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Analysis of the molecular interactions governing the
polymorphism of benzamide - a guide to syntheses?
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Dispersion-corrected density functional calculations are used to rationalize the subtle differences in the
molecular interactions in benzamide crystals. The potential energy of the different polymorph structures is
dominated by the interplay between intermolecular attraction and molecular torsion/deformation to
accommodate favourable molecular packing. Using suitable proxies arranged in pseudo-crystalline setups
we discriminate the contribution of hydrogen bonding, n—r interactions and intra-molecular interactions
to the lattice energies of the most relevant (P1 and P3) benzamide polymorphs. Strikingly, these
commonly anticipated binding/packing concepts cannot account for the observed ranking of benzamide
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structures, thus hinting at the importance of the interactions between the benzene rings and the polar
amide groups. Moreover, individual structural motifs that account for the competition between the two
DOI: 10.1039/c3cp44279a crystal structure types are elaborated. On the basis of such in-depth understanding of molecular
interactions — in terms of both structure and chemistry — we suggest nucleation scenarios as guides to a
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Introduction

Polymorphism in molecular crystals is an important issue,
particularly for the pharmaceutical industry where most production
routes aim at the solid state. The structure of molecular crystals is
crucial in controlling parameters such as solubility, stability and
metabolism of orally administered drugs. Indeed, druggability of a
candidate molecule (here we refer to its suitability as a drug,
following the definition in ref. 1) can entirely depend on its
polymorphism: very stable polymorphs tend to be less soluble
giving rise to problems during the liberation process of the drug,
whilst less stable polymorphs might be too easily soluble (or worse
transform before application) and also turn out a failure. Thus, the
stability problem is encountered twice, unwanted phase transitions
may occur when applying pressure during the pelleting process and
poorly soluble polymorphs fail to pass the intestinal membrane.
Long term stability also constitutes a crucial issue for drugs that
require storage over years. Here, even very slow transformation
processes can spoil the success of a drug candidate.

For these reasons, considerable efforts are being invested in
finding and ranking new polymorphs. While structure identification
from experiments is still most common, rapid progress in
theory has paved the way for suggesting structures and ranking
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more controlled synthesis of the stable P1 form or to direct nucleation in favour of the P3 polymorph.

them in terms of energy and/or enthalpy.””” Moreover, molecular
dynamics simulations, if combined with accurate force-fields
may provide insights into polymorphic transformations®*° and
into crystal nucleation.'* While characterization of such process
dynamics in most cases needs to rely on force-field models to
avoid outrageous computational costs, for well-chosen structural
motifs we may rationalize the underlying interactions using
more accurate quantum calculations.

In what follows, we outline such calculations suing the example
of benzamide crystals. This system has evolved to a common proxy
to molecular crystal polymorphism, with experimental experience
dating back to Friedrich Wéhler and Justus von Liebig in 1832."
Using state-of-the-art density functional calculations, we shall not
only investigate structure candidates (P1 and polymorphs P2, P3)
for the benzamide crystal itself, but also construct artificial ‘crystals’
comprising fragments of benzamide and acting as proxies for
selected interaction types. Thus, we probe whether different types
of molecular interactions can be ‘isolated’ from a complex interplay
of various contributions in a molecular crystal. Such in-depth
characterization in terms of interaction models could boost the
molecular scale understanding of polymorphism and thus provide
guides to the rationalized design of synthesis routes.

Calculation details

Density-functional theory (DFT) calculations™ were performed using
the Perdew-Burke-Ernzerhof exchange correlation functional,"*
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ultrasoft pseudopotentials with a plane wave cutoff of 35 Ry and
a secondary cutoff of 180 Ry along with an empirical dispersion
correction as proposed by Grimme.'® For the (pseudo)crystal
structure calculations, periodic boundary conditions are applied to
unit cell models comprising 4 (P1 and P3 structures) and 8 (P2)
explicit molecules, respectively."®™'® Accordingly, a Monkhorst
k-point grid" of 4 x 4 x 1 and 1 x 1 x 3 was found to be
appropriate for the P1/P3 and P2 structures, respectively.

Energies of crystal formation were calculated with respect to
isolated molecules. For this a single benzamide molecule was
placed in a pseudo-crystal of sufficiently large unit cell (corres-
ponding to a 3 x 3 x 1 supercell) to avoid intermolecular
interactions from periodic boundary conditions. As proxies to
investigate hydrogen bonding and n-m-interactions on an
exclusive basis, we prepared in principle artificial arrangements
of benzene and formamide molecular crystals, based on the
crystal structures of benzamide. For this, the atomic positions
of the corresponding fragment of benzamide (C¢Hs- and
—-CONH,) were frozen, whilst replacing the remaining part
(Ce¢Hs- and -CONH,) by a hydrogen atom to obtain molecules.
Upon relaxation of the newly formed C-H bond whilst fixing the
rest of the system, we thus construct benzene and formamide
molecular crystals that are artificial by design, but directly
correspond to the crystal structures of benzamide polymorphs
and thus aim at mimicking specific interactions therein.

Results

Dispersion-corrected DFT calculations were employed to optimize
the crystal structure of the three known forms of benzamide, named
P1 (commonly considered as the stable form), P2 (very unstable,
cannot be synthesized in pure form so far) and P3 (recently grown as
single crystals'’). Therein, full structure relaxation including unit
cell size and shape is performed. The structural parameters as
obtained from potential energy minimization are shown in Table 1.
While P2 - which is known to be rather unstable - displays the least
favourable formation energy, the two polymorphs P1 and P3 differ
by only 1.9 kJ mol " (per unit cell).

It is worthwhile to contrast the two most important forms of
benzamide crystals, i.e. the stable P1 form and the polymorph P3 in
terms of structural motifs and molecular interactions therein.
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The commonly considered concepts for rationalizing the energetic
ranking of benzamide polymorphs rely on hydrogen bonding and
its competition with benzene-benzene interactions.'”*° While
these chemical bonding/molecular packing concepts are not
separable from a DFT calculation yielding only the total energy
of crystal formation, we designed artificial molecular crystals to
provide a closer look focussing on individual contributions.
Indeed, using benzene and formamide as proxies to investigate
the m-n interactions and hydrogen bonding, respectively,
these specific interaction types may be discriminated from the
benzene crystal (see also calculation details). Strikingly, these
two interaction models that are commonly the only ones discussed
for rationalizing molecular packing in benzamide were found to
be both quantitatively and qualitatively insufficient to explain
the preference of P1 over P3 type motifs. Indeed, in both benzene
and formamide pseudo-crystals, molecular arrangement as
corresponding to P1 is preferred, namely by 3.1 and 1.1 k] mol "
(per unit cell), respectively, thus overestimating the overall
preference of P1 by a factor of two. However, much of the lattice
energy arising from such intermolecular interactions is compen-
sated by molecular torsion and valence angle deformation,
where P1 is disfavoured over P3 by 1.5 k] mol ™" (per unit cell).
Surely, one may argue that the choice of proxy molecules
imposes limitations to a quantitative analysis contrasting inter-
actions with a 0.1 kJ mol™" accuracy (i.e. 0.4 kJ mol™ " per unit
cell and corresponding to a relative comparison, not absolute
formation energies). However, to account for the ‘missing’
(3.1 + 1.1 — 1.5) — 1.9 = 0.8 k] mol " per unit cell one should
also consider further favouring of the P3 structure arising from
an interaction type which has not been considered so far.
Indeed, the latter may be easily deduced, as the proxy crystals
account for benzene-benzene and amide-amide interactions,
but (deliberately) ignore benzene-amide interactions.

As a consequence, we conclude that - at least qualitatively —
interactions of the polar amide groups with the benzene rings
and possibly even longer ranged electrostatics are of importance
to benzamide crystal polymorphism. This may be interpreted in
terms of anion/cation-n interactions, but because of the lack of
reasonable proxies to mimic this interaction type on an exclusive
basis akin to the above analysis, we can only deduce its energy
indirectly. As all other types of molecular interactions were

Table 1 Cell parameters, further structural data and energy of formation of the forms of benzamide crystals as known from experiment. Note that the forms P1 and
P3 are very similar in terms of lattice energy and molecular volume, whilst in agreement with laboratory experience P2 was found as rather unfavorable. For each
modification, benzamide molecules were found to form hydrogen bonded dimers (short H-O distances) that are arranged as stacks exhibiting somewhat weaker
hydrogen bonding. Molecular deformation was characterized for each stack individually, resulting in two slightly different sets of torsion and valence angles

P1 (stable form) P2 P3
Number of molecules per unit cell 4 8 4
(a b c/A) 5.43777 4.97342 20.31571 17.89580 14.05644 5.41586 4.97670 5.24682 21.52106

(@ B /)

Volume per molecule
Torsion angle

N-O-C angle

H-bond length (dimers)
H-bond length (along stack)

89.9567 86.2985 90.0858
137.07 A®

21.51°/21.58°
154.07°/153.74°

1.81 A/1.81 A

1.88 A/1.87 A

Lattice energy per molecule —117.6 k] mol™’
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90.0000 90.0050 90.0000
167.15 A®

21.02°/26.09°
164.88°/163.70°

1.80 A/1.81 A

2.13 A/2.13 A

89.9695 102.4290 90.2812
137.20 A®

19.65°/20.20°
153.88°/155.09°

1.80 A/1.81 A

1.89 A/1.88 A

P1 +21.7 k] mol™* P1 + 0.5 kJ mol™’
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Fig. 1 P71 and P3 structure after energy optimization from DFT calculations, respectively. While the corresponding unit cells are indicated by rectangles, it is useful to
discuss molecular packing in terms of staggered layers (shown for C, right) whose normal vector is aligned along the ¢ axis.

isolated, the benzene-amide interactions should account for
favouring P3 motifs by 0.8 k] mol " per unit cell, such that the
overall balance results as the earlier mentioned 1.9 k] mol ™" per
unit cell preference of the P1 form of benzamide crystals. Thus,
within the limitations of using proxy molecular crystals and
adding up energy terms attributed to selected interaction types,
we provide at least qualitative evidence for interaction types that
favour P3 over P1 type motifs. This motivated us to search for
pre-crystalline molecular arrangements of different P1 vs. P3
motifs enabling them to possibly act as precursors for a more
directed polymorph synthesis.

From a structural point of view, both the P1 and P3 mod-
ifications may be characterized by hydrogen bonded layers of
benzamide dimers which are staggered along the ¢ axis (Fig. 1).
Along this line, the 4 molecules of the unit cell constitute 4
(001)-layers which are named A-D in the following. Hydrogen
bonding in layers A and D is practically identical for both
modifications. In the B and C layers, hydrogen bonding mainly
differs by an orientation inversion, but not in terms of coordination
numbers or strong differences of bond lengths. Thus, as the small
difference in potential energy of forms P1 and P3 might suggest,
hydrogen bonding is quite analogous in both polymorphs. As Fig. 1
suggests, the interactions of the benzene moieties account for the
preference of P1 (Table 2).

This may be nicely demonstrated by contrasting the formation
energies of isolated double layers. Cutting adjacent (001)-layers

Table 2 Potential energy of molecular packing in different motifs adopted from
the P1 and P3 crystal structure (see also Fig. 1). The different tendencies observed
for AB/CD and BC/DA double layers (see also Fig. 1) helps us to envisage
nucleation routes to guide syntheses in favor of P1 and P3, respectively

Difference
Formation energy per molecule/k] mol™* P1 P3 (P1-P3)
A or B or C or D (single layer) —61.33 —61.89 +0.56

AB or CD (double layer)
BC or DA (double layer)

—78.365 —78.25 —0.115
—98.955 —99.31 +0.355
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from the P1 and P3 structures leads to two classes of double layers.
The interface of AB and CD is characterized by benzene-benzene
contacts, whilst BC and DA reflect the hydrogen bonded networks.
Strikingly, the formation energies show different trends when
contrasting molecular layers as cut from P1 and P3, respectively.
While the AB and CD type double layers display a weak
(—0.2 kJ mol ™" per dimer) favouring of the molecular arrangement
as adopted from P1, for the BC and DA type layers the P1 type
motifs are disfavoured by +0.7 k] mol~" per dimer. Clearly, such
isolated double layers cannot account for all aspects of lattice
energy as in particular long range electrostatics are considered only
incompletely. Nevertheless, we feel that our observations are of
crucial relevance to the early stage of benzamide crystal nucleation
as described in the following.

Whilst the hydrogen-bonded double layers BC and DA are
energetically preferred with respect to their energy of formation
from the vapour, in a polar solvent we expect the AB and CD
layers to be favoured by hydrophobic segregation. Thus, by
tuning the polarity of the solvent one might envision control of
the driving force for benzamide dimerization and aggregation
using the competition between benzamide-benzamide and
(if applicable) benzamide-solvent hydrogen bonding. Combining
this possibility given by the amphiphilic nature of benzamide with
our findings related to the potential energy differences of P1 vs. P3
type motifs, it is intuitive to expect synthesis routes from aqueous
solution to occur via hydrophobic segregation of the benzene
moieties, leading to the AB (CD) type of benzene-benzene
contacts during the initial stage of molecular association and
eventual layer formation. Thus, such routes should lead to the P1
form of benzamide crystals. On the other hand, crystal nuclea-
tion from unpolar solvent (including nucleation from the vapour
which we take as the ultimate unpolar solvent) should start from
the formation of hydrogen-bonded benzamide dimers and
aggregates. Thus, nucleation first leads to BC (DA) type layers
before AB (CD) type layers are built. As a consequence, an
unpolar (vapour) environment should promote P3 type motifs
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in infant benzamide aggregates. Despite obvious limitations arising
from discussing layers instead of molecular clusters, the above
concept can at least qualitatively explain experimental experiences.
Indeed, precipitation from aqueous solution is known to lead to P1,
whilst the preparation of P3 requires synthesis routes in much less
polar solvent (benzene) or from the vapour.'”*'

Conclusions

Dispersion-corrected density-functional theory calculations
may provide molecular scale insights for rationalizing the
competitions between structural motifs in molecular crystal
polymorphs of benzamide. Our findings support established
experimental evidence for the synthesis of benzamide forms P1
and P3 by relating different benzamide layer-layer interactions
to different nucleation routes expected for the amphiphilic
molecule when precipitated from polar or non-polar solvent.
Apart from determining the role of specific structural motifs of
the molecular crystal, contrasting benzene and amide pseudo-
crystals arranged at lattice sites and orientations corresponding
to the benzamide crystal structure allows us to discriminate
between different types of molecular interactions arising from a
complex interplay of various contributions. Along these lines, we
elaborated molecular arrangements with different tendencies to
favour the P1 vs. P3 structure type, which are putative precursors
to crystal nucleation of a desired polymorph.
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