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Abstract

The crystal structure prediction (CSP) of a
given compound from its molecular diagram is a
fundamental challenge in computational chem-
istry with implications in relevant technolog-
ical fields. A key component of CSP is the
method to calculate the lattice energy of a crys-
tal, which allows the ranking of candidate struc-
tures. This work is the second part of our inves-
tigation to assess the potential of the exchange-
hole dipole moment dispersion (XDM) model
for crystal structure prediction. In this arti-
cle, we study the relatively large, non-planar,
mostly flexible molecules in the first five blind
tests held by the Cambridge Crystallographic
Data Centre. Four of the seven experimen-
tal structures are predicted as the energy mini-
mum, and thermal effects are demonstrated to
have a large impact on the ranking of at least
one other. As in the first part of this series,
delocalization error affects the results for a sin-
gle crystal (compound X), in this case by detri-
mentally overstabilizing the m-conjugated con-
formation of the monomer. Overall, BS6bPBE-
XDM correctly predicts 16 of the 21 compounds
in the five blind tests, a result similar to the one
obtained using the best CSP method available
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to date (dispersion-corrected PW91 by Neu-
mann et al.). Perhaps more importantly, the
systems for which BS6bPBE-XDM fails to pre-
dict the experimental structure as the energy
minimum are mostly the same as with Neu-
mann’s method, which suggests that similar dif-
ficulties (absence of vibrational free energy cor-
rections, delocalization error,...) are not lim-
ited to BS6bPBE-XDM, but affect GGA-based
DFT-methods in general. Our work confirms
B86bPBE-XDM as an excellent option for crys-
tal energy ranking in CSP, and offers a guide to
identify crystals (organic salts, conjugated flex-
ible systems) where difficulties may appear.

1 Introduction

First-principles molecular crystal-structure pre-
diction (CSP) represents a grand challenge in
the field of theoretical and computational chem-
istry. A reliable and efficient CSP method
would be of enormous value in various scientific
and technological fields, aiding in the design of
new pharmaceuticals, organic electronics, and
energetic materials, the properties of which
are all strongly affected by crystal polymor-
phism. 1% The three principal facets of CSP
are: generation of candidate structures, prelim-
inary refinement and energy ranking to identify
a short list of likely candidates, and accurate
calculation of the lattice free energies to iden-



tify the most stable crystal structure. Each of
these aspects of CSP is the subject of active
method development.

CSP strategies are routinely assessed through
blind-test competitions conducted by the
Cambridge Crystallographic Data Centre
(CCDC), 16 in which computational methods
are applied to compounds with experimentally-
measured, but as-yet unpublished, crystal
structures. Each research group participat-
ing in the blind test submits their top three
candidate structures and these predictions are
compared to the experimental structure to de-
termine whether there is a match. Six CSP
blind tests have been held to date. In the
most recent of these,'® dispersion-corrected
density-functional theory (DFT) methods!”!®
were shown to be quite promising for the final
energy-ranking step of a CSP protocol, albeit
computationally expensive compared to earlier
methods. Additionally, system-specific poten-
tials fit to dispersion-corrected DFT results
have performed extremely well in all 6 blind
tests %1922 and in pharmaceutical polymorph
screening. 23

An additional complication in first-principles
CSP is that the crystal structure with the low-
est electronic energy is not necessarily the ex-
perimentally observed one. In a recent force-
field-based study,? it has been shown that the
neglect of thermal and zero-point contributions
to the lattice free energy alters the identity of
the predicted thermodynamically stable struc-
ture for 9% of the compounds considered. In
addition, it is known that different polymorphs
of the same compound may crystallize under
varying experimental conditions (e.g. from dif-
ferent solvents), which indicates that kinetic ef-
fects also play a role whose importance is at
present unknown. Nevertheless, the success of
DFT-based methods in recent blind tests!416
suggests that DFT approaches are able to deter-
mine, if not the experimentally observed struc-
ture, at least the crystal energy landscape of a
given compound?® with some degree of reliabil-
ity.

In our own previous work,?® the BS6bPBE
density functional?”?® with the exchange-
hole dipole moment (XDM) dispersion cor-

rection?* 3! was applied to a subset of 14

compounds considered in the first five CSP
blind tests. This subset consisted of 11 pla-
nar or near-planar molecules, along with a
co-crystal of two planar molecules, a hydrate,
and an organic salt. For each of these com-
pounds, full BS6bPBE-XDM relaxations were
performed for the structures submitted to the
blind test competitions (three per group) to
identify the lowest-energy form. It was found
that BS6bPBE-XDM correctly predicted the
experimental structure to be lowest in energy
for 13 of the 14 crystals considered. The excep-
tion was the organic salt, where DFT methods
are not expected to perform well due to de-
localization error (also called charge-transfer
error).?? 3% Also, quasi-harmonic modeling of
the thermal free-energy correction was found
to be necessary for one of the compounds in
order to obtain the experimental structure as
the thermodynamic ground state.?

In this work, we consider the remaining seven
compounds from the first five blind tests (Bran-
denburg and Grimme have assembled a sepa-
rate benchmark for the compounds in the sixth
blind test®”). These molecules represent some-
what more complex cases for CSP than in our
previous work since, being non-planar, there is
a broader range of potential packing arrange-
ments. An additional complicating factor is
that many of these molecules are conformation-
ally flexible, so an accurate treatment of both
the intermolecular and intramolecular contri-
butions to the lattice energy is required. The
ability of BS6bPBE-XDM for energy ranking
of the candidate structures is assessed and it
is found to identify the experimental crystal
structure as lowest in energy for four of the
seven compounds considered. Thermal correc-
tions are found to be of critical importance for
one of the remaining compounds, and in an-
other compound the error in the prediction can
be traced back to the intramolecular energy of
different molecular conformations. The analy-
sis of the successes and failures of BS6bPBE-
XDM, whose performance is similar to the pre-
vious DFT-based approaches used on the same
crystals, provides insight into the strengths and
weaknesses of DFT for the purpose of calcu-



lating relative energies of molecular crystals in
general, and for molecular crystal structure pre-
diction in particular.

2 Computational Methods

The computational methods used in this work
are consistent with our previous study of en-
ergy ranking in molecular crystal structure pre-
diction.?® The initial geometries of all exper-
imental and candidate crystal structures were
taken from the supplementary information of
the second through fifth CSP blind tests!?1®
(the first blind test!! consisted entirely of pla-
nar and near-planar molecules, which were con-
sidered in our previous work?®). The crystal
geometries, including both cell dimensions and
atomic positions, were fully relaxed using the
B86bPBE?2"2® density functional and the XDM
dispersion correction,?*3° with version 4.3.2 of
the Quantum ESPRESSO program.® These
plane-wave/pseudopotential (PW /PS) calcula-
tions used the Projector Augmented Wave
(PAW) method® with an 80 Ry plane-wave
cutoff, an 800 Ry density cutoff, and a 4x4x4
['-centered k-point grid. It is important to note
that no re-parametrization of the two XDM
damping function parameters has been done in
this work. The B86bPBE-XDM method is, in
every aspect, the same as the one we used in
other previous calculations for the solid state,
such as our recent work on surface adsorption
energies. 1012

As in our previous work, the initial calcula-
tions used the default convergence criteria for
the geometry relaxations. Subsequent calcu-
lations using the tighter convergence criteria
of 107° Ry for the energy and 10~* Ry/bohr
for the forces were then performed on the
structures found to be less than 0.4 kcal/mol
higher in energy than experiment in order to re-
solve the small energy differences between poly-
morphs. However, unlike our previous work, it
was not feasible to perform quasi-harmonic cal-
culations to obtain thermal free-energy correc-
tions for any near-degenerate structures due to
the much larger unit-cell sizes. Instead, har-
monic thermal free-energy corrections were ob-

tained using the Phonopy program?® to calcu-
late the phonon frequencies at the I' point of
the static equilibrium geometry.

3 Results and Discussion

3.1 Energy ranking

The B86bPBE-XDM results for the seven com-
pounds are summarised in Table 1. The no-
tation was chosen to match that used in the
blind tests, where the compounds are identi-
fied by roman numerals. The individual candi-
date structures are identified by the name of
the participant group and the ranking (1, 2,
or 3) within their submitted predictions. The
relative energies for each candidate structure,
relative to experiment, are shown in Figure 1.
The upper panel of the figure shows results
with both the dispersion-corrected and uncor-
rected base functional (both at the optimised
B86bPBE-XDM geometries). The lower panel
shows only the dispersion-corrected results for
low-energy structures, close to or lower than the
energy of the optimised experimental structure.
B86bPBE-XDM was found to identify the ex-
perimental structure as lowest in energy for 4
of the 7 compounds. The exceptions are com-
pounds V, X, and XX, for which 2, 1, and
3 unique candidate structure(s), respectively,
were predicted to be more stable than the ex-
perimental form. Uncorrected BS6bPBE pre-
dicts the correct experimental structure also in
4 out of 7 compounds. However, for compounds
IV, XIV, and XX, very many candidates were
predicted to lie lower in energy than the exper-
imental form. In each of the cases where the
base functional predicts the experimental struc-
ture not to be the energy minimum, it favours
structures that have lower densities, as seen in
our previous work.?6 This is to be expected
since the dispersion energy will be minimized
for more dense packings, so neglect of disper-
sion favours less dense structures.

Curiously, of the three systems in the sec-
ond blind test (IV, V, and VI), B86bPBE-
XDM succeeds for IV and VI but fails for V,
whereas the reverse occurred for the methods



Table 1: Summary of XDM-corrected and base density-functional results. The number of the blind test
(BT) in which the crystal structures were reported is indicated, along with the roman numeral which
serves as the compound identifier. The v/ symbol indicates that the experimental crystal structure was
correctly predicted to be the lowest in energy. The X symbol indicates that at least one other polymorph
was predicted to be lower in energy than the experimental structure. The difference in energy between
the most stable candidate and the experimental structure is also shown with and without XDM (A Expm
and A Epase, both in kcal/mol per molecule). The latter was calculated at the BS6bPBE-XDM equilibrium

geometry.

Compound

Number

BT XDM Base AEXDM AEbase

o) I\
[e)
N

N N/ VI
N

NN XIV
T
o (0]
QS% XVIII
N+
cl r‘\i*
XX

2 v X — -1.16
2 X v -0.54 —
2 v v — —
3 X v -0.44 —
4 v X — -1.60
) v X — -0.42
) X X -1.13 -4.08

used by the participants. Van Eijck et al. and
Price et al. gave the experimental structure of
V as their first choice, whereas IV was cor-
rectly predicted only by Leusen-3 and Mooij-
2, and none of the participants gave the ex-
perimental structure of VI as any of their top
three candidates. The relatively poor perfor-
mance of the CSP protocols at the time spurred

a number of combined experimental and the-
oretical studies searching for experimental evi-
dence of polymorphs for compounds IV and VI.
Compound IV (3-azabicyclo[3.3.1]nonane-2,4-
dione), whose experimental structure used in
the blind test contains a catemer-like hydrogen-
bonded network, was later crystallized in two
additional forms, one of which is a plastic phase



Figure 1: Relative DFT-XDM energies for all submitted structures, ordered by blind test (blocks
marked as 2, 3, 4, 5) in kcal/mol per molecule. The experimental structure is taken as the zero
of energy in both plots. The top figure shows the dispersion-corrected (black) and uncorrected
(purple) energies. The shaded region (£1 kJ/mol around zero) represents the typical energy differ-
ences between isolable polymorphs.?* The bottom plot shows the dispersion-corrected energies in a
smaller region around zero. The red lines correspond to candidate structures that are not observed

experimentally. The energies for the experimental structures are shown in green.
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(see Ref. 44 and references therein). The weak
nature of the imide hydrogen bond in this
crystal caused most force field approaches to
predict double-hydrogen-bonded dimers, rather
than the correct catemer structure.*® Two ad-
ditional polymorphs of compound VI have also
been found.*%4” The fact that no other can-
didate structures appear in the 41 kJ/mol
polymorphism energy range for compounds IV
and VI in the present work may simply in-
dicate that these structures were not among
the top three candidates proposed by any of
the blind test participants. For instance, us-
ing Neumann et al.’s force field, Chan et al.
ranked forms II and III of compound VI as 20th
and 140th, respectively.*® As such, these forms
would not have been selected as leading candi-
dates, even though they were correctly ranked
by the dispersion-corrected DF'T method in the
same work.

Neumann et al.'® proposed a DFT-based ap-
proach for CSP, which they used in the fourth
and fifth blind tests.'®'® Although the force
field used in their candidate structure gener-
ator, and for initial energy ranking, is based
on system-specific empirical potentials (“tailor-
made force fields”%°) parameterized to repro-
duce dispersion-corrected® DFT results, the fi-
nal ranking step uses a dispersion-corrected 1959
PWO91 functional.®52 Neumann et al.’s method
was applied by Asmadi et al.?’ to the com-
pounds in the first three blind tests. For the
compounds in the second blind test, Asmadi
et al. predicted the correct experimental struc-
ture for IV and VI, but failed for V, where
the experimental structure was predicted to be
0.36 kcal/mol above the energy minimum (c.f.
0.54 kcal/mol for BS6bPBE-XDM in Table 1).
This remarkable agreement between two other-
wise very dissimilar dispersion-corrected DFT
methods is observed for the rest of the com-
pounds, as discussed in Section 5, and indi-
cates that general conclusions about the abil-
ity of dispersion-corrected DFT for CSP can be
drawn from the present results.

Neumann’s group also correctly predicted the
experimental structure for both compounds
XIV and XVIII, as does BS6bPBE-XDM. How-
ever, for compound XIV, B8S6bPBE-XDM op-

timization of the Neumann-1 structure yields
an energy that is 0.3 kcal/mol per molecule
higher than that of the optimized experimen-
tal structure. Analysis of the structures using
the overlap between calculated powder diffrac-
tion patterns (see Section 4) reveals that the
two optimized structures are effectively iden-
tical (POW= 0.0166). The near, but not ex-
act, degeneracy of these two structures is likely
a consequence of the optimisation algorithm,
which can converge to structures near, but not
at, the energy minimum when the potential is
quite flat.26

In the next few sections, we comment briefly
on the compounds for which BS6bPBE did not
predict the experimental structure as the en-
ergy minimum. We propose a justification for
these failures based on known shortcomings of
our current approach, but the usual caveats ap-
ply. Particularly, kinetic effects during crys-
tallization may result in an experimentally ob-
served phase other than the thermodynamically
stable one.

3.2 Compound V: Thermal cor-
rections

Vibrational free-energy corrections can easily
change the relative stability order of poly-
morphs pairs whose energies differ by less than
1-2 kJ/mol.?*?% However, accurate determina-
tion of vibrational free-energy contributions is
quite expensive computationally because it re-
quires the evaluation of the phonon density of
states in a collection of cell volumes around
equilibrium. Such quasi-harmonic calculations
are not practical using DFT for crystals with
tens to hundreds of atoms in the unit cell, such
as those featuring in the blind tests. Thus, re-
course must be made to less sophisticated har-
monic methods involving only numerical calcu-
lation of the phonon frequencies at the I' point,
which introduces errors into the final energetic
ranking. The errors associated with calculating
the AF,y, relative to experiment at the static
equilibrium geometry are up to 0.3 kcal /mol rel-
ative to using the room temperature volume for
the compound V structures with the smallest
unit cells (Williams-I, and Mooij-2). These are



comparable to the errors from the use of only
the [-point and the frozen-phonon method for
the case of aspirin polymorphs. 53

The phonon frequencies and the correspond-
ing vibrational free energy corrections were
computed for the observed experimental struc-
ture and all low-energy, non-isolable structures
shown for compound V in the lower panel of
Figure 1. The relative BS6bPBE-XDM ener-
gies, with and without vibrational corrections
are given in Table 2. In the absence of vibra-
tional corrections, there are three unique can-
didate structures that are significantly lower in
energy than experiment: Williams-1, Mooij-1
and Mooij-2. Several other participants also
predicted the same structures as Mooij and
co-workers for this compound, and they are
also listed in Table 2. Compound V is a chi-
ral molecule and the experimental structure
corresponds to the enantiopure crystal.>* The
Williams-1 structure for this compound is a
particularly interesting case since this structure
has the Cc space group,'? which is not possi-
ble for an enantiopure crystal (and as a result,
data for this structure is not shown in Figure 1).
Williams-1 is a racemic crystal containing both
enantiomers.

Addition of the vibrational correction shifts
all the other candidate structures higher in en-
ergy relative to experiment, with the single ex-
ception of the Mooij-3 structure. The vibra-
tional free energy correction also brings the
racemic Williams-1 structure to a higher en-
ergy than the experimental enantiopure crystal.
While the calculated free-energies of Mooij-1
and Mooij-3 remain slightly more stable than
experiment (by 0.05 and 0.18 kcal/mol per
molecule, respectively) this is well below the
expected error from the vibrational free energy
correction or the BS6bPBE-XDM lattice ener-
gies themselves. These observations reinforce
the importance of vibrational free energy cor-
rections, which are computationally very ex-
pensive to calculate properly, but can signif-
icantly re-order the energy ranking for near-
degenerate structures.

3.3 Compound X: Conforma-
tional energy

Compounds VI, X, XIV, XVIII, and XX all
share some degree of conformational flexibil-
ity, but it is only for compound X that the
intramolecular geometries of the two lowest-
energy forms differ significantly. As noted
above, vanEijck-3 for compound X is predicted
to be 0.44 kcal /mol per molecule lower in energy
than experiment. The vibrational free energy
correction increases this value to 0.71 kcal/mol
per molecule.

The key difference between the vankKijck-3
and experimental structures is the intramolecu-
lar geometry. The monomers in these two crys-
tals show different amounts of m-conjugation
between the amide group and the phenyl ring
(see Figure 2). The vanEijck-3 form has the
amide nearly planar with respect to the phenyl
ring, with a C-C-N-C dihedral angle of —8°. In
this conformation, intramolecular conjugation
is maximized, and the dominant intermolecu-
lar interaction is m-stacking (Figure 2, top left).
In the experimental form, the amide group
forms a C-C-N-C dihedral of —37° degrees
with the phenyl ring, and conjugation between
the amide group and the phenyl ring is par-
tially disrupted. This amide rotation permits
the formation of strong N-H--- O intermolecu-
lar hydrogen bonds (Figure 2, lower left).

Thus, the relative energies of these two struc-
tures are controlled by a subtle interplay be-
tween intramolecular conjugation and inter-
molecular H-bonding. In order to correctly
rank the energies of these two forms, both
the intermolecular and intramolecular interac-
tions must be modeled accurately. However,
it is well known that density functionals of
the generalised-gradient-approximation (GGA)
type over-stabilise conjugated systems. 5%
This will cause the energy penalty required
to twist the amide group out of plane to be
overestimated with the BS6bPBEZ"*® GGA
functional used in this work.

A potential energy surface (PES) for rotation
about the C—C—N-C dihedral was computed us-
ing the Gaussian 09 program.®” Molecular ge-
ometries were optimized for seven constrained



Table 2: Relative DFT-XDM energies for selected low-energy structures of compound V, in kcal /mol
per molecule. The relative electronic energies (AFE), the vibrational correction to the free energy
(AF,), and the relative Helmholtz free energies at 298 K (AF) are shown. For the sets of degen-
erate structures, phonon calculations were performed on only one of them.

Structure AFE AF,; AF  Other Degenerate Structures
Expt 0.00 0.00 0.00  Ammon-1, Price-1, Williams-2
Williams-1 -0.63 0.77 0.14  Non-chiral space group

Mooij-1 -0.54 0.49 -0.05 Leusen-1, Verwer-2

Mooij-2 -0.39 0.66 0.27  Motherwell-3, Price-2, Williams-3
Mooij-3 0.25 -0.43 -0.18  Ammon-3, Gavezzotti-3, Verwer-3

Dzyabchenko-2  0.26 0.55 0.81 —

Figure 2: Two interacting molecules extracted from the crystals of the Experimental (top left) and
vanEijck-3 (bottom left) structures for compound X. Close NH-O contacts are highlighted in green.
The potential energy curve for rotation about the C~C-N-C dihedral (right) is also shown, with this
dihedral highlighted. The PES was computed with four XDM-corrected density functionals and
with MP2. The zero of energy corresponds to the dihedral angle value in the vanEijck-3 structure,
which was predicted to be lowest in energy with BS6bPBE-XDM.
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using PBE-XDM /pc-2-spd. 285862 Subsequent  panel of Figure 2. Being both based on GGAs,
single-point energy calculations were performed the PBE-XDM and B86bPBE-XDM curves are
with selected methods using the larger aug- essentially coincident. Figure 2 shows that,
cc-pVTZ basis set: PBE-XDM,* B86bPBE- as more exact exchange is included in the
XDM, 228 PBE0-XDM, % LC-wPBE-XDM 6465 functional, the barrier to rotation is reduced.
(psi4%® was used for the BS6bPBE functional, LC-wPBE-XDM is expected to be the most

since it is not implemented in Gaussian). accurate of the four density functionals con-
Single-point MP2/aug-cc-pVTZ calculations at sidered since it is the only one to include
the optimized geometries were also performed full long-range exact exchange. It is found
to provide an accurate reference curve. to be in the best agreement with MP2 and



both give consistently lower energy penalties
for rotation than BS6bPBE-XDM, PBE-XDM,
or PBEO-XDM. Using the MP2 value as the
reference, BS6bPBE-XDM under-stabilises the
experimental conformation by 0.68 kcal/mol,
which is higher than the lattice energy dif-
ference between vanEijck-3 and experiment
(0.44 kcal/mol per molecule).

Table 3 shows that this effect is not limited to
vanEijck-3 and the experimental structure, but
it affects the other candidate structures as well.
If the conformational energies of the monomers
at their geometries in the crystal structure are
calculated using MP2, instead of BS6bPBE-
XDM, the ranking of all candidate structures
in a 3 kecal/mol energy range above experiment
changes significantly. The relative energies also
change, some by as much as 1.1 kcal/mol. Using
MP2 for the intramolecular interactions gives
the experimental structure as the most stable.
These results shows that for flexible molecules,
it is very important to have an accurate method
for both the intermolecular and intramolecu-
lar energies. In this particular instance, GGA
functionals are not sufficiently accurate for in-
tramolecular energies due to their tendency to
favour extended conjugation. However, a sim-
ilar objection can be applied to the erroneous
GGA description of intramolecular X-H bond
stretching caused by the formation of a hydro-
gen bond, % which can be significant compared
to the lattice energy differences typical in CSP.

The lattice energies relative to experiment
corrected using LC-wPBE-XDM conforma-
tional energies for each candidate structure
in this work are shown in the Supporting Infor-
mation (SI). Only the energy rankings in com-
pounds X and XX (see below) are significantly
affected. However, the conformational energy
differences between B86bPBE-XDM and LC-
wPBE-XDM can be as large as 2.6 kcal/mol
(for compound XVIII), which indicates that
monomer deformation should be considered as a
potential source of error when using dispersion-
corrected GGA functionals.

3.4 Compound XX

B86bPBE-XDM fails to predict the exper-
imental structure as the energy minimum
in compound XX. Of the calculated struc-
tures, Price-2 (-1.13 kcal/mol), Neumann-2
(-0.76 kcal/mol), and the degenerate structures
of Neumann-3, vanEijck-2, and vanEijck-3 (-
0.35 kcal/mol), are all more stable than ex-
periment. Interestingly, Neumann-1 is slightly
higher in energy than the experimental struc-
ture (0.03 kcal/mol), according to B86bPBE-
XDM. The experimental structure of compound
XX was successfully predicted by Day’s and by
Price’s group, both as their first candidate.

Compound XX appears to be a particularly
challenging case for CSP using DFT. The ex-
perimental form was the 7th-ranked candidate
in Neumann’s work*® and the 4th-ranked candi-
date with BS6bPBE-XDM. This is not surpris-
ing as this is both the largest and most flexible
of the compounds considered in the CSP blind
tests and errors in the predicted lattice energies
are expected to grow with system size and with
the number of potential energy minima.?? The
difference in the conformational energies for the
different monomers at their crystal geometries
between BS6bPBE-XDM and LC-wPBE-XDM
span an energy range of up to 1.67 kcal/mol.
In addition, it is likely that thermal corrections
are of importance in compound XX, but the
unit cell for many of the candidate structures,
including the experimental one, is too large to
permit even the harmonic estimation of the vi-
brational free-energy correction with PW/PS
DFT (220 atoms).

4 Equilibrium geometries

Table 4 compares the B86bPBE-XDM equi-
librium geometries, as well as the geome-
tries submitted by the blind test participants
(for all cases identified as an experimental
match) to the experimental crystal structures.
“POW?” indicates an adimensional similarity in-
dex based on the overlap between calculated
powder diffraction patterns® evaluated using
the critic2 program.® The other “RMSD;5”
similarity index reported in the table is con-



Table 3: Re-ranking of a subset of the candidate structures for compound X induced by recalculating
the monomer conformational energy with MP2/aug-cc-pVTZ. The columns are, in order: lattice
energies of a subset of the candidate structures for compound X relative to experiment using
B86bPBE-XDM (AE.,ys) and the corresponding candidate ranking (Rank), the difference between
conformational energies calculated with B86bPBE-XDM and MP2 (AFE,.,), and the resulting
lattice energy and ranking using the MP2 conformational energies. The recalculated AFE,y is the

B86bPBE-XDM value plus AF,on.

B86bPBE-XDM

B86bPBE-XDM-+MP2

Structure AEqy Rank  AEne AFEqys Rank
Expt 0.00 2 0.00 0.00 1
Ammon-1 2.04 13 -0.50 1.54 10
Ammon-2 1.07 7 -0.48 0.59 4
Ammon-3 1.09 8 -0.19 0.90 7
Day-1 0.77 4 0.61 1.38 8
Day-2 1.03 6 0.36 0.68 6
Day-3 1.30 9 1.18 2.48 14
Dzyabchenko-1  2.11 14 0.80 2.91 16
Dzyabchenko-2  2.37 15 0.46 2.83 15
Dzyabchenko-3  0.65 3 -0.07 0.58 3
Erk-1 2.63 16 -0.17 2.45 13
Erk-2 2.01 11 -0.44 1.57 11
Erk-3 2.01 12 -0.44 1.57 12
vanEijck-1 1.74 10 -0.23 1.51 9
vanKijck-2 0.82 5 -0.18 0.64 5
vanEijck-3 -0.44 1 0.68 0.24 2

sistent with that used in the blind tests. It is
evaluated by selecting molecular environments
containing 15 molecules from each of the crys-
tals to be compared, and then calculating the
RMSD between the two environments in the sit-
uation of maximum overlap using the Mercury
program.’® For both similarity indices a value
of zero indicates a perfect match. The POW
index is more sensitive to changes in the inter-
molecular geometry while the RMSD;5 is more
sensitive to intramolecular distortions.

The results in Table 4 show that B86bPBE-
XDM provides equilibrium geometries that are
in very good agreement with the experimen-
tal crystal structures. It is important to note
that the neglect of vibrational expansion in our
DFT calculations (and in most methods pre-
sented in Table 4), causes an unavoidable dis-
agreement with the experimental structure, es-
timated to be around 5-10% of the cell vol-
ume on average.”' The B86bPBE-XDM val-
ues in Table 4 are consistent with the rest of
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the blind test crystals examined in our pre-
vious work.?® For the intramolecular geome-
tries, as measured by the RMSD;5, BS6bPBE-
XDM consistently provides the best agreement
with experiment, except for compound XIV, for
which B86bPBE-XDM gives a slightly higher
RMSD than Neumann-1. For the intermolec-
ular packings, several other crystal geometries,
particularly those from Neumann’s group, are
better matches to experiment than BS6bPBE-
XDM. However, it must be pointed out that
the damping function in the dispersion correc-
tion used by Neumann et al. was fit using ex-
perimental low-temperature crystal structures,
therefore including spurious vibrational effects
in the electronic structure calculation.



Table 4: Similarity indices comparing the DFT-
XDM equilibrium structure (B86bPBE-XDM)
and those submitted by the blind test partici-
pants to the corresponding experimental struc-
tures. The powder diffraction index (POW)
computed using the critic2 program® and the
RMSD index (RMSD;5 in A) computing us-
ing the mercury program™ are shown. For all
cases, all 15 molecules in the environment used
to calculate the RMSD match between the com-
pared structures.

Number Structure POW RMSDq5
IV B86bPBE-XDM 0.1783 0.125
1AY Leusen-3 0.1070 0.227
1A% Mooij-2 0.0609 0.174
\Y B86bPBE-XDM 0.0366 0.119
A% Ammon-1 0.0832 0.324
\% Price-1 0.0709 0.309
\Y% Williams-3 0.0984 0.264
VI B86bPBE-XDM 0.0600 0.322
X B86bPBE-XDM 0.0350 0.071
X1V B86bPBE-XDM 0.0829 0.128
XIV Neumann-1 0.0236 0.125
XIV Price-1 0.0903 0.213
X1V vanEijck-1 0.0306 0.146
XVIII B86bPBE-XDM 0.0118 0.084
XVIII Neumann-1 0.0379 0.122
XX B86bPBE-XDM 0.0230 0.127
XX Day-1 0.1042 0.429
XX Price-1 0.0315 0.178

5 Comparison with an al-
ternative CSP method

As mentioned in Section 3.1, Neumann and
collaborators employed a combination of force-
field and dispersion-corrected DF'T calculations
in the fourth and fifth blind tests, 4! with very
good results compared to pure force-field ap-
proaches. In a study similar to this work, As-
madi et al.?! retroactively applied Neumann’s
method to re-rank the candidate structures in
the first three blind tests.!'™'3 These results,
combined with our present work, offer an ex-
cellent opportunity to identify patterns in the
performance of dispersion-corrected DFT meth-
ods, since the dispersion correction (constant-
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coefficient D2-style) and the base functional
(PW91) used by Neumann et al. are completely
different from B8GbPBE-XDM. 2022

Table 5: Comparison of the performance of
B86bPBE-XDM and the PW91-D method of
Neumann et al.?2°2? for crystal-structure pre-
diction. For each compound in the first 5 CSP
blind tests, the predicted rank of the exper-
imental structure is given (1 is lowest in en-
ergy). For cases where the experimental struc-
ture was not ranked first, the energy differ-
ence, in kcal/mol per molecule, between it and
the putative minimum-energy structure is tab-
ulated.

DFT-XDM
Rank AFE

PW91-D
Rank AF
1

Number

I
IT
III
VII
IV
\Y
VI
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX

XXI

0.25 0.01

BT1

BT2

2
1
1
_ 1 _
4
1
1

BT3

BT4

1
1
1
1
1
_ 1 _
1
1
1
3

1.61
0.45
2.12
2.70

1.11

1.13 7

0.15 81°
- 174¢

RN e T e TS M o T S Y B N e S e L e O I S I e GG =
==
W
o

BT5

=N
o >

?Calculations were not performed because the
empirical dispersion correction was not param-
eterized for iodine.?! ®*The same H arrangement
as the proposed experimental structure. “An al-
ternative H arrangement suggested by Price!®
and confirmed as lower in energy by DFT-
XDM. 26

The predicted energy rankings of the



experimentally-observed form of all 21 com-
pounds included in the first 5 blind tests
are reported for both B86bPBE-XDM and
Neumann’s method (termed PW91-D) in Ta-
ble 5. B86bPBE-XDM (without vibrational
free-energy corrections) correctly predicts the
experimental structure as the lowest in energy
for 16/21 compounds, while the success rate
for the PW91-D method of Neumann et al. is
15/20 compounds.

Interestingly, four of the cases where the in-
correct ranking is predicted are the same in
both methods (compounds II, V, XIX, and
XX). This may be due to neglect of vibra-
tional or kinetic effects. Vibrational free-energy
corrections have been shown to improve the
B86bPBE-XDM rankings for compounds II and
V, and this is potentially the case for compound
XX as well. Thus, vibrational effects upset the
identity of the lowest-energy structure for 10—
14% of the crystals considered, which is con-
sistent with the 1/9 ratio suggested by Nyman
and Day?* for a much larger data set. For com-
pound XIX, the organic salt, the origin of the
poor energy ranking can be traced to delocal-
ization error®?3% inherent in the base density-
functional approximation, as discussed in our
previous study.?® The base density functionals
used in the two methods (B86bPBE?"? and
PW91°1%2) are both GGAs and will thus be
affected by delocalization error to a similar ex-
tent.

For compound X, PW91-D obtains the
correct ranking, while B86bPBE-XDM does
not. However, Neumann’s group did predict
vanEijck-3 (the BS6bPBE-XDM minimum) as
their 2nd-ranked structure, only 0.19 kcal/mol
per molecule higher in energy than the experi-
mental form. This may seem at odds with the
discussion in Section 3.3, but it is important
to note that PW91 has a tendency to over-
stabilize hydrogen bonds compared to other
functionals.”™ Since the experimental struc-
ture has a hydrogen bond, but vanEijck-3 does
not, the overstabilization of hydrogen bonds by
PW91 cancels with the overstabilization of the
almost-planar m-conjugated system.

For compound XXI, BS6bPBE-XDM recov-
ers the correct ranking, while the experimen-
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tal structure is either the 81st or 174th ranked
structure with PW91-D, depending on the
hydrogen-atom arrangement.'® This highlights
the potential pitfalls of using empirical disper-
sion corrections with fixed coefficients. Com-
pound XXI (gallic acid monohydrate) involves
hydrogen bonds between the carboxylic acid
groups and the intercalated water molecules. It
would appear that such hydrates are problem-
atic for PW91-D. Also a “difficulty in treating
water with a point charge model and isotropic
vdW parameters” in the tailor-made force field
used for pre-screening was previously noted. 22

Other DFT-based methods for energy ranking
in CSP have been used in the recent sixth blind
test,1® most notably the TPSS-D3 method by
Grimme et al. and PBE-MBD by Tkatchenko
et al. It is difficult to compare the perfor-
mance of B86bPBE-XDM to these methods,
since the systems studied in the sixth blind
test are different than in this and our previ-
ous article. Judging by the results presented in
the sixth blind test, and the subsequent article
by Brandenburg and Grimme,3” both methods
show excellent performance. (The poor results
of TPSS-D3 in the sixth blind test can be at-
tributed to the computationally cheaper HF-3c
method used for the prescreening®’). However,
Table 6 in Ref. 37 shows that other disperion-
corrected methods are equally valid and so is
PBE, which is perhaps not surprising since un-
corrected BS6bPBE correctly predict 4 out of 7
crystals in this work. Neumann et al.’s method
also showed excellent performance in the sixth
blind test.'® There are two points of compar-
ison with the values reported by Brandenburg
and Grimme,?” encapsulated in Table 6 of that
work. First, the mean absolute error (MAE) for
the X23 using B86bPBE-XDM is 3.56 kJ/mol,
to be compared to the best-performing method
in Ref. 37 (TPSS-D3) with MAE = 4.6 kJ /mol.
Second, the B86bPBE-XDM average rank in
Table 5 is 1.7 c.f. the lowest rank in Branden-
burg and Grimme, 2.7 (PBE-MBD). This latter
comparison is perhaps unfair, since the molec-
ular moieties in the sixth blind test are signif-
icantly larger than in previous tests. We ex-
pect the good performance of BS6bPBE-XDM
displayed in this and our previous work will ex-



tend to the sixth blind test systems and to CSP
in general. We also note that, since all meth-
ods considered by Brandenburg and Grimme?7
are based on GGA functionals, the pitfalls and
weaknesses demonstrated in this work will ap-
ply to them as well.

In summary, we find that BS6bPBE-XDM
gives a similar performance to the best avail-
able energy ranking methods for crystal struc-
ture prediction. BS6bPBE-XDM can give sig-
nificant errors in cases where the base density-
functional is not sufficiently accurate (such as
for the organic salt), but this is also a potential
problem for PW91-D or any other dispersion-
corrected GGA functional. B86bPBE-XDM
also has the added benefit of having no system-
specific parameters and should therefore be
more generally reliable for exotic interaction
motifs (e.g. compound IX with iodine atoms,
see Table 5).

6 Conclusions

In this work, we extended our previous inves-
tigation®® on the suitability of the BS6bPBE-
XDM approach for the energy ranking step
of first-principles crystal structure prediction
(CSP) to the remaining non-planar molecules
in the CCDC blind tests. The seven com-
pounds studied in this article were found to be
more challenging for dispersion-corrected DFT-
based energy ranking than the previous planar
molecules. One difficulty, evidenced by com-
pound X in the third blind test, is caused by
the subtle interplay between intermolecular and
intramolecular interactions. It is critical to
have an accurate base density functional, ide-
ally with some exact-exchange mixing, for in-
tramolecular conformation changes, in addition
to an accurate dispersion method for the treat-
ment of the intermolecular interactions. The
underlying cause of this difficulty is delocal-
ization error, which has also been identified in
our previous paper?® as the cause behind the
misidentification of the lowest energy structure
in compound XIX (an organic salt).

This work also confirms the importance of
vibrational free-energy corrections in crystal-
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structure prediction. Thermal effects have now
been found to affect the relative stability or-
dering for 2 of the 21 compounds considered to
date from the CSP blind tests, or 10% of cases,
which is consistent with the ratio given by Ny-
man and Day.?* Thermal effects may also affect
the relative free-energy ranking for compound
XX; however, it was not possible to perform
phonon frequency calculations for this crystal
at the present level of theory. Development of
more efficient methods for accurate prediction
of vibrational free-energy corrections is clearly
needed.

Overall, B86bPBE-XDM (without thermal
corrections) was found to correctly identify the
experimental structure as the free-energy mini-
mum for 16 of the 21 compounds considered in
the first five blind tests. This 76% success rate
is on par with the best CSP methods presently
available, notably the one proposed by Neu-
mann et al., but has the added benefit of re-
duced empiricism, lacking any system-specific
parameterization. Thus, we conclude that the
B86bPBE-XDM method is quite promising for
first-principles CSP. Ongoing work is directed
at making this approach more efficient through
use of less computationally-demanding meth-
ods for geometry optimization, coupled with
DFT-XDM energy evaluations.

The advent of dispersion-corrected density-
functional theory (DFT) in the field of crys-
tal structure prediction (CSP), pioneered by
Neumann and collaborators, has drastically in-
creased the ability of current protocols to accu-
rately predict the crystal energy landscape of a
given compound. 4162072326 AJthough there is
little doubt that DFT-based methods outper-
form most of the previously used force fields in
CSP, we hope this and our earlier work?® will
serve as a warning against overconfidence. In
particular, the blind test compounds for which
B86bPBE-XDM fails to identify the experimen-
tal structure as the energy minimum are mostly
the same when using Neumann’s dispersion-
corrected PW91 functional. This suggests that
the shortcomings of BS6bPBE-XDM also affect
other dispersion-corrected GGA methods.

Supporting Information Available: Ta-



bles of the relative energies and crystal vol-
umes per molecule computed for each submit-
ted candidate structure. This material is avail-
able free of charge via the Internet at http:
//pubs.acs.org/.
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