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Visualizing Solvent Mediated Phase Transformation Behavior of Carbamazepine
Polymorphs by Principal Component Analysis

Fang Tian,1 Thomas Rades,1 and Niklas Sandler2,3

Received 4 May 2007; accepted 19 January 2008; published online 21 February 2008

Abstract. The purpose of this research is to gain a greater insight into the hydrate formation processes of
different carbamazepine (CBZ) anhydrate forms in aqueous suspension, where principal component
analysis (PCA) was applied for data analysis. The capability of PCA to visualize and to reveal simplified
structures that often underlie large data sets are explored. Different CBZ polymorphs were dispersed
separately in aqueous solution, and then recovered and measured by FT-Raman spectroscopy. PCA was
employed for visualizing the dynamics of the phase transformation from each CBZ polymorph to the
dihydrate (DH). As a comparison to PCA visualization, the transformation process of each CBZ
polymorph was quantified using PLS modeling. The results demonstrated that PCA has advantages in
presenting the original data in terms of the differences and similarities, and also directly identify the
statistical patterns in the data even when the data set is large. These advantages provided greater insight
into the measured Raman spectra as well as the phase transformation process of CBZ polymorphs to the
DH in aqueous environment.
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INTRODUCTION

Solvent mediated polymorphic transformations from the
anhydrate to the hydrate form of a drug are likely to be
induced in certain pharmaceutical manufacturing processes
e.g. wet granulation (1). Also recent studies with various
pharmaceutical compounds have shown the influence of
polymorphic conversions on the dissolution of drugs (2–4).
The control of the polymorphic form is therefore of obvious
importance in drug and dosage form development. Amongst
a wide range of analytical techniques, Raman spectroscopy
has attracted growing attention in recent years, not least due
to its potential as a real time process analytical tool (5).

Meaningful data analysis is the key for improved
understanding of any generated data in drug development.
Recently the pharmaceutical industry has been encouraged to
apply modern process monitoring tools to collect timely data
for improved understanding of systems and processes conse-
quently minimizing the risks for failures (6,7). In these cases
the collected data will most often be multidimensional in
nature and multivariate data analysis tools become useful if
not indispensable in data interpretation and modeling. For
qualitative purposes multivariate visualization such as princi-

pal component analysis (PCA) has large potential and may be
extremely useful in increasing process understanding. PCA
can visualize changes in variable values which often helps to
give a better perception of any changes, whilst also reducing
data dimensionality. Furthermore, PCA is a simple, non-
parametric method of extracting relevant information from
confusing data sets. Therefore, PCA has been called one of
the most valuable results from applied linear algebra (8).

Carbamazepine (CBZ), an important anti-convulsant
drug for epilepsy and trigeminal neuralgia treatment, has
been in routine use for over 20 years (9). It is well known that
CBZ in its anhydrate forms is unstable under humid
conditions or in aqueous dispersions and converts rapidly to
its DH when exposed to water. The conversion to the DH
also leads to a significant decrease in the bioavailability of its
marketed tablets (10–12). Since water is virtually ubiquitous
as bulk water or water vapor, the conversion of CBZ to the
DH is likely to be induced during all stages of its manufac-
turing process such as mixing, granulation, packaging etc.
Therefore, a strict process monitoring and control of the
existing form and amount of the drug substance in the
formulation at each step of its manufacture is necessary to
ensure the quality of the final products.

The main purpose of this study was to gain a greater
insight into the hydrate formation processes of different
aqueous dispersions of different CBZ anhydrate forms
(polymorphic forms I, II and III) by examining data
measured by Raman spectroscopy. PCA was applied for
reducing dimensionality of the complex pharmaceutical data
sets. Its capability to visualize and to reveal simplified
structures that often underlie large data sets are explored.
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MATERIALS AND METHODS

Materials

CBZ form III (Alphapharm Pty Ltd, Glebe, Australia)
was used as received. Form II was prepared by freeze-drying
freshly prepared DH. DH was prepared from the CBZ as
received from Sigma Chemical Company (St. Louis, MO,
USA) by recrystallization from an ethanol–water mixture as
reported by Krahn and Mielck (13). Two source materials
were used for form I preparation: form I (1st batch) from
Sigma Chemical Company (St. Louis, MO) and form I (2nd
batch) from Sigma-Aldrich Chemie (Munich, Germany). All
forms were confirmed by X-ray powder diffraction as
reported previously (14).

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

Experimental Design of Hydrate Formation

Each CBZ anhydrate form (40 mg) was dispersed
separately in triplicate into 2 ml distilled water at room
temperature while stirring, and then recovered for analysis
after several predetermined time intervals. The recovery is by
pouring the dispersion onto two layers of filtration paper to
remove excess water, and then scraping the resulting slurry
from the filtration paper surface. The slurry samples were
then transferred into three aluminium sample cups consecu-
tively, and the Raman spectra were recorded immediately
after filling the cups.

FT-Raman Spectroscopy

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 D 425 Ge diode
detector. Analysis was carried out at room temperature
utilizing 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 were packed into
an aluminum cup and a total of 16 scans was averaged for
each sample at a resolution of 4 cm−1. Sulfur was used as
reference standard to monitor the wavenumber accuracy.
OPUS™ 5.0 (Bruker Optik, Ettlingen, Germany) was used
for all spectral analysis.

Preparation of Calibration Models and PLS Analysis

PLS analyses were performed using the Quant2 package
that accompanies OPUS™ software (Bruker Optics, Ger-
many). The spectral regions for calibration were selected, and
all spectra were mean centered. Multiplicative scattering
correction and/or first derivative calculation were used for
preprocessing spectra if necessary to correct for sample
packing and baseline differences. The calibration models
were calculated using the PLS algorithm and cross-validation
(one sample removed per cycle). Details of the method were
reported in an earlier paper (15).

PCA Analysis

PCA modeling was performed with SIMCA-P+
(Version 11.0.0.0). Cross-validation was used to determine
the optimum number of principal components (PCs). All the
spectral data were normalized using OPUS™ software
(Bruker Optics, Germany) and then used in the final PCA
models.

Mathematical Models Applied to Spectral Data

PCA Analysis

In PCA, the dimensionality of the multidimensional data
is reduced by transforming the original variables into new
axes which will be laid along the directions of maximum
variance of the data with the constraint that the axes are
orthogonal. The orthogonal features are called principal
components (PCs). The first principal component, PC1, in
PCA always describes the largest variance with normalized
coefficients applied to the variables used in the linear
combinations, the second principal component, PC2, always
has the largest remaining variance etc. The performance of
the PCA can be mathematically described as X=UVT. The
two matrices U and V are orthogonal. The matrix U contains
the original data in a rotated coordinate system. It is called
the scores matrix. The matrix V is usually called the loadings
matrix, and T (in superscript) indicates transposition. The
loadings can be regarded as the weights for each original
variable when calculating the principle components. A
detailed description of PCA has been provided in several
books and tutorials (16,17).

Partial Least Squares Model

In PLS, each component is obtained by maximizing the
covariance between Y and all possible linear functions of X.
This thus leads to components which are more directly
related to variability in Y than are the principle components.
The purpose of PLS regression is to predict Y from X and to
describe their common structure. It performs a simultaneous
decomposition of X and Y with the constraint that these
decomposed components explain as much as possible of the
covariance between X and Y. This step will then be followed
by a regression step where the decomposition of X is used to
predict Y. This can be described as X=TPT with T is called the
scores matrix, P is the loadings matrix and T (in superscript)
indicates transposition. The algorithms for calculating the
PLS model eigenvectors and scores have been described in
detail in several books and reviews (18–20).

RESULTS AND DISCUSSION

Understanding the Phase Transformation
from Loading Plots in PCA

The Raman spectra of the initial CBZ anhydrate forms
and DH are shown in Fig. 1a. The projection of spectral
information for the first three principal components (PCs) is
presented in Fig. 1b–d. The PCA model was built using the
whole measured Raman region from 3,200 to 200 cm−1.

391Visualizing Transformation Process of CBZ Polymorphs by PCA



The two batches of form I showed a different morphol-
ogy with form I (1st batch) mainly consisting of prism-like
crystals and form I (2nd batch) of needle-like crystals.
However, both of them showed identical Raman spectra.
This has been described in detail in an earlier paper from our
group (15). Also, it has to be mentioned that Raman is fairly
insensitive to the polar groups of the molecule and therefore
the CBZ vibrational bands which are directly related to its
hydrogen bonding with water (shown in shaded areas in
Fig. 1a) are mainly medium or weak Raman scatterers. For
example, according to the CBZ vibrational bands assignment
from O’Brien et al. in 2004 (21), the bands at around
1,600 cm−1 have been assigned to (N–H) amide II stretching
vibrations, and those at around 1,116 cm−1 and 723 cm−1 are
likely to be due to NH2 rocking and (C–N–C) stretching

vibrations respectively. Attempts have been made to detect
changes of these bands during hydrate formation directly
from the Raman spectra obtained, however, as expected this
was found to be difficult.

PCA was thus employed as a data analytical method in
this study. It is always valuable to examine the loadings plot in
PCA since it provides useful information for a clearer
understanding of the data. The loadings plot can be used to
tell which of the variables are most relevant for the different
components in the data set, and identifying which variables
characterize the different clusters (22). Therefore, the load-
ings plot of the first three principal components (shown in
Fig. 1b–d) was firstly checked for a better understanding of
the whole Raman dataset obtained during transformation.
Interestingly, the first principal component PC 1 is only
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Fig. 1. Normalized Raman spectra of CBZ polymorphic forms (a, shaded areas showing CBZ bands which are directly related to its H-bonding
with water) and plots comparing the loadings of the first three principal components (b–d respectively)
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limited to positive values and it is almost identical to the DH
spectrum (Fig. 1a and b). This indicates a dominance of the
DH spectrum in the spectra obtained during the whole
hydration process. Therefore, it can be speculated the DH
has already started forming in an early stage of the dispersion
process and kept increasing while the hydration proceeds.
The rapid DH formation of CBZ polymorphic forms upon
moisture contact has been reported in several studies (23–25).
The Raman spectra of the different CBZ anhydrates and the
DH were fairly similar as demonstrated in Fig. 1a, and such
high similarity among all the spectra might lead to the loading
plot of PC 1 showing only positive values.

Both second and third principal components (PCs 2 and
3) accounted for a much smaller variation of the whole
spectra compared to that of PC 1, with 1.7% and 1%
respectively. The main variations explained by PC 2
(Fig. 1c) were noticed specifically for the bands at 3,041 and
1,043 cm−1, which decreased while dehydration proceeds
(shown in Fig. 2). Therefore, PC 2 mainly reflected the
hydration process of form III. PC 3 mainly explain the
spectral changes of form I where a characteristic band of
form I at 3,063 cm−1 could be observed in Fig. 1d.

Visualization of the Phase Transformation Process

Data visualization using PCA has the advantage of
presenting complex data in a simple form. This is exemplified
in the three dimensional plot in Fig. 2, which represents the
whole conversion process from different CBZ polymorphic
forms and also the same form (form I) but with different
morphology, to the DH respectively.

The CBZ anhydrate forms are oriented mainly in one
dimension but follow different clusters in the hydrate
formation process to the DH. The transformation of form
III appears to be gradual as the data points are spreading

evenly along a line, but the transformation has not been
completed after 210 min dispersion since there is still some
distance between the 210 min data point and the cluster of the
DH data. The transformation behaviour of form II is different
to that of form III. The cluster points of the initial form II and
that of form II dispersed for 10 min have a relative large
distance to each other, indicating a rapid transformation in
the first 10 min. This transformation however slowed down
since the later data points exhibited a similar gradual
spreading to the DH cluster. For the two batches of form I
having different particle morphology, two main clusters could
be observed which appear to have a turning point in their
hydrate formation process although they have the exact same
starting cluster. This is because of their identical initial
Raman spectra but different hydrate formation kinetics,
which has been reported earlier (15). Form I (1st batch)
consists of prism like crystals and is demonstrating a more
gradual hydrate formation process as indicated by the red
arrow in Fig. 2. Form I (2nd batch) has a needle-like
morphology, having a much larger surface area contributing
to a much faster hydrate formation than form I (1st batch). Its
rapid conversion can be observed following the blue arrow
after the turning point in Fig. 2.

Comparison of PCA and PLS in Analyzing Polymorphic
System

The transformation rate and extent of all the dispersed
samples has previously been quantified by combining Raman
with PLS (2,15). The quantified hydrate formation processes
are presented in Fig. 3 below for comparison with those
visualized from PCA.

The transformation rate and extent quantified for CBZ
anhydrate forms are in good agreement with those visualized
in the PCA plot (Fig. 2). As can be seen from Fig. 3 about
50% form III remained unconverted to the DH after 210 min
dispersion whereas the remaining form II was only about
30%. Therefore, form II has transformed to a higher extent
(about 10% more) to the DH after 210 min dispersion. This
can be seen by the larger distance from the last form III data
point to the DH compared with that distance in the data set
of pure form II in Fig. 2. Also, one apparent difference in the
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Fig. 2. Three dimensional plot showing the transformation process of
CBZ polymorphic forms to the DH during dispersion. Form I with
smaller surface area (red arrow), form I with larger surface area (blue
arrow), form II (purple arrow), form III (green arrow), and DH (in
circle)
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Fig. 3. Conversion of CBZ anhydrate forms quantified using Raman
spectroscopy combined with PLS: (filled triangles) form I (1st batch);
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transformation process of form III and II is that form II
transformed rapidly once contacting water. As seen in Fig. 3
only about 40% of form II remain after the first 10 min. This
could also be visualized by PCA in the relatively large
distances between the first few form II data points and the
10 min data points in Fig. 3.

Furthermore, the two batches of form I showed very
different transformation processes. Form I (1st batch) had a
similar gradual transformation to that of form III. The
transformation stopped at about 55% CBZ form I remaining,
which is again exhibited in PCA by the comparatively large
distances between the data points in the cluster of form I
dispersed for 210 min and DH in Fig. 2. However, form I (2nd
batch) already transformed by about 45% to the DH after
10 min dispersion and only 15% CBZ were left after another
10 min of dispersion. This significant difference in the hydrate
formation process of the two batches form I was visualized by
PCA as two clusters orientated at two totally different
dimensions as indicated in Fig. 2.

It is apparent that the information obtained from PCA in
this study agreed well with that found from PLS earlier. It
also has to be mentioned that although PCA is not designed
for quantitative studies, the transformation rate and extent of
different samples can still be directly, reliably and easily
visualized from the PCA plots.

CONCLUSIONS

The results of this study show that Principal component
analysis provides a deep insight into the transformation
process of CBZ polymorphic forms to the DH in aqueous
suspension through direct visualization of the Raman spectral
data. It can be concluded that the use of PCA and PLS are
complementary for an improved understanding of pharma-
ceutical systems. In this study the former enabled effective
visualisation of the kinetics of a complex data set and the
latter complemented with quantitative information. The
results demonstrated that PCA has advantages in presenting
the original data in terms of the differences and similarities,
and directly identifies the patterns in the data even when the
data set is large.
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