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Use of in situ FT-Raman spectroscopy to study the kinetics of the
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Abstract

The solid-state transformation of carbamazepine from form III to form I was examined by Fourier Transform Raman spectroscopy. Using a
novel environmental chamber, the isothermal conversion was monitored in situ at 130◦C, 138◦C, 140◦C and 150◦C. The rate of transformation
was monitored by taking the relative intensities of peaks arising from two CH bending modes; this approach minimised errors due to thermal
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rtefacts and variations in power intensities or scattering efficiencies from the samples in which crystal habit changed from a ch
rism morphology (form III) to whiskers (form I). The solid-state transformation at the different temperatures was fitted to various s
inetic models of which four gave good fits, thus indicating the complexity of the process which is known to occur via a solid–g
echanism. Arrhenius plots from the kinetic models yielded activation energies from 344 kJ mol−1 to 368 kJ mol−1 for the transformation
he study demonstrates the value of a rapid in situ analysis of drug polymorphic type which can be of value for at-line in-process
2004 Elsevier B.V. All rights reserved.
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. Introduction

Carbamazepine (Fig. 1) is an anticonvulsant drug used
o treat epilepsy and to relieve trigeminal neuralgia[1]. It
xhibits crystal polymorphism and several authors have in-
estigated its anhydrous polymorphs[2–15,22]and its hy-
rate form[16–21]. Four well-characterised anhydrous poly-
orphs and a dihydrate have been described[15,17,19]. The

wo principal polymorphs constitute an enantiotropic pair re-
erred to as form III and form I (although the nomenclature
f � and�, respectively has been applied to these also[22])
ith the low temperature form III usually occurring in com-
ercial material. The kinetics of the thermal interconversion
etween some carbamazepine polymorphs has been previ-
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ously examined using off-line powder X-ray diffractome
[5].

The kinetics of solid-state transformation of drugs ca
complex and so may not necessarily be described by a
gle kinetic equation[23], being affected by such variables
the structure of the product, imperfections within the c
tal structure and sample history[24]. The ability to moni
tor such transformations closely by an at-line technique
allow better understanding of such reactions and so e
improved control of processes such as the isolation and
ing of crystalline pharmaceutical materials. Measureme
situ avoids running the reaction separately from the ana
cal evaluation and having to transport the reacting samp
analysis, which may lead to error if, for example, the re
tion is not properly quenched prior to transfer for analys
potential re-organisation of fragile forms.

Thermal methods such as differential scanning calor
try or thermogravimetric analysis can be applied to de
vation reactions[25]. Vibrational spectroscopic approach
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Fig. 1. Structure of carbamazepine.

[26], variable environment powder X-ray diffraction (XRD)
[21] and temperature-controlled simultaneous small/wide an-
gle X-ray scattering[22] have been used to follow crystal
transformations in situ. To date there are only a limited num-
ber of reports of the application of in situ Raman spectroscopy
to characterise transformations of drug polymorphs[27,28],
including a study of carbamazepine crystallization[29]. If
high quality spectra are obtained for the material under study,
FT-Raman can scan rapidly relative to, for example, powder
X-ray diffraction and therefore offers a more rapid response
for at-line in-process control.

This study reports the characterisation of the conversion
of carbamazepine form III to form I at elevated temperatures
in situ using FT-Raman spectroscopy and a kinetic evaluation
of the generated data.

2. Materials and methods

2.1. Materials

Carbamazepine polymorph III was USP grade (Diamalt,
Munich, Germany), the polymorphic form being confirmed
by thermal analysis and powder X-ray diffraction. Carba-
mazepine polymorph I was prepared by heating commercial
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conditions [30]. The heating chamber was adapted from
a Graseby-Specac 19930 variable temperature diffuse re-
flectance accessory fitted with a custom built removable
polished quartz window. The orientation of the accessory
was modified to permit a 90◦ sampling geometry. Temper-
ature control was achieved using a Graseby-Specac 20120
series temperature programmer. Sample temperature was
recorded via a thermocouple connected to the sample port
and the chamber was water cooled to prevent spectral dis-
tortion caused by laser defocusing. Temperature calibration
was confirmed using pure fatty acids of known melting
points.

Samples were heated isothermally at 130, 138, 140 and
150◦C. Forty scans at 4 cm−1 resolution provided suffi-
ciently resolved spectra for a time-dependent analysis. Spec-
tra were recorded in situ throughout the heating period and
each sample was run at least in duplicate. Spectra were col-
lected ensuring consistent scan durations and delays between
scans.

3. Results and discussion

3.1. FT-Raman characterization of carbamazepine form
III and form I
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aterial polymorph III at 170C for 2 h[7]. Quantitative con
ersion was confirmed by differential scanning calorime
omparing results with published data[10].

.2. FT-Raman spectroscopy

FT-Raman spectra were obtained using a Bruker
06 FT-Raman module mounted on an IFS 66 optics be
quipped with a 750 mW Nd:YAG laser operating at 1064
olid samples (approximately 10 mg) were held in an
inium cup (2.0 mm in diameter and 2.0 mm deep) and
osed to the focussed laser with a spot diameter of 0.1
liquid nitrogen cooled germanium detector with an

ended bandwidth covered the range 3500–50 cm−1. Band
avenumbers were calibrated against internal laser freq
ies, which provided vibrational band numbers correc
1 cm−1.
FT-Raman heating studies were performed using a

ose built environmental chamber which allowed in
ollection of spectra under isothermal elevated temper
Analysis of carbamazepine polymorphs III and I by
aman spectroscopy yielded spectra with excellent s

o noise ratios (>1000:1), with the two polymorphs exhi
ng differences in peak positions and intensities. Peak
itions were assigned to specific molecular vibrations
eference to published literature[31] and are reported
able 1.

In order to evaluate the kinetics of polymorphic conv
ion, it was necessary to select a region within the s
rum where clear spectral differences between polym
II and polymorph I were present. Several changes in
ollected spectra were observed during the thermal tran
ation of carbamazepine form III to form I, with the ab

ute and relative intensities of a number of peaks chan
here was a clear change in the relative intensities o

wo C H bending modes at 1040 cm−1 and 1025 cm−1, from
he ortho-substituted benzene rings of the carbamaz
olecule, as the solid-state polymorphic transformation

urred which allowed the transformation to be readily
owed. The change in the relative intensities of these twoH
ending modes as the solid transition proceeded at 140◦C is

llustrated inFig. 2. The ratio of peak height at 1040 cm−1

o peak height at 1025 cm−1 (I1040/1025) recorded at differ
nt time points for each temperature was used to dete

he amount of polymorph III remaining. The intensity ra
as preferred as opposed to individual peak intensitie
rder to compensate for potential variations in sample ir
nce.

Peak intensity ratios (I1040/1025) were converted to th
raction carbamazepine form III transformed, based on



L.E. O’Brien et al. / Journal of Pharmaceutical and Biomedical Analysis 36 (2004) 335–340 337

Table 1
Assignment of FT-Raman bands to molecular vibrations for carbamazepine form III and form I

Form III Form I Approximate description of vibrational mode Form III Form I Approximate description of vibrational mode

3071w ν(CH) asymmetric, aromatic 874w 876w ν(C N C)
3061m ν(CH) aromatic 853vw 853vw Amide V/δ(C H) aromatic

3043w ν(CH) aromatic 723m 720m ν(C N C) 3◦ amide
3020w 3024m ν(CH) non-aromatic 691mw 699w δ aromatic, in-plane/CH wagcis
1624s 1621s ν(C C) non-aromatic 646vw 646vw δ(O C N) ring/δ(C O)
1600ms 1598s δ(N H) amide II 620vw 620w δ(O C N) ring
1588m sh ν(C C) aromatic 582w 582w δ(O C N)
1565s 1563s ν(C C) aromatic 559w δ aromatic, out-of-plane
1489m 1489m ν(C C) symmetric, aromatic/ν(C N) amide III 546w 546w δ aromatic, out-of-plane
1460vw 1461vw δ(CH) aromatic, in-plane 538w sh 537w δ aromatic, out-of-plane
1439vw 1440vw ν(C C) aromatic 486vw 481w sh
1412w 1406w ν(C C)/δ(CH) 469vw 473vw
1309ms 1305ms δ(CH) in-plane, non-aromatic 454w 458w
1273vw 1271w ν(C C) 413w 413w Lattice vibration
1250mw 1253mw ν(C N) amide III 1◦ amide 390m 394mw Lattice vibration
1221m 1218m ν(C N) amide III 375mw 371w Lattice vibration
1204w 1206w sh �(C C) ring 330w 332w Lattice vibration
1160w 1155w ν(C C) ring/(C N C) asymmetric 272w 263w Lattice vibration
1130w 1133w ρ(NH2) 253mw Lattice vibration
1116w 1110w ρ(NH2) 227vw Lattice vibration
1042m 1040m δ(C H) aromatic, in-lane 182ms Lattice vibration
1025m 1025ms δ(C H) aromatic, in-plane 170s 172s Torsion
987w 968w ν(C N) 120s 116vs Lattice vibration
949w 955vw δ(C H) aromatic, out-of-plane 105s Lattice vibration
936vw 943vw δ(C H) aromatic, out-of-plane
884vw sh 888vw sh ν(C N C) ring, symmetric

ν: Sretch,δ: bend,ρ: rocking, s: strong, m: medium, w: weak, v: very, sh: shoulder.

tensity ratios determined from the plateau value of the ratio
during conversion of form III to form I on heating at 150◦C
and the value prior to heating. Completion of this transfor-
mation was confirmed by differential scanning calorimetry.

F II
h s.

3.2. Kinetic evaluation of carbamazepine form III to
form I

The transition of carbamazepine form III to form I at the
temperatures studied is via a solid-state transition[5]. There
was no melt of form III material during the isothermal heat-
ing studies; these conditions parallel low heating rates in
differential scanning calorimetry where the transformation
of carbamazepine form III to form I was shown to be via
a solid–gas–solid transformation[10]. After completion of
each experiment, microscopy confirmed the habit change of
carbamazepine from the prisms of form III to the whiskers
of form I [32].

For each experimental temperature the intensity ratios
were converted to the fraction transformed; a temperature
dependent rate of reaction is evident as shown inFig. 3.

Data in the range 0.1–0.95 fraction transformed[34] were
fitted to various solid-state kinetic models[33] and the confor-
mity of data to each model assessed by the correlation coeffi-
cient (Table 2). Several different mechanisms fitted the data
with good correlation, making allocation of a single mecha-
nism difficult. At 150◦C and 140◦C, the random nucleation
process with both two (n= 1/2) or three (n= 1/3) dimensional
growth of nuclei (Avrami–Erofeev) gave the better fit. At
130◦C and 138◦C good correlations were also obtained with
b dary
m iffu-
s etics
ig. 2. FT-Raman spectra (1060–1000 cm−1) for carbamazepine form I
eated isothermally at 140◦C. Time between individual spectra is 1040
oth two dimensional and three dimensional phase boun
ovement kinetics, as well as with one dimensional d

ional process kinetics. The phase boundary reaction kin
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Fig. 3. Fraction of carbamazepine from III transformed to form I against
time at different temperatures. Key: (�) 150◦C, (•) 140◦C, (�) 138◦C, (�)
130◦C.

also provided relatively good fit at 140◦C and 150◦C. The
data may suggest that multiple mechanisms were operating
simultaneously. Overall, based on correlation coefficients and
inspection of regression plots (residuals analysis), the phase
boundary kinetic models best described the data across the
temperature range.

The ability to describe a solid-state reaction by more
than one kinetic model is common, reflecting the com-
plexity of solid:solid reactions[23]. The transformation of
carbamazepine form III to form I has previously been re-
ported to follow the two dimensional nuclear growth model
(Avrami–Erofeev,n = 1/2) over a range of temperatures[5].
As was evident in correlation coefficients in that earlier work,
in the present study data at the lower temperature studied did
not fit this model as well as at higher temperatures. Plots for
the Avrami–Erofeev two and three dimensional models and
the two dimensional and three dimensional phase boundary
models are given inFig. 4a–d.

Table 2
Correlation coefficients calculated for carbamazepine form III to form I trans

Kinetic model Equation

Prout–Tompkins lnα/(1−α) = kt
A
A
F
O
T
T
O
T
T
G t

Table 3
Calculated activation energies for carbamazepine form III to form I transition
using four kinetic models

Kinetic model Activation energy (kJ mol−1)

Avrami–Erofeev (n = 2) 354.8
Avrami–Erofeev (n = 3) 344.4
Two dimensional phase boundary 359.6
Three dimensional phase boundary 368.1

Arrhenius plots allowed calculation of activation energy
for the carbamazepine form III to form I transition and was
similar for the four best fit models, irrespective of the model
selected (Table 3). The activation energy for the polymor-
phic transformation in this study (344–368 kJ mol−1) is of
the same order but somewhat higher than that determined in
a previous study (229 kJ mol−1) employing off-line powder
X-ray diffraction [5]. Reasons for differences in the values
obtained here relative to previous work might include differ-
ences in sample charactersitics (e.g., particle size) and pack-
ing in the XRD holder (where sample is tightly packed to
maximize peak intensity) relative to the Raman cell (where
sample was filled more loosely into the sample cup). Such a
difference could lead to differences in heat transfer through
the sample which might influence polymorphic conversion
rates or provide conditions that constrain the solid–gas–solid
transition[10] that is associated with the carbamazepine form
III to form I transformation. It is suggested that the in situ
method described here may be more reliable than the previ-
ously published method as there is no error associated with
the need to quench the reaction, with the scanning time re-
quired in X-ray diffraction, or the need to evaluate the relative
intensities of X-ray diffraction bands which can be subject
to orientation effects and variation in scattering efficiencies
where a change of habit occurs during scanning as is the case
i the
w ion,
p t that
R dur-
i ess
m

vrami–Erofeev (n = 2) [−ln(1−α)]1/2 = kt
vrami–Erofeev (n = 3) [−ln(1−α)]1/3 = kt
irst order −ln(1−α) = kt
ne dimensional phase boundary 1−α = kt
wo dimensional phase boundary 1−(1−α)1/2 =kt
hree dimensional phase boundary 1−(1−α)1/3 = kt
ne dimensional diffusion α2 = kt
wo dimensional diffusion (1−α)ln(1−α) + α = kt
hree dimensional diffusion [1−(1−α)1/3]2 = kt
instling–Brounshtein [1 = (2α/3)]−(1−α)2/3 = k
formation for different kinetic models

Correlation coefficient (r2)

150◦C 140◦C 138◦C 130◦C

0.935 0.939 0.924 0.951
0.992 0.990 0.987 0.986
0.992 0.990 0.978 0.982
0.988 0.987 0.991 0.988
0.991 0.989 0.986 0.990
0.988 0.985 0.997 0.991
0.985 0.981 0.996 0.990
0.974 0.968 0.993 0.986
0.966 0.959 0.992 0.985
0.947 0.938 0.988 0.981
0.975 0.972 0.998 0.991

n this study where the prism habit of form III changes to
hisker or needle habit of form I. With suitable adaptat
erhaps using a fibre optic probe, the studies sugges
aman spectroscopy could be used at-line, for example

ng drying of crystalline pharmaceuticals, to allow in-proc
onitoring and control of drug polymorphic form.
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Fig. 4. Isothermal transformation of carbamzepine form III to form I: (a) two dimensional phase boundary, (b) three dimensional phase boundary, (c) three
dimensional nucleation growth (Avrami–Erofeev,n = 3), (d) two dimensional nucleation growth (Avrami–Erofeev,n = 2). Key: (�) 150◦C, (•) 140◦C, (�)
138◦C, (�) 130◦C.

4. Conclusions

The kinetics of the solid-state transformation of carba-
mazepine polymorphs has been probed using in situ thermal
Raman spectroscopy. The conversion fitted several solid-state
models and Arrhenius analysis of the data yielded an activa-
tion energy of 344–368 kJ mol−1 for the rearrangement. Fur-
ther, the study illustrates that FT-Raman spectroscopy can be
used for non-destructive in situ and at-line analysis of drug
polymorphic form offering potential use for in-process con-
trol.
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