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Journeys in crystal energy landscapes: actual and
virtual structures in polymorphic 5-nitrobenzolc]
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A new polymorph of 5-nitrobenzolc][1,2,5]thiadiazole, polymorph I, has been discovered. This polymorph
is obtained by crystallization from solutions containing Cu(i) ions, which inhibit the formation of the already
known polymorph I. The packings of the two polymorphs (actual crystal structures) are compared between
each other and also with seven virtual polymorphs generated from the crystal structures of similar
compounds retrieved from the CSD and optimized by ab initio calculations with periodic boundary
conditions. The comparison is based on the analysis of the synthons present in the different crystal
structures, and on calculated lattice energy and density. For the specific case examined, our analysis
suggests that among crystal structures containing a given synthon, or a given combination of synthons,
only the one with the lowest U, is observed; crystal structures with slightly higher Uy, (within 2 kcal mol™)
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Introduction

In some respects, the formation of crystal polymorphs is still
a mystery." Once crystals have formed, we can accurately
calculate their free energy and evaluate the relative stability of
different crystal forms of the same compound by using
thermodynamic and quantum mechanical methods. Also, the
growth of nuclei, after they have formed, can be described in
the realm of thermodynamics.

Instead, the initial stages before nucleation, when
molecules in solution dynamically aggregate (and
disaggregate) into clusters, are basically still obscure. Pre-
nucleation processes are complex and, moreover, they can be
quite different for different molecules.” Yet, these fuzzy
stages are fundamental in relation to the outcome, i.e. the
macroscopic crystal form that eventually develops.

Pre-nucleation clusters are formed by a few molecules
(from tens to thousands), and they have no definite periodic
lattice structure. Recent simulation experiments have begun
to provide important information about pre-nucleation
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can be observed, but they must be based on different synthons.

phenomena.>” They have shown that, in some cases, pre-
nucleation clusters do not evolve regularly, by simply adding
more bricks to the same wall. During the growth, clusters
change their structure while accommodating entering
molecules and pass through a series of different structurally
related arrangements, which represent local energy minima.
This size-dependent and stepwise growth of clusters goes on
up to a critical size. Afterwards, the clusters' structure will no
longer change, and clusters will grow keeping a definite
periodic lattice structure: they have become nuclei. Clusters’
structures and growth are driven by several internal and
external factors, including optimal intermolecular local
pairing between entering molecules. So, intermolecular
pairing, molecular recognition and synthon formation are
key elements of pre-nucleation steps, which can be inferred,
in retrospect, by crystal structure analysis.®

Fused 1,2,5-thia(selena)diazoles have a large spectrum of
interesting chemical properties with applications as
agrochemicals,” antitumour,® and n-conjugated building blocks
for organic electronics,” to name only a few. Here, we report
the discovery of a new polymorph of 5-nitrobenzo[c][1,2,5]
thiadiazole (Chart 1), hereafter denoted as compound 1, and a
detailed analysis of actual and virtual structures of this
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Chart 1 Chemical diagram of 5-nitrobenzolc][1,2,5]thiadiazole.
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compound, with the scope of finding a rationale for the two
observed crystal structures, out of the many possible ones.

Results and discussion
Description of the actual crystal structures of 1

In the CSD' is described a triclinic polymorph of 1 (refcode
GINTII) with the space group PI, hereafter denoted as
polymorph I, Fig. 1."" We have isolated a new polymorph II,
which is monoclinic, with the space group Pc, Fig. 2. In both
polymorphs, the crystal structure is of a layered type, with
infinite planar layers, generated by in-plane intermolecular
interactions, piled up on each other. In polymorph I, Fig. 1,
layers are generated by [N---S], chalcogen bonded dimers™
and by C-H---O and C-H--'N weak H-bonding interactions,
with formation of R3(10) and R3(8) ring patterns respectively.
In polymorph II, Fig. 2, O---S chalcogen bonds and C-H-*N
and C-H---O weak H-bonding interactions hold molecules
within the layers.

In I, layers are parallel to the lattice planes with Miller
indices 121, and the stacking distance of the planes is dy,; =
3.19 A. In 11, layers are parallel to the 102 lattice planes with
a slightly longer stacking distance d;o; = 3.21 A.

The layered nature of the two polymorphs is also proven
by the fact that the 121 and 102 reflections are the most
intense in the whole diffraction pattern for, respectively,
polymorph I and polymorph II.

The experimental observation is that polymorph II is
formed in the presence of Cu(u) ions. In the crystal packings
of I and II, as shown in Fig. 1 and 2, is the possible key to
rationalizing this. In fact, we can suppose that Cu(u) ions in
solution coordinate to molecules of 1 at the N donor sites.™
So, in the presence of Cu(u) ions, the aggregation of
molecules in solution through the [N---S], synthon, typical of
form I, is strongly disfavoured, while the formation of
clusters with the S---O synthon, typical of form II, is allowed.
As a matter of fact, Cu(u) ions act as inhibitors for the
formation of polymorph I.

Fig. 1 A planar layer of polymorph | of 1; (a) face view; (b) edge view.
Intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.
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Fig. 2 A planar layer of polymorph Il of 1; (a) face view; (b) edge view.
Intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.

Analysis of actual and virtual crystal structures of 1

As shown above, the title compound is polymorphic.
Polymorphs I and II of 1 are actual crystal structures
(hereafter denoted as A1l and A2 respectively), in the sense
that they are experimentally observed. To explore the crystal
energy landscape of 1, other packings should be considered.
Recent developments in crystal structure prediction (CSP)
studies have provided different methods for generating
reliable crystal packings of a given compound and exploring
the crystal energy landscape: systematic grid search or Monte
Carlo search on the multidimensional potential energy
surface, genetic algorithms, molecular dynamics exploration
of the packing space, small clusters methods and synthon
approach methods." The approach of actual and virtual
structures provides a tool for generating reliable crystal
structures of a given compound by using experimental crystal
structures of similar compounds.”™® Following this
approach, we have searched the CSD for crystal structures of
compounds similar to 1. We have searched for benzo(thia)
(selena)(tellura)diazoles with a non-ring substituent at
position 5. Seven hits were found and selected, and they are
shown in Chart 2.

X Y CSD refcode Sp. group
Br S JWVAP  P2/c VI
N CH; S JWWEU  P2c V2
J;/:[\ Y NH, S JWWUK  P2.22, V3
X LI Se DOLROO  P2i/c V4
CF; S JIXFIl P-1 V5
COOEt S REBHIQ  FP2/c V6
COOi-pr Se GASFAK  P2j/c V7

Chart 2 Parent crystal structures used to generate virtual crystal
structures of 1.

This journal is © The Royal Society of Chemistry 2023
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In these seven parent crystal structures, we have just
replaced the original molecules with molecules of 1, by
simply changing the original 5-substituent (e.g. Br, CHz, NH,,
F, CF;, COOEt, COOi-pr) with a nitro group and, in the case
of DOLROO and GASFAK, also Se with S. We have then
optimized the corresponding seven virtual crystal structures
V1-V7 (see Experimental part). We name these as virtual
crystal structures because they have not (yet) been observed
experimentally for 1. The optimization was successful in all
cases, with keeping of the original packings, as shown in
Fig. 3-9, and modest variations of lattice parameters, as
shown in Table S1 (see the ESI}). So, molecule 1, for which
two different packings are found experimentally (i.e. A1 and
A2), well fits also the seven packings V1-V7 which are
experimentally observed for compounds with different
substituents at position 5. Finding a lot of possible packings
for a given molecule is not surprising, as this is one general
result of modern CSP studies.'® Our result, however, is
noteworthy per se, if we consider that virtual structures are
generated from experimental packings and if we look at the
great variability of the substituent in position 5 in the seven
parent structures.

This interchangeability among different compounds and
packings, which we have verified also in other cases,’>"’
suggests some general considerations. For instance, a given
crystal structure can be considered as a sort of elastic system,
in the sense that it can be deformed to fit molecules of
different shapes and/or electronic character. Surprisingly, in
many cases, this deformation is accomplished at a low cost
of lattice energy and density.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig. 3 (a) Partial packing of JIWVAP; (b) partial packing of V1. Some
intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.

Fig. 4 (a) Partial packing of JIWWEU; (b) partial packing of V2. Some
intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.
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Fig. 5 (a) Partial packing of JIWWUK; (b) partial packing of V3. Some
intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.

Fig. 6 (a) Partial packing of DOLROO; (b) partial packing of V4. Some
intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.

Fig. 7 (a) Partial packing of JIXFIl, showing a layer of molecules; (b)
partial packing of V5 showing a layer of molecules. Some
intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.

Fig. 8 (a) Partial packing of REBHIQ; (b) partial packing of V6. Some
intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.
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Fig. 9 (a) Partial packing of GASFAK; (b) partial packing of V7. Some
intermolecular contacts shorter than the sum of van der Waals radii of
the atoms involved are shown by dashed lines.

The lattice energy and density (at 0 K) of the optimized
actual and virtual structures are reported in Table 1.

The most stable predicted structure, at 0 K, is A1, followed
by A2. The lattice energy of A2 is predicted as 1.94 kcal mol™
higher than that of A1, and this is in line with the observed
differences of lattice energy between polymorphs.’ Also, the
density of A2 is slightly lower than that of Al. This suggests
that A1 is the most stable polymorph of 1, and this is
consistent with the measured thermodynamic properties (see
Fig. S3 and S4 in the ESI}): for phase I, the melting
temperature is 128 °C and the melting enthalpy is 146.4 ] g';
for phase II, the corresponding values are 125 °C and 120.7 J
g . Calculations predict that at about 545 K (272 °C), A2 has
a lower free energy than A1, Fig. 10. The transformation,
however, cannot be realized because the melting temperature
of both A1 and A2 is lower.

For the virtual structures, lattice energies are predicted
higher and lattice densities lower than those of A1 and A2.
Altogether, the nine crystal structures in Table 1, which all
rely on experimentally observed packings, are all within 6.25
kcal mol™ lattice energy and within 0.105 g cm™ lattice
density. Taking for instance virtual structure V1, it has lattice
energy only 1.22 kcal mol™ higher than that of A2, so, one
could wonder why V1 is not observed and, more generally,
what is the physical meaning, if any, of the virtual structures.
If we consider that they are generated from experimentally
observed crystal structures of similar molecules, and that
they correspond to true minima of the lattice energy of 1,

Table 1 Lattice energy (kcal mol™) and lattice density (g cm™) for the
optimized (at 0 K) actual and virtual crystal structures of 1

Utat (keal mol™) Prac (g cm™)
Al -50.30 1.977
A2 -48.36 1.959
Vi -47.14 1.927
V2 -46.28 1.931
V3 -45.53 1.915
V4 -44.05 1.892
V5 -45.72 1.890
V6 -45.02 1.895
V7 -46.11 1.882
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we should conclude that the virtual structures represent
crystal structures that could form. Why, then, are they not
observed??" Of course, we cannot say to have explored all the
experimental conditions suitable for their formation, and
only static lattice energies have been considered in our
analysis, neglecting the vibrational entropy contributions to
the lattice free energy.”> Moreover, recent computational
studies based on basin hopping and Monte Carlo threshold
algorithms have clearly shown that local minima of the
crystal energy landscape, as virtual structures are, can
collapse to a single minimum as they are separated by small
energy barriers.”>>> With all the above caveats, we think that
virtual structures, by telling us what could have been and
wasn't, can help to shed some light, indirectly, on the initial
stages of crystallization.

One reason why virtual structures are not observed is that
their formation is bypassed because the corresponding
clusters, during growth and before reaching the critical size,
transform into clusters leading to other structures, such as
those experimentally observed (I or II).>' So, virtual structures
do not exist simply because they do not form. Taking for
instance virtual structures V1, V2, V4 and V7, they all contain
the [N---S], synthon, which is present in A1, and some (e.g. V7)
contain the R3(10) ring pattern formed by C-H:-O weak
H-bonding interactions, also present in Al. We can suppose
that clusters potentially leading to final structures V1, V2, V4,
and V7 do form in solution but, while growing, they evolve into
clusters leading to A1, which is the final selected structure
containing the [N---S], synthon. As for V3, the parent structure
JIWWUK contains a strong H-bonded N-H---N synthon,
Fig. 5(a), that is not present in V3, where it is replaced by an
O---S chalcogen bond, Fig. 5(b). This, however, is also present
in lower Uy, actual structure A2. In V5, ring patterns R3(8)
through weak C-H-'*N interactions are present, Fig. 7. These,
however, are also present in lower Uy, actual structure Al. The
only virtual structure featuring different synthons as compared
with actual structures is V6, which shows different synthons as
compared also with the parent REBHIQ structure, Fig. 8. In
fact, C-H---O interactions with the formation of R3(12) ring
patterns are observed in V6, and N---S chalcogen bonds with
the formation of C(4) chain patterns. These synthons lead to
the formation of infinite planar layers, Fig. 8(b), piled up on
each other, as in A1 and A2.

AG(Kcal mol”)

T T T T T T
0 200 400 600 800 1000

Temperature (K)

Fig. 10 Calculated lattice free energy of Al (blue line) and A2 (red
line) as a function of temperature.

This journal is © The Royal Society of Chemistry 2023
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In the specific case we have examined, the analysis of the
crystal energy landscape seems to suggest that among the
crystal structures containing a given synthon, or a given
combination of synthons, only the one with the lowest Uy, is
observed; crystal structures with slightly higher Uy, (say
within 2 kecal mol™) can be observed, but they must be based
on different synthons. This, however, cannot be considered a
general case, and exceptions do exist. For instance, in some
cases, crystals are produced by removal of solvent molecules
from a solvate; these crystal structures have higher energy
but are based on synthons similar to the lower energy solvate
structure (pseudopolymorphism).>®*”

Conclusion
We have proposed a hypothesis in which the analysis of
actual and virtual structures can provide indirect

confirmation of results emerging from recent simulation
experiments of prenucleation phenomena. At variance with
other ways of generating crystal structures of a given
compound, in our approach, virtual structures are generated
starting from known crystal structures of similar compounds.
So, the packings of virtual structures are experimentally
observed, but on similar compounds. The fact that a few
crystal structures are observed for a given compound, out of
the many possible ones, points to a strong selection playing
at the level of prenucleation clusters in solution."®

Experimental part
Synthesis of 1

As in many cases of fused ring heterocycles,***° the synthesis

starts from a 1,2-disubstituted benzene. A solution of 4-nitro-
o-phenylenediamine (5 g, 32.3 mmol), dimethylformamide
(50 mL) and triethylamine (7.7 mL) was poured into a round
bottom flask equipped with a condenser and put in an ice-
water bath under a nitrogen flux. Thionyl chloride (5.7 mL)
was added dropwise, and the reaction was left for 4 h under
stirring at 0 °C. The resulting mixture was poured in 400 mL
of distilled water and the precipitate was collected by
filtration under vacuum, washed with distilled water and
dried. The product was extracted with chloroform and
evaporated to yield 3.379 g (18.5 mmol) of a red solid. Mp
128 °C, yield: 57.3%. 'H-NMR (400 MHz, CHCl;-de): & 8.86 (s,
1H), d 8.35 (d, 2H), 8.02 (d, 2H).

Crystallization procedure for polymorph 1I of 1

A layering of four different solutions was realized in a slim
glass tube with a 2:1 ligand to metal molar ratio. Chloroform
(1 mL) and ethanol (1 mL) were layered in sequence on a
solution of 1 (30 mg) in chloroform (1 mL). Then, an ethanol
solution (1 mL) of copper(u) chloride salt was slowly layered
on top. The resulting four-layer system was left undisturbed
at RT until complete evaporation occurred. Orange plate
crystals (mp 125 °C) were collected after one week.

This journal is © The Royal Society of Chemistry 2023
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X-ray analysis

Data for crystal structure determination were measured on a
Bruker-Nonius Kappa CCD diffractometer, using graphite
monochromated MoKa radiation (1 = 0.71073 A). Reduction
of data and semiempirical absorption correction were done
using the SADABS program.’’ The structures were solved by
direct methods (SIR97 program®?) and refined by the full-
matrix least-squares method on F* using the SHELXL-2016
program®® with the aid of the program WinGX.>* H atoms
were placed in calculated positions and refined by the riding
model. For all H atoms, Uiy, = 1.2 X Ueq of the carrier atom
was assumed. The analysis of the crystal packing was
performed using the program Mercury.*’

Polymorph II: C¢H3N30,S, Mr = 181.17, monoclinic, Pc, Z
=2, orange, a = 3.812(3) A, b = 8.905(4) A, ¢ = 10.498(5) A, =
95.02(4)°, V = 355.0(4) A®, T = 293 K, 2117 reflections
collected, 1288 independent reflections (Rj,: = 0.0537), R (I >
20(I)) = 0.0478, GOF = 1.044. CCDC 2204969.

Computational details

Quantum mechanical ab initio simulations were performed
using a development version of CRYSTAL17 package®® adopting
a density functional theory (DFT) formalism with 3D periodic
boundary conditions. The main ingredients of the
computational scheme are the adoption of the linear
combination of atomic orbitals (LCAO) and the hybrid
functional, with a percentage of Hartree Fock exchange to avoid
electron self-interaction. In the LCAO approximation, each
crystalline orbital is represented as a sum of Bloch functions
centred at the nuclei. Each Bloch function, in turn, is expressed
as a linear combination of Gaussian type orbitals (GTO) basis
sets. A modified version (specific for the solids) of Ahlrichs
double-( basis set,*” C_pob_DZVP_rev2,*® was adopted with the
B3LYP global hybrid functional,>**® and the Grimme D3
empirical correction.” Grimme correction is mandatory to
improve the description of the dispersion interactions in
molecular crystals to obtain reliable optimized geometries. The
DFT exchange-correlation contribution and its gradient were
evaluated by numerical integration over the unit cell volume.
The generation of the integration grid points was based on an
atomic partition method, originally proposed by Becke,* in
which the radial and angular points are obtained from Gauss-
Legendre  quadrature and Lebedev  two-dimensional
distributions respectively. In these calculations, a pruned grid
with 99 radial and 1454 angular points has been used with a
total of 991454 points. The percentage error in the total
electron density integration is less than 107 electrons per cell.

Reciprocal space sampling was based on a regular Pack-
Monkhorst*® sub-lattice grid centred at the I-point, ie. at the
centre of the first Brillouin zone, leading to 4 sample points
along each of the reciprocal lattice vectors in the irreducible
part of the Brillouin zone (the total number of k-points is
symmetry dependent, and is different in each case).

The crystal structures were optimized with respect to
both the atomic fractional coordinates and the lattice
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parameters, keeping the experimental space group
symmetry. The vibrational problem of the lattice was
handled, within the harmonic approximation, from the one-
point numerical derivatives of the analytical gradient of the
Born-Oppenheimer potential energy surface. The optical
phonons were calculated only at the I” point of the
reciprocal space. The nature of true minima of the
optimized structures was confirmed by the positive values
of all the vibrational eigenvalues.

The lattice energy (Up,) at 0 K was calculated as the
difference between the DFT molar energy of the optimized
crystal at 0 K and the DFT molar energy of the free molecule.
Lattice energies were corrected for basis set superposition
error (BSSE) using the counterpoise method.** The curves in
Fig. 10 were obtained by calculating the difference between
the molar Gibbs free energy of the optimized crystal and the
molar free energy of the free molecule in the temperature
range of 0-1000 K.
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