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Introduction

Detailed understanding of polymorphism is of crucial impor-
tance for many applications in a range of industries, hence
the continued interest in the ability to predict the crystal
structures of small organic molecules.[1–4] Assuming that ob-
served polymorphs correspond to crystal structures with the
lowest possible lattice energy, reliable crystal structure pre-
diction (CSP) requires a lattice-energy calculation tool with
a high degree of accuracy.[5–8] Furthermore, the subtle bal-
ance between inter- and intra-molecular interactions needs

to be simulated accurately.[9] Because of the large number of
crystal packing alternatives available for a molecule in a
small energy window,[10–13] small changes in molecular struc-
ture can lead to very different stable crystal structures.[14–16]

Significant progress in CSP has recently been achieved[8,17]

by calculating the lattice energy with a density functional
theory (DFT) approach by means of the VASP pack-
age,[18–21] supplemented by a molecular mechanics correction
for the dispersive interactions (the hybrid DFT method).[13]

Applied retrospectively to the first three blind tests in
CSP,[5–7] the hybrid DFT method was used to re-rank all sub-
mitted and experimental crystal structures according to the
lattice energy.[22] For eight out of ten molecules, the hybrid
method located the observed crystal structures as the most
stable form of packing. For the remaining two molecules the
hybrid method found the structures corresponding to the ex-
perimental structures as the second and the fourth most
stable packing alternatives. Two polymorphs are known to
exist for three of the ten compounds, and the lattice-energy
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calculations correctly ranked these structures as the most
stable and the second most stable polymorphs in each of
these three cases. In addition, a new polymorph was predict-
ed to exist under pressure for one of the molecules.[22] The
application of the hybrid method in CSP recorded a major
success in the 2007 Cambridge Crystallographic Data Cen-
tre�s blind test by correctly predicting the experimental
structures of all four test compounds as the most stable crys-
tal forms.[8,17] These results demonstrate that the hybrid
method is capable of calculating the hypothetical crystal
structures corresponding to the observable polymorphs as
being among the structures with the most stable lattice ener-
gies in the lists of low-energy crystal packings. Together with
the hybrid method, an unconventional strategy was intro-
duced that involves the investment of considerable amounts
of computational resources and time to generate non-trans-
ferable force fields for the CSP target compounds.[23]

During the search for low-lying minima on the lattice-
energy hypersurface, some CSP methods[24–31] rely on trans-
ferable force fields to calculate the lattice energies of sam-
pled crystal structures. These force fields include
AMBER,[32, 33] COMPASS,[34, 35] CFF93,[36,37] CHARMM,[38,39]

Dreiding[40] and OPLS[41, 42]—each of these has been derived
and parameterised to handle a specific class of molecules.
Because of their general nature, the energetic and geometric
results are usually less than optimal for a specific molecule.
Therefore, it is advisable in CSP to refine the transferable
force-field results with a quantum mechanical ap-
proach.[13,43,44] The number of crystal structures to be consid-
ered in this additional optimisation step depends on the ac-
curacy of the force field used during the search. The more
universal the force field, the less accurate the results will be
and this leads to an increase in the number of candidate
structures that have to be considered in the refinement step.
As crystal structure optimisation with quantum mechanics is
very computationally intensive, it is important to keep the
number of structures selected for the quantum-mechanical
refinement to a minimum. If too many structures are select-
ed, the refinement may even become prohibitively time con-
suming. To address this issue, a logical solution is to build a
non-transferable force field specialised for each target mole-
cule[45] (a tailor-made force field or TMFF).[23] In essence, a
TMFF is developed and parameterised to mimic the molecu-
lar structure and the hybrid lattice energy of a particular or-
ganic compound in the crystalline environment as accurately
as possible with the aid of the hybrid method. The hybrid
method calculates the necessary reference data that charac-
terise all possible non-bonded and bonded interactions that
could feasibly occur in the crystal lattice. These sets of refer-
ence data serve as training sets during the force field fit-
ting.[23] Considering the studies conducted so far, the appli-
cation of the TMFF principle in CSP is very promising.

To further test the ability of the hybrid method to predict
the most stable crystal packing alternatives on the basis of
the lattice energy, three small, rigid and structurally related
molecules have been selected for a full CSP study with the
TMFF approach. These molecules are derivatives of benzo-

thiophene: 2-methylbenzo[b]thiophene 1,1-dioxide (2-
MBTD), 3-methylbenzo[b]thiophene 1,1-dioxide (3-MBTD)
and 2,3-dimethylbenzo[b]thiophene 1,1-dioxide (2,3-
DBTD). The molecular structures of these three molecules
only differ in the position and the number of methyl sub-
stituents.

Experimentally, these molecules crystallise in different
space groups (P21/c for 2-MBTD, P212121 for 3-MBTD and
P1̄ for 2,3-DBTD) and adopt distinct packing motifs.[15, 16]

Figure 1 shows the packing patterns present in each of the
three experimental crystal structures. Viewed along the
b axis of the unit cell, molecules in the experimental struc-
ture of 2-MBTD are stacked parallel and co-planar to one
another as illustrated in Figure 1 a. Similarly, a parallel
stacking is also observed for 2,3-DBTD, however, the mole-
cules are not co-planar in the c direction (Figure 1 c). In 3-
MBTD, a herringbone motif is adopted (Figure 1 b).

The study presented here will investigate the stability of
each observable crystal packing arrangement in the light of
other energetically feasible crystal structures arising from
CSP. The influence of the methyl substituents on the ob-
served polymorphs will also be evaluated. Since the three
molecular structures are similar, the differences in the
number and the positions of the methyl groups will provide
some insights as to why no isostructurality is discerned
among their experimental crystal structures. The term “iso-
structurality” used here refers to the similarity observed in
the spatial packing arrangement of different compounds.[46]

Results and Discussion

Conformational analysis with the Dreiding[40] force field and
Gasteiger[47] charges identified two low-energy conformers
for 2-MBTD and 3-MBTD, and four for 2,3-DBTD. For 2-
MBTD and 3-MBTD, the structural variations between one
conformer and another correspond to the rotation of a
single methyl group along its bond, and for 2,3-DBTD the
structural variations correspond to the rotation of two
methyl groups. These conformational changes are not of sig-
nificance for each isolated molecule in the gas phase. Only
the most stable calculated conformer of each molecule was
taken into account for generating reference data related to
the non-bonded interactions: electrostatic data, minimisa-
tion data, packing data and expansion data. The quantum-
mechanical, electrostatic potential in a region outside the
van der Waals (vdW) surface of each molecule was calculat-
ed using crystal structures with P1 symmetry, where the lat-
tice parameters of the crystals had been increased to allow
sampling of the potential in this region. The 18 bond incre-
ments of 2-MBTD and 3-MBTD and the 19 bond incre-
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ments of 2,3-DBTD were optimised to minimise the root
mean squared (RMS) deviations (sE) between the mole-
cules� quantum-mechanical potentials and the electrostatic
potentials calculated from the atomic point charges.

Prior to the calculation of rigid-body minimisation data, a
list of rigid-molecule crystal packings in nine space groups
was generated for each compound by using its non-bonded
force field. In total, 450, 881 and 609 crystal packings were
obtained for 2-MBTD, 3-MBTD and 2,3-DBTD, respective-
ly, at pressures of 0 and 5 GPa. Afterwards, 76 structures
were selected for 2-MBTD, 58 for 3-MBTD and 61 for 2,3-
DBTD to represent all feasible short intermolecular distan-
ces in the solid state. The minimised structures at 0 GPa (51
structures for 2-MBTD, 38 for 3-MBTD and 40 for 2,3-
DBTD) were further employed to generate the expansion

data. Minimisation data and packing data (at 0 and 5 GPa)
and expansion data were used to derive the non-bonded pa-
rameters.

The parameters for the bonded interactions were derived
by fitting to the conformation data and the wide amplitude
data. One conformation data set was calculated for each
compound. Wide amplitude data sets were used to charac-
terise the energy barriers associated with any conformation-
al changes due to rotation of the methyl groups. Ten data
sets were generated to describe the energy changes related
to rotation of the single methyl group in 2-MBTD and 3-
MBTD by rotating it from 0 to 608 with an increment of 68,
and 21 data sets to describe the two methyl substituents in
2,3-DBTD. In total, 148 TMFF parameters were fitted for 2-
MBTD and 3-MBTD, and 159 parameters for 2,3-DBTD.
Additional data on the three TMFFs are available in the
Supporting Information.

Hypothetical crystal structures were generated for all
compounds with the GRACE software package.[48] Two hun-
dred structures were obtained for each compound in an
energy window of about 0.1 kcal mol�1 per atom above the
global-minimum structure. The CSP results for 2-MBTD, 3-
MBTD and 2,3-DBTD using their respective TMFFs are
summarised in Tables 1–3, respectively. Structures ranked
above ten are not listed here.

Initially, the first 20 lowest-energy predictions for each
compound were re-optimised with the hybrid method, re-
sulting in a change in ranking of the structures. Calculation
of the RMS deviations of the relative energies between the
TMFFs and the hybrid method for these 20 structures yield-
ed sEs of 0.018 kcal mol�1 per atom for 2-MBTD, 0.012 for
3-MBTD and 0.013 for 2,3-DBTD. Based on these figures,
additional force-field-optimised structures located in the
energy windows of 5sE above the global minima of the force
fields were re-optimised with the hybrid method to obtain a
very high level of confidence that the most stable crystal
structures had been located in the search. In total, and
within the 5sE energy range for each of these compounds,
114 low-energy crystal structures were considered for 2-
MBTD, 31 structures for 3-MBTD and 75 structures for 2,3-
DBTD. Note that the chance of not selecting a stable hypo-
thetical polymorph for optimisation by the hybrid method is
the same for each of these three compounds, despite the dif-
ferences in the number of structures optimised by the
hybrid method for each of these molecules. The RMS devia-
tions of the relative energies between the TMFFs and the
hybrid method (previously calculated for the first 20 lowest-
energy TMFF predictions for each compound) were recalcu-
lated by considering all the structures within the 5sE energy
windows. The deviations between TMFF and hybrid method
remained the same for 2-MBTD (0.018 kcal mol�1 per atom)
and 3-MBTD (0.012 kcal mol�1 per atom), but increased
from 0.013 to 0.017 kcal mol�1 per atom for 2,3-DBTD. The
re-optimisation results for the 10 lowest-energy crystal struc-
tures for each molecule are summarised in Tables 1–3.
These hybrid-optimised crystal structures are provided in
the Supporting Information.

Figure 1. Crystal packing patterns observed in the experimental struc-
tures of a) 2-MBTD, b) 3-MBTD and c) 2,3-DBTD.
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The TMFFs of 2-MBTD and
2,3-DBTD predicted the struc-
ture corresponding to the ex-
perimentally observed poly-
morphs (2mbtd_00 in Table 1
and 23dbtd_00 in Table 3) as
the most stable structure. The
packing arrangement of the ex-
perimentally determined crystal
structure of 3-MBTD was
found as the fourth most stable
structure (3mbtd_03 in Table 2).
An energy difference of
0.0134 kcal mol�1 per atom (or
0.268 kcal mol�1 per molecule of
3-MBTD) was observed be-
tween the global minimum and
the experimentally observed
crystal structure. The hybrid
method predicted the structures
corresponding to those ob-
served experimentally at ranks
1, 2 and 3 for 2-MBTD, 3-
MBTD and 2,3-DBTD, respec-
tively. The result for 2,3-DBTD
is surprising as the TMFF pre-
dicted the experimental struc-
ture at rank 1. Even more re-
markable is the fact that the
structures ranked 1 and 2 by
the hybrid method were origi-
nally ranked 32 and 31, respec-
tively, by the TMFF. This con-
siderable reordering is caused
by force-field inaccuracies for
this particular packing alterna-
tive. This finding illustrates that
the TMFF is imperfect. The
packing patterns in these two
structures display some degree
of similarity. Overlaying the
TMFF crystal structures ranked
32 and 31 with the crystal pack-
ing similarity tool in Mercury
CSD 2.0[49,50] to measure the
similarity between them shows
that 14 out of 16 molecules can
be superimposed perfectly with
a RMS deviation of 0.023 �.
Their hybrid lattice energies
differ by only 0.0004 kcal mol�1

per atom (or 0.009 kcal mol�1

per molecule).
The hybrid method found the

experimental crystal structures
of 3-MBTD and 2,3-DBTD at
0.0047 kcal mol�1 per atom (or

Table 1. The ten lowest-energy crystal structures for 2-MBTD that were predicted according to its TMFF and
the hybrid method.

Tailor made force field Hybrid method[a]

Rank Entry[b] DE[c]

[kcal mol�1 per
atom]

DensityACHTUNGTRENNUNG[gcm�3]
Space
group

Entry[b] DEHyb
[d]

[kcal mol�1 per
atom]

DensityACHTUNGTRENNUNG[g cm�3]
Space
group

1 2mbtd_00 0.0000 1.467 P21/c 2mbtd_00 0.0000 1.440 P21/c
2 2mbtd_01 0.0079 1.463 Pbca 2mbtd_01 0.0048 1.431 Pbca
3 2mbtd_02 0.0127 1.442 P21/c 2mbtd_03 0.0128 1.443 P21/c
4 2mbtd_03 0.0151 1.460 P21/c 2mbtd_05 0.0166 1.433 P21/c
5 2mbtd_04 0.0167 1.450 Pbcn 2mbtd_02 0.0183 1.420 P21/c
6 2mbtd_05 0.0191 1.456 P21/c 2mbtd_09 0.0283 1.433 P21/c
7 2mbtd_06 0.0357 1.472 P21/c 2mbtd_21 0.0322 1.388 P21/c
8 2mbtd_07 0.0365 1.440 Pna21 2mbtd_14 0.0385 1.397 P21

9 2mbtd_08 0.0376 1.429 P21/c 2mbtd_28 0.0433 1.420 P21/c
10 2mbtd_09 0.0382 1.441 P21/c 2mbtd_10 0.0440 1.414 P1̄

[a] The hybrid-method optimisations were carried out on the final 114 low-energy force field crystal structures
covering 5sE. [b] Entries written in bold are crystal packings corresponding to the experimental crystal struc-
ture. [c] DE is the relative energy calculated with the TMFF. [d] DEHyb is the relative energy calculated with
the hybrid method.

Table 2. The ten lowest-energy crystal structures for 3-MBTD that were predicted according to its TMFF and
the hybrid method.

Tailor made force field Hybrid method[a]

Rank Entry[b] DE[c]

[kcal mol�1 per
atom]

DensityACHTUNGTRENNUNG[gcm�3]
Space
group

Entry[b] DEHyb
[d]

[kcal mol�1 per
atom]

DensityACHTUNGTRENNUNG[g cm�3]
Space
group

1 3mbtd_00 0.0000 1.485 P21/c 3mbtd_00 0.0000 1.441 P21/c
2 3mbtd_01 0.0096 1.481 Pbcn 3mbtd_03 0.0047 1.410 P212121

3 3mbtd_02 0.0130 1.465 P21/c 3mbtd_01 0.0058 1.436 Pbcn
4 3mbtd_03 0.0134 1.433 P212121 3mbtd_04 0.0080 1.443 P21/c
5 3mbtd_04 0.0181 1.463 P21/c 3mbtd_14 0.0147 1.425 P21/c
6 3mbtd_05 0.0256 1.453 P21/c 3mbtd_02 0.0151 1.431 P21/c
7 3mbtd_06 0.0318 1.460 C2/c 3mbtd_05 0.0237 1.410 P21/c
8 3mbtd_07 0.0350 1.457 P43212 3mbtd_22 0.0275 1.406 P21/c
9 3mbtd_08 0.0380 1.452 P212121 3mbtd_12 0.0313 1.419 Pbca
10 3mbtd_09 0.0391 1.458 P21/c 3mbtd_21 0.0325 1.420 P21/c

[a] The hybrid-method optimisations were carried out on the final 31 low-energy force field crystal structures
covering 5sE. [b] Entries written in bold are crystal packings corresponding to the experimental crystal struc-
ture. [c] DE is the relative energy calculated with the TMFF. [d] DEHyb is the relative energy calculated with
the hybrid method.

Table 3. The ten lowest-energy crystal structures for 2,3-DBTD that were predicted according to its TMFF
and the hybrid method.

Tailor made force field Hybrid method[a]

Rank Entry[b] DE[c]

[kcal mol�1 per
atom]

DensityACHTUNGTRENNUNG[g cm�3]
Space
group

Entry[b] DEHyb
[d]

[kcal mol�1 per
atom]

DensityACHTUNGTRENNUNG[gcm�3]
Space
group

1 23dbtd_00 0.0000 1.394 P1̄ 23dbtd_31 0.0000 1.385 Pbca
2 23dbtd_01 0.0027 1.406 P21/c 23dbtd_30 0.0004 1.378 P21/c
3 23dbtd_02 0.0039 1.394 P21/c 23dbtd_00 0.0012 1.393 P1̄
4 23dbtd_03 0.0044 1.416 Pbca 23dbtd_02 0.0073 1.382 P21/c
5 23dbtd_04 0.0086 1.396 P21/c 23dbtd_06 0.0079 1.390 P21/c
6 23dbtd_05 0.0099 1.379 P21/c 23dbtd_07 0.0126 1.381 P212121

7 23dbtd_06 0.0107 1.394 P21/c 23dbtd_05 0.0126 1.373 P21/c
8 23dbtd_07 0.0114 1.383 P212121 23dbtd_01 0.0147 1.387 P21/c
9 23dbtd_08 0.0151 1.403 P21/c 23dbtd_04 0.0160 1.376 P21/c
10 23dbtd_09 0.0156 1.403 Pbca 23dbtd_18 0.0204 1.388 P21/c

[a] The hybrid-method optimisations were carried out on the final 75 low-energy force field crystal structures
covering 5sE. [b] Entries written in bold are crystal packings corresponding to the experimental crystal struc-
ture. [c] DE is the relative energy calculated with the TMFF. [d] DEHyb is the relative energy calculated with
the hybrid method.
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0.094 kcal mol�1 per molecule) and 0.0012 kcal mol�1 per
atom (or 0.028 kcal mol�1 per molecule) above their global
minima, respectively. These small energy differences are
consistent with earlier findings[4] and reflect the errors inher-
ent to these calculations, including the neglect of zero-point
energies, thermal corrections and contributions to the free
energy from entropy, and errors associated with the DFT
calculation, the functional and the empirical vdW correc-
tions. It is also possible that the predicted lower-energy
structures are potential polymorphs that have not yet been
found, although whether these structures exist in reality
would need to be investigated by further crystallisation ex-
periments.

Optimisation results for the experimental crystal struc-
tures of all compounds (as stored in the Cambridge Structur-
al Database, CSD[51,52]) with the TMFFs and the hybrid
method are summarised in Table 4. The quality of the geo-
metric results is evaluated by calculating the relative differ-
ence (D) in each lattice parameter, the cell deformation D
(as defined previously[13]) and the RMS deviation in non-hy-
drogen atomic positions. In general, both methods repro-
duce the geometries of experimentally determined poly-
morphs well. The geometric results obtained with the hybrid
method agree better with the experimental data than the re-
sults obtained with the TMFFs, as indicated by the D values
and RMS deviations. The largest discrepancies are found for
2,3-DBTD, which crystallises in the space group P1̄ with ad-
ditional degrees of freedom in comparison to the other two

compounds. Superpositions of the experimental structures
with the corresponding TMFF- and hybrid-method-opti-
mised structures are shown in Figure 2. The hybrid-opti-
mised structures are available in the Supporting Informa-
tion.

In order to explore whether the TMFF concept can be ex-
tended to create a highly accurate force field for a specific,
small group of similar compounds, a new force field was cre-
ated (which will be called GTMFF in this discussion) by fit-
ting the force-field parameters to the reference data gener-
ated by the hybrid method for all three molecules simulta-
neously. This GTMFF is transferable between the three mol-
ecules. Its accuracy relative to the hybrid method and the
three individual TMFFs was evaluated. Considering all
structures within a 5sE energy window, for 2-MBTD the ac-
curacy of the TMFF was calculated as 0.018 kcal mol�1 per
atom (RMS deviation in relative energy between force-field
and hybrid-method results), which increased to 0.022 kcal
mol�1 per atom when applying the GTMFF to the same
compound. For 3-MBTD the TMFF error of 0.012 kcal mol�1

per atom increased to 0.015 kcal mol�1 per atom when using
the GTMFF, and for 2,3-DBTD the error obtained with the
TMFF and GTMFF was the same (0.017 kcal mol�1 per
atom). The small decreases in accuracy mean that, if this
GTMFF were to be used in CSP, in order to achieve the
same level of confidence in the predictions in comparison to
the use of the individual TMFFs, more force-field-predicted
crystal structures would have to be optimised by the hybrid

method, thus requiring more
computational effort. Due to
time constraints, CSP studies
using the GTMFF were not car-
ried out. One has to bear in
mind that these three com-
pounds are very similar, which
is reflected in the small decreas-
es in accuracy when comparing
the TMFFs and the GTMFF.
Developing a GTMFF for a
group of compounds with larger
structural diversity, such as dif-
ferent halogen substituents or
amino acids, would probably
lead to larger decreases in accu-
racy in comparison to the use
of individual TMFFs.

The GTMFF concept may be
of interest in applications
where accurate molecular me-
chanics results are required for
a group of similar molecules,
for instance the estimation of
receptor affinities in rational
drug design, but it is of limited
practical use in CSP. In order to
develop a GTMFF, full sets of
reference data have to be gen-

Table 4. Comparison of the experimental crystal structures to the optimised structures obtained with the
TMFFs and the hybrid method.

Structure[a] Space group Density Unit cell parameters D[b] RMS[c]ACHTUNGTRENNUNG[gcm�3] a [�] b [�] c [�] a [8] b [8] g [8] [%] [�]

2-MBTD (CSD[d] reference code GAKPEN)
expl P21/c 1.417 10.82 11.47 7.64 90.00 117.14 90.00
TMFF 1.467 10.60 11.29 7.58 90.00 115.96 90.00 4.30 0.134
D [%][e] 3.53 �2.04 �1.60 �0.81 0.00 �1.01 0.00

hyb 1.440 10.79 11.40 7.56 90.00 116.71 90.00 1.89 0.064
D [%][e] 1.64 �0.31 �0.64 �1.13 0.00 �0.37 0.00

3-MBTD (CSD[d] reference code GAKPIR)
expl P212121 1.396 6.92 8.94 13.85 90.00 90.00 90.00
TMFF 1.433 6.78 8.92 13.81 90.00 90.00 90.00 2.60 0.097
D [%][e] 2.65 �2.03 �0.23 �0.31 0.00 0.00 0.00

hyb 1.410 6.85 8.94 13.95 90.00 90.00 90.00 1.74 0.068
D [%][e] 1.02 �0.99 0.01 0.74 0.00 0.00 0.00

2,3-DBTD (CSD[c] reference code GAPMAL)
expl P1̄ 1.356 7.56 8.11 8.60 68.66 86.07 75.95
TMFF 1.394 7.40 7.96 8.59 68.38 86.84 79.51 6.64 0.233
D [%][e] 2.81 �2.00 �1.80 �0.11 �0.41 0.89 4.68

hyb 1.393 7.48 8.06 8.54 67.70 84.44 76.32 3.69 0.139
D [%][e] 2.70 �1.02 �0.52 �0.69 �1.39 �1.90 0.48

[a] expl=experimental crystal structure; TMFF= force-field-optimised crystal structure; hyb=hybrid-opti-
mised crystal structure. [b] D is calculated as defined in reference [13]. [c] RMS is obtained with the crystal
packing similarity tool as implemented in Mercury CSD 2.0[49, 50] with a 16-molecule comparison (ignoring all
hydrogen atoms). [d] CSD stands for Cambridge Structural Database.[51, 52] [e] Deviation from experimental
value; a positive value of D indicates an expansion.
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erated for each of the molecules studied, which is exactly
the same as that required for the development of individual
TMFFs. Individual TMFFs are more accurate than a
GTMFF, and thus require less computational effort in the
final CSP step (re-optimisation of the selected crystal struc-
tures by the hybrid method). The additional effort required
to develop individual TMFFs in comparison to fitting a
GTMFF is less than the additional computational effort re-
quired in the final CSP step when using a GTMFF.

Because the three molecules investigated in this study are
similar in molecular structure but significantly different in
their crystal structures, it is instructive to construct and
study hypothetical crystal structures generated by packing
each molecule into the experimentally observed crystal
packing patterns of the other two compounds. Table 5 sum-
marises the results of this study. The energetics of the two
alternative packing patterns are compared with the native
crystal structure for each compound. The stability of each
structure, expressed by the hybrid energy, provides some in-
sights as to why isostructurality is not observed among the
experimental crystal structures of these molecules.

Most of these crystal struc-
tures were located during the
CSP searches of the TMFF lat-
tice-energy hypersurfaces,
except for the structure con-
taining the 2-MBTD molecule
packed into the 3-MBTD crys-
tal. The lattice energy for this
structure after minimisation
with the hybrid method is
0.1731 kcal mol�1 per atom (or
3.462 kcal mol�1 per molecule)
above the global minimum,
which is the highest relative
energy of all the structures re-
ported in Table 5 and much less
stable than any hybrid-opti-
mised structure reported in
Table 1. It also explains why
this structure was not found in
the search for potential crystal
structures of 2-MBTD as it is
well above the energy cut-off
applied. The presence of the
methyl group at position 2 dis-
rupts the edge to face interac-
tion between the aromatic units
responsible for the stability of
the experimentally found poly-
morph of 3-MBTD, resulting in
steric hindrance between the 2-
methyl group and the six-
member aromatic moiety of the
nearest molecule. A similar
short contact is also observed in
2,3-DBTD forced into the 3-

MBTD packing, leading to a less stable lattice. In this case,
the unfavourable interactions originating from the 2-methyl
group are partially offset by favourable interactions involv-
ing the 3-methyl substituent.

Note that the 2,3-DBTD molecule packed into the 2-
MBTD lattice gives a structure that is slightly more stable
than the experimentally observed polymorph of 2,3-DBTD.
In fact, this structure corresponds to the second most stable
packing alternative found in the CSP of 2,3-DBTD (en-
try 23dbtd_30 in Table 3). As previously described, its exper-
imental crystal structure is located as the third most stable
form by the hybrid method. These results suggest that 2,3-
DBTD might be persuaded to crystallise isostructurally to 2-
MBTD under the right crystallisation conditions. This may
be achieved in a thorough polymorph screen by using a
range of solvents and temperatures, by seeding a supersatu-
rated solution of 2,3-DBTD with crystals of 2-MBTD or by
the utilisation of a suitable tailor made additive.[53] Table 6
summarises the differences in the lattice parameters be-
tween this hypothetical crystal structure of 2,3-DBTD and
the experimental polymorph of 2-MBTD. The introduction

Figure 2. Superposition of the experimentally determined crystal structure (black) with its corresponding
TMFF- (dark grey) and hybrid-method-optimised (light grey) crystal structure, shown along the three crystal-
lographic axes for 2-MBTD (left), 3-MBTD (middle) and 2,3-DBTD (right).
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of the additional methyl group at position 3 on the ring
causes a slight rotation of the molecule and a 20 % expan-
sion of the unit cell along the b axis. The other unit-cell pa-
rameters are not greatly affected. The density shows a small
reduction on going from the experimental 2-MBTD struc-
ture to the hypothetical 2,3-DBTD structure.

Conclusion

Crystal structure prediction studies with tailor-made force
fields and a hybrid molecular mechanics/density functional
theory approach located the experimental crystal structures
of the molecules on their lattice-energy hypersurfaces. Both
the TMFF approach and the hybrid method gave good geo-
metric agreement with the experimentally determined crys-
tal structures of 2-MBTD, 3-MBTD and 2,3-DBTD, al-
though the deviations obtained with the hybrid method are
nearly half those achieved with the force field approach.

The TMFFs of 2-MBTD and 2,3-DBTD found their ex-
perimental structures as the most stable forms, whereas the
force field for 3-MBTD found the experimental structure as
the fourth most stable alternative. Energy minimisation with
the hybrid method changed the lattice energy rankings of 3-
MBTD and 2,3-DBTD. The optimisation results using the
TMFF and the hybrid method are in good agreement for 2-
MBTD. For 3-MBTD the lattice energy ranking of the ex-
perimental structure improved from the fourth lowest to the
second lowest energy structure with an energy difference of
0.094 kcal mol�1 per molecule between the global minimum
and the structure that was experimentally observed. For 2,3-
DBTD, however, the hybrid method calculated its experi-

Table 6. Comparison of the lattice parameters of the experimentally de-
termined crystal structure of 2-MBTD and the hypothetical crystal struc-
ture of 2,3-DBTD packed into the 2-MBTD lattice.

Structure Density [g cm�3] Unit cell parameters[a]

a [�] b [�] c [�] b [8]

exp 2-MBTD[b] 1.417 10.82 11.47 7.64 117.14
opt 2-MBTD[c] 1.440 10.79 11.40 7.56 116.71
D [%][d] 1.64 �0.31 �0.64 �1.13 �0.37
hyp 2,3-DBTD[e] 1.393 10.46 13.80 7.59 122.20
D [%][d] �1.69 �3.33 20.31 �0.65 4.32
D [%][f] �3.26 �3.06 21.05 0.40 4.70

[a] Lattice parameters a and g in these structures are 908 because of the
constraints imposed by the P21/c space group. [b] Experimental crystal
structure of 2-MBTD. [c] Hybrid-optimised crystal structure of 2-MBTD.
[d] Deviation from experimental value; a negative value of D indicates a
compression. [e] Hybrid-optimised hypothetical crystal structure of 2,3-
DBTD packed into the 2-MBTD lattice. [f] Deviation of hyp 2,3-DBTD
from opt 2-MBTD.

Table 5. The hybrid-optimised crystal structures of the three molecules packed into each other�s experimental crystal lattice. Hybrid relative energy is
the energy difference between the optimised crystal structure and the global minimum found in CSP.

Molecule Crystal lattice
Experimental 2-MBTD Experimental 3-MBTD Experimental 2,3-DBTD

hybrid relative energy 0.0000 kcal mol�1 per atom 0.1731 kcal mol�1 per atom 0.0440 kcal mol�1 per atom

hybrid relative energy 0.0388 kcal mol�1 per atom 0.0047 kcal mol�1 per atom 0.0626 kcal mol�1 per atom

hybrid relative energy 0.0004 kcal mol�1 per atom 0.1017 kcal mol�1 per atom 0.0012 kcal mol�1 per atom
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mental crystal structure as the third lowest-energy packing
at 0.028 kcal mol�1 per molecule above the global minimum.
These small energy differences reflect the approximations
used in these simulations (neglect of zero-point energies,
thermal corrections and entropy), and the errors associated
with the DFT calculation, the functional and the empirical
vdW corrections. It is also feasible that the predicted struc-
tures close to the global minima are potential polymorphs
that have yet to be discovered. Until such crystallisation ex-
periments have been carried out, it is impossible to conclude
whether these structures are real polymorphs or not.

A general TMFF (GTMFF) was also created by fitting
the force field parameters to the reference data obtained
with the hybrid method for all three compounds simultane-
ously. This GTMFF, which is transferable among the three
molecules, was found to be only slightly less accurate than
the individual TMFFs and, therefore, could have been used
in CSP studies of these three compounds at the expense of
additional computational effort in comparison to the use of
the individual TMFFs. Although of limited use in CSP, the
GTMFF concept may prove useful in other applications
such as rational drug design.

Although the three compounds investigated in this study
have very similar molecular structures, their crystal struc-
tures differ significantly. The results suggest that 2,3-DBTD
could crystallise isostructurally to 2-MBTD as the calculated
stabilities of these two polymorphs (the experimentally ob-
served polymorph of 2,3-DBTD and the hypothetical poly-
morph of 2,3-DBTD packed like 2-MBTD) differ by less
than 0.01 kcal mol�1 per molecule. It may be possible to crys-
tallise this new 2,3-DBTD polymorph in an experimental
polymorph screen by using a range of solvents and tempera-
tures, by seeding a supersaturated solution of 2,3-DBTD
with 2-MBTD crystals or by the use of an appropriate tailor
made additive.

Computational Methods

The computational procedure used in this study consists of three phases.
The first phase involves the parameterisation of a TMFF that reproduces
reference data created for each molecule with the hybrid method. Once
the TMFF for each molecule has been established, CSP proceeds by
using lattice energies calculated by the TMFF to generate crystal struc-
tures and to select which structures will be studied further. In the final
phase, the hybrid method is used to re-rank the structures selected in the
second phase.

In the TMFFs the vdW interactions are described by exponential-6 func-
tions and the electrostatic interactions are described by Coulomb terms
that decay as the reciprocal of the distance between point charges (de-
fined by the bond increments). Non-bonded interactions between atoms
that are separated by one or two bonds are not considered. Non-bonded
interactions between atoms that are part of the same molecule and sepa-
rated by more than two bonds may be scaled. These intramolecular non-
bonded scaling factors are fitted as part of the force-field refinement.
The bonded interactions in the TMFFs are described by harmonic func-
tions for the bond-stretch and bond-angle terms, and by overall torsion
and inversion functions, which are designed to minimise the number of
variables needed in the force field.[23]

The general procedure for parameterising the force fields has been de-
scribed elsewhere.[23] A brief summary is given here along with any de-
tails which are specific to the molecules being studied. By using the
Dreiding[40] force field with Gasteiger[47] charges, all low-energy confor-
mations of the molecules were found by considering their torsional flexi-
bilities. Each low-energy conformer was packed into an expanded P1
crystal structure and optimised with the hybrid method. Electrostatic po-
tentials were calculated for every unique crystal structure and bond in-
crements were fitted to the electrostatic potentials. Initial non-bonded
force fields were derived by using these bond increments and vdW pa-
rameters taken from the Dreiding force field.

To probe the non-bonded interactions, sets of rigid-molecule crystal pack-
ings based on molecular geometries of the conformers calculated by the
hybrid method in the expanded crystals were generated and optimised
with the non-bonded force fields at pressures of 0 and 5 GPa. The rigid
molecules were packed with one independent molecule in the asymmet-
ric unit into the space groups P1, P1̄, P2, P21, Pm, Pc, C2, Cm and Cc. A
number of crystal structures were selected at both pressures to represent
all feasible non-bonded interactions that may occur in the solid state.
These rigid-molecule crystal structures were then optimised with the
hybrid method to produce rigid-body minimisation data. The optimised
structures at 0 GPa were also used to calculate expansion data.

For each molecule, the non-bonded parameters of the TMFF were deter-
mined by fitting to the three sets of data: electrostatic, rigid-body mini-
misation and expansion data. VdW parameters were refined against
rigid-body minimisation and expansion data, whilst keeping the initially
obtained bond increments fixed. The vdW parameters and the bond in-
crements were varied simultaneously during the final stage of the non-
bonded parameterisation. The resulting non-bonded force fields are suit-
able for treating the intermolecular interactions of the molecules in their
crystalline environments.

Fitting of the bonded parameters required two additional data sets: con-
formation and wide-amplitude data. Conformational data sets, which
probe the variation in energy with bond-length, bond-angle and torsion-
angle variations, were calculated using the hybrid method for all unique
conformers and wide-amplitude data sets were generated for every flexi-
ble bond present in the molecules. With these data sets, the bonded pa-
rameters of the TMFFs were determined to describe the intramolecular
interactions of the molecules. The final force fields can describe non-
bonded and bonded interactions.

A list of crystal packing alternatives was produced for each compound
using the structure generation engine implemented in GRACE 1.0[48] by
considering all 230 space groups with a single independent molecule in
the asymmetric unit. The structure generation engine sampled hypotheti-
cal crystal structures by using a random search that considers the confor-
mational flexibility of each compound as part of the structure generation.
All lattice energies were calculated and minimised using each molecule�s
TMFF. The searches finished when low-energy crystal structures in a pre-
defined energy window had been discovered at least twice and had
reached the maximum number of allowed structures (200 structures).

The low-energy structures of each compound were further optimised
using the hybrid method to provide a final lattice-energy ranking of each
structure. To assess the performance of the TMFFs in lattice-energy rank-
ing of the predicted structures, each force field�s accuracy was evaluated
by comparing lattice energies in the lists of force-field-generated crystal
structures with the hybrid-method-optimised crystal structures. The devi-
ations in energy between the lists of the hybrid-optimised structures and
the force-field-optimised structures were calculated as root mean squared
(RMS) deviations (sE) of the energy (in kcal mol�1 per atom). Only struc-
tures that remained in the same local minimum during optimisation by
the force field and the hybrid methods were considered in the calculation
of sE. The RMS deviation was used to estimate how many structures
needed to be optimised by the hybrid method for each compound to be
confident that the global-minimum energy structure had been consid-
ered.
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