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Abstract 

Carbamazepine, a first generation anticonvulsant, is known to crystallize in various 

polymorphic forms, all of which exhibit an anti-carboxamide hydrogen bond dimer motif. 

Furthermore, unless cocrystallized with carboxylic acids, these dimers are also present in 

most crystal structures of the known carbamazepine solvates. On the other hand, two 

derivatives of the drug (oxcarbazepine and 10,11-dihydrocarbamazepine) have been 

reported to adopt hydrogen bond chain motifs in their crystal structures, whereas the 

epoxy derivative (10,11-epoxycarbamazepine)  shows a third mode of hydrogen bonding 

- syn-dimers. In order to rationalize the differences in hydrogen bonding caused by the 

small changes in molecular structure, computational searches for the low energy crystal 

structures of these drugs were performed and hydrogen bond patterns in both the 

hypothetical and experimentally determined crystal structures were analyzed. In addition, 
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interactions energies between pairs of molecules were calculated using the SCDS-Pixel 

approach, which partitions the intermolecular interaction energy in its different 

contributions (Coulombic, polarization, dispersion and repulsion). The importance of 

overall molecular shape and the influence that this has on the hydrogen bond 

arrangements in these structures is emphasized.     

 

Keywords: crystal structure prediction, molecular shape, hydrogen bonding, 

carbamazepine and carbamazepine derivatives. 
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1. Introduction 

Carbamazepine (CBZ) is a first generation anticonvulsant used in the treatment of 

epilepsy and trigeminal neuralgia. Metabolized in the liver, the first step in its 

degradation consists of the oxidation of the C10-C11 double bond (Figure 1) to the 

carbamazepine 10,11-epoxide (ECBZ),1 a metabolite responsible for some of the side 

effects associated with consumption of the drug.2 The derivative 10,11-dihydro 10-oxo 

carbamazepine, known as oxcarbazepine (OXCBZ), has been shown to have several 

advantages as a drug, including improved efficacy, tolerability and fewer side effects.3,4  

N

O N
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C16

N18O17  

Figure 1. Sketch of carbamazepine and numbering of some of the atoms. 
 

CBZ is not only an interesting system from a pharmacological view, but also as a model 

compound for the study of polymorphs,5 solvates6 and cocrystals.7 To date, however, no 

reports have appeared dealing with the possible polymorphs or cocrystals of CBZ 

derivatives such as ECBZ and OXCBZ.Y Four polymorphs are reported for 

carbamazepine: Form I5 ( 1P , Cambridge Structure Database8 Refcode = CBZMZPN11), 

Form II9 ( 3R , CSD Refcode = CBMZPN03), Form III10 (P21/c, CSD Refcode = 

CBMZPN01) and Form IV11 (C2/c, CSD Refcode = CBZMZPN12). All the polymorphs 

exhibit similar hydrogen bonding: i.e. anti-carboxamide dimers (Figure 2). Furthermore, 

                                                 
Y During preparation of the manuscript, a second polymorph of one CBZ derivative, 10,11-
dihydrocarbamazepine (DHCBZ), was reported. In this paper, where we refer to the crystal structure of 
DHCBZ we mean the previously known P21/c form, unless otherwise indicated. 
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unless cocrystallized with a carboxylic acid, most of the reported CBZ solvates show a 

similar hydrogen bond anti-dimer motif.7 Recently, however, crystal structure prediction 

studies for CBZ have suggested that both anti-dimers and chains are of comparable 

stability.6,12 Despite an extensive experimental screen using high throughput 

crystallization methods,6 no additional polymorphs were obtained and in particular none 

exhibiting the chain motif. Interestingly, we noticed that two derivatives of the drug, 

OXCBZ (P21/c, whose crystal structure was only recently reported13) and 10,11-

dihydrocarbamazepine14 (DHCBZ) (P21/c, CSD Refcode = VACTAU01) exhibit chain 

motifs in their crystal structures (Figure 2). The epoxy derivative ECBZ15 (Pbcn, CSD 

Refcode = ZIPTEX) shows a third mode of hydrogen bonding: twisted syn-dimers 

(Figure 2).  
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Figure 2. Carbamazepine (CBZ), 10,11-epoxycarbamazepine (ECBZ), 10,11-

dihydrocarbamazepine (DHCBZ),  and oxcarbazepine (OXCBZ) molecular structures and 

hydrogen bond motifs observed in the crystals. 

 

The questions we address here are: how can we explain the dramatic influences that small 

changes in molecular structure (remote from the hydrogen bonding functional group) 

have on the observed hydrogen bonding in the crystal structures and how cpredictabled 

are the structures adopted by the various derivativese  

 

Crystal structure prediction16-18 (CSP) is a growing area of research whose main aim is to 

predict the observable crystal structures of a compound starting from only a knowledge of 

molecular connectivity. Such a powerful technique is of great applicability especially in 

pharmaceutical sciences and other areas (eg. fine chemicals and pigments). If the crystal 

form used for drug delivery is not the most stable, phase transitions may occur to another 

polymorph with unpredictable and potentially serious changes in physical properties.19-21 

In this study, we present crystal structure prediction calculations for ECBZ, DHCBZ and 

OXCBZ and compare the results with those recently reported for CBZ itself.12 Of special 

interest are the CSP calculations for OXCBZ, as it is a second generation antiepileptic 

drug currently in use and no studies have been reported on the stability of the observed 

crystal structure or tendency for polymorphism. Additionally, the distributions of 

hydrogen bond patterns, along with other molecular interactions are analyzed. SCDS-

Pixel22,23 calculations of the strengths of these competing interactions are used to 

rationalize their effect on the observed hydrogen bonding on the various crystal 
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structures. Finally, we discuss the importance of molecular shape and its influence on the 

hydrogen bonding interactions for these molecules in the crystal structures.    

 

2. Computational Methods 

Molecular models. All molecular models were treated as rigid during the crystal 

structure search and lattice energy minimizations.  The initial molecular structures were 

taken from density functional theory (DFT) isolated molecule geometry optimizations 

using the code Dmol3 as implemented in the Accelrys package Materials Studio,24 using 

the PW91 functional25 and the double numerical polarised (DNP) basis set.26  

 

Model potential. The repulsion-dispersion contributions to the intermolecular potential 

were evaluated using the W99 empirically derived atom-atom potential parameters27-29 

and interactions were summed to a 15 Å cutoff. The centre of interaction for all hydrogen 

atoms was shifted 0.1 Å along the X-H bond (X= C, N, O) towards the heavy atom; X-H 

distances were shortened by 0.1 Å after DFT optimization. 

 

Electrostatic models. Electrostatic contributions to the intermolecular potential were 

calculated from two models of the molecular charge distribution: atomic charges and 

atomic multipoles. Atom centred point charges were derived to reproduce the molecular 

electrostatic potential (ESP charges)30,31 using the fitting procedure implemented in 

Dmol3. Atomic multipoles up to l=4 (charge, dipole, quadrupole, octupole and 

hexadecapole) were obtained by performing a Distributed Multipole Analysis32 of a 

B3P91/6-31G(d,p) electron density using the CADPAC code.33 All charge-charge, 
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charge-dipole and dipole-dipole interactions were evaluated using Ewald summation, 

while higher order terms (up to R-5) were summed to a 15 Å cutoff on whole molecules. 

 

Crystal structure prediction. Crystal structures were generated in ten of the most 

common space groups (P21/c, 1P , P212121, P21, C2/c, Pbca, Pnma, Pna21, Pbcn and 

3R ) using the simulated annealing algorithm of Karfunkel and Gdanitz34-36, as 

implemented in the Accelrys Polymorph Predictor (PP) module of the Cerius2 software 

suite.37 Searches were carried out with one molecule in the asymmetric unit (Z’=1), 

followed by lattice energy minimization (W99 k ESP charges) and clustering, to remove 

identical structures. Up to four independent searches were performed within each space 

group until the generation of structures converged. This initial clustering of structures 

was performed using the algorithm implemented in the Cerius2 software.36 The simulated 

annealing adjustable parameters were taken from previous studies.38  

 

Refinement of the calculations. As described in a recent publication,12 amide 

pyramidalization is an important flexibility problem to consider in crystal structure 

prediction. For consistency in the methodology and improvement of the calculations,  

amide pyramidalization was considered in the same way as reported recently in our study 

for CBZ.12 For further details and a diagram of the methodology see supplementary 

information. Final results presented here correspond to crystal structures which were 

lattice energy minimized with the molecular model showing the optimal amide geometry 

(in each particular crystal structure) using the W99 potential (for the description of 
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dispersion and repulsion) and the atomic multipole model (for the description of the 

electrostatics) using the program DMAREL.39 

 

Structure Comparison and Final Clustering. The COMPACK40 algorithm was used for 

the final clustering and comparison of the computer generated and the experimentally 

observed crystal structures (taken from the Cambridge Structural Database8) with a 

tolerance of 0.15 Å on atomic separations in a coordination sphere of 14 molecules.  

 

Synthon calculations –SCDS Pixel method. The valence electron densities of the 

molecular models were calculated with the package Gaussian at the MP2/6-31GYY level 

of theory using appropriate box sizes and steps of 0.08 Å in the calculations. Pixels were 

then condensed into super pixels. Molecular clusters, taken from the various DMAREL 

minimized crystal structures, were generated by using the appropriate crystal symmetry 

operations. Single point energy calculations of those molecular clusters were performed 

using the parameters described by Gavezzotti.41 
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3. Results  

3.1. Similarities and dissimilarities of the molecular structures in the experimentally 

observed crystals 

The main chemical differences between the molecular structures of CBZ and its 

derivatives are located in the azepine ring at carbons 10 and 11. While those atoms are 

double bonded in CBZ, they are epoxidated in ECBZ (the oxygen of the epoxide lying 

below the azepine ring), hydrogenated in DHCBZ, and carbonylated at C10 and 

hydrogenated at C11 in OXCBZ. The four derivatives are therefore chemically very 

different around the azepine ring but none exhibit any extra hydrogen bond donors, 

although the carbonyl in OXCBZ could act as hydrogen bond acceptor. 

From the point of view of the molecular shape, ECBZ retains the symmetry and the shape 

of the azepine ring and is superimposable on the CBZ molecular structure (Figure 3), 

although the extra oxygen of the epoxy function constitutes an important change in terms 

of shape in the region below the azepine ring. By comparison, however, there is a clear 

break in the symmetry of the azepine ring in the other two derivatives and therefore a 

distortion in the shape of the cbutterflyd ring system. DHCBZ and OXCBZ themselves 

are almost perfectly superimposable. 

 
Figure 3. Superposition of the molecular structures of: a) CBZ (blue) and ECBZ; b) 

DHCBZ (red) and OXCBZ; and c) CBZ (blue) and OXCBZ. The molecular structures 

were taken directly from the experimentally solved crystal structures: CSD refcodes 

CBMZPN02, ZIPTEX , VACTAU and the crystal structure of oxcarbazepine. 
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3.2 Molecular models 

When the symmetry of the azepine ring is broken in the molecular structures of DHCBZ 

and OXCBZ, the conformations obtained by a 180º rotation about the N5-C16 bond 

(Figure 1) are no longer related by inversion. As a result, two molecular minima with 

different energies can exist (we denote them as SYN and ANTI, Figure 4). The SYN 

conformations are those where the NH2 groups are located on the same side as C10 (see 

Figure 1) whereas the ANTI conformation represents the opposite arrangement. In both 

cases, the SYN conformations are less stable than the ANTI conformations by 1.67 

kJ/mol and 4.17 kJ/mol for DHCBZ and OXCBZ respectively (based on DFT 

calculations). Crystal structure prediction calculations using the ANTI or the SYN 

conformations would give rise to two completely different sets of crystal structures. After 

two independent crystal structure searches with each conformer, the most stable 

generated crystal structures for the SYN sets were located 7 kJ/mol and 5 kJ/mol higher 

in total energy than the most stable crystal generated with the ANTI conformations, for 

DHCBZ and OXCBZ respectively (see supplementary information). The crystals 

generated with the SYN conformation were not, therefore, energetically competitive with 

those generated with the ANTI and were not considered further.  

SYN ANTI

DHCBZ

OXCBZ

SYN ANTI

DHCBZ

OXCBZ

 
Figure 4. Molecular models of the ANTI and SYN conformations of DHCBZ and 

OXCBZ. 
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3.3 Crystal structure predictions 
 
Crystal structures prediction results on the four systems are shown in Figure 6, where 

relative total energy (lattice k conformational) versus packing coefficient of the structures 

are classified by hydrogen bond motifs. All experimentally observed crystal structures 

(with the exception of Form I CBZ which has four molecules in the asymmetric unit) 

were successfully generated during the CSP calculations (circled structures, Figure 6). 

Nevertheless, their predicted stabilities, relative to the alternative computer generated 

crystal structures, vary between the four derivatives. For CBZ, the lattice energy 

calculations successfully predict two of the polymorphs (Form III and Form IV): their 

lattice energies are lowest amongst the predicted possibilities, along with an energetically 

competitive third structure, which has not yet been observed experimentally. On the other 

hand, Form II and the energy minimized Form I polymorphs were predicted not to be as 

stable (8.3 and 6.2 kJ/mol above the global minimum, for further discussions see 

reference 12). Predictions were not as successful for ECBZ, where the experimentally 

observed crystal structure was found to be almost 5 kJ/mol above the global minimum in 

energy. To date, no other polymorphs have been reported for this system, although 

predictions indicate that other more stable crystal structures are possible. Interestingly for 

DHCBZ, there are two very similar (but distinct) and almost isoenergetic generated 

structures (ranked number 2 and 3 in the final set of crystals) that match the 

experimentally observed crystal structure within the tolerances used in the structure 

comparison algorithm. These two apparent minima at 0 K would probably converge to 

one free energy minimum at higher temperatures and this cstructure-delocalizationd may 

result in a higher entropic contributions lowering its free energy relative to other 
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structures. Nevertheless, according to these results, there is still a hypothetical crystal 

structure predicted to be more stable (at 0 K) than the structure found in the CSD. In fact, 

while this paper was in preparation, the report of a new polymorph of DHCBZ was 

published.42 To our satisfaction, this new polymorph corresponded to the global 

minimum structure from our search. This polymorph shows the same type of hydrogen 

bonding as the previously known crystal structure. By way of contrast for the oxo 

derivative, OXCBZ, as the experimental crystal was predicted to be the most stable, with 

no other competitive structures in a range of 2.5 kJ/mol. This observation is important 

since it suggests that no polymorphs of competitive energy appear to be possible, 

suggesting that if this drug is commercialized with this form, no phase transformations to 

another polymorph would be expected. 

 

Concerning the type of hydrogen-bond motifs (Figure 6), while both anti-dimers and 

chains are found amongst the most stable predictions for CBZ, chains are notably 

favoured for the DHCBZ and OXCBZ crystal structures (all the stable crystals up to 4 

kJ/mol above the global minimum contain chains) (Figure 6). It is therefore not surprising 

that the experimentally observed crystal structures of both DHCBZ and OXCBZ show 

hydrogen bond chains. On the other hand, chains, anti-dimers and other types of motifs, 

where the epoxide oxygen is also involved as acceptor (see supplementary information), 

were found amongst the most stable of the ECBZ predicted structures. Unexpectedly, the 

experimental crystal structure shows syn-dimers (Figure 2) which are rarely found in any 

of the four sets of predictions (crossed squares in Figure 6).  
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Figure 6. Final predictions classified by hydrogen-bonding motifs: a) carbamazepine,12 

b) epoxycarbazepine, c) 10, 11-dihydrocarbamazepine and d) oxcarbazepine. 
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As a complementary analysis, the packing of the molecules in the different structures is 

also of great interest; there are two fundamental ways in which the azepine ring can pack: 

sandwich-herringbone and !-! stacking (Figure 7) pfor further discussion on packing 

similarities in the observed CBZ crystal structures and some of its analogues see 

reference43q.  

         
Figure 7. Types of recognizable packing of the azepine rings: sandwich-herringbone 

(left) and !-! stacking (right). 

 

The three most stable structures predicted for carbamazepine (including Form III and 

Form IV) showed sandwich herringbone interactions between azepine rings whereas both 

Form I and Form II exhibited !-! stacking interactions (Figure 8). This !-! stacking 

interaction is not favourable in the case of epoxycarbamazepine, as the epoxyde oxygen 

lying below the azepine ring sterically prevents this contact, thus a sandwich-herringbone 

arrangement is the most commonly found amongst the most stable predicted crystal 

structures r in agreement with the experimentally observed crystal structure. Both the 

P21/c polymorph of DHCBZ and the crystal structure of OXCBZ show !-! stacking. We 

observed that the best !-! stacked structures are both 4.7 kJ/mol more stable than the best 

sandwich-herringbone structures in this case. It is to be noticed that the recently 

discovered lower energy structure for DHCBZ has neither of these packing patterns. 
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Figure 8. Final predictions classified by packing motifs: a) carbamazepine, b) 

epoxycarbazepine, c) 10, 11-dihydrocabamazepine and d) oxcarbazepine. 
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Finally, differences in the packing efficiencies of the four sets of crystal structures are 

also noticed. We find that OXCBZ packs more efficiently than the other derivatives with 

the observed crystal structure having a packing coefficient of 0.714. On the other hand, a 

large range of packing coefficients (from 0677 to 0.710) is observed within the most 

stable crystal structures predicted for CBZ, of which the P21/c polymorph is the most 

efficiently packed. For ECBZ, only two crystal structures pack in an exceptionally 

efficient way (black squares in Figure 6 at packing coefficients of 0.711). Neither of these 

structures has been observed but it would not be surprising if the most stable of them was 

obtained after crystallization under high pressure conditions. In fact high pressure has 

been used to access predicted crystal structures of other small molecules.44 In comparing 

the packing efficiency of the different hydrogen bond motifs, we find that structures 

exhibiting hydrogen bond chains generally pack more efficiently than those containing 

dimers rwith the exception of CBZ where the distinction in packing coefficient between 

chains and dimers is less clear.  

 

3.4. Synthon calculations – PIXEL SCDS method 

Although the geometries of molecular pairs taken from the crystal structures may not be 

energy minima when isolated from crystal forces, single point energy calculations of 

interaction energies in such pairs may help us determine which interactions are dominant 

in certain crystals and, therefore, which interactions are more important during crystal 

formation. For example, comparing the different interactions amongst polymorphic forms 

may be an important factor in understanding why a particular polymorph, over other 

possible ones, is observed under certain conditions. Also, a comparison of the interaction 
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energies of the same motifs found in the crystal structures of the different CBZ 

derivatives may clarify why chains are favoured in the crystal structures of some 

derivatives but not others. 

 

We took molecular pair geometries from CBZ Form III (the most stable polymorph) and 

the known crystal structures of DHCBZ, OXCBZ and ECBZ. For comparison, we took 

molecular pairs from the most stable predicted hypothetical crystals with alternate 

hydrogen bonding to the observed structures: CBZ structure ranked 2 (the most stable 

chain), ECBZ global minimum (anti-dimers) and the most stable structures showing anti-

dimers for DHCBZ and OXCBZ (ranked 8 and 6 respectively). Interaction energies 

calculated with the PIXEL method are summarized for these pairs in Table 1.   

 

The calculated interaction energies of the anti dimer motifs are very similar for all four 

derivatives (~-23 to -25 kJ/mol). However this is not the case for hydrogen bond chains, 

where the interaction energy is found to be favoured for DHCBZ and OXCBZ over CBZ 

by almost 4 kJ/mol. Chains and dimers in the CBZ crystals show comparable interaction 

energies (-24.8 and -24.7 kJ/mol respectively) whereas chains are clearly favoured over 

dimers for both DHCBZ (by ~4.5 kJ/mol) and OXCBZ (by ~6 kJ/mol). These energies 

are in line with the observations we made based on total lattice energies of the observed 

and predicted crystal structures and show that much of the energetic advantage for chains 

in DHCBZ and OXCBZ results from the strength of the interaction between hydrogen 

bonded molecules. For dimers, this interaction energy is dominated by the Coulombic 

contribution, which is weaker in the chains, but compensated for by a greater dispersion 
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energy (Table 1). On the other hand, anti-dimer interaction energies are also greatly 

favoured (by ~4.5 kJ/mol) over the syn-dimers in the ECBZ crystal structures. 

 

Table 1.  Interaction energies per hydrogen bond for the most stable (experimental or 

hypothetical) dimers and chains calculated using the PIXEL method. 

Interaction  
Crystal 

Structure 

Packing Ecoul

(kJ/mol) 

Epol

(kJ/mol) 

E disp

(kJ/mol) 

Erep 

(kJ/mol) 

Etotal

(kJ/mol) 

CBZ Form III SH -32.7 -11.3 -6.0 25.2 -24.8 
ECBZ Hyp.Rank 1 SH -29.2 -9.6 -6.1 21.8 -23.0 

DHCBZ Hyp.Rank 8 !-! -35.1 -11.6 -6.4 28.8 -24.2 
Anti dimers 

OXCBZ Hyp.Rank 6 SH -27.2 -8.0 -5.8 17.8 -23.1 
Syn dimers ECBZ Pbcn SH -17.8 -5.2 -5.5 9.4 -19.0 

CBZ Hyp.Rank 2 SH -21.5 -9.8 -15.5 22.2 -24.7 
DHCBZ P21/c !-! -25.8 -11.7 -16.4 25.4 -28.6 Chains 

OXCBZ P21/c !-! -25.5 -10.9 -16.4 23.8 -28.9 
†SH=sandwich herringbone, !-! = !-! stacking of the azepine rings 

 

4 Discussion 

In light of the results described in sections 3.3 and 3.4, various noteworthy points can be 

addressed in an overall comparison of the four molecular systems.  

 

4.1 On the possible latent polymorphism of CBZ derivatives 

Limited by the type of calculations (static and at 0 K) and unable to consider 

kinetic effects, metastable polymorphs can not yet be predicted and growth condition 

effects on the relative stability of polymorphs cannot be studied computationally. 

Nevertheless, if the observed crystal structure happens not to be the global minimum in a 

CSP calculation, or many structures are found to be of very similar lattice energy, we 
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may expect polymorphism for the system. For example, we are confident that no 

thermodynamically more stable new polymorphs are to be expected for OXCBZ (as there 

are no competitive structures within approximately 3 kJ/mol) whereas for DHCBZ, we 

predicted a lower energy structure than the known crystal structure and this has now been 

experimentally observed. Similarly, polymorphism in ECBZ is expected according to the 

results of the CSP calculations, where many structures were found to be more stable in 

terms of lattice energy, and the PIXEL calculations show that the anti-dimer interaction is 

favoured over the syn-dimer one (Table 1).   

On the other hand, we also notice differences in the density of generated 

structures (ie. the number of energy minima in a certain energy range above the global 

minimum) for the various derivatives; while many energetically competitive crystal 

structures are generated for CBZ and ECBZ (the two molecules where symmetry around 

the azepine ring is maintained), the number of generated structures of low energy for 

DHCBZ or OXCBZ (the two molecules where symmetry around the azepine ring is 

broken) is much lower. To what extent is molecular shape, or molecular symmetry, 

determining the number of low energy packing possibilities and in a way its potential 

polymorphisme Could we then state that OXCBZ is less likely to be polymorphic than 

ECBZe Unfortunately, definitive answers are not possible at this stage of the calculations 

and future work is also needed in order to give an appropriate answer, as much 

experimental work has focussed on CBZ, but very little for any of its derivatives. 
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4.2 On molecular shape as the most important factor dictating molecular packing  

Interestingly, we noticed that not only the hydrogen bond arrangements and the 

packing motifs but also the observed crystal structures of DHCBZ (the P21/c polymorph) 

and OXCBZ were very similar, if not isostructural (Figure 9). Indeed, if the OXCBZ 

molecule is replaced by that of DHCBZ in VACTAU01 and lattice energy minimized, the 

crystal structure of OXCBZ is obtained and vice versa.  This is an important observation 

as, even though the molecular structures of both are different chemically, nearly 

isomorphic crystals are observed. This highlights the importance of overall molecular 

shape in determining crystal packing; despite the opportunity for extra hydrogen bonding 

in OXCBZ (using the carbonyl group), the two geometrically superimposable molecules 

adopt the same crystal structure. Indeed, the most stable crystal structure in which the 

carbonyl oxygen does participate in hydrogen bonding is 4.7 kJ/mol less favoured than 

the experimentally observed crystal. Also, by examining the set of predicted crystal 

structures of CBZ, we found a crystal structure close to isomorphic with the crystal 

structure of DHCBZ and OXCBZ (relative energy of about 2 kJ/mol above the 

monoclinic polymorphs). The growth of this crystal structure was attempted without 

success by seeding a saturated CBZ solution in ethanol with crystals of DHCBZ.  
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Figure 9. Unit cells of the crystal structures of dihydrocarbamazepine14 (P21/c, a=5.51 Å, 

b=9.16 Å, c=24.27 Å) and oxcarbazepine13 (P21/c, a=5.28 Å, b=9.31 Å, c=24.84 Å). 

 

4.3 On the rationalization of the observed hydrogen bond motifs  

As Dunitz and Gavezzotti suggested recently,45 a detailed analysis of 

intermolecular motifs in virtual and experimental crystal structures is a unique way of 

assessing which motifs are common, which motifs are obligatory and which motifs are 

unlikely for a certain system. As stated previously, both the CSP and PIXEL calculations 

indicated that the chain motifs are favoured over anti-dimers in the most stable generated 

crystal structures of DHCBZ and OXCBZ (the only molecules where the azepine ring is 

distorted). This is not the case for CBZ, where chains and anti-dimers are present in the 

most stable predicted structures, nor for ECBZ where anti-dimers are more popular in the 

lowest energy region. However, as shown by the PIXEL calculations, the calculated 

interaction energies of the anti-dimer motifs are very similar in all four cases, i.e. because 

the structural differences between the molecules are remote from the amide group and 

they do not affect the dimer interaction. Rather than dimers being energetically 

21 



disfavoured for DHCBZ and OXCBZ, it would appear, therefore, that the small changes 

in molecular shape by the azepine ring distortion favours the chain interaction. But, why 

do such small changes in molecular shape favour chains over dimers and why has a chain 

structure not been observed for CBZ, even after a quite extensive experimental 

screening6e 

Almost 40 years ago, Kitaigorodskii suggested that the structure of a crystal is 

mainly dictated by repulsive forces.46 If the chain structures of the different crystals are 

analyzed carefully (Figure 10), important geometric differences can be observed. For 

similar CarH--Car close contacts in all chain structures (Figure 10), the observed OXCBZ 

and DHCBZ crystals allow the best hydrogen bond contacts, leading to a 5 kJ/mol 

advantage in Coulombic and polarization energy over chains in CBZ. Furthermore, the 

predicted N--O distance for the two observed chain structures (OXCBZ and DHCBZ) lie 

in the highest probability of the N--O distance distribution of amide structures showing 

hydrogen bonds distinct to dimers in the CSD. In contrast, the N--O distance in the 

predicted CBZ chain structure lies in the tail of the histogram (Figure 11), suggesting that 

it is energetically strained.  
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Figure 10. Comparison of the chain structures of the observed OXCBZ and DHCBZ 

crystals and the hypothetical most stable chain structure of CBZ. 

 
Figure 11. Histograms of N--O distances in the crystal structures of amides (384 entries, 

excluding dimer motifs) found in the CSD.8 

 

As pointed out in Section 3.1, the changes in molecular shape of DHCBZ and OXCBZ 

with respect to CBZ are most important around the azepine ring (Figure 3), since for 

DHCBZ and OXCBZ one of the benzene rings is twisted slightly inwards. This small 

deformation of the azepine ring allows these two molecules to come closer in the chain 

structure and thus optimize the hydrogen bonding. Similar optimal hydrogen bonds 
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cannot be formed in CBZ chains (and neither in ECBZ) without generating very short, 

repulsive, CH--C close contacts.  

 

This analysis offers an explanation (at least in part) as to why the OXCBZ and DHCBZ 

chains are more stable than the CBZ chain. Even though the total lattice energy of a chain 

structure of CBZ is competitive with the observed forms III and IV, the geometrically 

strained hydrogen bond chains might be at a disadvantage during crystallization. If it was 

found to be the only stable structure by far, then it would be expected to be found 

experimentally under certain conditions. However, its accessibility during nucleation is 

disfavoured, as other isoenergetic crystals showing stronger hydrogen bonding are 

possible. This may explain why, even after extensive experimental effort,6 crystal 

structures containing chains have not been observed for CBZ.    

 

5. Conclusions 

Successful crystal structure prediction (CSP) calculations have been presented for two of 

the CBZ polymorphs and the crystal structures of OXCBZ and DHCBZ. On the contrary, 

metastability of the known ECBZ crystal structure is proposed, as both CSP and PIXEL 

calculations suggest that neither the crystal structure nor the syn-dimer interaction were 

amongst the most favoured possibilities. Analysis of the low energy calculated crystal 

structures helps rationalize why the small changes in molecular structure result in 

completely different hydrogen bonding arrangements in their crystal structures. 

Complementary, some PIXEL calculations on the different hydrogen bond motifs showed 

how the small distortion in the azepine rings in DHCBZ and OXCBZ resulted in chain 

motif preference, as the molecules were able to approach closer and therefore maximize 
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the hydrogen bond interaction in the hydrogen bonded chains. With a combined CSP and 

PIXEL calculation study we have shown how, although hydrogen bonds are crucial in the 

stability of these crystal structures, it is indeed the repulsions and the molecular shape 

(even if the changes are very small) that dictate the final packing of the structures and, in 

the end, the hydrogen bonding.        
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