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Our primary goal for the participation in the sixth blind test of organic crystal struc-
ture prediction (CSP) methods was to focus on the ranking of possible structures rather
than on the structure generation. Our forte is understanding the impact of anisotropic
interactions on crystal growth and we aimed at including this aspect in the ranking
rather than basing it purely on thermodynamic energies. A limitation of these energies
is the unavoidable self energy component which is a complication when comparing the
results of crystal structures obtained with different stoichiometries of the constituting
molecules and also when comparing to experimental sublimation enthalpies. To surpass
this limitation, we have exploited a newly developed method which calculates lattice en-
ergies as a sum of intermolecular interaction energies on the basis of the electron density
within the crystal structure itself: ¢-GRID(de Klerk et al., 2015).

Another approach to rank the generated crystal structures is to take the kinetic path-
way of formation of the crystal into account. Information about this kinetic pathway

can be obtained from interactions between pairs of molecules. These interactions are
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extracted from the generated crystal structures and form the input of a Kinetic Monte
Carlo procedure(Boerrigter et al., 2004; Deij et al., 2007) that predicts which crystal
structures are the most likely to form.

During the past year, we have experienced the challenging aspects of CSP in its first
step: structure generation. Due to our limited experience and the time constraints corre-
sponding to the test, we are unfortunately not able to perform the final analysis (¢-GRID
and Kinetic Monte Carlo procedure) at the level that we initially aimed and we have
not included targets XXIV and XXVI in our submission, because of issues with charge
that our ¢-GRID method cannot treat at the moment (target XXIV) and issues of size

and flexibility (target XXVI).

1. Procedure

The isolated molecular structures were optimized with Density Functional Theory using
MoLPRO(Werner et al., 2012) in a two-step fashion: first at a B3LYP/6-314+G(d) level
and secondly at a B3LYP/6-311+G(d,p) level of theory. The resulting output file was
subsequently used to calculate the electrostatic potential (ESP) on the Van-der-Waals
surfaces, to generate ESP atomic point charges using MOLDEN (Schaftenaar & Noordik,
2000).

Crystal structures were generated randomly by an adapted version of UPACK(van
Eijck & Kroon, 1999). The adaptations are outlined in Section 3. For each compound
5000 structures are created with Z’ =1 for each of the following nineteen space groups:
C2, C2/c, C2/m, Cc, P1, P1, P2y, P212:2, P212:21, P2y /¢, P2;/m, P2/c, Pbca, Pben,
Pc, Pca2q, Pcen, Pna2y, and Pnma. Additionally, for target XXV we created 9999 Z’ =
structures in each of the five space groups P2; /¢, P1, P1, P212121, and P2;. All generated

crystal structures were then optimized in four steps with respect to their lattice energies
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determined by different force fields, first using a simple Lennard Jones force field, which
is present in UPACK, followed by the more accurate Generalized Amber Force Field
(GAFF) (Wang et al., 2004; Cornell et al., 1995) with a cut-off 25 A. For each force
field, the molecules were flexible throughout the optimization procedure. First a steepest
descent algorithm was applied with as convergence criterion an energy change of less than
0.01 kJ/mol and secondly a conjugate gradients algorithm which was considered to be
converged when the root mean square value of the energy derivatives was less than
0.0005 kJ/mol. The conjugate gradients optimization was followed by a clustering step
as implemented in UPACK.

The resulting structures from UPACK were then imported into PLATON(Spek, 2009)
to obtain their actual space group and to generate more conventional CIF files. Finally, a
clustering procedure was applied on the basis of computed powder X-ray diffraction pat-
terns using the program ISOQUEST (de Gelder, 2006) which is based on cross-correlation
functions (de Gelder et al., 2001). The 26 range was set to 30.00 degrees and the width
weighting, [, was set to 2.00 for all target structures. The initial list of unique structures
was then ranked according to lattice energy. This list forms the basis of our primary
ranking and serves as input for the two final ranking approaches mentioned in the intro-

duction. A detailed flow chart of the procedures used is shown in Fig.1.

1.1. ¢-GRID ranking

The structures with the strongest binding lattice energies were re-ranked by a better
description of their charge distribution within the crystalline environment. For this re-
ranking we used the newly developed method ¢-GRID(de Klerk et al., 2015). In ¢-GRID
the electron density within the crystalline environment is partitioned over grid points

which are assigned to the different molecules in the crystal. The electron density within
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the crystalline environment is calculated using DFT-D2(Grimme, 2006) geometry opti-
mizations with VASP(Kresse & Hafner, 1993), using the PBE-functional. Intermolecular
interaction energies of pairs of molecules are then calculated as a Coulomb sum between
grid points and nuclei and analytic dispersion and repulsion contributions are added to
this. Lattice energies can be obtained by summation over the interaction energies. For
more details concerning the method we refer to de Klerk et al.(2015). With the help
of Mercury(Macrae et al., 2008) we compared several structures before and after the
optimization and this lead to the conclusion that this procedure is indeed a form of re-
ranking rather than an adaptation of the crystal structure, since the overlap between the
crystal structures was 15 out of 15 for standard settings of the crystal packing similarity
tool. The number of structures on the top of the original list taken for this procedure,

differed per target and will be mentioned in the corresponding sections.

1.2. Monty ranking

As mentioned in the introduction, a different perspective on the CSP challenge is the
study of the kinetic pathway of formation of hypothetical structures. In other words,
which structures are expected to show up in a crystallisation essay? To obtain an alter-
native ranking with this perspective in mind, we performed kinetic Monte Carlo (kMC)
calculations on our primary list of structures in order to determine critical cluster sizes
for nucleation as a function of driving force. The program used for this procedure is
Monty(Boerrigter et al., 2004; Deij et al., 2007) which has recently been adapted to
incorporate more general criteria to determine critical cluster sizes. The input for the
kMC simulations is formed by a crystal graph which describes the interactions between
pairs of molecules in the proposed crystal structure up to a certain cut-off. In principle,

these graphs could have been obtained with ¢-GRID which we expect to give a better
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description of the intermolecular interactions than force-fields. However, due to time con-
straints we have generated the graphs from the applied force field in the crystal structure
generation step by the usage of the Hartman-Perdok module in Cerius(Cerius, 1997).

Different crystal structures experience different driving forces in the same crystallisa-
tion condition, because of their different chemical potentials, as is illustrated in Fig. 1 of
the paper by Deij et al. (2007). To compare structures within the same crystallisation
condition, a shift of the driving force corresponding to the difference in chemical poten-
tials can be applied, which for example can be approximated by taking the difference
of the heat of dissolution. Since this is an experimental property, we cannot take the
same approach in this CSP test and we have chosen the difference in lattice energies
as calculated by the obtained crystal graphs as the applied shift. However, since we are
working with classical force fields this approximation is quite crude and moreover the
experimental driving force is unknown.

We have chosen to rank only the first 10 structures of the re-ranked list on the basis
of the lowest critical nucleus size in a shifted critical nucleus size vs. driving force plot
and the rest of the structures on the basis of an unshifted critical nucleus size vs. driving
force plot. For this unshifted part of the list we combined the rankings at Au/kT =1
(R1) and Ap/kT = 3 (R3), which are driving force values at which reasonable critical
nucleus sizes occur. The combined list contains a re-ranking of 2R; and 2R3+1. For
each structure in this list, appearing twice, the best scoring ranking is maintained. In
this way, there is a slight and arbitrary preference for the calculations at Au/kT = 1.
Finally, original structures from which the graph could not successfully be calculated are

added to the bottom part (high rankings) of the list.
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Fig. 1. Flowchart of the used procedures. After several optimizations in a classical force
field, structures were re-ranked through a detailed analysis of the electron density
within the generated crystal structures (¢-GRID) or kinetic Monte Carlo calculations
(Monty) on the pathway of formation of these structures.

2. Results
2.1. Target XXII

The GAFF parameters were found to be not completely suitable to accurately describe

the five-membered ring of this compound, which resulted in a large self energy. We

therefore manually changed the equilibrium angles within this ring to those obtained by
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the ab initio optimized molecule. The six-membered ring forms a ‘tent’-like structure, the
angle of which was set to be variable by setting the torsional energy terms concerning
this ‘tent’ to zero. The similarity limit for the ISOQUEST procedure was set to 97%.
The primary top 100 structures are found within an energy range of 8 kJ/mol. The top
25 of this primary list was reranked by the ¢-GRID method. Fig. 2 shows the result
of this reranking. Evidently, there is not a clear correlation between the two rankings
which makes the choice for the top 25 merely a choice governed by feasibility limitations
and time constraints instead of by chemical considerations concerning accuracy. The
difference in absolute values of the energies between the two methods, is the self-energy
of the molecule. This is incorporated in the UPACK-energy, but naturally avoided in

the ¢-GRID energy which therefore calculates the lattice energy in a direct way.
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Fig. 2. ¢-GRID reranking results for the energies of the top 25 structures of target XXII.
There is no clear correlation between the UPACK and the ¢-GRID energies
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2.2. Target XXIII

We have chosen to limit ourselves to the Z' = 1 structures for this target molecule.
Three rotatable bonds were identified (blue bonds in Fig. 3). For each rotatable bond,
the corresponding dihedral was randomly assigned and its force constant is set to zero,
such that more flexibility is introduced. Structures generated in the space groups Pnma
and C2/m were constantly rejected. We have therefore chosen to remove these two space
groups for the CSP of this target structure. The similarity limit for the ISOQUEST
procedure was set to 95%. The primary top 100 structures are found within an energy
range of 25 kJ/mol. From the top 25 of this list we have performed a ¢-GRID analysis
for 10 of the structures. We have decided to put these 10 structures ranked on their

g¢-GRID energy on the top of list, which is merely an arbitrary choice.
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Fig. 3. Target XXIII. The three blue colored bonds indicate that the corresponding
dihedral angles were randomly assigned. The compound can rotate about these bonds.

2.3. Target XXV

In the crystal structure generation stage, we have encountered many failed attempts
when both independent molecules of the co-crystal were randomly placed in the crystal
structure, because symmetry operations may cause the molecules to overlap which results
in unreasonable structures which are then rejected. We therefore defined a non-existent

bond between the two molecules to keep the two molecules together during the generation
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stage. During optimization, this bond was removed again and the molecules were found
to move with respect to each other in some cases. In this way, the structure generation is
more efficient, but we obviously might miss plausible structures. We manually generated
three different asymmetric units for the generation, as can be seen in Fig. 4. The complete
procedure was performed in GAFF and three rotatable bonds were defined (blue bonds
in the figure). For this compound, Z’ > 1 structures could also exist. The similarity
limit for the ISOQUEST procedure was set to 99%. The primary top 100 structures were
found within an energy range of 15 kJ/mol. Z’ = 1 structures with space group P1 were
found most in the primary top 100, which is in agreement with similar structures from
the CSD. The top 100 contains only Z’ = 1 structures.

Because the ratio of the molecules in the crystal is unknown, we also modeled 3000 Z" =
1 structures with a 1:2 ratio in the same nineteen space groups as before, starting from
two different asymmetric units, shown in Fig 5. The similarity limit for the ISOQUEST
procedure was set to 99%. The primary top 100 structures are found within an energy
range of 20 kJ/mol with higher energies than structures with a 1:1 ratio. In this case,
also P1 structures are found most in the top 100.

Because the asymmetric unit for 1:2 structures has a different self energy than the
1:1 structures, the energies cannot be straightforwardly compared. However, within the
¢-GRID methods this comparison is possible because it determines the lattice energy
while naturally avoiding the calculation of the self energy. Unfortunately, due to time

constraints we were not able to perform ¢-GRID calculations on Target XXV.
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Fig. 4. Target XXV. The three blue colored bonds indicate that the corresponding dihe-
dral angles were randomly assigned. Three different asymmetric units were constructed
for the generation stage.

Fig. 5. Target XXV. Two constructed asymmetric units (1:2 ratio) for the generation
stage.

2.4. Computing times

Tab. 1 shows the cpu-hours spent for the different parts of the calculation. The hard-
ware used are computer clusters with either Intel™ Xeon™ or AMD Opteron™ pro-

cessors and with clock speeds ranging from 2.2 to 2.6 GHz. Please note that the compu-
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tational times spent on ¢-GRID and Monty could significantly decrease when technical
difficulties connected to the early status of the development of these methods are re-

solved.

Table 1. The CPU time used in hours for the CSP.

XXIT  XXIII XXV
Ab initio 12 50 38
UPACK 330 3825 5750
VASP 8381 3098 -
¢-GRID 418 204 -
MONTY 600 600 600
Total 9741 7777 6388

3. Upack adjustments

In version 10 (2012) of UrACK(van Eijck & Kroon, 1999) the use of pair lists for non-
bonded interactions is essential for stable convergence. These lists are only updated when
a significant change of any geometric parameter is observed. In our adjusted version, this
pair list is changed upon every step of the energy minimizations (steepest descent and
conjugate gradients). With this conservative approach, the risk at diverging optimiza-
tions is smaller. For the generation of coordinate files (i.e. isolated molecules in UPACK)
one has to define certain dihedrals. In the original version of UPACK one has to define
dihedrals with H-atoms or without H-atoms. Combinations are not possible. We adjusted
the program such that these combinations are possible. In this way, coordinate files can
be more easily constructed.

Minimizations in the original version of UPACK were continued for structures within
an energy window of 30 kJ/mol. In our methodology we continued the minimizations for
all structures. In this way, we do not accidentally lose feasible crystal structures.
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