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Abstract

In this study for the first time temperature dependent terahertz pulsed spectroscopy was performed on a pharmaceutical drug. The poly-
morphic conversion process of carbamazepine form Ill to | was studied at varying temperatures. Furthermore, the solid-state transformation
at isothermal conditions below the melting point of carbamazepine was investigated. The ability to study solid-state reactions with terahertz
pulsed spectroscopy could be demonstrated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mechanism and kinetics of this conversion still require clar-
ification[9].

Carbamazepine (CBZ) is a dibenzazepine derivative  The terahertz region of the electromagnetic spectrum
(Fig. 1) and is principally used in the treatment of epilepsy spans the frequency range between the mid-infrared and the
and other neurological disordefs]. CBZ is polymorphic millimetre/microwave. Its relatively unexplored central part
and is known to exist in four anhydrous forms, as a dihydrate (0.05-4 THz or 1.7-133 c) comprises frequencies lower
and also as other solvates. Of the anhydrous forms, a poly-than those corresponding to most internal vibrations of iso-
morph with a primitive monoclinic crystal structure is most lated molecules. Instead a terahertz absorption spectrum con-

commonly referred to as form I[P—6], and a triclinic poly- tains information on motions associated with coherent, delo-
morph is usually referred to as fornj@,7]. Forms | and IlI calized movements of large numbers of atoms and molecules.
both exist as dimers with cyclic hydrogen bonding between The newly developed technique of terahertz pulsed spec-
the CONR groups[2,3,6]. troscopy (TPS) has been demonstrated to be a powerful tool

Forms | and Il are enantiotropic, with form Ill being the  for studying these low-frequency vibrational mofe8-12].
stable form at room temperature and form | being stable at A major advantage of TPS is that the amplitude and phase
high temperatureB!]. Several studies have investigated the of the transient electric field is measured, and not simply
thermally induced conversion between forms | an{d}8,9]. the intensity of the terahertz radiation. The coherent detec-
The solid-state conversion from form 11 to | that occurs below tion scheme not only yields terahertz spectra with excellent
the melting temperature of form Il has been suggested to signal-to-noise ratio and high dynamic range, but also allows
occur via a solid—vapour—solid mechanifgh However, the both absorption coefficients and spectral refractive indices to

be obtained without the need for the Kramers—Kronig dis-
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resolution of 2 cm! over the range of 2—95 cm as previ-
ously described22]. To remove atmospheric water vapour,
the sample chamber was purged with dry nitrogen prior to
and throughout the experiment. Spectra were recorded by co-

)\ adding 1800 scans taking 1 min. Each sample spectrum was
o} NH,

referenced against a spectrum of an empty sample holder,
with nitrogen purging. Sample and reference spectra were
calculated by a fast Fourier transformation (FFT) of the time-
Fig. 1. Chemical structure of carbamazepine. domainwaveform. Zerofilling with a factor of two was carried
_ ) ) ) . . outaswell as applying Blackman—Harris three-term apodiza-
tional modes for a wide variety of samples including chemi- i Apsorbance spectrawere calculated from the sample and
cal, biological, pharmaceutical and security-related materials otarence spectra. Measurements and spectrum processing

[13_,20]' , : . ) were carried out using OPUS 4.2 (Bruker Optik, Ettlingen,
Since TPS is particularly sensitive to the intermolecular Germany).
bonding of materials it is well suited to the study of polymor- To investigate the solid—solid conversion process of CBZ

phism, and CBZ forms | and IIl have recently been found to ¢, 111 to 1 in more detail, a sample of CBZ was heated at
have large spectroscopic differences in the terahertz regime, (4ie of 25K min® to 438K and then kept at isothermal
[17]. In this study, the temperature-induced reversible tran- .o qitions. Sample spectra were recorded by co-adding 900
sition between CBZ forms | and Ill is investigated using ¢-4ns for 30's every 5min during the whole conversion pro-
TPS. The spectral changes associated with the polymorphiCeegs The conversion was assumed to be completed when no
transition are analysed to provide more information on the gnecira| changes could be observed for more than 30 min. The
conversion mechanism. complete conversion to form | was confirmed by differential
scanning calorimetry (DSC).

2. Experimental
P 2.4. Differential scanning calorimetry

2.1. Material ;
ateriats DSC was performed using a TA Q1000 (TA Instruments,

Carbamazepine (5H-dibenz[b flazepine-5-carboxamide) New Castle, USA) differential scanning calorimeter. The

was obtained from Sigma—Aldrich (Poole, UK). The
commercial product was supplied as polymorph Il (P-
monoclinic) and used without further purification. The tri-
clinic form | was obtained by heating form Il to 443K for
2h, as described by McMahon et f8] and Lefebvre et al.

[21]. i

2.2. Sample preparation

. . . Form Il
Using a die press (Specac, Orpington, UK), 200 mg of the

pure material (form | or 1ll) was pressed directly with 1 t load

for 3min into a pellet of 13mm diameter. Previous studies

have shown that this compression is not sufficient to induce 0

a polymorphic change in the sample’].

Absorbance [a.u.]

Form |

2.3. Temperature dependent terahertz pulsed
spectroscopy

DFT - Dimer

The sample pellets were held in a brass ring with a circular
aperture of 8mm and inserted into a heatable transmission
cell (Specac) with no windows. The sample temperature DFT - Single molecule
was controlled by a 3000 series high stability temperature T r T T
controller (Specac). Temperature was calibrated using com- 20 40 €0 180 100
pounds of known melting point. The sample pellet temper- Wavenumber [cm ]
ature was changed at a rate _Of approximately 2 KThin Fig. 2. Experimental terahertz absorption spectra of CBZ forms | and lIl.
TPS spectra were recorded with a TPI spectra 1000 SPECDFT predicted vibrational spectra of CBZ for the dimer structure and the
trometer (TeraView, Cambridge, UK) using an instrument single molecule. Plots are offset in absorbance for clarity.
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Fig. 3. DSC traces of CBZ forms | and III.

instrument was calibrated using indium standards. Between3. Results and discussion

1 and 2 mg/sample of CBZ forms | and 11l were weighed into

aluminium pans and sealed. Under a helium gas purge, the The terahertz absorption spectrum for CBZ form Il at
samples were equilibrated at 293 K, and then heated up toroom temperature (293 K) shows distinct spectral features

483K at a ramp rate of 10C min—1. with peaks at 29, 42 and 61 crh(Fig. 2). There is a shoul-
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Fig. 4. Terahertz absorption spectra of CBZ form Ill during the temperature dependent measurements. The plots are offset in absorbance for clarity. (A) Heating
from 293 to 453 K, transformation of form |1l to | takes place. (B) Cooling the transformed sample of CBZ form | from 453 to 303 K.
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der at 69 crm! on the 61 cm! peak. The peak at 42 cthis
sharper than the other spectral features. In contrast the spec- 2
trum of CBZ form | exhibits a sharp peak at 32 thwith
a weak shoulder at 24 cmh and two further peaks at 45 and
52 cnt L. Fig. 2shows a comparison between the absorption
spectrum of CBZ forms | and Ill and CBZ form | appears to
show none of the features of form IIl in the range between 2
and 70 cnl. The spectral features observed in both CBZ IlI
and | spectra around 90 cth are very broad. The features
are reproducible but, due to the characteristics of the radi- 2o 30 40 s e 70
ation source, the signal-to-noise ratio in this spectral range Wavenumber [cm -1]
is not high enough to enable a good quality spectral signal
in a short acquisition time. We, therefore, do not include the Fig. 5. Terahertz absorption spectra of the conversion process of CBZ form
spectral range above 70 crin the subsequent figures. Il to | at different temperatures. 433 K solid line, 443K dotted line, 453 K

At least two transformation processes have been I’epOl’teOdaShEd line (spectra are baseline corrected for better clarity).
for CBZ form Ill conversion to form | upon heating. In
the DSC trace of CBZ form Il (Fig. 3) a melting event is
recorded at temperatures above 433 K. At higher tempera-| as reported previously (Fig. 3). At 443K, an intermediate
tures, this melting event is followed by a recrystallization spectrum with peaks corresponding to both forms Il and | is
to form 1 [6]. According to the literature, the other transfor-  observed. The spectral features of form Il at 39 and 57%tm
mation process is via a solid—solid transformation without lose significant intensity at this temperature and the spec-
melting. This process is reported for temperatures betweentral feature of form | initially at 32 cm? red-shifts towards
403 and 433 H23,24]. In the DSC trace (Fig. 3), ata heating 31cnt!. At 453K, the conversion from CBZ form Ill to |
rate of 10°C min~1, this event can be observed as a gradual is complete and only form | spectral features are recorded as
endothermal inflection of the baseline. As the conversion is shown inFig. 5. In this figure, the baseline is subtracted for
occurring at a slower rate than the temperature ramp rate,greater clarity. Cooling form | from 453 to 303 K produces
most of the form Il has not converted at 433 K. Therefore, a blue-shift, the peaks sharpen and increase in intensity (see
the melting event at 443 K is still very prominent. The extent Fig. 4B).
of the solid-state transformation in the DSC trace depends The data from the isothermal experiment at 438 K gives
very much on the temperature ramp rate as shown earlier bymore information about the solid—solid conversion process.
Behme and Brookgs]. It shows that the feature of form | at 31crh gradu-

Upon heating CBZ form Il in the TPS temperature depen- ally increases in intensity as the transformation progresses
dent measurements, between 293 to 433K all the spectral(Fig. 6). Initially the peak shifts position to a lower wavenum-
features show a red-shift, peak broadening and decrease itber. After 40 min at 438 K, the red-shift stops and the peak
intensity (sedrig. 4A). Further heating up to 453K leads to  position is unchanged for the rest of the conversion process
melting of CBZ form Il followed by recrystallizationto form  (Fig. 7A). In contrast the form Il peak initially at 39 cm

— 433K
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Fig. 6. TPS spectra of the isothermal solid—solid transformation from CBZ form Il (black) to I (light grey) at 438 K. The spectra were taken in 5 min intervals
until complete conversion.
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Fig. 7. Peak position of the four major spectral features of CBZ | and Il vs. equilibration time at 448 K isothermal heating of CBZ form lll. (A) Form | feature
red-shifting after 30 min as it appears at the beginning of the conversion process. (B) Form Il feature blue-shifting as it is disappearing after 65 min. (C) Form
| feature appearing late in the process after 100 min and red-shifting. (D) Form Il feature blue-shifting and diminishing in intensity after 40 min.

is blue-shifted and reduces in intensity, disappearing after appears very late in the process whereas the other feature
65 min (Fig. 7B). The spectral feature of form | at 52¢hn appears at the beginning of the transformation. Furthermore,
appears after 100 min at 438 K red-shifted at 50-¢ntuntil it is interesting to note that the decaying peaks of form Il
completion of the conversion process after 150 min a slight both blue-shift at different rates whereas the emerging peaks
red-shift can be observed (Fig. 7C). Again in contrast to the of form | both red-shift during the conversion. The dynamics
form | peak shifting behaviour, the form Ill peak at 57t of these shifts may give clues to the processes behind the con-
blue-shifts until it disappears after 40 min (Fig. 7D). version once the spectral features can be assigned to specific
The sequence in the appearance and disappearance of th&ructural information.
spectral features of forms Ill and | during the conversion pro- It is possible to model CBZ using density functional the-
cess indicates that the mechanism involves more than a singleory (DFT) and this has been proven reliable as a theoretical
step. Both form Il spectral features diminish from the begin- model to predict vibrational spectral information. In particu-
ning of the process onwards. One of the form | features only lar, a study Chen et aJ25] has shown that within certain
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limitations it is possible to use DFT calculations on the gets displaced resulting in a realignment of the unit cell from
single molecule to predict some features in the terahertz specP-monoclinic in form Il to triclinic in form I. The blue-shifts

tral region of 2,4-dinitrotoluene and identify phonon modes and red-shifts that occur in the terahertz spectra at different
from intermolecular vibrations. Density functional calcula- points during the conversion are most likely directly related
tions have been carried out on a single molecule of CBZ and to the expansion and contraction of the unit cell as the CBzZ
the hydrogen bonded dimer and the predicted spectra in thedimers realign.

mid-IR region have been reported and discugéj. The Absorption spectra in the wavenumber range between 10
predicted spectral data for the low frequency terahertz regionand 100 cm? could be acquired using a conventional far IR
may also be examined. The simulated spectra are shown inspectrometer. However, due to the weak blackbody radiation
Fig. 2. Here, the lowest frequency vibration of the single sources and more time-consuming and elaborate detection
molecule is predicted at 59 crh. In the calculation, this  schemes studies using such instruments would be consider-
vibration originates from a flexing mode of the aromatic ring ably more difficult to perform. Using this setup, slow transfor-
system as depicted Fig. 1. Itis shifted to lower frequencyin  mation steps can be studifZB]. The ability to acquire high

the dimer calculation (55 crt). In the experimental spectra  quality spectra in very short time without the need of cryogen
of the polymorphs at room temperature, bands are observedcooled detectors makes TPS an ideal candidate to investigate
at 52 and 60 cm!, which may be attributable to this mode fast processes in this spectral range. Compared to conven-
but more sophisticated calculations would be necessary totional far IR spectroscopy, the wavenumber range covered
confirm this. Compared to the monomer calculations for the by TPS is smaller. Development is in progress to extend the
dimer a number of lower frequency modes with very weak spectral range accessible to TPS. As we have shown in this
intensity are observed below 30 ch However, inthe exper-  study, the spectral range accessible by TPS at present is suf-
imental spectra, the dominant features below 60tie at ficiently broad to study the polymorphic conversion of CBZ
41 and 31 cm? for polymorphs | and 11, respectively. These  form Ill to I. We have further unpublished data that clearly
bands are of similar intensity to the higher wavenumber band shows that these studies are not limited to CBZ.

and it seems unlikely from the DFT calculations that these

modes originate from intramolecular vibrations. We attribute

these to phonon modes involving the crystal lattice. Certainly 4. Conclusion

the calculations presented must be rated as first attempts to

correlate the spectral information obtained by the experi-  Using TPS, it is possible to study the mechanism of a
ment to structural characteristics of the investigated system.polymorphic transition. TPS has the potential to follow rapid
For all the calculations, a temperature of 0K is assumed changes inthe crystalline forms of organic materials. Kinetics
with the system in the quantum mechanical ground state. experiments will be carried out to confirm the applicability
More advanced algorithms would attribute much better for of this technique to study solid-state reactions. However, so
intermolecular interactions by including periodic boundary far too little is known to assign the recorded phonon modes
conditions in the calculation of solid-state vibrational Spec- and hydrogen-bond-stretching vibrations to Specific molec-
tra. Further promising approaches include the Car-Parrinello ylar structures or lattice systems in a concluding way. More
molecular dynamics (CPMD) simulations, Vienna ab ini- knowledge about the nature of the phonon modes observed

tio simulation package (VASP) calculations or the use of is needed to explain the mechanism underlying the process
DMOL3 software amongst othef28]. However, these cal-  in petter detail.

culations require far more computational power. In addition

TPS spectra at low temperatures rather than at room temper-

ature .must be acquireq to correl_ate the calculations with the Acknowledgements

experimental data. This work is in progress.

As Grzesiak et al. have reported, CBZ forms Il and |
both show an asymmetric unit cell. In form 11, the unit cell
consists of four molecules, of which one is in its asymmet-
ric unit. For form I, eight molecules form the unit cell with
four in its asymmetric unit. In all forms, hydrogen-bonded
anti-carboxamide dimers are formg&]. The molecular con-
forme_ltlon and the strong hYdroge” bondl_ng scheme in C_:BZ [1] K. Parfitt (Ed.), Martindale: The Complete Drug Reference, 32 ed.,
remains the same for all its polymorphic forms. All dif- Pharmaceutical Press, London, 1999.
ferences in the crystal polymorphs arise solely from the [2] J.P. Reboul, B. Cristau, J.C. Soyfer, J.P. Astier, Acta Crystallogr.
different packing structure of the carboxamide dimer units Sect. B Struct. Commun. 37 (1981) 1844-1848.

[6,27]. This suggests that the spectral changes observed [3] V.L. Himes, A.D. Mighell, W.H. Decamp, Acta Crystallogr. Sect. B
during the isothermal conversion process directly refer to struct. Commun. 37 (1981) 2242-2245.

o . . . [4] F.U. Krahn, J.B. Mielck, Pharm. Acta Helv. 62 (1987) 247-254.
shifting phonon modes. As the dimers change their relative [5] L.g. McMahon, P. Timmins, A.C. Williams, P. York, J. Pharm. Sci.
arrangement during the transformation the lattice structure 85 (1996) 1064—1069.

The authors gratefully acknowledge Robert W. Lancaster
and Terry L. Threlfall for valuable discussions and comments.

References



J.A. Zeitler et al. / Thermochimica Acta 436 (2005) 71-77 77

[6] A.L. Grzesiak, M.D. Lang, K. Kim, A.J. Matzger, J. Pharm. Sci. 92 [19] M.C. Kemp, P.F. Taday, B.E. Cole, J.A. Cluff, A.J. Fitzgerald, W.R.
(2003) 2260-2271. Tribe, SPIE 44 (2003) 5070.

[7] R. Ceolin, S. Toscani, M.F. Gardette, V.N. Agafonov, A.V. [20] Y. Shen, P.F. Taday, M.C. Kemp, SPIE 82 (2004) 5619.
Dzyabchenko, B. Bachet, J. Pharm. Sci. 86 (1997) 1062—1065. [21] C. Lefebvre, A.M. Guyothermann, M. Draguetbrughmans, R.

[8] R.J. Behme, D. Brooke, J. Pharm. Sci. 80 (1991) 986-990. Bouche, J.C. Guyot, Drug Dev. Ind. Pharm. 12 (1986) 1913-1927.
[9] L.E. O'Brien, P. Timmins, A.C. Williams, P. York, J. Pharm. Biomed. [22] C.J. Strachan, P.F. Taday, D.A. Newnham, K.C. Gordon, J.A. Zeitler,
Anal. 36 (2004) 335-340. M. Pepper, T. Rades, J. Pharm. Sci. 94 (2005) 837-846.
[10] T.D. Dorney, R.G. Baraniuk, D.M. Mittleman, J. Opt. Soc. Am. A [23] T. Umeda, N. Ohnishi, T. Yokoyama, K. Kuroda, T. Kuroda, E. Tat-
Opt. Image Sci. Vis. 18 (2001) 1562—-1571. sumi, Y. Matsuda, Yakugaku Zasshi J. Pharm. Soc. Jpn. 104 (1984)
[11] B. Ferguson, X.C. Zhang, Nat. Mater. 1 (2002) 26-33. 786-792.
[12] M.C. Beard, G.M. Turner, C.A. Schmuttenmaer, J. Phys. Chem. B [24] A.D. Edwards, B.Y. Shekunov, R.T. Forbes, J.G. Grossmann, P. York,
106 (2002) 7146-7159. J. Pharm. Sci. 90 (2001) 1106-1114.
[13] M. Walther, B. Fischer, M. Schall, H. Helm, P.U. Jepsen, Chem. [25] Y.Q. Chen, H.B. Liu, Y.Q. Deng, D. Schauki, M.J. Fitch, R. Osian-
Phys. Lett. 332 (2000) 389-395. der, C. Dodson, J.B. Spicer, M. Shur, X.C. Zhang, Chem. Phys. Lett.
[14] Y.C. Shen, P.C. Upadhya, E.H. Linfield, A.G. Davies, Appl. Phys. 400 (2004) 357-361.
Lett. 82 (2003) 2350-2352. [26] C.J. Strachan, S.L. Howell, T. Rades, K.C. Gordon, J. Raman Spec-
[15] P.F. Taday, I.V. Bradley, D.D. Arnone, M. Pepper, J. Pharm. Sci. 92 trosc. 35 (2004) 401-408.
(2003) 831-838. [27] B. Rodriguez-Spong, C.P. Price, A. Jayasankar, A.J. Matzger, N.
[16] M. Walther, B.M. Fischer, P.U. Jepsen, Chem. Phys. 288 (2003) Rodriguez-Hornedo, Adv. Drug Deliv. Rev. 56 (2004) 241-274.
261-268. [28] A.E. Mattsson, P.A. Schultz, M.P. Desjarlais, T.R. Mattsson, K.
[17] C.J. Strachan, T. Rades, D.A. Newnham, K.C. Gordon, M. Pepper, Leung, Modelling Simul. Mater. Sci. Eng. 13 (2005) R1-R31.
P.F. Taday, Chem. Phys. Lett. 390 (2004) 20-24. [29] A. Migdal-Mikuli, E. Mikuli, L. Hetmanczyk, E. Sciesinska, J. Sci-
[18] Y. Watanabe, K. Kawase, T. Ikari, H. Ito, Y. Ishikawa, H. Minamide, esinski, S. Wrobel, N. Gorska, J. Mol. Struct. 596 (2001) 123-

Appl. Phys. Lett. 83 (2003) 800-802. 128.



	Temperature dependent terahertz pulsed spectroscopy of carbamazepine
	Introduction
	Experimental
	Materials
	Sample preparation
	Temperature dependent terahertz pulsed spectroscopy
	Differential scanning calorimetry

	Results and discussion
	Conclusion
	Acknowledgements
	References


