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Abstract

The synthesis and experimental testing of energetic materials can be hazardous,
but their many industrial and military applications necessitate their constant research
and development. We evaluate computational methods for predicting the crystal struc-
tures of energetic molecular organic crystals from their molecular structure as a first
step in computationally evaluating materials, which could guide experimental work.
Crystal structure prediction (CSP) is evaluated on a test set of ten energetic materials
with known crystal structures, initially using a rigid-molecule, anisotropic atom-atom
force field approach, followed by re-optimization of predicted crystal structures using
dispersion-corrected solid state density functional theory (DFT). CSP using the force
field was found to provide good results for some molecules, whose known crystal struc-
tures are reproduced by one of the lowest energy predictions, but are more variable
than for other small organic molecules. Re-optimization of predicted crystal structures
using solid state DFT leads to reliable predictions, demonstrating CSP as an approach

that can be applied in the area of energetic materials discovery and development.



Introduction

Energetic materials (EMs) are a class of compounds which, upon initiation, for example, by
mechanical impact or heat, release a large amount of stored chemical energy. The develop-
ment of new energetic materials is critical as EMs are a vital component of many industrial
processes (e.g. mining and aero-space industries) as well as their many uses in the defence
sector (e.g. propellants and explosives).!® However, the inherent dangers with synthesizing,
handling and testing EMs presents a clear opportunity to develop computational methods
to predict the structure and properties of new materials in advance of their synthesis, thus
minimizing unnecessary experimentation.

Inherent molecular properties are clearly important in the design of EMs, but the mutual
arrangement of molecules in the material dictates how energy is transferred, and in turn also
dictates important properties such as impact sensitivity and detonation velocity: this is evi-
dent from property variation between polymorphs of some EMs.!? Therefore, computational
approaches for guiding the development of EMs should include the prediction of how EM
molecules are arranged in the solid state.

Crystal structure prediction (CSP) aims to predict all possible polymorphs for a com-
pound given only its molecular structure.'*'? This is usually approached through a computa-
tional exploration of the lattice energy surface to identify all low energy local minima, which
correspond to putative stable crystal packings of the molecule being studied. The structures
associated with each local energy minimum are ranked according to their predicted energy,
with the assumption that the most likely observable crystal structure corresponds to the
lowest energy predicted structure - the global energy minimum. The two greatest challenges
in CSP are the high dimensionality of the relevant energy surface, which creates a challenge
in locating all possible crystal structures, and the small energies that typically separate
competing predicted crystal structures. The energy differences between predicted crystal
structures are often of the order of 1 kJ mol™! or less, meaning that high quality models

are required for evaluating the relative energies of predicted crystal structures; the errors in



force field'® and electronic structure methods!# 16 for lattice energies are often larger than
these energy differences and so partly rely on cancellation of errors when evaluating relative
energies.

CSP can be applied prior to synthesis; hypothetical molecules can be assessed via CSP
to decide whether they are worth synthesizing. For known molecules, CSP can help antici-
pate polymorphism, beyond what has been experimentally observed to-date. Thus, a CSP
landscape is a powerful tool for anticipating the crystal structures of as-yet unsynthesized
molecules and predicting possible polymorphic forms of known molecules. The field has seen
rapid development in methods used for structural exploration and energy ranking, such that
CSP has been succesfully applied in a range of applications, such as polymorph screening of
active pharmaceutical ingredients,"® discovery of photocatalysts'? and porous materials.

The present work aims to assess the performance of CSP for molecular organic EMs. Pre-
vious studies have demonstrated successful CSP methodologies for individual systems; for
example, Bier et al. demonstrated a successful CSP methdology using a genetic algoritm for
structure generation combined with solid state density functional theory (DFT) energy rank-
ing which reproduced the known crystal structures of 2,4,6-trinitrobenzene-1,3,5-triamine
(TATB) and 2,4,6-trinitrobenzene-1,3-diamine (DATB).?! Here, we validate the performance
of a quasi-random structure search combined with an anisotropic atom-atom force field, as
well as DF'T reranking, for CSP on a broader set of ten EMs to assess the general applicabil-
ity of CSP in the area of EMs. We also evaluate the sensitivity of force field predictions to

the parameter set and electronic structure calculation from which electrostatics are derived.

Methods

CSP

Ten known EMs, all with experimentally determined crystal structures, were chosen for

validation of CSP methods. The test set of EMs studied is shown in Figure 1.2% 3% Some of the



validation molecules are known to exhibit polymorphism; the number of known polymorphs

for each molecule is shown in parentheses in Figure 1.
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Figure 1: The molecular diagrams of 1,1’-azobistetrazole (ABT), 4,5-dihydro-5-nitrimino-
1H-tetrazole (DNIT), hexanitrobenzene (HNB), 2-methyl-5-nitramino-2H-tetrazole (MNT),
1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), 1,1-diamino-2,2-dinitroethene (FOX-7), 5,5'-
hydrazinebistetrazole (HBT), nitrotriazolone (NTO), 2,4,6-triamino-1,3,5-trinitrobenzene
(TATB) and 5-amino-1H-tetrazole (ATZ). The number in parentheses represents the number
of known polymorphs for each EM.

CSP was performed using the Global Lattice Energy Explorer (GLEE) package,® which
uses a low-discrepancy, quasi-random sampling of crystal packing variables to explore the
lattice energy surface, followed by rigid-molecule lattice energy minimization using an inter-
molecular force field (described below). Molecular geometries of each molecule were opti-
mized using DFT (PBEO/aug-cc-pVDZ, using Gaussian®®) starting from the conformations
in their observed crystal structures. The test set contains mostly rigid molecules, so a rigid-

molecule approach was taken for generating predicted crystal structures using the gas phase



optimized minimum of each EM. Low energy predicted crystal structures were re-optimized
using solid state DFT to account for molecular distortion due to intermolecular interactions
in the crystal structures. We analyze the impact of DFT re-optimization on the quality of
the predictions.

HMX was the only EM in the set with more than one conformer present within the known
polymorphs. The conformations differ in the geometry of the eight-membered ring and are
sometimes referred to as chair (5, € polymorphs) and chair-chair («, §) in discussions of HMX
polymorphism.4' For HMX, CSP was performed on the chair and chair-chair conformers,
both of which were optimized as described above. In the force field evaluation studies, these
CSPs were treated separately due to the large conformational energy difference which exists
between the two conformers of HMX. For the force field results, we compare total relative
energies, calculated from the sum of intermolecular energies and relative conformational

energies as in Equation 1.

Elatt = Uinter + AEintra (1)

where Uy, s the intermolecular contribution to the lattice energy calculated using the
force field, and AFE;,4, is the DFT energy of the molecular geometry in the crystal, relative
to the lowest energy conformer.

DMACRYS was used with an anisotropic atom-atom force field energy model for all lattice
energy minimizations.*? To test the sensitivity of CSP results to the force field, CSP was
performed using two commonly used interatomic potentials (FIT** and W99rev44), combined
with four combinations of generation methods for the electrostatic model: B3LYP 4546 with
6-31G** 47 6-311G**,48 6-31G** with the polarizable continuum model (PCM*?) and 6-
311G** with the PCM applied. The PCM is used to mimic the in-crystal environment of a
molecule. This provides a efficient, but approximate model of polarization contributions to
the overall lattice energy.®°

Distributed Multipole Analysis (DMA)®! has been used to provide a description of the



intermolecular electrostatic interactions. Atomic multipoles, up to hexadecapole, were calcu-
lated using the Gaussian Distributed Multipole Analysis (GDMA) program,® which analyses
the charge density calculated for the gas phase molecular geometry to produce the multi-
poles. Each EM in the test set was examined with the following combinations of methods
for the electrostatic model: HF,?® MP2,5* PBE,**¢ PBE05" and B3LYP %6 all with aug-
cc-pVDZ and aug-cc-pVTZ.%* % The aforementioned results with BSLYP and 6-31G** and
6-311G** are also included.

Trial crystal structures were generated for each EM and each combination of electrostatic
model and force field. The trial structures were then lattice energy minimized until a total
of 20,000 successfully optimized structures were generated in each space group for each CSP.
Crystal structures were generated with one molecule in the asymmetric unit cell (Z’ = 1) for
each combination of EM, force field and electrostatic model. These structures were produced
by sampling in the 10 most frequently observed space groups for organic molecular crystals®!
(P1,P2,,02,Cc, P2,/c,C2/c, P2,2,21, Pca2;, Pna2:, Pbca).

Duplicates were removed from the resulting set of structures within each space group by
calculating the similarity of simulated powder X-ray diffraction patterns obtained via the
PLATON package®? and comparing these using constrained dynamic time warping. Du-
plicate removal was performed with tight tolerances and was not performed between space
groups at this stage. This was to prevent removal of structures that could lead to separate
minima during the DFT re-optimization stage (described below).

To analyse the success of each CSP, the predicted structures were compared to experimen-
tal structures using the COMPACK algorithm.%%%* COMPACK searches were carried out
by comparing intermolecular atom-atom distances within a cluster of 30 molecules with 30%
distance tolerances and 30° angle tolerances and a root mean squared deviation in atomic

positions (RMSD3) was calculated for the overlay of predicted and experimental structures.



Periodic DFT Re-Optimization

For all 10 EMs, the CSP set of crystal structures generated with the PBE0Q/aug-cc-pVTZ mul-
tipole model was further optimized using plane-wave-based periodic DFT as implemented
in the VASP package.%% For each EM, all structures on the respective CSP landscape
within 10 kJ mol™ of the global energy minimum were re-optimized. For ATZ, the energy
window was increased to within 12 kJ mol™ of the global energy minimum due to finding
the experimental match just below 12 kJ mol?. This re-optimization was performed in a
three-step procedure that has been found to improve the convergence rate of periodic DFT
optimizations for crystal structures.%” The first step involves optimizing only the atomic po-
sitions with the unit cell fixed, the second step optimizes both atomic positions and unit-cell
parameters, and the third step is a final single-point calculation which updates the plane
wave basis set to the newly relaxed lattice parameters to provide an accurate final energy.
All VASP calculations were performed using the PBE exchange correlation function with
the GD3BJ dispersion correction.®® The projector augmented wave method was used for
all VASP calculations with the standard supplied pseudopotentials.® Following this opti-
mization, a more stringent removal of duplicates was carried out by using the COMPACK
algorithm for all structures within 10 kJ mol! of the global energy minimum for each CSP,

irrespective of the space group of each structure. %3

Results and discussion

CSP is relatively under-explored for EMs. Because of this, we present an evaluation of the
performance of different commonly used force fields and electrostatic models for CSP. The
force field we use combines an empirically parameterized repulsion-dispersion model with
an electrostatic model using atomic multipoles derived from a calculated electron density.
Certain structures are very sensitive to the electrostatic model used for CSP. We have found

that structures with high nitrogen content can be more sensitive to the electrostatic model



than those without.™ Our initial CSPs on NTO, ATZ and TATB produced landscapes of
varying quality using a typical electrostatic model; the RMSD3y values (RMSD of atomic
positions in a finite cluster of 30 molecules taken from the two crystal structures being
compared) of the matches to the experimental structures covered a range from 0.186 A
to 1.004 A. Figure 2 displays this RMSDjy, range via an overlay of the matched predicted
crystal structure to the experimental structure for NTO and TATB; the structure of the
polymorph of NTO is reproduced poorly (RMSD3, = 1.004 A), while the known structure

of TATB is reproduced accurately (RMSD3s, = 0.186 A).

Figure 2: Visualization of the COMPACKg3, comparison for the predicted crystal structure
matches to the experimental structure for the initial CSP of g - NTO and TATB. These cal-
culations used the FIT force field with multipoles derived from a B3LYP/6-311G** charge
density. The experimental structures are shown with colouring by element and the predicted
matches are shown in full red colouring. (a) Overlay of the matched predicted crystal struc-
ture to the experimental structure of NTO with RMSDs, = 1.004 A. (b) Overlay of the
matched Apredicted crystal structure to the experimental structure of TATB with RMSD3q
= 0.186 A.

The range in how well the known crystal structures were reproduced encouraged us to
examine how optimizing the electrostatic model could improve the quality of the CSPs. The
choice of force field, between FIT*? and revised version of the Williams99 exp-6 potential*4

(W99rev), was also examined.



Choice of Force Field

FIT and W99rev are two force fields that are commonly used in modelling molecular organic
crystals. 39434 Both of these force fields are parameterized against structural and energetic
information from known crystal structures, and were developed to function in tandem with
anisotropic atomic multipole electrostatics. Using atomic multipoles has clear benefits over
using isotropic point changes: they result in a more accurate electrostatic model due to the
difference in the quality of the representation of electrostatic features such as 7 - electron
density and lone pairs,”" which leads to improved performance of structure prediction.”
The revised version of W99 has been parameterized for use with multipole electrostatics
derived from a specific set of combinations of DFT functionals and basis sets: B3LYP/6-
31G** and B3LYP/6-311G**. Both of these electrostatic models also have a variant that
has been derived from the charge density calculated using a Polarizable Continuum Model
(PCM).* Applying PCM to the electrostatic model can be used as an approximate treatment
of molecular polarization in crystal structure modelling. "

As discussed, our initial CSPs on ATZ and NTO proved unsatisfactory; the closest pre-
dicted match to the experimental structure for both EMs possessed a high relative energy
and large geometric deviations. Thus, our testing for the choices of force field and electro-
static model involved performing CSPs on the 10 molecules shown in Figure 1 for 72’ = 1
structures. Results for eight out of the ten molecules are summarized in Figure 4; ATZ and
a-FOXT are not included in this initial evaluation of force fields because we found that flexi-
bility of the NHs groups has an important impact on the results for these crystal structures.
Full CSP data tables for these box plots can be found in the supplementary information.
Figure 3 shows an example CSP result for 2-methyl-5-nitramino-2H-tetrazole (MNT'), where
a predicted structure matching the experimentally determined structure is identified as the
second lowest energy structure (Figure 3a) and the structure reproduces the experimentally
determined crystal structure accurately (RMSD3y = 0.190 A, Figure 3b). To evaluate the

force fields, we examined how well they reproduced the experimentally determined crystal



structures by measuring the RMSD3q between the experimental structure and its match

within each CSP set, and the relative energy of the match to the experimental structure.
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Figure 3: An example CSP result for MNT generated using the FIT force field and the
PBEO/aug-cc-pVTZ electrostatic model. (a) The CSP landscape for MNT, where each data
point represents a predicted crystal structure. The predicted structure that matches the
experimentally observed structure is labeled and indicated by a black cross. Relative energy
represents the energy gap between each data point and the global energy minimum. (b) An
overlay of the experimental structure (shown with element colors) and the closest predicted
match to the experimental structure (red). The RMSDs, for this overlay is 0.190 A.
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Figure 4: Box plots showing the results of 60 total CSPs: six combinations of force field
and electrostatic model for the 10 EMs shown in Figure 1. B3LYP/6-31G** and B3LYP/6-
311G** were used to model the atomic multipoles in order to stay consistent with the
electrostatic model used to parameterize W99rev. For each force field / electrostatic model
combination, 11 total comparisons were performed between predicted crystal structures and
experimentally known polymorphs. ATZ and a-FOX-7 are not included in these results due
to the flexible NH, groups not being well modelled by the rigid-molecule calculations (as
detailed in the SI). f-FOX-7 was included as the NHy conformation within the experimental
structure matched the conformation within the DFT optimized geometry used in CSP. HMX
has two conformers of the 8-membered ring (referred to as chair and chair-chair), which were
treated as separate CSPs in these summary results due to the large conformational energy
difference. (a) shows the distribution of relative energies (the energy difference between the
predicted match to the experimental crystal structure and the global energy minimum) for
all predicted matches to their respective experimentally known polymorph. (b) shows the
distribution of RMSD3, between for all predicted matches to their respective experimentally
known polymorph.

The best performing force field and electrostatic model combination is that which mini-
mizes the RMSD3g, which measures structural deviations between predicted and experimen-
tal crystal structures, and ranks the matches to the observed crystal structures well (low
energies relative to the global energy minimum). No choice of force field emerges from this
study as performing better than the others by both measures. The best force field at ranking
energies of the observed crystal structures (W99rev + B3LYP/6-31G**(PCM)) produces the
largest geometric deviations, whereas that producing the smallest range of RMSD3o (W99rev
+ B3LYP/6-31G**) gives the worst overall performance on energy ranking. Without a clear
optimum from these results, we proceed with the FIT force field, which produces a small
range in RMSD3y and low median relative energies in these tests, and performs best in pre-
vious benchmarks against measured sublimation enthalpies for a variety of small organic

crystal systems. 13

Choice of Electrostatic Model

We also examined the sensitivity of CSP results to the charge density used to derive the

electrostatic model by comparing the CSP results obtained from atomic multipoles generated

12



by HF, MP2 and the DFT functionals PBE, PBEO and B3LYP with the Dunning basis sets:
aug-cc-pVDZ and aug-cc-pVTZ. 6-31G** and 6-311G** basis sets are present with B3LYP

since they were used in the initial force field evaluation presented in the previous section.

13
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Figure 5: Box Plots showing the results of 120 total CSPs, 12 combinations of DFT func-
tional and basis set for the 10 EMs shown in Figure 1. For each electrostatic model, 11
total comparisons were performed between predicted crystal structures and experimentally
known polymorphs. ATZ and a-FOX-7 are not included in these results due to the flexi-
ble NH; groups not being well modelled by the rigid-molecule calculations (as detailed in
the SI). B-FOX-7 was included as the NHy conformation within the experimental structure
matched the conformation within the DFT optimized geometry used in CSP. HMX has two
conformers (referred to as chair and chair-chair), which were treated as separate CSPs in
these summary results due to the large conformational energy difference. (a) the distribution
of relative energies (the energy difference between the predicted match and the global energy
minimum) for all 13 predicted matches to their respective experimentally known polymorph.
(b) the distribution of RMSD3, between for all 13 predicted matches to their respective ex-
perimentally known polymorph.

The electrostatic models were evaluated analogously to the force fields, by comparing
RMSD3, and relative energies for predicted crystal structures that match the experimental
structures across the molecules in the test set. HF performs surprisingly well on geometries,
which might be due to cancellation of errors (HF exaggeration of charge separation could
make up for the lack of explicit polarization in the force field method), but gives among the
largest ranges for relative energies. The higher cost of MP2 calculations does not lead to
better results than DFT-based electrostatic models. The results are similar among the DFT
methods tested, showing that the average performance of CSP is not particularly sensitive
to the functional and basis set from which the electrostatic model is derived.

We chose PBEO/aug-cc-pVTZ to generate our electrostatic model in our final force field-
based CSP results. We chose this electrostatic model as it represents a balance between
high accuracy and for close consistency of DFT functional with the PBE functional in our
subsequent periodic DFT calculations. We chose aug-cc-pV'TZ as our basis set as in combi-
nation with PBEO, it is computationally affordable for all our molecules. If CSP was being
performed on larger molecules, this basis set could be reduced without affecting the quality

of the CSP, as shown with these results.
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Detailed CSP Results

Table 1 details our CSP results for both the force field landscapes and periodic DFT opti-
mized landscapes; it provides the numerical ranking, relative energy and RMSDs3, for each
of the CSP matches to the experimental structures for all of the Z’ = 1 polymorphs of the
ten EMs (Figure 1).

For comparison with the force field-based results, we also summarize the results of peri-
odic DFT re-optimizations of the low energy crystal structures. To generate the DFT-based
CSP results, all force field predicted structures within 10 kJ mol™* of the global energy mini-
mum for each of the ten EMs were re-optimized. For ATZ the energy window was increased
to 12 kJ mol™ as the experimental match was found at 11.46 kJ mol?; ATZ is an outlier in
our overall results, which we discuss further below. For HMX, due to the large molecular en-
ergy difference between chair and chair-chair conformers, we performed peroidic DFT on the
lowest 10 kJ mol™? for each conformer. FOX-7, HMX and NTO all possess an experimental
polymorph with Z’ > 1. Thus, to examine where these would occur in energy if CSP had
been performed with higher Z’, the experimental structures were independently optimized
using the force field (FIT with PBEO/aug-cc-pVTZ multipoles) and periodic DFT and their
numerical ranking and relative energies, after each stage of optimization, are shown in Table
1. Note that for these polymorphs, the numerical ranking and relative energies are lower

bounds on what they would be if CSP searches had included high 7’.
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Table 1: CSP results for the landscapes of the 10 EMs shown in Figure 1 produced using
the FIT force field and PBE0O/aug-cc-pVTZ atomic multipoles. The numerical ranking is
the energy-ranked position of the match to the experimental structure within the list of
CSP structures. Relative energy is the energy gap between each EM’s predicted global
energy minimum and the CSP match to the experimental structure. RMSDj3, represents the
quality of our predicted matched structure when compared to the experimental structure:
a low value corresponds to a higher quality match. RMSDj3, values were obtained via a
COMPACK comparison using 30% distance tolerances and 30° angle tolerances. For HMX,
the two conformers possess a large intramolecular energy difference of 12.84 kJ mol! and
thus for a-HMX and -HMX we report the numerical ranking and relative energy within
the CSP of the individual conformer as a number in parentheses for the force field columns
(DFT accounts for this intramolecular energy difference and thus the issue does not apply
here). v-FOX-7, ee HMX and a-NTO possess a Z’ > 1 and are thus shaded grey in the table.

Force Field Solid State DFT
Energetic CSD Rank E, e RMSDs3, | Rank E,a RMSDs
Material Refcode / kJ mol™* /A / kJ mol* /A
ABT EWEYEL 1 0 0.166 1 0 0.097
ATZ EJIQEU 221 11.46 0.612 113 9.06 0.492
DNIT VIWRAV 15 4.51 0.507 1 0 0.316
a-FOX-7 | SEDTUQI11 186 9.66 0.299 2 0.50 0.177
[-FOX-7 | SEDTUQO06 16 3.49 0.254 3 0.67 0.174
~-FOX-7 | SEDTUQ25 51 5.64 = 32 3.22 0.0332
HBT TIPZAU 1 0 0.655 1 0 0.389
a-HMX OCHTET 86 (1) 19.83 (0.0) 0.255 1 0 0.048
[-HMX OCHTET13 2 1.44 0.231 2 3.00 0.085
0-HMX OCHTETO03 | 335 (39) | 27.86 (8.04) 0.224 9 5.65 0.116
e-HMX OCHTET?22 1 0 0.2112 3 3.29 0.0442
HNB HNOBEN 1 0 0.251 2 0.78 0.157
MNT VITBAC 2 0.10 0.190 1 0 0.110
a-NTO QOYJODO06 7 4.83 0.1952 3 3.99 0.0242
5-NTO QOYJOD09 18 8.16 0.834 2 1.50 0.739
TATB TATNBZ03 3 0.92 0.157 2 0.12 0.124

14-FOX-7 has two distinct conformations in its asymmetric unit and thus our gas phase minimum ge-
ometry does not match one of the two conformations. This has altered the quality of our RMSD but this
would be resolved if a CSP was carried out for an asymmetric unit of two FOX-7 molecules with multiple
conformations.

24-FOX-7, eHMX and a-NTO are highlighted in grey as they have more then one molecule in the
asymmetric unit cell and so they were not found in our CSP (which was restricted to one molecule in the
asymmetric unit cell). Thus the experimental structures were optimized through the force field and solid
state DFT individually; in order to identify where they lie on their respective landscapes.

17



Force field CSP results

The rigid-molecule force field-based CSP performs well at reproducing many of the known
crystal structures with low RMSD and good energetic ranking, although the results are
more variable than when similar methods are applied for non-EM molecular crystals.”® This
demonstrates the power of a force field based model as a simple and fast method which
can produce accurate predictions for crystal structures. Geometrically, the known crystal
structures are reproduced well, with small RMSD in atomic positions. Only ATZ, DNIT,
HBT and S-NTO have RMSD3, values above 0.5 A.

Energetically, the rigid-molecule force field CSP results are mixed. A main assumption
of CSP is that observed crystal structures will correspond to low energy structures; a perfect
prediction corresponds to the known structures matching the global minimum (rank = 1)
structure, or the lowest set of structures for polymorphic molecules. We observe excellent
rankings for several of the EMs (ABT, HBT, HNB, MNT, TATB and the /3 and € polymorphs
of HMX, which adopt the lower energy chair conformer). However, several of the matches
to known crystal structures are energetically ranked poorly at the force field level, which we
attribute to the rigid-molecule approximation more than the quality of the intermolecular
force field itself.

The relatively poor energetic rankings for ATZ and FOX-7 are likely related to the
flexibility of the NH, groups causing mismatches between our gas-phase optimized geometry
and the molecular geometry within the experimental crystal structures. For HMX, the «
and 0 polymorphs are ranked poorly. Both of these polymorphs contain the chair-chair HMX
conformer and although a-HMX corresponds to the lowest energy predicted structure from
the chair-chair conformation, it is far above the global minimum in total energy. The HMX
results show that the mixed force field intermolecular energy + DFT conformational energy
model (Equation 1) does not work well in this case.

The poor results for NTO are not fully understood. Although the choice of force field

and electrostatic model was not found to influence the average CSP performance across all
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EMs, we observed that the results for individual molecules could be sensitive to the choice of
force field. For example, CSP using the W99rev force field with B3LYP/6-311G** provided
a match to the experimental B-NTO crystal structure with an RMSDs, of 0.281 A (see SI

for more detail) and a relative energy of 1.98 kJ mol ™.

DFT re-ranked CSP results

The results are systematically improved by DET (PBE-GD3BJ) reoptimization, after which
five (ABT, DNIT, HBT, a-HMX, MNT) of the known crystal structures are predicted as
the global energy minimum on their respective CSP landscape, and a further eight as the
second or third lowest energy structures (Table 1).

Of the EMs that performed poorly in the rigid-molecule force field CSP, results for NTO
are improved significantly, ranking the a and S polymorphs as 3rd and 2nd lowest energy
structures, ranking of the FOX-7 polymorphs is improved such that the known polymorphs
are 2nd, 3rd and 32nd lowest energy structures, and HMX predictions now place the four
known polymorphs as 1st, 2nd, 3rd and 9th ranked in energy. The HMX results demonstrate
that the high molecular energy of the chair-chair conformation can be compensated by
improved interactions in the solid state. The energy range of all of the polymorphic EMs
falls well within the range normally seen for organic molecular polymorphs. ™

Only three out of the 16 experimentally observed crystal structures being ranked outside
the three lowest energy predictions with v-FOX-7 and ATZ being worst ranked, as 32nd and
113th ranked structures by energy after DFT re-optimization.

The only EMs with RMSD3, values above 0.4 A after DFT re-optimization are ATZ
and S-NTO. These matches could be cross-checked with other similarity measures, ™ but we
check them here by visual inspection. The higher RMSD3, matches are still plausibly close,
as displayed in Figure 6b and Figure 6¢ respectively. For comparison, the quantitatively

much closer agreement for ABT is also depicted in Figure 6a.
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Figure 6: Visualization of the COMPACK3, comparison between the experimental structures
of (a) ABT (RMSDsy = 0.097 A), (b) ATZ (RMSDs, = 0.492 A) and (¢) f-NTO (RMSDs, =
0.739 A) and the respective predicted matches to the experimental structures found by CSP
after DF'T re-optimization. The experimental structure is shown with colouring by element
and the predicted match is shown in full red colouring.
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Further explorations of ATZ

The clearest outlier among the DFT results is ATZ, whose crystal structure is poorly ranked
by energy (9 kJ mol™' above the global energy minimum from CSP) and with one of the
worst geometric matches to the experimentally determined structure (RMSD3q = 0.492 A)
A series of additional calculations were performed to better understand this apparent failure
of force field and DFT-based CSP to identify the observed crystal structure as a low-energy
structure for this molecule.

The reported crystal structure of ATZ has a planar NHy group, whereas the NH, is pyra-
midalized in the DFT optimized molecular geometry used in CSP (see Figure S24, ESI).
Although solid state DFT re-optimization should allow the hydrogens to find their energet-
ically most favourable orientations within each crystal structure, we repeated CSP starting
with a molecular geometry constrained to be planar. These constraints made minimal dif-
ference to the final CSP predictions (see SI Table S15 for more details); the known structure
remained high in energy on the resulting CSP landscape.

To test whether the CSP structure generation had failed to locate the local energy min-
imum nearest to the observed crystal structure, we performed lattice energy minimization
(using FIT multipoles) on the experimentally determined crystal structure after replacing
the molecular geometry by the DFT gas phase optimized molecule. The obtained structure
was virtually identical to the predicted structures obtained from CSP. This result confirmed
that the structure found during CSP is the nearest local energy minimum to the observed
crystal structure. The same test was performed with S-NTO, with the same result. For both
molecules, further sampling during CSP structure generation would not find a better match
to the observed crystal structure.

The structure report for ATZ?* had some uncertainty in the hydrogen position defining
the tautomer, as the structure was determined from powder diffraction data. Our initial
CSP assumed the 1H-tautomer, as shown in Figure 1. We ran CSP with the 2H-tautomer

of ATZ (see SI for further details) to determine if the alternative tautomer would lead to a
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lower energy or closer geometric match to the experimental solution; the known structure
forms hydrogen bonds between the N1 and N2 positions in the ring, so the 2H-tautomer
could plausibly form the same crystal packing with the H atom shifted across the hydro-
gen bond. CSP with the 2H-tautomer does produce matches to the packing of the known
crystal structure. However, after DFT re-optimization (PBE-GD3BJ), the energies of these
structures were found to be more than 11.5 kJ mol~! above the matches found with the
1H-tautomer (see Figure S29). Thus, including the alternative tautomer of ATZ does not
improve the CSP results for this molecule.

As a final test, we tested whether the poor energy ranking of the ATZ crystal structure
is a limitation of the GGA functional used in DFT re-optimization of structures. 11 CSP
structures, including the global energy minimum, of ATZ were selected from the DFT re-
optimized set, evenly sampling the low energy range. Single-point PBEQ calculations were
performed with the GD3BJ dispersion correction to assess the extent of re-ranking by chang-
ing to a hybrid DFT functional. The reranking was found to be up to a few kJ mol™! (see
Figure S29), which lowered the relative energy of the match to the experimental structure
to 5.65 kJ mol™! (among this subset of structures). PBEO energy calculations did not sig-
nificantly affect the relative energies of structures with the 2H-tautomer compared to the
1H tautomer. These results hint that the outlier results for ATZ could be due to limitations
of GGA functionals, which are known to suffer from self-interaction error.” However, it is
plausible that the reported experimental crystal structure of ATZ is in fact a meta-stable
polymorph and the true thermodynamically stable polymorph is present within our predicted
landscape; there is a growing number of examples where CSP has suggested polymorphs that

have subsequently been realized experimentally.17:18:20.76
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Conclusion

We have evaluated crystal structure prediction by global exploration of the lattice energy
surface on a set of ten highly energetic organic molecules. The computational methodol-
ogy applied a rigid-molecule approach using an empirical force field with atomic multipole
electrostatics, followed by re-optimization of the lowest energy predicted structures using
dispersion-corrected solid state DF'T. The results demonstrate that this is a reliable ap-
proach for structure prediction of this class of energetic materials.

The rigid-molecule, force field-based CSP approach provides useful results. Matches
within the CSP results are found for all of the known Z’=1 crystal structures and, for four
of the ten molecules, the predicted global energy minimum corresponds to the known crystal
structure, or one of the known polymorphs. Many of the other experimentally observed
crystal structures correspond to predicted structures with low numerical ranks in the energy-
ordered sets of predictions. Therefore, this approach can act as a first stage in CSP, which
provides a small set of structures for re-optimization at a higher level of theory.

Solid state DFT re-optimization of CSP structures produces excellent CSP results; of
the 13 target experimentally-determined Z’=1 crystal structures of the ten molecules, 10
are reproduced with excellent quality, within the 3 lowest energy predicted structures, and
with RMSDj3, to the experimental structure below 0.4 A. Two of the other structures showed
either slightly higher energy (0-HMX) or worse geometric agreement with the experimentally-
determined structure (8-NTO), and the known crystal structure of ATZ remained poorly
predicted after DF'T. We believe that the result for ATZ is due, at least in part, to limitations
of the GGA DFT functional.

Thus, we demonstrate CSP as a reliable tool for the development and screening of EMs.
We envision that CSP could be carried out in future to guide screening efforts for polymorphs
of energetic molecules. The reliability of structure prediction methods also provides a route
to the anticipation of materials properties in advance of molecular synthesis, which could be

achieved by combining CSP with methods for evaluating, for example, impact sensitivities. *°
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