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1 General description of methods

We first provide a general description of the approach used for crystal structure prediction, which
involved the following stages: conformational analysis; crystal structure generation; lattice energy
minimisation and clustering to remove duplicate crystal structures at one or more stages for each
target.

Prediction was attempted for all five blind test targets. Methodological details that are specific
to each target are given in the section describing calculations on that target.

1.1 Summary of submissions

Predictions are submitted for the five targets (XXII – XXVI). Two sets of 100 crystal structures
are submitted for each target. All are ranked using energies calculated from an anisotropic inter-
molecular force field, combined with a density functional theory intramolecular energy model.

• XXII: Rigid molecule search followed by flexible molecule lattice energy minimisation. One
list ranked by calculated lattice energy (XXII List1 latt Day.cif) and a second list ranked by
Helmholtz free energy (XXII List2 free Day.cif), calculated from harmonic lattice dynamics.

• XXIII: Both lists are based on calculated lattice energies, but differ in the treatment of
flexibility throughout the calculations. One method used a flexible search and flexible lattice
energy minimisation (XXIII List1 flexsearch Day.cif). The second employed a rigid molecule
search, followed by flexible molecule lattice energy minimisation
(XXIII List2 rigidsearch Day.cif).

• XXIV: Rigid molecule search followed by flexible molecule lattice energy minimisation. Both
lists are based on calculated lattice energies, differing in the treatment of polarisation
(XXIV List1 eps3 Day.cif and XXIV List2 eps7 Day.cif).

• XXV: Rigid molecule search followed by flexible molecule lattice energy minimisation. One
list ranked on calculated lattice energy (XXV List1 latt Day.cif), a second list ranked by
Helmholtz free energy (XXV List2 free Day.cif), calculated from harmonic lattice dynamics.

• XXVI: Rigid molecule search, flexible molecule lattice energy minimisation. Both lists are
based on calculated lattice energies, differing in the treatment of polarisation
(XXIV List1 eps3 Day.cif and XXIV List2 eps7 Day.cif).

The data field in the cif files gives the rank, relative energy (kJ/mol), target number, space
group number and Sobol seed number for each structure.
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1.2 Molecular geometries and conformer searches

For each molecule investigated, and unless stated otherwise, molecular conformers were generated
using a low-mode conformational search (LMCS) method [1, 2], as implemented in MacroModel
[3], to ensure conformer sets were as complete and unbiased as possible. In the LMCS algorithm, a
starting molecular geometry is initially optimized, subsequently perturbed along a random combi-
nation of its calculated normal modes and re-optimised. Newly generated molecular conformers are
clustered on the fly. Due to the large number of energy evaluations and minimisations required for
an exhaustive search, the initial conformer search was performed using a force field based method-
ology. Our chosen force field, OPLS2005, is a version developed by Schrödinger [4] of the OPLSAA
all-atom potential [5] with updated torsion parameters [6]. The OPLS2005 force has recently been
used by members of our group in a theoretical study of the conformational distortion in crystal
structures of a series of flexible organic molecules [7], providing us with valuable information and
guidance about: (i) the relative accuracy between OPLS2005 and DFT methodologies in the study
of molecular conformations and (ii) the limits on molecular strain that can be induced due to
crystallization. Conformation searches were terminated after 50000 molecular conformations were
generated using minimum and maximum move distances of 3 and 6 Å. Each conformational search
was started from a 3D molecular geometry drawn in the MacroModel visualizer, Maestro. Energy
minimisation was performed using the PRCG algorithm (Polak-Ribiere conjugate gradient) [8] and
were considered converged when gradients were below 0.05 kJ/mol/Å. Duplicate molecular geome-
tries were removed if all-atom RMS deviation of atomic positions, as implemented in MacroModel,
was lower than 0.02 Å.

In our experience, significant inaccuracies in the description of the possible conformers can
result from the use of a force field based methodology. Therefore, a more accurate description was
obtained by DFT-D re-optimisation of all unique conformers within a 50 kJ/mol window of the
OPLS global minimum. DFT-D geometry optimisation was performed with the Gaussian 09 code
[9] using the B3LYP [10, 11] functional and 6-311G(d,p) basis set. Dispersion energy corrections
were included using Grimme’s D3 scheme with Becke and Johnson (BJ) damping [12, 13]. Ultrafine
integration grid and tight SCF convergence criteria and were selected for wavefunction evaluation
and as convergence criteria, whereas Gaussian 09 default thresholds were selected for assessing
energy minimisation convergence.

For each given target molecule, the relative energy of a given conformer, Erel
gas, was defined (see

Eq. 1) as the difference between its total gas phase DFT-D energy, Etotal
gas , and the lowest total gas

phase DFT-D energy of that molecule conformers, Elowest
gas .

Erel
gas = Etotal

gas − Elowest
gas . (1)

To select the final set of molecular conformers relevant to crystal packing, the DFT-D optimised
conformers were clustered to remove duplicates, using in-house software, with thresholds on all-
atom RMS deviations of atomic positions of 0.4, 0.2, 0.5 and 0.5 Å for molecules XXII, XXIII,
XXIV and XXVI, respectively.

The molecules in target XXV have very limited conformational freedom, so no systematic
conformational search was performed. Details about generation and selection of molecular confor-
mations for crystal packing of XXV are given below.

Unless stated otherwise, for each of the blind test molecules a series of rigid body crystal
searches were initially performed using a range of molecular conformers. Thompson and Day [7]
showed that conformers up to 26 kJ/mol are seen in crystal structures of flexible molecules. Thus,
for each molecule an energy cut-off of 30 kJ/mol above the DFT-D global minimum was imposed for
the selection of final molecular conformers to be used in the crystal structure searches. Additional
information for each molecule can be found below.

1.3 Crystal structure generation

Upon determining the molecular conformations to be sampled, we proceeded with each CSP study
by generating structures with our in-house code, Global Lattice Energy Explorer (G.L.E.E.). For
each structure, the degrees of freedom to be sampled are determined by an algorithm which maps
a quasi-random vector, drawn from a Sobol sequence [14], onto the relevant parameters, as shall
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be described in a forthcoming paper [15]. The positions of the molecules in the asymmetric unit
are simply random linear translations, their orientations are sampled according to Shoemake’s
method [16], and internal lattice angles are also simply mapped from the random variate. In order
to sample unit cell lengths, we first assign a nominal ”volume” to each molecule by projecting
each atomic position onto the eigenvectors of the moments-of-inertia matrix, and determining a
cuboid from the maxima and minima along each axis. The volume of the sum of the cuboids of
each molecule in the asymmetric unit is multiplied by the number of symmetry elements to yield
a target volume for the unit cell. The mapping of the random variate onto lengths of the unit cell
vectors can be achieved with bounds relating to the orientation of the molecules, and the number
of unique fractional coordinates of each axis in each space group. In order to generate structures
whose molecules do not overlap, we calculate the convex hull of each molecule, and allow the cell to
expand to relieve molecular clashes up to a maximum volume of 2.5 times the initial target volume.
Overlaps of the molecular convex hulls were checked using the separating axis theorem, which also
provides the direction for expansion of the unit cell. Crystal structures were subsequently lattice
energy minimised and the quasi-random structure generation was repeated until a target number
of successful lattice energy minimisations was achieved. One list of predictions for XXIII used
a modified approach, where low energy intramolecular distortions were included in the variables
sampled during structure generation - more details are provided below.

1.4 Lattice energy minimisation

Crystal structures were initially lattice energy minimised in the rigid molecule approximation using
Neighcrys 2.0.4 and DMACRYS 2.0.4 [17, 18]. Unless stated otherwise, atom-centred distributed
multipoles up to rank 4 (hexadecapoles) were calculated from the B3LYP-D3(BJ)/6-311G(d,p)
charge density using the original implementation of the distributed multipole algorithm [19], as
implemented in GDMA 2.2 [20, 21]. DFT calculations were performed with Gaussian 09 [9].

Intermolecular repulsion-dispersion interactions were calculated with empirically parameterised
model potentials of the exp-6 form. The revised Williams99 [22, 7, 23] force field was used,
supplemented with parameters for S [24], Cl [25], water and Cl− as needed.

Charge-charge, charge-dipole and dipole-dipole interactions were summed using Ewald summa-
tion. Unless otherwise stated, a 15 Å cutoff on van der Waals and higher order electrostatics was
used.

After clustering, the lowest energy structures were re-optimised with intramolecular flexibility,
using the CrystalOptimizer [26] software, which combines the atom-atom potential description of
intermolecular interactions with a quantum chemical description of the intramolecular energy. A
set of flexible torsions and angles are specified, which are optimised in response to intermolecular
packing forces in the crystal.

After CrystalOptimizer, a new rigid body geometry optimization was performed using polarized
multipoles [27], derived from a DFT charge density calculated in a polarizable continuum model
[28, 29]. A modified force field [23], in which all hydrogen bonding interactions are parameterized
specifically to be used with PCM multipoles was used.

1.5 Clustering

To remove duplicate structures, we used both in-house tools and the program COMPACK [30].
The in-house code calculates the RMSD of the distributions of atomic positions for each molecule,
around the centroid of each molecule in the asymmetric unit. For computational efficiency, it
only includes the atoms which determine the convex hull of each molecule, and further details
are described in [15]. This method has not yet been implemented for multiple molecules in the
asymmetric unit. Therefore, for certain systems, the COMPACK algorithm, which calculates the
similarity of crystal structures as a root mean square distance between atomic coordinates for
a cluster of overlayed molecules was used, and use of this algorithm is noted in the text. For
COMPACK clustering, molecular clusters of 25 molecules with a 20% distance tolerance were
used. Hydrogen atoms were not used in the calculations based on COMPACK, unless otherwise
stated.
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1.6 Free energy calculations

For targets XXII and XXV Helmholtz lattice vibrational free energies were calculated from phonon
frequencies calculated in the rigid molecule, harmonic approximation. The theory of rigid-body
lattice dynamics has been described elsewhere [31, 32, 33, 34]. No intramolecular vibrations or
phonon-phonon couplings are considered. Our methods for free energy calculations have been
described previously [35, 36].

Phonons at k = 0 can be calculated with DMACRYS. Other k-points are sampled by making
supercells of the crystal unit cell. The supercell method is most efficient for unit cells with isotropic
dimensions, so structures with very acute or obtuse lattice angles were first converted to reduced
unit cells [37, 38, 39] with PLATON [40].

Supercells were then constructed from the unit cell by making expansions in a, b and c only,
producing linear supercells. The length of the linear supercells is determined by a target k-point
distance. We expand the unit cell until the distance between adjacent k-points is less than 0.1
Å−1.

If the supercell expansion coefficient s < 6, the lattice dynamics calculation is performed on
the supercell as is. For s > 6 the supercell (1x1xs) is split into n smaller supercells (1x1xk, 1x1x`,
1x1xm...) such that k, `,m... are all mutually co-prime and k+`+m−n > s. This ensures that at
least s unique k-points are sampled. The phonons for k = 0 will be calculated in each supercell,
and we only include these phonons from one of the split supercells. The long linear supercells are
split into 2, 3 or 4 co-prime supercells according to the scheme in Table 1.

2 → 2
3 → 3
4 → 4
5 → 5
6 → 3, 4
7 → 3, 5
8 → 4, 5
9 → 3, 4, 5
10 → 3, 4, 5
11 → 3, 4, 7
12 → 3, 4, 7
13 → 3, 5, 7
14 → 4, 5, 7
15 → 5, 6, 7
16 → 3, 4, 5, 7
17 → 5, 7, 8
18 → 5, 7, 8
19 → 3, 5, 7, 8
20 → 3, 5, 7, 8

Table 1: Linear supercells were split into 2, 3 or 4 smaller supercells with mutually co-prime
expansion coefficients in this way.
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To improve the convergence of the calculated free energy with respect to the number of sampled
k-points, we used the Debye approximation of linear dispersion out to the nearest explicitly sampled
k-points from the Brillouin zone centre, using an average phonon frequency on a spheroid around
the Γ-point. The Debye frequency is calculated from the elastic stiffness tensor of each crystal
structure, also calculated with DMACRYS, as described elsewhere [41, 42].

The Helmholtz energy is the sum of the static lattice energy and the lattice vibrational contri-
bution to the free energy Fvib. For six degrees of freedom, Nk sampled k-points and Nm molecules
per unit cell, the vibrational energy per unit cell is

Fvib(T ) =
1

2

(6NmNk − 3

6NmNk

)∑
i,k

~ωi,k (2)

+ kBT
(6NmNk − 3

6NmNk

)∑
i,k

ln
(

1− exp
(−~ωi,k

kBT

))
+

9~ωD

8Nk

+
3kBT

Nk
ln
(

1− exp
(−~ωD

kBT

))
− kBT

Nk
D
(~ωD

kBT

)
where D(x) is the Debye function

D(x) =
3

x3

∫ x

0

t3

exp (t)− 1
dt, (3)

which is integrated numerically.
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2 Molecule XXII

2.1 Conformational analysis

For target molecule XXII, we find two symmetry-related, buckled molecular conformers during the
OPLS2005 conformational search, within an energy window of 50 kJ/mol above the OPLS2005
global minimum. A planar molecular conformation was also identified as a first order saddle point
between the two minima. After DFT-D (B3LYP-D3(BJ)/6-311G(d,p)) geometry optimisation,
the saddle point is found to have a relative energy, Erel

gas, of only 5.7 kJ/mol (see Table 2 for
conformer energies of all target systems). To sample the low energy pathway from buckled to
planar conformation, crystal structures were generated with both the minimum and saddle point
geometries. The molecular geometry is given sufficient flexibility to allow buckling from the planar
conformation during lattice energy minimisation. The respective sets of crystal structures are
denoted XXII-C1 and XXII-C2.

XXII conformational search accounts for 1.2 CPU-hours. Conformational search CPU breaks
down by methodology is as follows: (i) initial OPLS2005 conformational search was performed
on the i7-3770 personal computer accounting for 0.2 CPU-hours, and (ii) DFT-D geometry opti-
misations were performed on Iridis4 cluster accounting for 1.0 CPU-hours. See Sec. 7 below for
detailed hardware description.
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XXII XXIII XXIV XXVI

Conformer Erel
gas Conformer Erel

gas Conformer Erel
gas Conformer Erel

gas

C1 0.0 C1 0.0 1 0.0 C1 0.0
C2(TS) 5.7 C2 2.7 2 9.0 C2 4.0

C3 5.3 3 9.4 C3 4.6
C4 6.8 4 28.5 C4 5.3
C5 7.1 C5 6.7
C6 7.4 C6 7.1
C7 7.4 C7 9.9
C8 7.6 C8 11.1
C9 7.6 C9 11.2
C10 7.7 C10 11.2
C11 14.3 C11 12.4
C12 14.8 C12 12.7
C13 14.9 C13 13.1
C14 14.9 C14 13.7
C15 14.9 C15 14.2
C16 15.0 C16 14.2
C17 15.0 C17 15.6
C18 17.2 C18 16.3
C19 18.9 C19 16.5
C20 18.9 C20 17.4
C21 19.2 C21 17.5
C22 20.9 C22 18.3
C23 21.0 C23 20.9
C24 21.7 C24 21.1
C25 21.8 C25 21.3
C26 21.9 C26 21.8
C27 21.9 C27 22.3
C28 22.1 C28 22.4
C29 22.2 C29 22.9
C30 22.2 C30 24.2
C31 23.9 C31 24.9
C32 24.3 C32 25.2
C33 25.1 C33 26.2
C34 25.8 C34 26.4
C35 27.5 C35 28.0
C36 27.5 C36 28.0
C37 28.0 C37 28.0
C38 28.7 C38 28.1
C39 28.9 C39 29.3
C40 29.0 C40 29.5
C41 29.2
C42 29.2
C43 29.3
C44 29.3
C45 29.3
C46 29.4
C47 29.5

Table 2: Relative DFT-D energies, Erel (in kJ/mol), of the selected unique conformers for molecules
XXII, XXIII, XXIV and XXVI. Total B3LYP-D3(BJ)/6-311G(d,p) electronic energies of the lowest
energy gas phase conformers, Elowest

gas , for molecules XXII, XXIII, XXIV and XXVI are −1718.5574,
−1936.5203, −814.7257 and −2489.8896 Eh, respectively. Conformers followed by (TS) are saddle
point geometries.
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2.2 Details of structure generation

For molecule XXII rigid body searches containing molecular geometries of conformers C1 and C2
were performed. Conformer C1 is chiral so 94 space groups were sampled overall (including both
space groups from enantiomorphic space groups). The 25 most common space groups had 5000
valid structures generated in each, with 2000 structures in the remaining 69. All of the additional
space groups that gave crystal structures within 25 kJ/mol of the global minimum during this
initial sampling were restarted to take them up to 5000 total structures (46 space groups in total
required this additional sampling). No change in the lowest energy structures was observed during
this extended sampling and only 5 crystal structures from the additional space groups made it
within 15 kJ/mol of the global minimum. The planar C2 geometry is non-chiral, so 87 space
groups were sampled (including only one from each enantiomorphic pair) using the same process
as for C1. After an initial 5000 structures the lattice energy of the global minimum was −120.9
kJ/mol. 34 uncommon space groups were sampled further, using the same criteria as above. 4
structures from those additional calculations were within 15 kJ/mol of the minimum. Structure
generation and initial minimisations took 26497 CPU-hours.

The original Williams99 potential was used for C and N. Parameters for sulfur [24] were added
using combining rules for S· · ·N and S· · ·C interactions.

2.3 Details of energy minimisation

After rigid body lattice energy minimisation, flexible molecule lattice energy minimisation was
performed, using CrystalOptimizer, on a subset of crystal structures within an energy window
of 15 kJ/mol above the minimum energy structure for each conformer. During flexible molecule
lattice energy minimisation, all bond lengths and angles (except the angles in the cyano groups)
were allowed to relax to their DFT equilibrium values; whereas the torsions shown in Fig. 1 were
allowed to flex in response to intermolecular packing forces. The cyano groups were constrained
to an angle of 179.99◦.

S

S

N

S

N

N

N

Figure 1: XXII CrystalOptimizer flexible torsions. Two arrows around the same bond indicate
two separate degrees of freedom. (Rotation about the linear cyano groups leaves the geometry
unchanged, but these torsions were included during the calculations in error.)

After CrystalOptimizer flexible molecule lattice energy minimisation, duplicate crystal struc-
tures were removed and a total of 753 unique XXII polymorphs identified.

A total of 853.7 CPU-hours were used during CrystalOptimizer energy minimisation calcula-
tions of XXII crystal structures; and an additional 7.8 CPU-hours were used for clustering.

2.4 Free energy calculations

The Helmholtz free energy was calculated at 300 K for all predicted structures of molecule XXII.
Atom-centred distributed multipoles [43, 44, 45] were calculated from the B3LYP-D3(BJ)/6-

311G(d,p) charge density, calculated in a polarisable continuum model [28, 29] with a relative
permittivity of 3.0, using Gaussian 09 [9] and GDMA [21].
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Crystal structures with highly anisotropic dimensions were converted to reduced cells with
PLATON’s ADDSYMM routine [40, 37, 38, 39].

The k-point sampling method described above was used with a target k-point distance of 0.1
Å−1 resulting in an average of 21 unique k-points being sampled. The minimum number of k-points
sampled in any one structure was 12, maximum 33.

Many structures were initially found to be located at saddle points on the potential energy
surface, yielding imaginary phonon frequencies. Such structures had their symmetry reduced
to P1. If the P1 structure was also unstable, the unit cell was doubled and calculations were
performed on the 1x1x2, 1x2x1, and 2x1x1 supercells. The space group in which the structure
was first generated can therefore differ from the space group of the final optimised structure. The
identification and exclusion of unstable structures based on imaginary phonon frequencies has been
advocated earlier [46, 47].

The free energy calculations took typically 45 CPU-minutes per structure. The minimum time
for any structure was 17 minutes, maximum 12 h. In total 1724 CPU-hours were spent on free
energy calculations for this target molecule.

2.5 Final ranking of structures

We submit two lists of 100 structures, ranked by lattice and free energy respectively. The lattice
vibrational energy can sometimes cause important differences in the ranking of polymorphs [48, 36].

As well as the vibrational contribution to free energies, our two sets o predictions also differ in
that we leave the broken symmetry structures (see above) in the list that is ranked by free energy,
but not in the lattice energy ranked list. As this blind test category is stated to be Z ′ = 1, the
resulting high Z ′ structures that result from symmetry breaking are not expected to match the
observed structure, whereas they do constitute true structures on the lattice energy surface.
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Figure 2: Lattice energy landscape of target XXII. Only the lowest 100 structures are included.
Data labels denote space group number.

The Kendall’s τb rank correlation [49] between the lists ranked by lattice energy and free energy
is 0.83 for the structures below 20 kJ/mol lattice energy. The correlation between the two lists is
shown in Figure 4.
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Figure 3: Free energy landscape of target XXII at 300 K. Only the 100 lowest ranked structures
included. Labels denote space group number.

The lattice energy global minimum structure is ranked third by free energy.
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Figure 4: The free energy and the lattice energy are strongly correlated for target XXII, as expected.
The rank correlation is 0.85.
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3 Molecule XXIII

3.1 Conformational analysis

For target molecule XXIII, 154 molecular conformers were identified during the OPLS2005 confor-
mational search. After DFT-D (B3LYP-D3(BJ)/6-311G(d,p)) geometry optimisation and cluster-
ing, 47 molecular conformers were identified with relative energies, Erel

gas, smaller than 30 kJ/mol,
see Table 2. Trial crystal structures were generated containing molecular geometries of each of the
47 conformers C1, C2, . . . , C47.

The XXIII conformational search accounts for 1882.6 CPU-hours. Conformational search CPU
breaks down by methodology as follows: (i) 3.4 CPU-hours to perform the initial OPLS2005, and
(ii) 1879.2 CPU-hours to perform the DFT-D geometry optimisations.

Two types of crystal structure search were performed. All predictions were restricted to one
molecule in the asymmetric unit.

3.2 Details of rigid molecule structure generation

For all 47 molecular conformers we initially performed rigid-molecule crystal structure generation
and rigid-molecule lattice energy minimisation in the six most common space groups (space group
numbers 14, 19, 2, 4, 61, 15), stopping the search after generating 2000 successfully optimised
structures in each space group.

A further 1000 optimised crystal structures were generated in each of the next 19 most common
space groups (33, 9, 29, 5, 1, 60, 7, 18, 43, 56, 13, 88, 148, 76, 78, 92, 96, 144, 145) for conformers
where the total (inter- + intra-molecular) energy of any one of the structures were within 15 kJ/mol
of the global minimum from the initial search of 6 space groups. Intramolecular energies were
taken from the B3LYP-D3(BJ)/6-311G(d,p) calculations performed in the molecular conformation
search.

For conformer/space group combinations where poor sampling was observed, a further 6000
optimised structures were generated. Poor sampling was identified as there being crystal structures
within 15 kJ/mol of the global minimum that had only been located once in the search.

In total 132016 CPU-hours were spent on structure generation and rigid molecule energy min-
imisation.

After removing duplicate structures, 553 structures were found within 15 kJ/mol and 1626
structures within 20 kJ/mol of the global minimum in total energy.

Structures within the 20 kJ/mol window were re-optimised in CrystalOptimizer to take molec-
ular flexibility into account. The degrees of freedom chosen to be optimised in response to packing
forces are shown in figure 5.

CrystalOptimizer calculations took a total of 131179 CPU-hours.
Finally, the structures were optimised with atomic multipoles derived from a PCM calculation

with a relative permittivity of 3.0 under a rigid-molecule approximation (at the final molecular
geometry after CrystalOptimizer). This final optimisation took 2152 CPU-hours. A final clustering
was then used to remove any duplicate structures.

In all DMACRYS calculations a van der Waals and non-Ewald electrostatic cutoff of 25 Å was
used.

3.3 Flexible-molecule crystal structure generation

In addition to the standard rigid molecule structure generation, we also performed crystal structure
prediction calculations in which the molecular conformation is allowed to distort from the local
gas phase minimum during structure generation.

Traditionally this approach uses internal degrees-of-freedom, such as the dihedral angles in-
cluded in the post-generation minimisation. In this study we use our recently developed method
[50] that uses the normal modes of vibration of the gas phase conformers as the degrees-of-freedom.
These, by definition, are low energy collective motions that can be ordered by energy and offer
chemically sensible molecular motions. Due to time constraints, we limited flexibility of each
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Figure 5: XXIII CrystalOptimizer flexible angles (red) and torsions (blue). Two arrows around
the same bond indicate two separate degrees of freedom.

conformer to its two lowest energy modes. These modes were taken as the eigenvectors of the non-
mass weighted molecular Hessian at the B3LYP-D3(BJ)/6-311G(d,p) level of theory (calculated
in Gaussian09 by setting the mass of each atom to 1.0 during a frequency calculation).

The structure generation technique was extended to include these two degrees of freedom by
extending the Sobol vector. These two quasi-random numbers are used to sample the molecular
potential energy surface up to 22 kJ/mol from the gas phase geometry, in a scheme that bal-
ances even sampling with minimising rejected based on high energy molecular conformations. The
boundary energy of 22 kJ/mol is chosen from studies of the molecular strain energy of similar sized
molecules found in experimental structures [7]. Finally, we energy minimise the sum of the intra-
and inter-molecular lattice energies with respect to the normal-mode displacements. This numeri-
cal minimisation technique optimises the displacements along the normal mode coordinates whilst
recomputing the lattice energy at each step under a rigid molecule treatment with the newly dis-
placed molecule. To perform lattice energy minimisation, we use a fixed charge model (CHELPG
charges) from the DFT calculation at the local gas phase conformation and a Buckingham in-
termolecular force-field with parameters from the original Williams99 potential [22] supplemented
with Cl [25]. In all DMACRYS calculations a van der Waals and non-Ewald electrostatic cutoff of
25 Å was used.

Intramolecular energies are determined from a highly accurate energy model fitted to molecular
DFT calculations, all of which transforms this into a tractable procedure. Here, we explicitly
calculated 1000 DFT calculations for each conformer at displaced geometries along the two normal
modes. The first 150 points with an energy < 22 kJ/mol are used as a test set and the subsequent
points with an energy < 35 kJ/mol are used as a training set, giving roughly 500 training points.
We then use the Gaussian Processes for Machine Learning module from the scikit-learn package
[51] to train a model for this data. For all conformers studied, the maximum absolute errors within
the test set are < 0.2 kJ/mol with a mean absolute error of < 0.05 kJ/mol. This now provides us
with an energy model at the DFT quality with gradients, that is much quicker to evaluate than
the DMACRYS calculation. The fast evaluations are also required for the structure generator to
be efficient.

For all conformer and space group combinations that generate a rigid-molecule structure within
the 15 kJ/mol energy window, we perform a flexible search and optimisation with normal modes.
Space groups 2 and 14 were included for all conformers included in the flexible search. We generate
10000 structures in each space group and optimise each through our normal mode optimiser. In
each run between 70 and 85% of all generated structures successfully optimise. After clustering,
each unique structure is optimised using the same PCM treatment described above.
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To investigate our method further, we also perform the normal mode flexible molecule opti-
misation and PCM treatment for the crystal structures generated in the rigid search, up to 20
kJ/mol from the global minimum. This allows us to show which extra structures are found using
molecular flexibility at the structure generation stage.
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Figure 6: Lattice energy landscape of target XXIII for the lowest 100 structures from the Crys-
talOptimizer set. The labels are space group numbers.

14



1.20 1.25 1.30 1.35 1.40 1.45
Density [g/cm3]

0

2

4

6

8

10

12

14

R
el

at
iv

e
la

tti
ce

en
er

gy
[k

J/
m

ol
]

2
14
15
60
61

Figure 7: Lattice energy landscape of target XXIII for the lowest 100 structures coming from
the normal mode search. Unfilled circles represent those structures found only through flexible
structure generation. Filled circles represent structures found after normal mode minimisation of
either a rigid or flexibly generated structure. The labels are space group numbers.
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4 Molecule XXIV

4.1 Conformational analysis

For target molecule XXIV, 8 molecular conformers were identified during the OPLS2005 confor-
mational search of the cation. After DFT-D (B3LYP-D3(BJ)/6-311G(d,p)) geometry optimisation
and clustering, 4 molecular conformers were identified with relative energies, Erel

gas, smaller than
30 kJ/mol, see Table 2.

The XXIV conformational search accounts for 6.3 CPU-hours.

4.2 Details of structure generation

Rigid structure generation was carried out using the three lowest-energy conformers (C1, C2, and
C3) of the cationic component of target XXIV, using a single fixed water conformation in each
case.

For each of the three lowest-energy gas phase conformers of the cationic component of target
XXIV, 10000 crystal structures were generated in each of the six most common space groups (14,
19, 2, 4, 61, 15). 2000 structures were generated for each conformer of the cation in each of the
next 19 most common space groups.

4.3 Details of energy minimisation

The intermolecular model potential used in these calculations combined our reparametrised version
of Williams99 (for use with polarized multipoles) with specific models fitted for interactions involv-
ing chloride and water. The chloride potential was parametrised against the crystal structures of a
set of chloride salts of organic molecules [52] and the energies of these structures calculated using
Gavezzotti’s PIXEL method [53]. The water potential was parametrised against the structures of
a large set of hydrate crystal structures of organic molecules [54]. All cross terms were calculated
using standard combining rules.

The crystal structures resulting from rigid-molecule structure generation were clustered using
the COMPACK algorithm, with the carboxylic acid and water hydrogen atoms included in the
geometrical comparison used for clustering.

All crystal structures within 25 kJ/mol from the global minimum in total (inter- + intra-
molecular) energy (1964 crystal structures) were re-minimised using CrystalOptimizer. Degrees of
freedom indicated in Fig. 8 were allowed to flex in response to intermolecular packing forces.

OHO

S N+

H

H

N
HH

H
O
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Cl-

Figure 8: XXIV CrystalOptimizer flexible angles (red) and torsions (blue).

4.4 Final ranking of structures

Finally, all crystal structures from the CrystalOptimizer calculations were re-minimised with their
molecular geometries fixed rigid at the CrystalOptimizer geometry, now with multipoles on the
cation and water calculated from a PCM calculation.

One set of predictions is based on using a relative permittivity of 3.0 in PCM calculation for
these final calculations. This value is typical of organic molecular crystals.

Our experience is that, for crystal structures with net charged groups (salts or zwitterions), the
final ranking can be improved by increasing the dielectric constant in the PCM calculations, to
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further polarise the multipoles used in the lattice energy minimisation. A second set of predictions
was obtained by performing the final calculations using atomic multipoles from PCM calculations
with a dielectric constant of 7.0.
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Figure 9: Lattice energy landscape of target XXIV for the lowest 100 structures after calculations
with multipoles from PCM with ε = 3.0. The labels give space group numbers.
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Figure 10: Lattice energy landscape of target XXIV for the lowest 100 structures after calculations
with multipoles from PCM with ε = 7.0. The labels give space group numbers.
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5 Molecule XXV

5.1 Conformational analysis

Three conformers of the 3,5-dinitrobenzoic acid (Figure 11) with differing orientations of the car-
boxyl OH group and a single conformer of 2,8-dimethyl6H,12H-5,11-methanodibenzo[b,f][1,5]di-
azocine were optimised with Gaussian 09 according to the general procedure. Conformer A of the
acid was found to be the global energy minimum, B a transition state and C a local minimum
with relative energies of B and C of 35.12 kJ/mol and 34.03 kJ/mol respectively to conformer A.
A total of 22 CPU-hours were used during geometry optimisation.
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Figure 11: 3,5-dinitrobenzoic acid conformations A, B and C.

5.2 Details of structure generation

Rigid molecule crystal structure generation was carried out using the three specified conformers of
the acid component of target XXV in combination with the single conformer of the base component.
All calculations were performed in a 1:1 stoichiometry, as given in the specification of this target
system.

For the lowest energy gas-phase conformer of the acid component (labelled A), an initial 10000
structures were generated for the co-crystal in the 25 most common space groups. A further 10000
structures were subsequently generated for space groups with structures within 15 kJ/mol of the
global lattice energy minimum (2, 7, 9, 14, 15, 19, 29, 33, 43, 60, 61).

For each of the higher-energy gas-phase conformers of the acid (B and C), 10000 structures were
generated for the co-crystal in the 25 most common space groups. The chirality of conformer C,
combined with the chirality of the base, necessitated generating structures in the subset of those 25
space groups which are enantiomorphic (19, 4, 5, 1, 18, 76, 96, 92, 78, 144, 145) using both possible
enantiomers of C, giving 10000 structures for each pairing of enantiomer and enantiomorphic space
group.

Structure generation took a total of 113825 CPU-hours split between cocrystals formed from the
base and conformer A of the acid (39195 CPU-hours), conformer B (28987 CPU-hours), conformer
C (32639 CPU-hours) and the additional sampling of the enantiomorphic spacegroups with the
other enantiomer of conformer C (13004 CPU-hours).

Clustering of the structures within 30 kJ/mol of the lattice energy minimum in each of the
cocrystal searches was performed using the COMPACK algorithm, with the carboxylic acid hydro-
gen atom included in the geometrical comparison used during clustering. Clustering took a total
of 529 CPU-hours, split between conformer A (70 CPU-hours), conformer B (177 CPU-hours),
conformer C (228 CPU-hours) and the other enantiomer of conformer C (54 CPU-hours).

5.3 Details of energy minimisation

Structures within the lowest 30 kJ/mol above the lattice energy minimum structure with each
acid conformer were clustered with COMPACK [30]. For structures with conformer A of the 3,5-
dinitrobenzoic acid, the lowest 20 kJ/mol were run through CrystalOptimizer with the degrees
of freedom as shown in Figure 12. For structures containing conformers B and C of the 3,5-
dinitrobenzoic acid only the lowest 10 kJ/mol of structures were run through CrystalOptimizer.

A total of 5981 CPU-hours were used during CrystalOptimizer optimisations of the cocrystals
containing the 3 conformers and the additional enantimorphic calculations. Calculations on the
cocrystal containing conformer A of the acid accounted for 4259 CPU-hours, B 752 CPU-hours, C
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817 hours and an additional 152 CPU-hours for the enantiomorphic space groups arising from the
charility of C.
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Figure 12: XXV CrystalOptimizer flexible angles (red) and torsions (blue).

5.4 Free energy calculations

The Helmholtz free energy was calculated at 300 K for all predicted structures of molecule XXV,
using the revised Williams99 potential for PCM-derived multipoles. Multipoles were calculated
from the B3LYP-D3(BJ)/6-311G(d,p) charge density, calculated in a polarizable continuum model
with a relative permittivity of 3.0.

The k-point sampling method described above resulted in an average of 16.2 unique k-points
being sampled, a minimum of 10 and a maximum of 24 k-points.

Common minimisation algorithms, like the BFGS-method implemented in DMACRYS, can
converge to saddle points on the potential energy surface, resulting in structures that are unstable
with respect to symmetry breaking. Crystal structures with imaginary phonon frequencies had
their symmetry reduced. First, all internal symmetries were removed and a new calculation was
performed on the P1 cell. If any of the supercells had imaginary phonons, the original unit cell was
doubled, and calculations were performed using this doubled cell as a unit cell in P1 symmetry. The
identification, and exclusion, of unstable structures has been recommended after such structures
were submitted to previous blind tests [47].

The final list of predicted structures contains 239 structures, 208 of which are below 20 kJ/mol
lattice energy and 225 are below 20 kJ/mol free energy.

A total of 1344 CPU-hours were used for free energy calculations, corresponding to an average
of 5.5 CPU-hours per crystal structure. Minimum cost for any one crystal was 1.4 CPU-hours,
maximum was 11.4 CPU-hours.

5.5 Final ranking of structures

We submit two sets of crystal structures for target system XXV, ranked either by lattice or
Helmholtz free energy.

The two lowest ranked structures are the same in both lists. All low-energy structures have the
3,5-dinitrobenzoic acid in the A conformation.

The lattice vibrational energy causes some re-ranking among the structures. The structures
below 20 kJ/mol in lattice energy were ranked by lattice energy and free energy. The Kendall’s τb
rank correlation [49] between these lists is 0.8, indicating that one fifth of all polymorph pairs are
ranked discordantly when ranked by free energy instead of lattice energy.

Energy landscape figures are presented in Figures 13 and 14.
It should be noted that the free energy landscape, Figure 14 is ”compressed” in energy so that

there are more low free energy structures than there are low lattice energy structures, in accordance
with previous observations [55, 36].

In conclusion, we predict that target XXV is most likely to crystallise in space group P1, with
the 3,5-dinitrobenzoic acid’s carboxylic group in a planar conformation, forming a hydrogen bond
to a nitrogen atom in the 2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine molecule.
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Figure 13: Lattice energy landscape of target XXV. Only the lowest 100 structures are shown.
The labels are space group numbers.
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Figure 14: Free energy landscape of target XXV. Only the 100 lowest energy structure shown.
Labels denote space group number.
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6 Molecule XXVI

6.1 Conformational analysis

For target molecule XXVI, 96 molecular conformers were identified during the OPLS2005 confor-
mational search. After DFT-D (B3LYP-D3(BJ)/6-311G(d,p)) a total of 40 molecular conformers
exhibit relative energies, Erel

gas, smaller than 30 kJ mol−1, see Table 2. Trial crystal structure
generation for molecule XXVI were generated containing molecular geometries of conformers C1,
C2, . . . , C40. The 41st lowest energy conformer was also included, despite its energy falling above
our 30 kJ/mol cutoff. This was because this conformer was the lowest in which both amide groups
were found in a cis conformation, which we thought might offer a good opportunity for hydrogen
bonding. A set of distributed multipoles were subsequently generated for each conformer using our
DFT-D methodology.
The XXVI conformational search and rank 4 multipole generation accounts for 3745 CPU-hours
that is broken down thus: (i) initial OPLS2005 conformational search accounts for 5 CPU-hours,
(ii) DFT-D geometry optimizations accounts for 3709 CPU-hours and (iii) rank 4 multipole gen-
eration accounts for 31 CPU-hours.

6.2 Details of structure generation

Rigid-molecule crystal structure generation was conducted on the 41 conformers. An initial 2000
structures were generated for each conformer in 6 common space groups (2, 4, 14, 15, 19, 61).
An additional 2000 crystal structures were generated for any combination of conformer and space
group that yielded crystal structures within 15 kJ/mol of the global total energy minimum (relative
conformer energy + lattice energy). A further 500 crystal structures were subsequently generated
for conformers that gave crystal structures within 15 kJ/mol of the global lattice energy minimum
for the next 18 most common space groups (1, 5, 7, 9, 13, 18, 29, 33, 43, 56, 60, 76, 78, 88, 92, 96,
144, 145). Crystal structures within the lowest 30 kJ/mol above the global total energy minimum
were clustered within each space group using our own code. This structure generation + rigid
molecular lattice energy minimisation process took 150419 CPU-hours.

6.3 Details of energy minimisation

Crystal structures within 25 kJ/mol of the global total energy minimum were re-optimised with
CrystalOptimizer to allow for molecular flexibility. This employed our standard DFT-D method-
ology (B3LYP-D3(BJ)/6-311G(d,p)) for intermolecular electrostatic interactions and PBEPBE-
D3(BJ)/6-31G(d,p) for the intramolecular energy model. This lower level of theory was used for
the intramolecular energy model due to the size of the molecule and requirement for Hessian cal-
culations in CrystalOptimizer. The flexible degrees of freedom allowed in CrystalOptimizer are
illustrated in Figure 15. CrystalOptimizer calculations took 22665 CPU-hours.
In addition, all final crystal structures from CrystalOptimizer were re-minimised with rigid molec-
ular geometries, now with electrostatic models calculated from molecular calculations in a PCM.
Two sets of predictions were generated, one with the dielectric constant in the PCM calculation set
to 3 ε0 and 7 ε0, with ε0 denoting the permittivity of free space. In this case, the higher dielectric
constant cannot be justified as a realistic dielectric constant in the crystal, but allows us to examine
the dependence of the predictions on the degree of polarisation of the atomic multipoles.
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Figure 15: XXVI CrystalOptimizer flexible angles (red) and torsions (blue).
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6.4 Final ranking of structures

For the two sets of structures, each of which is minimised under the PCM conditions described
above, the final energy of each structure relative to the minimum in each set, is displayed in Figures
16 and 17 respectively. The low energy landscape looks similar in both cases, and an energy gap of
almost 5 kJ/mol separates the lowest structure, in space group 14, from the rest of the list. This
energy gap is maintained on changing the dielectric constant in the PCM calculation.
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Figure 16: XXVI final structures, calculated with an electrostatic potential from a polarisable
continuum model with a permittivity of 3 ε0

.

7 Computational resources and hardware

Force field molecular conformational searches were performed on a single workstation equipped
with an Intel core i7-3770k 3.5 GHz quad-core processor.

All DFT-D re-optimization of molecular conformations, structure generation, lattice energy
minimisations and free energy calculations were performed on the Iridis4 supercomputer at the
University of Southampton. The computer is a Red Hat Enterprise GNU/Linux Beowulf cluster
with 750 compute nodes, each with two 8-core Intel Xeon E5-2670 2.6 GHz processors. The nodes
share a common global IBM GPFS file system over an FDR InfiniBand interconnect.

All flexible molecule structure generation and normal mode optimisations were performed on
the Iridis3 supercomputer at the University of Southampton. The computer is a Red Hat Enter-
prise GNU/Linux Beowulf cluster with 980 compute nodes, each with two 6-core 2.4 GHz Intel
Xeon E5645 processors. The nodes share a common global IBM GPFS file system over an FDR
InfiniBand interconnect.

The computational cost of the different methods for each system is tabulated in Table 3.
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Figure 17: XXVI final structures, calculated with an electrostatic potential from a polarisable
continuum model with a permittivity of 7 ε0

.

8 Post-analysis

Results in this section relate to analysis performed after the target crystal structures of the blind
test were made available. We summarise our findings target-by-target.

8.1 XXII

The observed structure was located in both our lists, as third lowest energy structure when ranked
by lattice energy (+0.65 kJ/mol above the global minimum). Upon re-ranking by free energy, the
observed structure is the lowest predicted structure overall.

8.2 XXIII

Two approaches were tested for molecule XXIII. In both methods, searches were only performed
with one molecule in the asymmetric unit. Our list 1 of predictions used a new flexible-molecule
crystal structure generation method, followed by flexible-molecule lattice energy minimisation. Our
second set of predictions (list 2) used rigid-molecule searches with a set of conformers, followed by
flexible-molecule lattice energy minimisation.

All three observed Z’=1 crystal structures (forms A, B and D) were located with the flexible
search (list 1). Two of these were within our 100 submitted structures: form A as 23rd in the list,
8.53 kJ/mol above the global minimum, and form D as 75th in the submitted list, 12.26 kJ/mol
above the global minumum. Form B was outside the 100 submitted structures, but had been
located in our search with rank 153, 15.05 kJ/mol above the global minimum. These results show
that the flexible-molecule search method is very successful, but that ranking with our energy model
has failed.

With the rigid-molecule search, followed by flexible-molecule lattice energy minimisation, only
one of the observed Z’=1 polymorphs was located (form B as 75th in the list, 12.6 kJ/mol above
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XXII XXIII XXIV XXV XXVI
Conformational Search 1 1883 6 22 3714
Generation + rigid Opt 10127 132016 11328 113825 150419
CrystalOptimizer 854 131179 3393 5981 22665
Clustering 8 99 398 529 39
PCM + Free energy 1724 − − 1344 −
PCM − 2152 216 − 3060
Flexible generation + opt − 127619 − − −
Total 12714 394948 15341 121701 179897

Table 3: Cost of the CSP for each target molecule broken down for each stage. All computational
costs were given in CPU-hours. See Computational resources and hardware section for specific
break down of the supercomputing facilities used for the blind test.

the global minimum). Both forms A and D were missed, showing the importance of including
molecular flexibility at the search stage, not only during the lattice energy minimisation stage of
crystal structure prediction.

For comparison of energies, lattice energy minimisation was performed on the polymorphs that
were not located, using the flexibility method used for list 2 (using CrystalOptmizer, described
above). These calculations also included the two observed Z’=2 polymorphs.

The final energies of the five observed polymorph of XXIII, relative to the global minumum of
the List2 search, were:

A: +8.44 kJ/mol; B: +12.61 kJ/mol; C: +7.16 kJ/mol; D: +9.61 kJ/mol; E: +7.64 kJ/mol
This gives our predicted order of stability, based on lattice energies, as C <E <A <D <B.

8.3 XXIV

The observed structure was not within our submitted 100 structures in either list. However, the
observed structure was located in our search, at rank 722 in our list 1 and rank 578 in list 2,
with relative energies of +22.16 kJ/mol (list 1) and +21.65 kJ/mol (list 2) above the predicted
global minimum. These results show that the search was successful, but our energy model fails to
satisfactorily rank the structures in this case.

8.4 XXV

The observed structure was not within the structures submitted.
In post-analysis, we re-ran longer crystal structure generation calculations within the observed

space group (space group 14) to examine the source of the failure. During the blind test, we have
generated and successfully lattice energy minimised 20000 crystal structures in space group 14
with the relevant conformation of the acid. None of these lattice energy minimisations resulted in
the observed structure. In post-analysis, 50000 crystal structures were generated and successfully
lattice energy minimised in space group 14. Of these lattice energy minimisations, the observed
crystal structure was reached 4 times. Our conclusion is that we terminated our search too early
in preparing predictions for this target and could have predicted the observed structure if we had
extended the search further. Current work is also looking at improving the efficiency of the search,
to locate low energy crystal structures more frequently for this type of system.

After lattice energy minimisation using the same level of theory as used in the predictions
(including molecular flexibility), the observed crystal structure had an energy 5.50 kJ/mol above
the global minimum from our search, which would have ranked as 8th in our list. After free energy
calculations (as used for our list 2 predictions), the observed structure is 6.15 kJ/mol above the
global minimum, and would have ranked 15th.

8.5 XXVI

The observed crystal structure of XXVI was not located in our search. We believe that this is due
to our crystal structure search being limited to using rigid-molecules in the structure generation
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stage. We did not have time during the blind test to apply our flexible search method to XXVI.
The molecular conformation in the observed crystal structure corresponds to one of the conformers
that was included in the search, but is significantly distorted away from the gas phase molecular
geometry.

To see how well this structure would have ranked by energy, we lattice energy minimised the
observed crystal structure with the same model that was used in the blind predictions (for our list
1 predictions). The lattice energy minimised observed structure has a lattice energy 6.49 kJ/mol
above the predicted global minimum and would have ranked as structure 4 in our list.
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