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Abstract:

High-field cross-polarisation magic-angle spinning*C NMR
spectra are presented for the four known polymorphs of
anhydrous carbamazepine, for a dihydrate, and for two solvates.
These are all distinctive, despite relatively low spectral disper-
sion, and give immediate information about the crystallographic
asymmetric unit. The results for the trigonal and the two
monoclinic forms are consistent with the published crystal
structures. That of the triclinic form was found to contain four
molecules in the crystallographic asymmetric unit, which has
recently been confirmed by an X-ray diffraction study. NMR
shows that the dihydrate has one molecule in the asymmetric
unit, and the full crystal structure derived from single-crystal
X-ray diffraction work is reported herein. It is found to be
ordered and monoclinic, in contrast to the reported disordered
orthorhombic structure. The discrepancy is attributed to the
common occurrence of multiple micro-twinning. Shielding
computations using a method which takes explicit account of
the repetition inherent in a crystal lattice are reported for the
P-monoclinic form and are compared to the experimental
chemical shifts. The NMR data of all the forms are discussed
in relation to variations in the molecular geometry of the

hydrogen-bonded dimers (except in the case of two solvates).

Chemical shift variations are explored as a function of the amide
torsion using the Gaussian computer program.

Introduction

Polymorphism and solvate formation represent major

X-ray data has been demonstrated to be a very promising
and successful alternative-lowever, there are limitations

to this method, and it is increasingly recognised that solid-
state magic-angle spinning (MAS) NMR is a powerful tool
for providing additional and complementary structural in-
formation. We are therefore pursuing general strategies of
combining MAS NMR, X-ray diffraction, and computational
method$~° to examine both structure and molecular-level
dynamics of polymorphic systems and solvates.

In the present paper, we have been examining carbam-
azepine ), 5SH-dibenzp,flazepine-5-carboxamide. This com-
pound has found clinical use for the treatment of neuralgia
and epilepsy. It is known to exist in at least four anhydrous
polymorphic modifications (Grzesiak et*@land references
therein), two of which are monoclinic, one is trigonal and
the final one is triclinic. The P-monoclinic form is the
thermodynamically stable modification under ambient condi-
tions. As commonly occurs in polymorphic systems, there
is some confusion in the literature on the numerical number-
ing for these forms, a situation summarised by Grzesiak et
all® It is safe, however, to refer to them by their Bravais
lattices, since the two monoclinic modifications can be
distinguished as P-lattice and C-lattice. The crystal structures
of the P-monoclini&~*2and trigonal* structures have been
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known for over 15 years. More recently, the structure of the the triclinic form. The two hydrates showed slightly different
C-monoclinic form has been publish&dwhich was desig-  thermochemical behaviour, but the powder X-ray diffraction
nated as a new form IV by the authors. However, this form patterns and spectroscopic data are practically identical.
had already been discovered in 1968 by Kuhnert-BrandstétterTherefore the authors concluded that there is no evidence
et al1® (called form I1) and was observed later by many other that supports the existence of two different dihydrate forms.
authorst’~20 At the time that most of the NMR work Inthe present paper we report both tfe CPMAS spectrum
described here was carried out, the crystal structure of theand the full crystal structure of the dihydrate. Its structure
triclinic form (the stable modification at high temperature) has been reported in the literattireto be disordered
was unknown, but recently that, too, has been solled. orthorhombic (space groupbam), with the carbamezapine
According to Grzesiak et al’ the four forms are close in  molecule assumed to have a spurious symmetry plane arising
energy, the stability order at room-temperature being P- from rotational disorder of the amide group. The appearance
monoclinic > triclinic > C-monoclinic > trigonal. Ther- of disorder is exacerbated by the similarity of the diffracting
mochemical datd?! and the densitié8 clearly indicate an  powers of oxygen and Nflas present in the amide grouping.
enantiotropic relationship between the P-monoclinic formand  Several other solvates exist (see, for example, Terrence
the triclinic form, and there is no doubt that the P-monoclinic et al.3* Hilfiker et al.?° Fleischmaf® and Lowes et al),

form shows the lowest free energy of all the forms at and and we show here thHéC CPMAS spectra of acetoffeand
below room temperature. From the thermochemical data dioxané® solvates. The structure of the acetone solvate has
evaluated by Grzesiak et af.jt may be deduced that the been solved It falls into the P1 space group and contains
C-monoclinic form and the P-monoclinic form also represent one molecule in the asymmetric unit.

an enantiotropic pair. However, the C-monoclinic and the
triclinic form are monotropically related according to Grez-
siak et alt® but enantiotropically related according to Krahn
and Mielck!” The trigonal form is obviously the least stable
of all anhydrous forms. Because of the fast transformation
of the trigonal form, its melting point could not be determined
so far, and therefore the thermodynamic relationship of this
polymorph to other anhydrous forms remains unclear.

We have obtained cross-polarisation magic-angle spinning
(CPMAS) carbon-13 spectra at high field (11.1 T) for all
four anhydrous forms, and these are discussed below.

The dihydrate of carbamazepine has been studied in
numerous publications [e.g., refs 17, 20, 23} According
to McMahon et al?® a dihydrate obtained from the P-
monoclinic form behaves differently to one produced from

Low-field 3C CPMAS spectra of an unidentified car-
bamazepine polymorph (probably P-monoclinic) and of its
mixtures with a dihydrate have been preseritethe proton
relaxation time of the anhydrous form was found to be very
long, a fact which was exploited to quantify the relative
proportions of the dihydrate in the mixtures. Spectral
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233. room temperature. The dihydrate was obtained by recrys-
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NMR. Solution-state spectra were recorded using a Varian use a MonkhorstPack? grid with a sample spacing of 0.6
Unity 300 spectrometer. Carbon-13 CPMAS data for the A1
acetone and dioxane solvates were obtained at 75.43 MHz The computations of the effect of varying the torsion angle
using a Varian Inova 300 spectrometer whilst the remaining were carried out on a single-molecule basis using the
13C spectra were measured at 125 MHz using a Varian Gaussian 98 prograf.The structure of an isolated carbam-
Infinity 500 spectrometer. The Inova was fitted with a 7.5 azepine molecule as in the crystalline P-monoclinic state
mm o.d. rotor system (spin rates 5.0 kHz), whilst a 3.2 mm (CCSD code CBMZPNO1) was used as the starting point.
0.d. rotor (spin rates-810 kHz) was used with the Infinity ~ The dihedral angle, N2C15N1C1¢4,(see ()), was system-
(but a 5 mm rotor, at910 kHz spin rate, for the monoclinic  atically changed from 0to 90°. The structure was then
forms). The chemical shifts were referenced via a replace- optimised at the B3LYP/6-31G* level of theory (DFT
ment sample of adamantane (methylene carbon chemical shifimethod), while keeping constant at its designated value.

assigned ast38.4 ppm relative to the signal for TMS).

The optimised geometry was then used to calculate NMR

Contact times ranged between 1 and 5 ms. Recycle delaysshielding parameters, also at B3LYP/6-31G*.

were chosen following initial experiments and varied greatly,
being 5—10 s for the trigonal and triclinic forms and the

dioxane solvate. A value of 300 s was employed for the
acetone solvate. The two monoclinic forms have very long
proton spin—Ilattice relaxation times at ambient probe tem-
perature, so recycle delays of 600 s were required. In

Semiempirical molecular orbital calculations were per-
formed using MOPAGE" with, for purposes of comparison,
the AM1 and PM3 methods. Geometry optimisation was
performed using the eigenvector following procedure speci-
fied with the keyword EF.

X-ray Diffraction. X-ray measurements for carbam-

consequence, numbers of transients also covered a Widehzepine dihydrate were performed on a Bruker SMART CCD

range, from only 64 for P-monoclinic to 8640 for the triclinic.

1K area-detector diffractometeC€rystal data: GsH;2N,O-

All samples were measured at ambient probe temperaturezi,0: M, = 272.34;T = 120(2) K; A(Mo Ka) = 0.710 73

(ca. 22°C). High-speed (22 kHz) proton MAS spectra were
also obtained using the Infinity spectrometer (with the 3.2

A; monoclinic, space group2i/c (No. 14),a = 10.066(2)
A, b=28.719(5) Ac = 4.831(1) A, = 103.45(1)°V =

mm o.d. rotor system). For the anhydrous polymorphs these1358_2(5) R: D. = 1.332 g cm?, Z = 4; u(Mo Ko)) = 0.09

showed only a broad band, though the line width at half-
height varied with the sample (ca. 1.8 kHz for the triclinic
form but ca. 2.3 kHz for the C-monoclinic form); no separate
signal was seen for the hydrogen-bonded protons.
Computations for the P-Monoclinic Form. NMR shield-

ing tensors were calculated for all atoms in the crystal
structure using the fully periodic Gauge Including Projector
Augmented Wave method (GIPAW)This enables calcula-
tions to be made of shielding tensors with all-electron

mm-*. 12 555 reflections (2385 uniquB,; = 0.089) were
collected by a combination of five sets of narrewscans,
covering the full sphere of reciprocal space. The structure
was solved by direct methott¢and refined by full-matrix
least squares againBt of all data using SHELXTL 6.12
software (Bruker AXS, Madison, WI, 2001). Both the peak
profiles and the intensity statistics of reflections indicated a
twinned crystal. The refinement convergediat 0.086 for
1757 reflections witH > 20(l) andwR(P?) = 0.266 for alll

accuracy from computational techniques based on the US€yata. A correction for merohedral twinnifgassuming the

of pseudopotentials. For all calculations we use density
functional theory within the PerdevBerke—Ernzerhof gen-
eralised gradient approximatiéh The charge density and

electronic wave functions are described using a plane-wave

basis set. To improve the computational efficiency of our

approach we use pseudopotentials to describe the interactions’
of the valence electrons with the core ion. For the geometry

optimisation we use the CASTEP electronic structure ¢bde
and employ “ultrasoft” pseudopotenti#lsvith a maximum
planewave energy of 400 eV. For the calculation of the
shielding constants we use the PARATEC [PARAIlel Total
Energy Code, by B. Pfrommer, D. Raczkowski, A. Canning,
and S. G. Louie, Lawrence Berkeley National Laboratory
(with contributions from F. Mauri, M. Cote, Y. Yoon, C.
Pickard, and P. Haynes). For more information, see
www.nersc.gov/projects/paratec] and Trouiller—Martins
norm-conserving pseudopotentials with a maximum plane-
wave energy of 950 eV. Integrals over the Brillouin zone

(37) Pickard, C. J.; Mauri, FPhys. Rewv. B 200163, article no. 245101.

(38) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Rev. Lett1996,77, 3865—
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2743.
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twin law (=1 0 —1/0—1 0/0 0 1), reduced thedeindices

to 0.073 and 0.214, respectively, and drastically improved
the refinement of hydrogen atoms. The intensity contributions
from the two twin components were refined to 0.829(5) and
0.171(5).

All non-hydrogen atoms were refined in anisotropic
approximation. All the hydrogen atoms were located in the
difference Fourier map; those at carbon atoms were included
as “riding” in idealised positions, whilst those of the NH

(42) Monkhorst, H. J.; Pack, J. Phys. Rev. B 197613, 5188—5192.

(43) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Milliam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malik, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98, revision A.9;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(44) Stewart, J. PComput. Aided Mol. Desl990,4, 1-105.

(45) Sheldrick, G. MActa Crystallogr., Sect. A990,46, 467—473.

(46) Herbst-Irmer, R.; Sheldrick, G. Mcta Crystallogr., Sect. B998 54, 443~
449.

(47) Payne, M. C.; Teter, M. P.; Allen, D. C.; Arias, T. A.; Joannopoulos, J. D.
Rev. Mod. Phys1992,64, 1045.



Table 1. Carbon-13 chemical shifts (in ppm) for carbamazepine polymorphs and solvates and for a solution in CD&l|

Carbon | Solution | Trigonal P- .. c .. | Triclinic | .. Acetone | Dioxane
monoclinic | monoclinic Dihydrate
number state solvate | solvate
15 15741 159.0 159.0 159.9 159.3 158.5 159.8 158.4
141.7 140.4 138.8 141.7 140.9 141.5 142.1
114 139.84 140.0 137.3 136.9 139.8 140.1 139.5 140.4
136.7,
~136
69 | 13483 | 1396 | zamon | 1340 | msexe | 1332 | 21367 | 136.1x2
1343 134.7
134.5x2,
133.9x2
78 13027 1325,
2,13 129.40 132.1
411 129.30 131.2 132.0 131.1, 131.2x2 133.5?
> 130.6 129.3x? 130.0 °
129.0x27 131.0 128.7%? 130.9 129.5x37 130.9x47 130.6
' S 129.2x3? o 130.0x4? ’ 5 | 129.4x2?7 | 1289
5,10 128.58 127.9 ) ) . 7 128.9x27 : . .
> . ’ 129.3 ’ | 128.2x4?
128.9x4?
126.7x27 126.8 125.8
3,12 127.55 126.2 127.3 125.5 125.0x42 125.9 1241
(aVIE;rI:ge) 140.9 138.9 137.9 140.8 140.0 140.5 141.3
114
(spliting) 17 3.1 1.9 19 1.8 2.0 17

aThe solid-state chemical shifts are considered to be accurat®.® ppm, whilst the solution state shifts are an order of magnitude more accurate.

group and of the water molecules were refined freely in
isotropic approximation. Notwithstanding appreciable varia- MM
tions of the bond distances (\H 0.77(4) and 0.97(5) A;
O—H 0.79(6) to 1.12(6) A), the location of these hydrogens
is chemically reasonable.
The full structural information in CIF or other electronic
format is available as electronic Supporting Information and H M
has been deposited at the Cambridge Crystallographic Data
Centre, dep. no. CCDC-278591. M
NMR Results
A proton-decoupled®C NMR spectrum, obtained at 125
MHz and ambient temperature, of a solution of carbam-
azepine in deuteriochloroform, reveals the existence of eight
peaks, consistent with a symmetrical structure on the NMR A MJ \/\
time scale. Assignments of the peaks can be made using (
1H) HETCOR and {H, 'H) COSY two-dimensional spectra,
and the results are given in Table 1. Two of the signals are

significantly broadened, presumably because internal rotation . l . , . : .

about the ring nitrogen to C15 bond (s¢¥ {s insufficiently 170 160 150 140 130 120 110
rapid at ambient temperature to completely average the 8c/ppm
chemical shifts of the relevant pairs of carbons. Figure 1. Carbon-13 CPMAS spectra, obtained at 125 MHz,

CPMAS 13C spectra of the four anhydrous polymorphs, Of various forms of carbamazepine. Bottom to top: trigonal;
the dihydrate, an acetone solvate, and a dioxane solvateP'mch.’C"n'c; C-monoclinic; triclinic; dihydrate; acetone sol-
obtained at 125 MHz, are displayed in Figure 1. Several vate; dioxane solvate.
deductions can be made. First, although the dispersion ofSecond, it is clear that both the trigonal form and the
most of the signals is not good (since all the carbons, exceptdihydrate have a whole molecule as the crystallographic
for that of the amide group, are aromatic or ethylenic), all asymmetric unit, since the signals from the C1/C14 and C6/
the forms are clearly distinguishable by their spectra, which C9 pairs of carbons are each split into two components (as
can therefore be used as fingerprints for recognition purposesis the C3/C12 pair for the dihydrate). The observation of
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Table 3. Calculated isotropic chemical shifts for the
P-monoclinic form of carbamazepine (CBMZPN10%}

Table 2. Calculated ground-state energies and mean atomic
forces of the three reported crystal structures of the
P-monoclinic form of carbamazapine after relaxation of the
hydrogen positiong

carbon number chemical shift/ppm

mean force/eV Al 15 155.1

ground state 14 1422

CCSD structure energy/eV backbone hydrogens 1 138'9
CBMZPNO1 —-14050.962  0.5282 0.0104 2 ﬁgg
CBMZPNO02 —14 050.902 0.6228 0.0085 8 134.0
CBMZPN10 —14051.167 0.5369 0.0070 10 1332

7 133.1

aThe calculations were performed with the fully periodic planewave- 5 129.7
pseudopotential method. 13 129.0
3 129.0

single peaks for the amide carbon militates against the 4 126.5
possibility that the asymmetric unit consists of two half- 1% ﬁg%
molecules in these cases. The situation for the two mono- 11 125.1

clinic forms is not so clear. The resonances of the triclinic
form are more CompleX; in particular, five lines are observed aThe calculation used the hydrogen optimised geometry with the fully periodic
for the C6/C9 pair of carbons, three of them being of double GIPAW method. The chemical shifts were obtained from the computed shielding
. . . L o . constants using a reference shielding of 169.5 ppm obtained from previous work
intensity (and one of these showing an incipient splitting in  on molecular crystals.
a dipolar dephased spectrum, not illustrated), which sug-
gested to us that there are eight crystallographically different resonance is probably at 127.3 ppm. Agreement with
sites for these carbons, i.e., four molecules in the asymmetricexperiment appears to be moderately good. As with previous
unit. Since we made this observation, this suggestion hasinvestigations of molecular crystdighe carbonyl carbon
been confirmed by a single-crystal X-ray study. shows the largest deviation from experiment (3.9 ppm). The
Whilst there are clear differences between the spectra ofshift difference between the C15 and C1/C14 signals is
all the forms studied, it is difficult to make quantitative computed to be 19.46 ppm whilst experimentally it is 20.2
comparisons because of the overlap of signals from the ppm. Similar results for the C15 to C6/9 shift difference are
predominant aromatic carbons and the broadening influence22.28 and 24.3 ppm. The total spectral range predicted by
of the quadrupolar nitrogens. However, it can be said that the computations is 30.0 ppm, which is comparable to the
the carbonyl signal shows a small but significant variation experimental value of 31.7 ppm. A more valuable test lies
from 158.4 to 159.9 ppm. The average shift for C1 and C14 in comparing data for “crystallographic splittings”, i.e., those

varies a little more widely, from 137.9 to 140.9 ppm. This
pair of carbons is the only one to provide crystallographic
splittings from all of the forms; these are notably constant
(between 1.7 and 2.0 ppm) with the exception of the

arising from nonequivalence caused by lack of molecular
symmetry in the crystalline state. For C1/14, the computed
splitting is 3.1 ppm (observed 3.3 ppm) whilst for C6/9 it is
0.7 ppm (unresolved in the spectrum and<sbppm). The

C1/14 result is particularly interesting since it suggests we
can use the computations to assign shifts to the geometry of
Shielding Computations the molecule in the solid state. Thus we assign the peak at
Computations of the shielding for the P-monoclinic form 137.3 ppm in the spectrum of the P-monoclinic form to C1
of carbamazepine were undertaken using the planewaveas shown in schenig(i.e., the carbon near to the Ngroup),
pseudopotenti&l formalism and the GIPAW method, whereas that at 140.4 ppm is assigned to C14 (i.e., the carbon
which takes explicit account of the repetition inherent in a near to the carbonyl oxygen atom). The severe overlapping
crystal lattice. The three separate independent determination®f peaks in the region below 133 ppm prevents any detailed
of the crystal structures for this polymorph available in the comparison between experimental and computed values.
Cambridge Crystal Structure Database (CCSD) were used To study the effect of amide torsion of carbamazepine
as starting points. As is our recommended practice, the on the*C chemical shifts, calculations were performed using
hydrogen atoms (only) in the structures were first allowed Gaussian 98. Figure 2 shows the results. The crosses
to relax their positions. Table 2 lists the ground state energies,represent carbon atoms on one ring, and the triangles
the mean forces on each backbone atom and the mean forcemepresent carbon atoms on the other ring. It is clear that the
on each hydrogen atom for structures CBMZPNO1, CB- shielding of the nearest carbons to the EMNA. bond, namely
MZPNO2, and CBMZPN10 after relaxation. As expected, 1, 14, 2, and 13, together with C-15 itself, are most affected
these differ only a little between the structures. As we find by internal rotation about that bond.
the CBMZPN10 structure to have the lowest ground-state ~ An important issue in the study of polymorphism is the
energy we focus on this structure and report the calculatedextent to which a change in molecular geometry, between
isotropic shielding constants in Table 3. the gas phase and the solid-state configuration, can be
Comparisons with the experimental data are limited accommodated in optimising the molecular packing forces.
because only carbons 15, 1/14, and 6/9 can be definitively Clearly, calculations of shielding for both an isolated
assigned for the P-monoclinic form, though the C3/12 molecule of carbamazepine and molecules treated within a

P-monoclinic form (splitting 3.1 ppm).
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Figure 2. Effect of amide torsion angle (defined as N2 C15—N1—C14) on the chemical shift of an isolated molecule of carbamazepine,
computed using the Gaussian 98 program.

fully periodic formalism are valuable when attempting to
resolve the relative importance in determining observed |,
chemical shifts of, respectively, changes in molecular ~{
geometry and intermolecular interactions. The molecular
geometries determined, respectively, for the P-monoclinic
and trigonal phases were examined for any significant
differences. It was noted that for the P-monoclinic and
trigonal forms of carbamazepine the difference in the torsion
angle C15—N1—-C14—C9 that describes the orientation of
the carboxamide group is ca.l3vhereas the difference in
the torsion angle N2—C15—N1—-C14 (that varied in the
shielding computations) is ca.’5A reaction coordinate
calculation was performed using MOPAC with the AM1
method in which the torsion angle C5l1-C14—C9 was y 4
varied from 80 to 140°, with full relaxation of the other  Figure 3. Hydrogen-bonded network of carbamazepine dihy-
degrees of freedom describing the molecular structure. Thedrate, showing the stacking of the carbamazepine molecules.

cqlgulat;gn |nd|catecril thatl alchaénﬁe In :?'S torglonkh/ad 2 therefore are held together only by van der Waals interac-
minimal impact on the calculated heat of formatie# kJ tions. Water molecules occupy channels, running inside the

mol. Hence it can be concluded that this parameter is, |over in the directions parallel to the crystal axisEach
potentially, labile and can be affected significantly by the 55061 contains four parallel (and cross-linked) chains of
requirement to optimise the intermolecular interactions. water molecules

c I's Previous studies of carbamazepine dihyd@fgone of
rysta .tructures . .. which is in the Cambridge database with code FEFNOT)
We find the structure of the dlherate_ to be m.onoclmlc solved the structure in the orthorhombic space grabpm
(space grougP2/c). Th_e asymmetrlc'unlt comprises one (an alternative setting @@mca), with half of carbamazepine
complete carbamazepine molecule (in agreement with _themolecule and one water molecule per asymmetric unit. This
NMR spectrum) and two water mole(_:ules. The structure, Ilk_e implied the carbamazepine molecule was bisected by a
those of the anhydrous carbamazepine polymorphs, Contam%rystallographic mirror plane, with the amido group disor-
dimers of carbamazepine molecules related via a crystal- 4004 petween two orientations which differ by a 180

lographic inversion centre and linked via a pair of N-- rotation around the N2C15 bond. However, swapping the

-0 hydroggry bonQS. A network of.hydrogen bonds, involving acceptor (0) and donor (NdHof hydrogen bonds requires a
the remaining sites of the amido group and the water .o cered rotation ofall amido groups andall water

molecules, IinI§s dimers into a double Iayer,.parallel to the molecules in a whole layer, or at least in a whole chain of
crystallographic (0 1 0) plane, as shown in Figures 3 and 4. dimers (parallel to the axis), as shown in Figure 4, left.

Note t.hat all .th.e hydrophilic pgrts of the structure are Therefore the mirror plane is only a statistical artifact,
sandwiched within the layer, while the layers contact each

other by hydrophobic parts of carbamazepine molecules and(48) Griesser, U. J. Ph.D. Thesis, 1991.
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Figure 4. A more detailed picture of the carbamazepine dihydrate hydrogen-bonded network, viewed down tha axis (left) and
projected onto the (1 0 0) plane (that is, the twinning plane) (right).

resulting from chains of opposite polarity being distributed
throughout the crystal. Each individual molecule, dimer, and
their local environment have no mirror symmetry, just as
the case in the monoclinic structure.

In fact, the monoclinic lattice that we found, can be
converted by the transformation

0
-10
-10

-10
0
-2

into apseudeorthorhombic lattice of twice the volume, with
the parameters very similar to those of FEFNCOA =€
28.839(9) A,b = 4.924(2) A,c = 19.748(5) A at room

temperature). The discrepancy factor between Laue equiva-

lents, R, was not very much higher than that for the
monoclinic setting (0.147 against 0.089). However, whilst
in our case thef and y angles of the lattice in the
“orthorhombic” setting approached 9@fthin 0.01—0.02°,
o showed an irreducible deviation by 0.4urthermore, the
least squares refinement of the orthorhombic cell was
somewhat unstable. Although the structure could be solved
in the orthorhombic space group and the results (including
the mode of disorder) were similar to those of FEFNOT,
the refinement was rather unsatisfactory, with the conven-
tional R > 0.10. It is noteworthy that both previous studies
also resulted in highR-factors and other unsatisfactory
features.

An alternative explanation can be a pseudo-merohedral
twinning of the monoclinic crystal by the twin law:

-10

that is, by reflection in the mirror plane perpendicular to the
a axis (equivalent to the spurious mirror plane in the
orthorhombic model). Indeed, a correction of reflection
intensities on assumption of such twinning (see Experimental
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Section) much improved the results in our refinement,
confirming the original hypothesis. We found the twin
component contributions to relate as 5:1, while the previous
studies probably dealt with 1:1 twinning, more perfectly
emulating the orthorhombic symmetry. It can be argued that
the distinction between disorder and twinning is essentially
one ofscale. A symmetrical disorder on a molecular level
produces indisputably a new structure, i.e., a polymorph. At
the opposite extreme is the situation where twin components
are optically observable and can even be separated mechani-
cally, but this is not so in our case. A careful investigation
with a polarizing microscope failed to identify the component
crystals of twins or boundaries between them. It is likely,
therefore, that the twinning occurs on a microscopic level
(multiple micro-twinning or penetration twinning). The
distinction between such twinning and domain-type disorder
(with domain sizes of tens to hundreds of A) is a subtle one,
and it is not impossible that we have encountered a borderline
example. However, in the absence of any experimental data
on the boundary dimensions, this remains a speculation.

Of course, given the nature of the hydrogen-bonded
dimers, disorder among them is not surprising. However, we
have no corroborating evidence of disorder. The NMR clearly
shows the asymmetric unit is a full molecule, but of course
the local environment within the dimers dominates the
chemical shifts. The NMR evidence proves that if rotational
disorder of the amide group exists for the dihydrate, it must
be spatial in nature, not dynamic; i.e., internal rotational rates
about the C15—N1 bond must be less than the NMR time
scale (lifetimes> ca. 5 ms). It should be stressed that there
were no discernible differences between @ spectra of
samples providing monoclinic and orthorhombic structures.
The existence of two more-or-less identical structures dif-
fering only in order/disorder (the latter requiring a superlattice
of the former) is most unlikely.

We also initially obtained an orthorhombic space group
from other samples of carbamazepine dihydrate but were then
able to refine the X-ray results in terms of th&/c structure,
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Figure 5. Carbamazepine dimers in (left) the P-monoclinic form, (centre) the trigonal form, and (right) the dihydrate.

Table 4. Some key molecular angles in the forms of substantially, the P-monoclinic form showing a particularly
carbamazepiné low magnitude for3. The data in Table 4 imply that the
environment of N1 varies widely in its departure from
planarity, the angleo—g involving bonds C1/N1 and C14/
N1 ranging from 160.8to 180.8°. For the dihydrate, the
N1 environment is notably planar and coplanar with the
amide group. The actual ring angle at N1 lies within the
narrow bounds 116°1to 117.5°in the various forms,
whereas the hinge angle (6) varies widely, from 61td°
71.9°, with an outlier of 54.%for the dihydrate. [This angle
intramolecular anglés is closely related to, though not identical with, the torsion

structure  database code o B y b angle C15-N1—C14—C9 identified as labile by the MOPAC
computations.]

Remarkably, the trigonal form has the crystal volume per

triclinic® CBMZPN11 (01)—-179.6 —17.7 55.0 70.7
CBMZPN11 (02)—176.8 —152 541 712

CBMZPNI11(03)-1757 —118 549 69.2 molecule of 318 A compared to 293293 A? for the other

CBMZPN11 (04)-176.7 -15.9 551 71.9 forms. Having examined the crystal packing of the trigonal
P-monoclinic CBMZPNO1 ~ —170.6 22 534 614 form, we note that the structure contains infinite channels,

ggm%m% :gg:é’ i:g ggg gig coaxial with the 3-fold axes, with the diameter of over 5 A
trigonal CBMZPNO3 ~176.1 —-13.4 552 70.3 (the shortest cross-channel distances i of 7.6 A minus
C-monoclinic CBMZPN12 ~ —-1724 —75 498 68.1 twice the van der Waals radius of H, 1.1—1.2 A), enough to
dihydrate  this work 179.6(3)  0.9(5) 55.8(1) 54.5(1) gccommodate small solvent molecules, such as water,

aThe angles are defined as follows (see also Figure¢g)torsion angle methanol, acetonltrlle, etc. G!Ven the near—u_nlform width of
C14-N1—C15-N2:8, torsion angle CtN1-C15-N2;y, dihedral angle the channels and hydrophobic nature of their walls, solvent
O e e e Fignc's o Molecules can be both staically and dynamically disordered
molecule given as the asymmetric unit in the cif fitdzour independent along the channel, without affecting either the X-ray dif-
molecules. fraction or the (solid-state) NMR patterns substantially. The
solvent-accessible voids comprise 428 ger unit cell (or
7.5% of the total volume). Without solvent, the structure has
a space-filling coefficienp = 0.645. It is well-knowA®*—>1
that, at ambient conditiong, of molecular crystals usually
lies between 0.65 and 0.77, whilst crystal structures with
lower p are unstable and tend to transform into a denser
polymorph or, if possible, enclose solvent molecules in the
voids. Thus we can hypothesize the trigonal form of
carbamazepine may readily contain nonstoichiometric quan-

as discussed herein but with 50/50 twinning. We have studied
and are still studying this twinning phenomenon in more
detail. The results will be published in a relevant journal
dedicated to crystallography, since further discussion is not
appropriate in the present article.

Further Discussion
All the structures of the carbamazepine forms show
hydrogen-bonded dimers, with a centre of inversion between . .
. R : tities of water or some other small solvent molecules.
the two molecules, as illustrated in Figure 5. The distance

: Whilst we can speculate on the NMR chemical shifts, it
between the hydrogen-bonded oxygen and nitrogen atoms. ... :
: . Is difficult to relate the small observed differences between
varies over a range of 0.047 A. Some key angles, in the

) ) . . forms to molecular geometry variations without more precise
carbamazepine molecules forming the dimers, which may . L ;
) . . . signal assignments. However, it is clear from the Gaussian
influence the NMR chemical shifts, are listed for all the

anhydrous forms and the dihydrate in Table 4 (see also Figurecomputatlons that the dihedral (torsion) anglehas a

6. It can b seen it he anglebetween e phery! ngsf'°" 7Y SONTant nuerce and fom e v s
(y) is remarkably constant (between 53&hd 55.7°), with 9 y P '

the notable exception of the C-monoclinic form (4598 (49) Kitaigorodskii, A. I.Molecular crystals and molecules; Academic Press:
Likewise, the amide group is always closely planar. The New York, 1973.

50) Gavezzotti, AJ. Am. Chem. S0d.983,105, 5220—5225.
quaternary atoms Cl’ C6’ C9’ and C14 are also coplanar 0651) Dunitz, J. D.; Filippini, G.; Gavezzotti, ATetrahedron2000,56, 6595—

very nearly so. However, the torsional anglesafdp) vary 6601.
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Figure 6. Definitions of the angles reported in Table 4: (left) anglesp and g; (centre) angley; (right) angle (180°—d).
It is an open question whether intermolecular effects need effects of torsional variations on chemical shifts, and those
to be taken into account. It is interesting to note that the carried out using the fully periodic planewave/pseudopoten-
unusually large C1/C14 crystallographic splitting of 3.1 ppm tial methodology offer promise of being able to predict and/
for the P-monoclinic form correlates with the notably low or explain shift differences between analogous atoms in
hinge angled. However, such a correlation is not obvious different independent molecules in the unit cell.
for the dihydrate, which has an even lower hinge angle
(though perhap; there is com_per_13ation from the planarityAcknowledgment
around N1 for this form). More insight may arise from fully
periodic computations with improved functionals for allthe ~ The Durham and Leeds teams thank the EPSRC for
forms with known crystal structures and for notional varia- financial support under grants GR/N05635 and GR/N06670.
tions in the hinge angle and departure from planarity at N1. One of us (R.K.H.) is grateful to the Leverhulme Trust for
We do intend to pursue this line of enquiry in due course, the award of an Emeritus fellowship. Computational re-
but it is a major project which will take considerable time. sources for some of the work were provided by the
In conclusion, it can be stated that, although the molecular Cambridge-Cranfield High Performance Computing Facility.
geometries of the forms of carbamazepine are closely similar,We particularly thank Drs. J. S. O. Evans and A. S. Batsanov
all seven can be clearly distinguished by thé&@ MAS NMR for highly useful discussions about the complicated matters
spectra, which show (by crystallograpic splittings) that all of the diffraction results and their interpretation.
forms except the triclinic have one complete formula unit
in the asymmetric unit, whilst the triclinic form has four, in
agreement with past and recent diffraction results. In
particular, the dihydrate has a full formula unit, which is ~ Crystal and structural data for carbamazepine dihydrate
inconsistent with the disorder reported in the reported in pdfand cif format. This material is available free of charge
orthorhombic structure in the literature, if dynamic (but not Via the Internet at http://pubs.acs.org.
if static). Our reinvestigation of this structure shows it to be
monoclinic rather than orthorhombic. The discrepancy with
the literature is thought to arise from the common occurrence
of micro-twinning. Various computations have shown the 0OP0500990
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