectra for small images; 62,500
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Fig. 4. Combined set of the Raman images obtained from the two different

spectra observed in CBZ III using CA (A); corresponding average spectrum for

each distinguished area (red and cyan, respectively) at the range 20-1800 cm ™!

(B) and at low-frequency region (20-300 cm™) (0).

spectra for large areas). Raman images were constructed by area inte-
grating over specific Raman bands of CBZ powders.

Background subtraction was performed for all Raman spectra and
images, using the shape function (shape size: 300; noise factor: 2) of the
Graph Background subtraction (WITec Project 5.01). All imaging data
were analyzed using the k-means cluster analysis (CA) to distinguish
different CBZ polymorphs and degradation products. Briefly, CA allows

International Journal of Pharmaceutics 617 (2022) 121632

3000 um

Fig. 5. A) Optical images of commercial CBZ-tablet with the scan area marked
at red; B) Raman image obtained using the integrated intensity of the Raman
band at 1624 cm ™! for CBZ III. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

for grouping a set of objects (vibrational spectra in our studies) similar to
each other (in vibrational features). CA was performed using WITec
Project Plus software with the Centroid model and the k-means algo-
rithm (a single mean vector represented each cluster). The hyperspectral
image is processed into different color-coded images, representing the
chemically different areas (clusters) and the corresponding average
spectrum for each distinguished area. One cluster was assigned to CBZ
III (red), CBZ I (blue) and iminostilbene (green). A combined image is
used to represent the obtained clusters images.

The temperature-dependent Raman measurements were carried out
at a heating rate of 5 °C/min from 25 to 178 °C or 193 °C (leaving 5 min
at this temperature) and then return to room temperature (25 °C,
without controlling the cooling step). Pellets of CBZ polymorphs (~10
mg) with a diameter of 1 cm were used, mounted between glass slides.

2.7. Instrumentation

Optical microscopy characterization was performed using a Carl
Zeiss Axiovert 40 MAT microscope (Carl Zeiss Light Microscopy,
Gottingen, Germany). The samples were prepared by direct deposition
of the CBZ powder on glass slides. XRD was performed using a Philips
instrument operating with Cu-Ka radiation (A = 1.54060 A) at 40 kV/50
mA. DSC analysis was carried out using a Power Compensation Diamond
DSC — Perkin Elmer instrument calibrated between —90 °C and 500 °C,
using In and Pb standards and hermetically sealed Al pans. The HPLC
system comprised a column Kromasil 100-5-C18 (250 mm of length and
4.6 mm of i.d.) coupled to a precolumn holder (imChem). The column
was maintained at 25 °C, and the mobile phase consisted of acetic acid
0.1% (35%) and methanol (65%) (isocratic elution) with a flow rate of 1
mL/min. The injection volume was 20 pL. The total run time was 45 min.
Chromatographic standards of CBZ and IMS were used. The retention
time (tg) of CBZ was 6.5 min, whereas tg of IMS was ca. 18 min. Both
CBZ and IMS were detected at a wavelength of 260 nm.

3. Results
3.1. Optical microscopy
The two CBZ polymorphs used in this research work, namely CBZ

commercial (CBZ III) and prepared CBZ I, can be clearly distinguished
under the experimental conditions employed for this study. Fig. 1 (on
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the right) presents optical images of CBZ III and CBZ I using an optical
microscope with polarized light. Both can be distinguished by simple
visual inspection, having CBZ III crystals a prismatic-shape and CBZ I a
large needle-shape. The molecular packing of carbamazepine in poly-
morphs CBZ III and CBZ I is also presented in Fig. 1 (on the left),
showing the formation of dimers, with the carboxamide unit acting as
both the hydrogen bond donor and acceptor.(Grzesiak et al., 2003)

3.2. FT-Raman and confocal Raman microscopy analysis

First, the two CBZ polymorph samples were analyzed by Raman
spectroscopy using two distinct laser sources with excitation wavelength
at 633 nm and 1064 nm.

The Raman spectra of CBZ III and CBZ I (Fig. 2) are in good agree-
ment with those published in the literature,(Inoue et al., 2019; O’Brien
et al., 2004; Rocha and Poppi, 2011; Strachan et al., 2004a) exhibiting
the characteristic band positions and relative intensities of the p
-monoclinic and triclinic forms, respectively. The Raman bands for both
CBZ polymorphs have been assigned to the respective vibrational modes
according to the literature,(O’Brien et al., 2004; Prasad et al., 2020;
Rocha and Poppi, 2011; Tommasini et al., 2019) and are summarized in
Table S1.

The two CBZ samples exhibit differences in the band positions and
relative intensities of the Raman bands in the spectral regions of
1500-1600 cm™! (stretching C=C modes of the aromatic rings),
1000-1100 cm™! (bending in-plane mode of C—H from the aromatic
rings) and 3040-3065 cm ! (stretching mode of C—H in the aromatic

rings).(O’Brien et al., 2004) Although the Raman spectra of two CBZ
polymorphs present significant differences in these regions, no isolated
distinct bands were found to monitor the two polymorphs, making its
use challenging to identify the CBZ polymorphs in mixture samples.

The vibrational modes observed in the low-frequency region
(20-200 cm’l) in Fig. 2 (on the left) are due to the deformations of the
molecular skeleton within the crystal lattice.(Inoue et al., 2019, 2017)
CBZ exhibits several low-frequency Raman bands with high intensities
(e.g. at 104 cm ™! for CBZ I and at 118 cm ™! for CBZ I) due to changes in
the o-n back-bonding between the primary amide and the aryl groups.
(Larkin et al., 2014) Thus, these bands are suitable as diagnosis bands for
monitoring the two CBZ polymorphs in pharmaceutical products.

The CBZ III and CBZ I crystals were characterized using Raman
imaging (Fig. 3). The Raman images were obtained using the bands at
104 cm ™! and 118 cm ™! for CBZ I and CBZ I, respectively. The brighter
colors in the images indicate the presence of the respective CBZ poly-
morph. It should be noted that by using Raman imaging, the charac-
teristic needle-shaped crystals of CBZ I's and the prismatic-shaped CBZ
III’s crystals can be clearly observed.

In order to identify adventitious contaminants or distinct CBZ poly-
morphs in each CBZ sample, a k-means cluster analysis (CA) was per-
formed on the Raman spectral data acquired. The CA coupled with
Raman imaging has been used as a multivariate analysis to investigate
pharmaceutical formulations (Chemical Characterization of Pharma-
ceutical Samples by Confocal Raman Microscopy and Correlative
Techniques, n.d.) and other type of samples such as organelles in cells
and ceramics.(Li et al., 2019; Srodek et al., 2018)
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In the Raman image of CBZ I powder, the characteristic Raman
spectrum of CBZ I is observed over all regions of the needle-shaped
crystals, indicating a complete transition of CBZ III to CBZ I (170 °C,
2 h). This means that no impurities, degradation products or CBZ III
crystals have been observed in this sample.

The CA analysis on the Raman spectral data acquired for CBZ III
(Fig. 4) allowed to detect the presence of a second Raman spectrum,
similar to CBZ III, but with significant differences in band intensities
(see top spectrum, cyan colored, in Fig. 4B). It should be noted the
inversion of the band intensities at 1023 and 1041 cm ™}, assigned to the
8in-plane(C—H) aromatic and the increase of the Raman band intensities
at 544 cm ! assigned to the aromatic ring bending out-plane, 722 cm ™
assigned for the C—N—C stretching, 1223 cm ™! assigned to the C—H
bending in-plane of the aromatic ring and 1307 cm ™! assigned to the
C—H non-aromatic bending in-plane.(O’Brien et al., 2004)

Taking a careful inspection of both Raman spectra at lower wave-
numbers (Fig. 4C), significant differences can be detected in the bands’
intensities, namely 104 em !, 120 em™}, 170 cm ™! and 181 em™}, all
assigned to the lattice vibration of the CBZ III crystal; however, no
changes on the band positions were observed.

Raman imaging was also used to investigate the distribution of the
CBZ III over the surface of a commercial CBZ-tablet. In this case, the
band at 1624 cm’l, assigned to the v(C—=C) non-aromatic, was used for
monitoring instead of the band at 104 cm™, as shown in Fig. 3. This is
because the band at 143 cm™!, due to TiO, used in the formulation, is

very intense and difficult the monitoring of bands in that spectral region.
The Raman image presented in Fig. 5 shows a homogeneous distribution
of CBZ III at the surface of the tablet. Several Raman spectra were also
acquired on crushed CBZ-tablet, and the characteristic Raman features
for CBZ III can be clearly observed (Figure S2).

3.3. DCS measurements

Fig. 6 presents the DSC results for CBZ III, using successive hea-
ting—cooling cycles and the respective Raman spectra of the solid CBZ
powder before and after the DSC analysis. Before heating the sample, a
Raman image was recorded, from which an average Raman spectrum
was obtained (Fig. 6A, red spectrum). In the first heating cycle (1st cycle
in Fig. 6B), an endothermic peak immediately followed by an
exothermic peak is observed at 174.5 °C (Topset = 171.6 °C), corre-
sponding to the melting of CBZ III, followed by crystallization into the
CBZ form 1. A second endothermic peak is observed at 193 °C, corre-
sponding to the melting of CBZ I. During the first cooling step (2nd cycle
in Fig. 6B), the recrystallization of the CBZ I occurs with the exothermic
peak at 175.3 °C (Topget = 178.2 °C). This result is in good agreement
with thermal data reported in the literature.(Behme and Brooke, 1991;
Dotlega et al., 2019; Grzesiak et al., 2003)

A second heating—cooling experiment (3rd and 4th cycles in Fig. 6B)
was performed to investigate the presence of CBZ degradation products
arising from thermal treatment. In the second heating cycle (3rd cycle in
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Fig. 8. Powder XRD diffraction patterns of samples CBZ III (a) and CBZ I (b).
The bottom diffractograms correspond to the literature data for the CBZ poly-
morphs: p-monoclinic (JCPDS Card No. 00-033-1565) and triclinic (JCPDS
Card No. 00-056-1968).

Fig. 6B), two endothermic peaks at 146.2 °C (Topset = 142.5 °C) and
185.0 °C (Tonset = 177.6 °C) were observed. It has been reported that
carbamazepine can sublime and condense as orange crystals of imi-
nostilbene (IMS), when exposed to higher temperatures.(Ceolin et al.,
1997) Dolgga et al. have observed the same thermal events for CBZ III,
demonstrating that such endothermic peaks are due to the melting of
IMS (146.2 °C) and CBZ I (185.0 °C), respectively. (Dotgga et al., 2020b,
2019) These authors have found the presence of IMS on the decompo-
sition process of CBZ III even below the temperature reported as the
melting point of CBZ I (225 °C).

The yellow powder obtained after the DSC analysis of CBZ III was
characterized by Raman imaging. The CA of the Raman spectral data
acquired shows the distribution of two distinct Raman spectra (Raman
image in Fig. 6D, with colors corresponding to the spatial location of the
blue and green spectra shown in Fig. 6A, respectively). According to the
literature, the blue spectrum corresponds to CBZ I and the green spec-
trum corresponds to IMS (complete Raman spectrum of IMS shown in
Figure S1).(Kuramshina et al., 2003) The combined Raman image shows
the presence of CBZ I needle-shaped crystals and IMS particles, but the
latter in less amount. This result was confirmed by HPLC, in which two
peaks were observed for the yellow powder obtained after the DSC
analysis (Figure S3). The first peak is related to CBZ (retention time 6.5
min), and the second peak is from IMS (retention time 18 min).

Similar heating—cooling experiments were performed with CBZ I. For
CBZ 1, an unique endothermic peak is observed at 191 °C (Topset =
189.9 °C), correspondent to the melting of CBZ I in the first heating cycle
(Fig. 7B).(Hu et al., 2019b; Rustichelli et al., 2000b) During the cooling
step (2nd cycle in Fig. 7B), the recrystallization of the CBZ I is observed
by the exothermic peak at 175.3 °C (Topset = 178.2 °C). In the second
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cooling step (4th cycle in Fig. 7B), a shift for lower temperatures of the
crystallization of CBZ I is detected. This could be an evidence for IMS
formation.

The yellow powder obtained after the DSC analysis of CBZ I was
characterized by Raman imaging (Fig. 7D). The presence in the sample
of CBZ I crystals (blue) and IMS particles (green) were confirmed.

3.4. Temperature-dependent powder XRD diffraction

Fig. 8 shows the powder XRD for the two CBZ samples. The XRD
diffractogram of CBZ III corresponds to the p-monoclinic form with
space group P21/c and lattice parameters: a = 7.529, b = 11.148, c =
15.470, f = 116.17. The CBZ molecules pack as hydrogen bonded di-
mers through the carboxamide group with an anti (centrosymmetric)
relationship (Fig. 1A). The main XRD peaks reported in the literature for
the p-monoclinic CBZ are located at 26 = 12.9, 14.9, 15.2, 15.8, 27.2,
27.5 and 32.0°.(Flicker et al., 2011; Grzesiak et al., 2003; Lang et al.,
2002) At lower angles (5-20° 26), the powder XRD diffractogram shows
slight differences in the peak intensities (14.9 and 18.0° 20) that can be
due to different crystal habits, smaller particle size or preferred orien-
tation of the particles in the sample holder.(Flicker et al., 2012, 2011)
The CBZ I powder presents the expected lattice parameters for the
triclinic lattice: a = 5.1706, b = 20.574, ¢ = 22.245, a = 84.12, § =
88.01 and y = 85.419 (Fig. 8b).(Ceolin et al., 1997; Grzesiak et al., 2003)
The asymmetric unit consists of four molecules, each forming hydrogen-
bonded anti dimers through the carboxamide donor and carbonyl
acceptor (Fig. 1B).(Grzesiak et al., 2003) These results are in agreement
with the results of the Raman spectroscopy presented above (Fig. 2).

To have further information about the thermal behavior of CBZ, the
CBZ III powder was analyzed by temperature-dependent XRD, followed
by Raman imaging of the final powder. Fig. 9A shows that a mixture of
CBZ III and CBZ I is present in the sample at 178 °C, as revealed by the
XRD patterns corresponding to both polymorphs. At this temperature,
the characteristic XRD peaks of CBZ I (20 7-10° and 12.5°) are also
observed in the heated CBZ III sample, which become more pronounced
when the sample is cooled to room temperature (25 °C).

To have more information about the transition of CBZ III powder into
CBZ I at 178 °C, a Raman image was recorded after the sample was
cooled to room temperature. Fig. 9D shows a combined set of the Raman
images (scanned area shown in Fig. 9C) obtained from the spatial dis-
tribution of the two different Raman spectra detected in the final powder
(the corresponding spectra are shown in Fig. 9B, with the same colors).
The combined Raman image of the sample (Fig. 9D), indicates the
presence of a mixture of CBZ III (red) and CBZ I (blue), in which the
latter predominates; the Raman data analysis also confirmed the absence
of IMS in the thermal treated sample.

A temperature-dependent powder XRD characterization for CBZ III
using an upper temperature near the melting point of CBZ I (193 °C) was
also performed. In this case, the CBZ III was quantitatively converted
into CBZ I, as shown in Figure S4. The Raman image of the final powder
shows the presence of CBZ I, but no CBZ III or IMS were detected from
the Raman data.

The CBZ I crystals were also analyzed by powder XRD using in situ
temperature variation (Figure S5). For CBZ I, no changes were observed
in the XRD patterns by increasing the temperature of the analyzed
sample, and the observed Raman bands were characteristic of CBZ I.

3.5. Temperature-dependent Raman spectroscopy

This research clearly indicates the relevance of the thermal treatment
to which the sample is submitted for the polymorphic transition/
degradation of CBZ III. Thus, a temperature-dependent Raman spec-
troscopic study was carried out for the first time by submitting the
sample to a temperature variation and recording the Raman spectra in
situ. Fig. 10 indicates that the transition of CBZ III into CBZ I occurs at
160 °C, as revealed by the characteristic Raman bands of CBZ 1. The
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Fig. 9. A) XRD powder diffractograms of CBZ III, at several temperatures, during one heating—cooling cycle. B) Raman spectra obtained for CBZ III powder after
being heated (up to 178 °C) and cooled to room temperature (CBZ III — red spectrum; CBZ I — blue spectrum). C) Optical microscope image of the powder after the
heating-cooling experiments, with the Raman scanned area marked in red. D) Combined set of the Raman images (scanned area shown in C) obtained from the two
different Raman spectra detected in the final powder using CA (red and blue colors in the image D and respective spectra in A). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

spectra do not show the presence of degradation products (e.g. IMS). The
Raman imaging in Fig. 10B was recorded on the powder sample after
being cooled to room temperature. The Raman spectrum in Fig. 10A
shows the characteristic Raman bands of CBZ I when the sample is
cooled to room temperature, the Raman imaging after CA shows the
presence of both IMS (green) and CBZ I (blue). The Raman imaging of a
sample submitted to a similar treatment but up to 178 °C as the
maximum temperature showed CBZ I needle-shape crystals as the single
phase (See supporting information, Figure S6).

4. Discussion

This work confirms Raman imaging as a powerful tool to monitor
polymorphic changes occurring in active pharmaceutical ingredients
and identify compounds that might result from eventual degradation.
All the characterization techniques used in this research show that CBZ
III corresponds to the p-monoclinic form and CBZ I to the triclinic form.
It is known that CBZ products exhibit a history of irregular drug per-
formance and clinical failures on generic tablets or tablets of the same
brand due to high dissolution variability.(Flicker et al., 2011; Kobayashi
et al., 2000; Mittapalli et al., 2008) Following this line, CBZ polymorphs
powders were analyzed by Raman imaging followed by k-means CA to

identify possible degradation products or contamination compounds.
For CBZ 1, a quantitative conversion of CBZ III into CBZ I (needle-shaped
particles) occurred at 170 ° after heating over 2 h, without observation
of any byproduct, such as IMS (Fig. 3A). On the other hand, the Raman
image acquired for CBZ III (Fig. 3B) has demonstrated the presence of
CBZ III (cubic-shape particles) and another unidentified compound with
a different Raman spectrum (Fig. 4, cyan Raman spectrum).

As a first hypothesis, it was thought that the Raman spectrum of the
unknown compound could be attributed to vestigial IMS, which is used
for the fabrication of CBZ III. A close comparison of the IMS Raman
spectrum (Fig. 6, green Raman spectrum) with the one obtained in Fig. 4
(cyan Raman spectrum), it was concluded that the cyan Raman spectrum
does not correspond to IMS.

Some authors have reported that commercial CBZ III can contain a
minor amount of CBZ IV.(Flicker et al., 2011; Kipouros et al., 2005) In
order to evaluate the presence of this polymorph in the CBZ III sample,
CBZ 1V was firstly prepared using the method described by Lang et al.
(Lang et al., 2002) The powder XRD diffractogram and Raman spectrum
revealed a crystalline phase belonging to the c-monoclinic system(Lang
et al.,, 2002; Strachan et al., 2004b) (See supporting information,
Figure S7). It turns out that the Raman spectrum of CBZ IV presented in
Figure S7 did not match the cyan Raman spectrum presented in Fig. 4B.
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We propose as a new explanation for observing a distinct Raman
spectrum in selected areas of the CBZ III sample, the existence of distinct
crystallographic ordering in the molecular packing of carbamazepine.
(Flicker et al., 2011; Krahn and Mielck, 1989) We have also observed
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differences in the relative intensities of the peaks (14.9°, 18° and 27.2°)
in the XRD diffractogram of CBZ III (Fig. 8), which is in line with this
hypothesis. According to Krahn and Mielck, CBZ I shows a similar
behavior because depending on the synthesis method, a different crys-
tallographic ordering is observed.(Krahn and Mielck, 1989) In order to
further confirm this hypothesis, we have prepared pure CBZ III using the
method proposed by Li et al., (Li et al., 2008) and the same behavior was
observed. In the Raman image, two different Raman spectra were
observed, one corresponding to CBZ III and other similar to the Raman
spectrum presented in Fig. 4B (data not shown). This result corroborates
the idea that the commercial sample of CBZ III can exhibit different
crystallographic ordering, which might result in distinct spectra as
detected by confocal Raman microscopy, and not necessarily associated
with the existence of other polymorph or chemical impurities.

According to Dotega et al,(Dolega et al., 2020a, 2020b, 2019) the
behavior of CBZ III upon heating the sample near the melting temper-
ature of CBZ I (~192°) has been less studied. So, Raman imaging was
used to study the polymorphic transition of CBZ III into CBZ I after
cooling or re-heating CBZ III sample. The DSC analysis coupled with
Raman imaging demonstrated that the CBZ III crystallized into CBZ I
needle-shaped crystals and degraded into IMS particles after two hea-
ting—cooling cycles at a slow heating rate (5 °C/min) (Fig. 6). For CBZ I
powder, the presence of IMS was also found in the final product (Fig. 7).
The powder XRD for CBZ III recorded in function of temperature, up to
178 °C for 5 min, converted into CBZ I due to the appearance of the
characteristic diffraction peaks of the triclinic form (Fig. 9). The Raman
imaging analysis found a mixture of CBZ III and CBZ I on the final
powder at room temperature, being the latter in more abundance on the
sample. In this experiment, no evidence of IMS formation was observed.

It should be noticed that this result is different from the result ob-
tained using the DSC technique, in which all CBZ III powder melted and
recrystallized into CBZ I at 178 °C (Fig. 7, fist heating cycle). Moreover,
the DSC analysis of CBZ III using only one heating—cooling cycle at
173 °C, followed by Raman imaging, demonstrates that all CBZ III
crystallized into CBZ I (Figure S8). In this case, the Raman images did
not show CBZ III or IMS residues. By extending the heating step to
193 °C using the XRD, the total conversion of CBZ III into CBZ I occurs as
monitored by the Raman images without IMS residues present
(Figure S4).

The Raman spectroscopy with variable temperature, followed by
Raman imaging, allow to withdraw similar conclusions to the ones ob-
tained with the DSC. In this case, the CBZ IlI starts to crystallize into CBZ
I at 160 °C and at higher temperature (193 °C) it seems that all the CBZ
III was converted into CBZ I; but a careful look at the sample using
Raman imaging after cooling to room temperature, allowed to detect a
mixture of CBZ I and IMS. A plausible explanation for this behavior is the
type of environment in which the sample is submitted. For example, in
the DSC measurements, the CBZ samples were placed in a hermetically
closed pan, while the temperature-dependent Raman spectroscopy
analysis was performed in a CBZ III sample between two glass slides. In
both analyses, a mixture of CBZ I and IMS was obtained in the final
powder after treatment at a temperature near the melting point of CBZ I
(193 °Q). It has been reported that the sublimation of IMS can occur at
this temperature.(Dofega et al., 2021, 2020b, 2020b) Dotega et al. have
demonstrated that IMS can sublimate at temperatures a dozen degrees of
Celsius lower than its melting point (200 °C).(Dotlega et al., 2021)

On the other hand, the temperature-dependent powder XRD used
non-closed sample holders, in which the evaporation of IMS and iso-
cyanic acid (a second product of CBZ decomposition) from the system
can occur, even at lower amounts. Thus, the degradation of CBZ samples
can actually occur but not be observed by Raman imaging. Dotgga et al.
have demonstrated the absence of IMS in DSC measurements of CBZ
hydrate when a hermetically closed pan with a punctured lid is used.
They have concluded that the IMS is formed and dissipated through the
open systems.(Dolega et al., 2020b)
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5. Conclusions

In conclusion, our results reveal that not only the temperature in-
fluences the polymorph transition and degradation of CBZ, but also its
detection is influenced by practical aspects used in each technique, such
as a sealed or open sampler older. Raman imaging plays a vital role in
monitoring the crystallization of CBZ III into CBZ I and identifying its
degradation by the presence of IMS residues, even at lower amount, after
being exposed to variable temperatures. Both CBZ polymorphs present a
mixture of CBZ I crystals and IMS particles when exposed to higher
temperatures in a closed system; however, only CBZ I crystals were
observed in an open system (Powder XRD).

Raman imaging with CA provides a sensitive methodology to
monitor polymorphic transitions/degradation products and could be
used to perform quality control in final products, namely pharmaceu-
tical formulations.
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