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1. Methodology 
1.1. General methodology 

The objective of the CSP studies conducted by this group was to generate lists of candidate 
structures for further refinement with more accurate models. Thus, emphasis was placed on 
the global search stage and initial refinement to produce a computationally-tractable number 
of candidate structures. The general methodology used for Crystal Structure Prediction (CSP) 
by the Adjiman-Pantelides group during the seventh blind test follows the three-stage 
workflow presented in (Pantelides et al., 2014) which involves analysis, global search and 
refinement. With further standardisation introduced for the seventh blind test, this can be 
further divided into an eight-stage process. In this section, the modelling framework used is 
first introduced, followed by a description of the eight steps. 

1.1.1. Modelling framework 

At the core of our approach is the minimisation of the crystal lattice energy 𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 at 0 K 
which is evaluated by combining energy contributions obtained for the specific target 
molecule(s) from in vacuo quantum-mechanical (QM) calculations and from transferable 
potentials. Specifically,  𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is divided into an intramolecular contribution, Δ𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, which 
captures the energy penalty for conformational change from the most stable state in vacuo, 
and intermolecular contributions 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖:  

𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = Δ𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 . 

𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 depends on variable vector 𝑋𝑋, which consists of the unit cell parameters and molecule 
positions in the unit cell (orientation and position of the centres of mass). It is partitioned into 
two terms: one that represents electrostatic interactions, 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒, which are modelled either 
through point charges or multipoles and derived from the electrostatic potential of the 
isolated molecule(s) and an empirical term that represents repulsion / dispersion interactions, 
𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟/𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, which is based on a transferable isotropic atom-atom exp-6 Buckingham potential. 
Efficient evaluations of the lattice energy are made possible by a partitioning of the 
conformational degrees of freedom into independent (𝜃𝜃) and dependent (𝜃̅𝜃) degrees of 
freedom and the introduction of local approximate models (LAMs) (Habgood et al., 2015, 



2 

 

Kazantsev et al., 2010, Sugden et al., 2016, Sugden et al., 2019) in which second-order 
expansions around isolated-molecule QM calculations at reference points 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 make it 
possible to compute the impact of conformational changes on 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒 at very low 
cost. Overall, the lattice energy model is thus given by: 

𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝜃̅𝜃,𝑋𝑋) = Δ𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜃̅𝜃) + 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒(𝜃̅𝜃,𝑋𝑋) + 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟/𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃̅𝜃,𝑋𝑋), 

The model accuracy can be iteratively improved during the course of CSP by selecting 
different sets of independent degrees of freedom (e.g., from a few torsions to all torsions and 
bond angles), using different representations of electrostatic interactions (point charges or 
multipoles), decreasing or changing the level of theory/basis set used in the QM calculations.  

1.1.2. Detailed description of methodology  

The eight steps of the systematic CSP procedure are as follows. 

Step 1: Initial partitioning of conformational degrees of freedom  

The extent of flexibility of torsion angles and their impact on the intramolecular energy are 
investigated with the aim to identify those degrees of freedom that are flexible and affect 
Δ𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. This is done using a combination of (i) quantum mechanical minimisations of the 
geometry of the target molecule in vacuo for different values of the torsion angles, with 
PBE/6-311G(d,p) as the default level of theory/basis set combination, (ii) identification of 
similar molecules / molecular fragments in the CSD and of the range of flexibility exhibited 
by the corresponding torsion angles and (iii) chemical intuition. The selected torsion angles 
are assigned to the set 𝜃̅𝜃 of independent degrees of freedom, with associated lower and upper 
bounds [𝜃̅𝜃𝐿𝐿 , 𝜃̅𝜃𝑈𝑈], while the remaining torsion angles, all bond angles and all bond lengths are 
assigned to the set 𝜃𝜃 of dependent degrees of freedom.  

In this step, the partitioning of the independent degrees of freedom into torsional groups is 
also considered if there are 5 or more torsions in 𝜃̅𝜃. This is done in a manner similar to 
CrystalPredictor I (Karamertzanis & Pantelides, 2007), but modified for CrystalPredictor II 
(Kazantsev et al., 2010, Habgood et al., 2015, Sugden et al., 2016, Sugden et al., 2019, 
Sudgen et al., in preparation).  

Step 2: Screen basis sets using conformational scans 

While our approach offers complete flexibility in terms of level of theory and basis set, most 
calculations for the blind test are performed using the PBE0 hybrid functional, but both level 
of theory and the choice of basis set can be explored at this step to make choices specific to 
each target. To select the specific model, we perform 1-dimensional conformational scans 
using CrystalPredictor II (Kazantsev et al., 2010, Habgood et al., 2015, Sugden et al., 2016, 
Sugden et al., 2019, Sudgen et al., in preparation) for  𝜃̅𝜃 ∈ [𝜃̅𝜃𝐿𝐿 , 𝜃̅𝜃𝑈𝑈] in 30° increments using 
one or more levels of theory and/or basis sets (e.g., PBE, HF, 6-31G(d,p), 6-311G(d,p)). For 
molecules with few independent degrees of freedom, two-dimensional scans are sometimes 
conducted. At each point all remaining degrees of freedom are optimised, starting from their 
positions at the gas-phase energy minimum and a LAM is generated. Those basis sets that do 
not provide sufficient accuracy, as determined by comparison with the results of calculations 
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with the most extended basis set considered, are eliminated. Those basis sets that yield high 
accuracy at a comparatively high computational cost per LAM point are also eliminated. Any 
remaining basis set is considered in Steps 3 and 4 to finalise model selection.  

Step 3: Compare model results to any known experimental data 

Possible levels of theory, basis sets and transferable parameters for the repulsion / dispersion 
contribution are assessed based on local minimisations starting from any experimental crystal 
structures of the target, of individual molecules within any multicomponent target, or similar 
molecules that exists in the Crystal Structure Database (CSD). For flexible molecules, this is 
done using CrystalOptimizer (Kazantsev et al., 2011) or its newly developed equivalent 
Crystal Structure Optimizer for Flexible Molecules (CSO-FM) (Bowskill, 2021). For rigid 
molecules, Crystal Structure Optimizer for Rigid Molecules (CSO-RM) (Bowskill, 2021) is 
used. In all cases, the electrostatic interactions in 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒 are modelled using multipoles derived 
from isolated-molecule QM calculations at reference LAM points using GDMA (Stone, 
2005). The 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟/𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 parameters considered include FIT (Bayer & Price, 2000, Coombes et 
al., 1996, Williams & Cox, 1984, Hsu & Williams, 1980, Williams & Houpt, 1986, Cox et 
al., 1981), and DB2020 (Bowskill, 2021). The results of the local minimisations are used to 
eliminate unsuitable basis sets and parameter sets and to rank remaining options, based on the 
following questions: 

• Are all crystal structures reproduced well geometrically (with RMSD15 ≤ 0.8 Å)?  
• If any polymorphic structures exist, are there computed lattice energies within 10 

kJ/mol of each other?  
• Do all crystal structures display intramolecular energy contributions within the 

expected range (usually 20 kJ/mol) (Cruz-Cabeza & Bernstein, 2014)? 

Step 4: If required, perform CSP on similar system(s) 

 If elements of the target are unusual or require specific modelling choices (e.g., atom 
types for which transferable parameters are not available / not well tested), we perform a full 
CSP search for one or more similar system from the CSD. The results of the full CSP search 
are used to finalise the choice of basis set and transferable parameters set, using the following 
considerations: 

• Are the relative stability rankings in good agreement with experimental data?  
• What is the computational cost of the viable modelling options? 

This step concludes model selection and the production phase of the CSP investigation can be 
initiated.  

Step 5: LAM database generation 

An initial LAM database is generated by carrying out isolated-molecule QM calculations 
with the selected basis at different values of the independent torsions. This is done using a 
uniform grid with a large step size (Habgood, et al., 2015), followed by the adaptive 
generation of reference LAM points (Sugden et al., 2016, Sugden et al., 2019) using an 
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intramolecular energy cut-off of 20 kJ/mol by default and a maximum LAM energy 
difference (Δ∗) of 5 kJ/mol by default. 

Step 6: Global search and clustering 

We generate putative crystal structures from an extensive search space using CrystalPredictor 
version 2.4.4 (Habgood et al., 2015, Kazantsev et al., 2010, Sugden et al., 2016, Sugden et 
al., 2019, Sudgen et al., in preparation). Only Z’=1 structures are generated for all searches 
undertaken during the blind test unless specified otherwise in the individual target 
descriptions. Normally,  structures are generated within the 59 space groups most commonly 
found in the CSD (P1, P-1, P21, P21/c, P21212, P212121, Pna21, Pca21, Pbca, Pbcn, C2/c, 
Cc, C2, Pc, Cm, P21/m, C2/m, P2/c, C2221, Pmn21, Cmc21, Aba2, Fdd2, Iba2, Pnna, Pccn, 
Pbcm, Pnnm, Pmmn, Pnma, Fddd, Ibam, P41, P43, I-4, P4/n, P42/n, I4/m, I41/a, P41212, 
P43212, P-421c, I-42d, P31, P32, R3, P-3, R-3, P3121, P3221, R3c, R-3c, P61, P63, P63/m, 
P213, Pa-3, Cmcm and Cmca), with each space group searched at a frequency matching that 
of the space group in the CSD. Only structures within 20 kJ/mol of the best known lattice 
energy minimum are retained for further analysis. A clustering algorithm is used to eliminate 
duplicate structures by comparing the RMSD15 between any pair of structures (𝑖𝑖, 𝑗𝑗) with a 
density difference |ρi − ρj| ≤20 g/cm3 and a lattice energy difference |𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 − 𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑗𝑗| ≤3 
kJ/mol. If the two structures in pair (𝑖𝑖, 𝑗𝑗) have similar geometries, i.e., |RMSD15,𝑖𝑖 −
RMSD15,𝑗𝑗|  ≤ 0.8 Å, the structure with the largest lattice energy is removed. 

Step 7: Refinement stage I and clustering 

We perform local minimisations for the lowest energy unique structures identified in Step 6 
with a multipole-based model, using CSO-RM if the target is rigid and CrystalOptimizer or 
CSO-FM if it is flexible. In the latter case, we expand the set of independent degrees of 
freedom to allow for a more detailed representation of flexibility. CrystalOptimizer and CSO-
FM are based on a bi-level optimisation, with the independent degrees of freedom as 
variables at the outer level, and the unit cell parameters and molecular positions/orientations 
as variables at the inner level. The inner optimisation is performed using DMACRYS (Price 
et al., 2010) within CrystalOptimizer or CSO-RM within CSO-FM. At the outer level, 
quantum mechanical calculations on the isolated molecule are carried out on-the-fly and 
LAMs are then used to approximate the lattice energy, dependent degrees of freedom, and 
multipole moments based on these calculations. New LAM points are generated based on the 
distance between the current point and the nearest point available in the LAM database. For 
the intramolecular energy and dependent degrees of freedom, the distance is calculated based 
on the independent degrees of freedom only. For the electrostatics, the distance is instead 
calculated based on all degrees of freedom. When the distance metric exceeds some 
threshold, it is then deemed necessary to conduct an additional quantum mechanical 
calculation and add an additional LAM point to the respective database (hence ‘on-the-fly’). 
In this way, the final LAM databases will often contain more electrostatic LAM points than 
energy / geometry points. The number of structures refined is based on a target of evaluating 
all structures from Step 6 that are found within 10 kJ/mol of the global minimum, although 
this is sometimes curtailed due to limited computational resources. A further clustering 
process is performed after the refinement, using the same settings as in Step 6. 

Step 8: DFT-D refinement stage II 
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If time and resources are available, we perform DFT-D local minimizations for the lowest-
energy structures from Step 7 within the Vienna ab initio Software Package (VASPv5.4.4) 
(Hafner, 2008). The TPSS functional and D3 dispersion correction are selected due to their 
good performance in multiple benchmark studies (Brandenburg & Grimme, 2016) relative to 
PAW pseudo-potentials. A large energy cut-off of 1000 eV is used with a tight Γ-centred k-
point mesh of at most 0.040× 2𝜋𝜋 Å−1 distance between each k-point. The crystal structures 
are relaxed allowing variation of the unit cell lengths, angles and atom positions until all 
forces are less than 0.01 eV/Å. 

1.2. Software used 

All quantum mechanical calculations are performed within Gaussian 09 package (Frisch et 
al., 2016). The corresponding charge density is analysed to provide atomic charges based on 
the HLYGAt (Hu et al., 2007) method and atomic multipoles up to hexadecapole are derived 
from Distributed Multipole Analysis (Stone, 2005) using GDMAv2.2. For the global search 
processes, CrystalPredictor v2.4.4 was used as default. For rigid-body crystal structure 
optimisation, CSO-RMv1.3 was used as default, while CrystalOptimizer v2.4.9 and CSO-
FMv1.3 were used for structures with independent intramolecular flexibilities. 

2. Summary of CSP for each target considered 

Targets XXIX, XXXI, XXXII and XXXIII were investigated and specific aspects for each 
molecule are described in the remainder of this document. Approximate CPU times for all 
calculations are reported in Section  2.5. 

2.1. Target XXIX (Stefanos Konstantinopoulos) 

2.1.1. Step 1. Initial partitioning of conformational degrees of freedom 

The three degrees of freedom to be treated as flexible during the candidate generation stage 
were chosen based on chemical intuition and are shown in Figure 1. This choice was made to 
generate sufficient conformations at the search stage, while all torsions were treated as 
flexible during the refinement stage.  

 

Figure 1: Molecular connectivity diagram and degrees of freedom treated as flexible for molecule XXIX 
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2.1.2. Step 2: Screen basis sets using conformational scans 

 Two-dimensional scans were performed by conducting constrained isolated quantum 
mechanical calculations with the PBE0/6-311+G(d,p) level of theory and basis set 
combination. For each 2D scan, one of the dihedrals was kept constant to its gas phase value, 
while the other two were varied in the range 0-360° in steps of 30°. The generated heat maps 
allow the identification of the low energy conformations (see Figure 1).  

 

Figure 2: 2D scans for dihedrals dih4, dih5, and dih16 of Target XXXI. Calculations performed at PBE0/6-311+G(d,p) level 
of theory and basis set 

2.1.3. Step 3: Compare model results to any known experimental data 

No experimental information was available at the time of the CSP study; hence this step was 
skipped.  

2.1.4. Step 4: If required, perform CSP on similar system(s) 

The polymorphs of Anthranilic acid (CSD refcode family AMBACO) were locally 
minimised using CSO-FM to assess the performance of our refinement stage algorithm on a 
similar system. Target XXIX and Anthranilic acid are fairly similar, with the former being an 
ester while the latter is a carboxylic acid. 

  

Figure 3: AMBACO molecule with the degrees of freedom chosen to be treated as flexible 
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All three forms were used as input for local minimisations using CSO-FM. Three torsional 
degrees of freedom were treated as flexible (see Figure 3). Quantum mechanical calculations 
were performed using PBE0/6-311+G(d,p). The parameters used to model repulsion-
dispersion interactions (parameter set DB2020_PBE0_6-311+G(d,p)_mp were developed at 
the same level of theory/basis set (Bowskill, 2021). As can be seen in Table 1, the geometry 
reproduction is satisfactory for all the forms. Experimental studies suggest that form I is the 
most stable polymorph at 0 K, in agreement with the energy ranking suggested by our model. 
This model is thus retained for the next steps.  

Table 1 Geometry differences between the experimental and locally minimised structures, as indicated by RMSD1 and 
RMSD15 and computed lattice energies for AMBACO polymorphs 

 REFCODE RMSD1 (Å) RMSD15 (Å) 𝑼𝑼𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (kJ/mol) 
Form 1 AMBACO07 0.039  0.235 -90.38 
Form 2 AMBACO10 0.041 0.399 -83.48 
Form 3 AMBACO08 0.045 0.405 -88.12 

2.1.5. Step 5: LAM database generation 

A total of 328 LAM points for the global search were generated at the PBE0/6-311+G(d,p) 
level of theory and basis set. All three flexible torsions were treated as flexible in the range of 
0-360°. Further details of the LAM generation are shown in Table 2. 

Table 2: Details of LAM generation for Target XXIX 

Uniform Grid Interval (o)  60.0  
No. of LAMs in Uniform Grid  216  
Adaptive LAMs High-Energy Cut-off (kJ/mol)  30.0  
Adaptive LAMs Accuracy Cut-off (kJ/mol)  5.0  
No. of Adaptive LAMs Generated  112 
Total LAM Database Size  328 

2.1.6. Step 6: Global search and clustering 

A global search for one molecule in the asymmetric unit cell (Z’=1) was performed using the 
LAM database generated in Step 5 and FIT potential parameters to model repulsion-
dispersion interactions. Key details are presented in Table 2 and the resulting landscape is 
shown in Figure 4. 

Table 3: Key information regarding the global search of Target XXIX 

No. of Minimisations Conducted  1,000,000 
No. of Unique Structures Post-clustering  16,856 
Global Minimum Energy (kJ/mol) -92.860 
Energy Cut-off (kJ/mol)  20.0 
Unique Structures within Cut-off  6,980 
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Figure 4 - Global search landscape for Target XXIX. The red line denotes the 10 kJ/mol energy cut-off, the blue line denotes 
the 20 kJ/mol energy cut-off, the black circles the unique Z'=1 structures identified. The Z’=3 experimental structure 
(FASMEV) was minimised with the global search model following its disclosure and is indicated by a green triangle 

Step 7: Refinement stage I and clustering 

All 6,980 Z’=1 structures within the 20 kJ/mol energy cut-off were refined with CSO-FM. 
All structures were locally minimised treating all torsions as independent degrees of freedom. 
Quantum mechanical calculations were performed with PBE0/6-311+G(d,p). The parameters 
used to model repulsion-dispersion interactions were developed at the same level of 
theory/basis set (DB2020_PBE0_6-311+G(d,p)_mp) as described by (Bowskill, 2021). Key 
data on this step are shown in Table 4 and the resulting landscape is shown in Figure 5.  

Table 4 - Key information on refinement stage I for Target XXIX 

No. of Structures Refined 6,980 
No. of Unique Structures Post-clustering 4,359 
Global Minimum Energy (kJ/mol) -84.899 
Energy Cut-off (kJ/mol) 10.0 
Unique Structures within Cut-off 685 
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Figure 5: Refinement I landscape for Target XXIX following the use of CSO-FM and clustering. The red line denotes the 10 
kJ/mol energy cut-off, the blue line the 20 kJ/mol cut-off, the black circles the unique Z'=1 structures identified. The Z’=3 
experimental structure (FASMEV) was minimised with the CSO-FM model following its disclosure and is indicated by an 

green triangle 

2.1.7. Discussion 

The experimental structure was not found since it has three molecules in the asymmetric unit 
cell. Following the release of experimental data, the experimental structure of Target XXIX 
(REFCODE FASMEV) was locally minimised with CrystalPredictor and CSO-FM using the 
same modelling choices during the blind test. The lattice energy of FASMEV minimised with 
CrystalPredictor is -87.86 kJ/mol. This is well within the 20 kJ/mol energy cut-off used in the 
global search at just 4.99 kJ/mol above the Z’=1 global minimum. The structure obtained 
after minimisation is a good match for the experimental structure with a RMSD20  of 0.194 Å.  

A similar approach is applied with CSO-FM. The lattice energy of the structure resulting 
from local minimisation starting from FASMEV -84.65 kJ/mol and. This places the structure 
at just 0.25 kJ/mol above the lowest-energy Z’=1 structure, with a rank of 3. The RMSD20 
between the experimental structure (FASMEV) and its locally-minimised equivalent is 0.193 
Å, indicating that a high quality match once again. 

We can conclude from this that the models used in the global and local search are suitable for 
Target XXIX and that, had Z’>1 searches been completed, the experimental structure would 
have been very likely included in the submitted list due to its low rank in both landscapes 
generated (see Figure 4 and Figure 5).     

2.2. Target XXXI (David H. Bowskill and Benjamin I. Tan) 

2.2.1. Step 1. Initial partitioning of conformational degrees of freedom 
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An isolated gas-phase minimisation of Target XXXI was conducted using the PBE0/6-
311G(d,p) level of theory and basis set. Analysis of the first-order and second-order derivatives 
of each torsion within the molecule suggested five flexible dihedrals, as shown in Figure 6. 
Chemical intuition would suggest that rotation of dih7 and dih11 (shown in blue in the figure) 
could disrupt the planar nature of the two rings, hence these two torsions were treated as rigid 
instead. The remaining three torsions (dih8, dih9, and dih10, shown in orange) were considered 
to be flexible in the remainder of the CSP study, i.e., 𝜃̅𝜃 = (dih8,dih9,dih10). They correspond 
to rotation of the plane of the heterocyclic ring (dih8), rotation along the central C-S bond 
(dih9), and rotation of the plane of the benzene ring (dih10). 

 

Figure 6: Flexible torsions in Target XXXI found from Step 1 analysis. Torsions in blue (dih7 and dih11) were eliminated by 
chemical intuition. Torsions in orange (dih8, dih9, and dih10) were treated as flexible for the remainder of the CSP study. 

2.2.2. Step 2: Screen basis sets using conformational scans 

1-D torsion scans were conducted on the aforementioned three dihedrals at the PBE0 level of 
theory with three different basis sets: 6-31G(d,p), 6-311G(d,p), 6-311+G(d,p). Each torsion 
was scanned over a full 360o rotation (Figure 7). The 1-D scans show regions of low 
conformational energy (< 20 kJ/mol), reaffirming that these torsions do indeed exhibit some 
degree of flexibility. All three basis sets tested exhibit nearly identical energy profiles, with  

 

Figure 7: 1-D torsions scans for the flexible torsions of Target XXXI identified in Step 1. All scans were conducted at the 
PBE0 level of theory. The basis sets tested include 6-31G(d,p) (blue), 6-311G(d,p) (red), and 6-311G+(d,p) (black). 

only minor variations in Δ𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 . The choice of basis set was thus made based on the 
computational costs of each method. The average CPU hours for each LAM calculation 
increases with basis set size, as expected: 36.4, 40.7, and 96.7 respectively. Given the sharp 
rise in CPU hours for the 6-311G+(d,p) basis set, this option was discarded. The 6-311G(d,p) 
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basis set only costs marginally more than the 6-31G(d,p) basis set, therefore 6-311G(d,p) was 
ultimately selected as the QM method for the rest of the CSP study. 

2.2.3. Step 3: Compare model results to any known experimental data 

No experimental data was known at the time of the CSP study, hence this step was skipped. 

2.2.4. Step 4: If required, perform CSP on similar system(s) 

Target XXXI was not deemed to have any peculiarities in its structure, hence no testing was 
conducted on analogous structures.  

2.2.5. Step 5: LAM database generation 

The LAM generation was conducted using the PBE0/6-311G(d,p) level of theory and basis set 
(as selected in Step 2). All three independent torsions were assumed to be flexible over a full 
360o rotation. Details of the LAM generation are summarised in Table 4. 

Table 5: Details of the initial LAM generation for Target XXXI. 

Uniform Grid Interval (o) 60.0 
No. of LAMs in Uniform Grid 216 
Adaptive LAMs High-Energy Cut-off (kJ/mol) 30.0 
Adaptive LAMs Accuracy Cut-off (kJ/mol) 5.0 
No. of Adaptive LAMs Generated 1,287 
Total LAM Database Size 1,503 

2.2.6. Step 6: Global search and clustering 

As the Z’ number of Target XXXI polymorphs was unknown a priori, both Z’ = 1 and Z’ = 2 
global searches were conducted. The searches were both conducted using CrystalPredictor 
v2.4.4 within the standard space groups (61 most common, i.e., the 59 listed in Section 1.1.2 
as well as P2221 and Pba2), The LAM database developed in Step 5 and point-charge 
electrostatics were used in both searches. Repulsion-dispersion parameters developed for use 
with the selected energy model (DB2020_PBE0_6-311G(d,p)_pc) (Bowskill, 2021) were used. 
Key details of the searches are summarised in Table 2. 

Table 6: Key information regarding the global search of Target XXXI. The energy cut-offs are defined with respect to the 
global minimum from each individual search. 

Z’ 1 2 
No. of Minimisations Conducted 1,000,000 2,000,000 
No. of Unique Structures Post-clustering 5,959 2,596 
Global Minimum Energy (kJ/mol) -127.013 -125.178 
Energy Cut-off (kJ/mol) 15.0 14.0 
Unique Clusters within Cut-off 1,503 2,596 

The landscapes for each search (post-clustering) are shown in Figure 8, together with any 
experimental matches found. In the Z’ = 1 search, two matches for ZEHGAYmajor were found, 
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neither of which were eliminated by the clustering algorithm. ZEHGAYminor and ZEHFUR 
were also found within the energy cut-off in the Z’ = 1 search. In the Z’ = 2 search, only the 
ZEHGAYminor form was found. The fourth polymorph, ZEHGEC, was not found in either of 
the searches done.  

  

Figure 8: The crystal structure landscape for the Z' = 1 (left) and Z' = 2 (right) search conducted with CrystalPredictor v2.4.4. 
Unique structures found post-clustering are given by the empty black circles. The cut-off for structures used in refinement is 
given by the blue dashed line. Matches to the polymorphs ZEHGAYmajor (red), ZEHGAYminor (blue), and ZEHFUR (magenta) 
are given by the empty squares. ZEHGEC was not found in either search.  

2.2.7. Step 7: Refinement stage I and clustering 

Unique clusters within the energy cut-off from Step 6 were brought forward for further 
refinement of each Z’ search. Multipole electrostatics were used in both refinements. Again, 
repulsion-dispersion parameters were developed for use with this energy model 
(DB2020_PBE0_6-311G(d,p)_mp) as described by (Bowskill, 2021). Using CSO-FM, LAMs 
are generated on-the-fly as per Table 6. The same flexible degrees of freedom used in the 
Global Search were employed here, without any further addition of flexible degrees of freedom.  
Both the Z’ = 1 and Z’ = 2 searches employ the same LAM databases. Key details of the 
refinements are summarised in Table 7. When clustering of the Z’ = 2 structures, a comparison 
with structures found in the Z’ = 1 search was also conducted, in effect removing any Z’ = 2 
structures which had already been found in the Z’ = 1 search. 

The landscapes for each search (post-clustering) are shown in Figure 9, together with any 
experimental matches found. The experimental matches found in the Z’ = 1 search at the global 
search stage were all found here, although the ZEHFUR match increased substantially in 
energy.  The fourth polymorph, ZEHGEC, was not found in either of the searches done.  

Table 7: Description of LAM generation for the first refinement stage for Target XXXI. The same LAM databases were used 
in both the Z' = 1 and Z' = 2 searches. The same flexible degrees of freedom are identical to those used in the Global Search.  

Valid Torsion Range (o) 5.0 
Valid Angle Range (o) 3.5 
Valid Bond Range (Å) 0.1 
No. of Intramolecular Energy LAMs 5,851 
No. of Electrostatic LAMs 9,056 
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Table 8: Key Information regarding the refinement stage of Target XXXI. When clustering Z’=2 structures, structures found 
in the Z’=1 search were also clustered out. The energy cut-offs are defined with respect to the Z’=1 global minimum. 

Z’ 1 2 
No. of Structures Refined 1,503 2,161 
No. of Unique Structures Post-clustering 1,328 1,930 
Global Minimum Energy (kJ/mol) -123.430 -122.183 
Energy Cut-off (kJ/mol) 5.0 5.0 
Unique Clusters within Cut-off 37 9 

In the Z’ = 2 search, the previously-identified ZEHGAYminor structure match was eliminated 
from the landscape. Analysis of the Z’ = 2 minima pre-clustering reveals that the ZEHGAYminor 
match was present, hence its disappearance in the final landscape can be attributed to the 
clustering done with respect to the Z’ = 1 structures.  

  

Figure 9: The crystal structure landscape for the Z' = 1 (left) and Z' = 2 (right) refinement conducted with CSO-FM for Target 
XXXI. Unique structures found post-clustering are given by the empty black circles. The cut-off for structures progressing to 
Step 8 is given by the blue dashed line. Matches to the polymorphs ZEHGAYmajor (red), ZEHGAYminor (blue), and ZEHFUR 
(magenta) are given by the empty squares. ZEHGEC was not found in either search. 

2.2.8. Step 8: DFT-D refinement stage II 

Forty-six structures were brought forward from Step 7 for DFT-D refinement using VASP. 
This includes the two ZEHGAYmajor matches and the ZEHGAYminor match from the Z’= 1 
search. The ZEHFUR match in the Z’ = 1 search was too high in energy to be brought forward. 
A large energy cut-off of 1000 eV is used with a tight Γ-centred k-point mesh of at most 0.040×
2𝜋𝜋 Å−1 distance between each k-point.  

The structures which matched ZEHGAY in CSO-FM were still able to successfully match the 
experimental polymorphs post-refinement with VASP. No matches to the other experimental 
polymorphs were found following refinement.  

2.2.9. Discussion 

The fidelity of the structural predictions and the relative rankings of experimental matches at 
each stage of the CSP workflow are summarized in Table 8. Since all the polymorphs have 
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been revealed to be Z’ = 1, the results for Z’ = 2 have been omitted. With the exception of 
ZEHGEC, all the other polymorphs were identified at least once within the CSP workflow.  

Table 9: Structural fidelity and relative rankings of experimental matches at each stage of the CSP for Target XXXI. Only the 
matches from the Z’ = 1 search are shown since the experimental structures are known to be Z’ = 1. Two matches to 
ZEHGAYmajor were identified throughout the study. ZEHGEC was not found in the original CSP study, and the results shown 
correspond to analysis done by minimising the experimental structure with the corresponding energy model at each stage.   

Polymorph 
Global Search Refinement I  Refinement II 

RMSD20 
(Å) 

Ulatt (kJ/mol) 
[Rank] 

RMSD20 
(Å) 

Ulatt (kJ/mol) 
[Rank] 

RMSD20 
(Å) 

Ulatt (kJ/mol) 
[Rank] 

ZEHGAYmajor 0.5342 -123.181 [14
th
] 0.3346 -119.356 [24

th
] 0.1337 -123.505 [3

rd
]  

ZEHGAYmajor 0.2163 -123.031 [17
th
] 0.1774 -122.262 [5

th
] 0.1665 -124.086 [1

st
] 

ZEHGAYminor 0.3759 -125.507 [3
rd

] 0.2589 -122.941 [3
rd

] 0.2635 -122.759 [8
th
] 

ZEHFUR 0.5164 -122.906 [18
th
] 0.7027 -111.206 [450

th
] NOT FOUND 

ZEHGEC* 0.7450 -98.505 0.1299 -103.481 NOT FOUND 

Relative Polymorph Stabilities 

Of the three polymorphs that were found, ZEHFUR is correctly identified as the least stable of 
the three. However, the lattice energy of ZEHFUR is likely overstated in the first refinement 
stage, wherein it is ranked 450th and is about +12.4 kJ/mol from the global minimum (-123.430 
kJ/mol). Energy gaps exceeding 10 kJ/mol are considered very unlikely for observable 
polymorphs (Nyman & Day, 2015), hence this possibly evidences an underlying error in our 
energy model. This large energy gap also results in ZEHFUR being excluded from the final 
VASP refinement. It is noted that the geometry match in the first refinement stage for ZEHFUR 
is notably worse than the other experimental matches.  

In the first refinement stage, all the ZEHGAY matches present with good geometry fidelity. 
However, the relative rankings of (both) the major and the minor forms are reversed. 
Nevertheless, these structures were low enough in energy to be brought forward to the second 
refinement stage where their rankings are corrected.  

Minimisation of ZEHFUR Experimental Structure 

As noted above, the lattice energy of the ZEHFUR match in the first refinement stage is likely 
predicted to unrealistically large and does not match the experimental geometry as well as the 
structures predicted for the ZEHGAY polymorphs. Given that a much better match of 
ZEHFUR was found during the global search, this is likely due the limitations of the energy 
model used during Refinement I. To test this, a local minimization in CSO-FM was initiated 
from the ZEHFUR experimental structure using the same energy model as Refinement I.  

The resultant minimum has a much lower energy (Ulatt = -119.223 kJ/mol) than what was 
originally found in the CSP study, but the geometry can no longer be considered a match to the 
experimental structure (RMSD20 = 1.4367 Å). Thus, the inability to obtain an energetically 
low-lying ZEHFUR structure in the first refinement stage is most likely a fault of the energy 
model. This is further reinforced by the fact that when we attempt the same minimization but 
with a larger basis set (6-311G+(d,p)), a better match to ZEHFUR (RMSD20 = 0.5886 Å) is 
obtained. It should be noted that this latter minimization was not conducted with the DB2020 
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repulsion-dispersion parameter set used during the PBE0/6-311G(d,p) minimization since this 
was developed for specific use with PBE0/6-311G(d,p). Instead, we use the set of repulsion-
dispersion parameters applicable to PBE0/6-311+G(d,p) developed in (Bowskill, 2021) 
(referred to as DB2020+ below). 

An attempt was made to elucidate the specific fault in the energy model causing this 
discrepancy. To begin, we consider if the intramolecular contribution may be erroneous when 
using the smaller basis set. Comparing the molecular conformation obtained at the respective 
minima for these two energy models (PBE0/6-311G(d,p) and PBE0/6-311+G(d,p)), the 
molecular conformations are quite similar with respect to each other (RMSD1 = 0.1511 Å). 
Compared to the experimental conformation, the 6-311G(d,p) minimum structure is actually a 
closer conformational match (RMSD1 = 0.1700 Å) than the conformation at the 6-311+G(d,p) 
minimum structure (RMSD1 = 0.2507 Å). If we compare these RMSD1 values with the ‘good’ 
experimental matches obtained in Refinement I (Table 9) for ZEHGAYmajor (RMSD1 = 0.2226 
Å and 0.0776 Å for the 24th and 5th ranked match respectively) and ZEHGAYminor (RMSD1 = 
0.1453 Å), the minimized ZEHFUR molecular conformations are still within a range of 
RMSD1 values that could realistically give a good match to the experimental crystal structure. 
A visual inspection also supports that the differences in molecular conformation relative to the 
experimental structure appear relatively small in both cases (Figure 10). For these two reasons, 
it is doubtful whether the intramolecular contributions are the root cause of the different results 
obtained with the two energy models. Energy-wise, as observed from the 1-D torsion scans 
conducted in Step 2, the choice of basis-set size (6-311G(d,p) versus 6-311+G(d,p)) should 
have negligible effects on ∆Uintra. The ∆Uintra contribution at these two (conformationally 
similar) minima is consistent with this, wherein ∆Uintra. = +6.591 kJ/mol and ∆Uintra. = +6.879 
kJ/mol at the 6-311G(d,p) and 6-311+G(d,p) minima respectively.  

    

Figure 10: RMSD1 comparison between the ZEHFUR experimental conformation and the conformations obtained at the 
minima when using PBE0/6-311G(d,p) (left) and PBE0/6-311+G(d,p) (right). The experimental conformation is given in grey 
whilst the minimised conformation is given in green.  

The above observations suggest that the issue with the energy model may be related to the 
intermolecular contributions. To study this, a rigid minimization was conducted with the two 
energy models (PBE0/6-311G(d,p) with DB2020 and PBE0/6-311+G(d,p) with DB2020+), 
keeping the molecular conformation fixed at the experimental conformation. Doing so, both 
energy models predict a good match to the experimental structure, with RMSD20 = 0.3183 Å 
and RMSD20 = 0.2890 Å respectively.  

From these findings, it would appear that the individual parts of the energy model are working 
well in isolation. In gas-phase molecule calculations, both models are in good agreement in 
terms of predicted ∆Uintra. When intramolecular effects are eliminated in the rigid minimization, 
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the intermolecular interactions correctly predict the experimental structure. However, our 
analysis only considers the final geometries/energies obtained at the minima in the rigid and 
flexible minimization, from which there appears to be little difference between the two models. 
It is likely that there is a more subtle interplay of both the intramolecular and intermolecular 
contributions, resulting in topological differences on the lattice-energy landscape when using 
PBE0/6-311G(d,p) with DB2020 and PBE0/6-311+G(d,p) with DB2020+. 

In the context of a blind CSP study, it would be challenging to identify this sort of model 
inadequacy within our existing workflow. 1-D conformational scans can only pick up on gross 
errors between the predicted intramolecular properties, which as demonstrated here is 
insufficient. In the absence of experimental structures for comparison, there is also no 
opportunity to conduct flexible minimizations to assess the adequacy of the energy model. One 
avenue that could be considered in the early stages of CSP is the generation of several 
hypothetical crystal structures in silico using DFT-D. With these reference data, flexible 
minimizations may be used to assess the adequacy of the complete energy model (intra- + 
intermolecular components). Because our repulsion-dispersion parameters are parameterized 
against similar DFT-D reference data (Bowskill, 2021), such a validation study would be 
appropriate. In the event that the validation results prove unsatisfactory, it would be trivial to 
re-parameterize the repulsion-dispersion force-field with the hypothetical structures as 
additional reference data. A proof of concept for this workflow has been demonstrated in a 
previous work (Bowskill et al., 2020), albeit for a rigid molecule.  

From a theoretical standpoint, diffuse basis functions are most useful for modelling systems 
with loosely bound electrons which can drift far from the atomic center, for instance anions 
(Cramer, 2004). Some studies, however, have suggested that diffuse basis functions can be 
highly beneficial to third-period species such as sulfur (Vandermeeren et al., 2007), especially 
when they are involved in highly polar bonds with oxygen. With that in mind, polarization 
functions are more likely to be beneficial for modelling Molecule XXXI. It is generally 
accepted that heavy atoms in the third-period of the periodic table should be modelled with d-
type polarization functions (Cramer, 2004), especially if hypervalent atoms are present, such 
as in the sulfone group of Molecule XXXI. Whilst the PBE0/6-311G(d,p) model used in the 
blind test already includes one set of d-type polarization basis functions, it may be that this is 
insufficient for this particular system. Ultimately, it is unclear if the addition of the diffuse 
basis function is legitimately beneficial towards Molecule XXXI, or if it is fortuitously making 
up for an insufficiency in the polarization functions. A more thorough investigation into the 
nature of these heavier atoms (e.g., S and Cl) may be necessary to inform future modelling 
decisions with respect to the basis set requirements.   

Absent ZEHGEC Structure 

The ZEHGEC experimental structure was used to initiate a minimisation with an identical 
energy model to each stage of the original CSP study. In both energy models tested (‘Global 
Search’ and ‘Refinement I’) a stable minimum was found that matched the experimental 
structure (Table 8). Failure to identify this minimum during the Global Search is most likely 
because it belongs to the R-3 space group, which is not explored extensively within our search 
(approximately 0.65% of all minimisations) due to its relative scarcity in the CSD. Even if it 
had been found in the Global Search, the ZEHGEC crystal structure exhibits an exceedingly 
high value of Ulatt (+28.508 kJ/mol from the global minimum), meaning it would have been 
excluded from further refinement. 
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Analyzing the structure of ZEHGEC reveals a packing structure that is very sparse and low-
density. In fact, there appear to be empty channels parallel to the c-axis of the unit cell (Figure 
11). The low density of the structure explains its relatively high Ulatt and is also suggestive that 
ZEHGEC could be a desolvated solvate.  

 

Figure 11: Crystal packing of ZEHGEC. The red dashed circles indicate the empty channels which run through the crystal 
structure along the c-axis. 

2.3. Target XXXII (Isaac J. Sugden) 

2.3.1. Step 1. Initial partitioning of conformational degrees of freedom 

Through a combination of the default scanning process and chemical intuition, the 11 
independent degrees of freedom shown in Figure 11 were identified. 

 

Figure 12: Independent degrees of freedom in Target XXXII 

2.3.2. Step 2: Screen basis sets using conformational scans 

dih8 

dih10 

dih15 dih16 
dih21 

dih26 

dih27 

dih28 

dih35 

dih38 

dih43 
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Several levels of theory (PBE, PBE0, HF, B3LYP) were tested through scans of each torsion, 
with no combination offering a significant enough accuracy or cost advantage to justify 
deviating from PBE0/6-311G(d,p), which was the level of theory used in the parameterisation 
of the intermolecular repulsion/dispersion parameters. An example is shown in Figure 13, for 
dih16. The energy profiles for all torsions, for the selected level of theory, PBE0/6-
311G(d,p), are shown in Figure 14,  Figure 15 and Figure 16. 

 

Figure 13: Torsion energy profile for dih16 in Target XXXII. Cyan is PBE, green is PBE0, red is HF, and black is B3LYP. 
The black dot is the minimum value in B3LYP, from the ChemDraw drawn molecule. 
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Figure 14: Torsion energy profiles for dih16, dih15, dih10 and dih8 in Target XXXII, obtained using PBE0/6-311G(d,p) 
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Figure 15: Torsion energy profiles for dih21, dih28, dih26 and dih27 in Target XXXII, obtained using PBE0/6-311G(d,p) 
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Figure 16: Torsion energy profiles for dih43, dih35 and dih38 in Target XXXII, obtained using PBE0/6-311G(d,p) 
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Given the number of degrees of freedom, it was decided to separate the torsions into two 
groups, in order to reduce the computational effort. This is analogous to the approach 
developed for CrystalPredictor I (Karamertzanis & Pantelides, 2007) but extended for 
CrystalPredictor II (Kazantsev et al., 2010, Habgood et al., 2015, Sugden et al., 2016, Sugden 
et al., 2019, Sudgen et al., in preparation), which offers advantages in terms of accuracy, as 
well as coverage, through the use of LAMs. However, even with this separation, it was not 
possible to cover the 0-360o range for all torsions with the available computational resources. 
Approximations were made in the cases of dih26, dih27 and dih28, with the ranges fixed to 
±60°, to the approximate gas phase value. As can be seen in Figure 15, with the initially 
generated conformation, these torsions exist in deep energy wells, with barriers of over 20 
kJ/mol for rotation beyond 60°.  

2.3.3. Step 3: Compare model results to any known experimental data 

No experimental data was known at the time of the CSP study, hence this step was skipped. 

2.3.4. Step 4: If required, perform CSP on similar system(s) 

This is not applicable to this system and was skipped.  

2.3.5. Step 5: LAM database generation 

The adaptive LAM algorithm converged using settings as follows: a maximum LAM 
boundary difference of 5 kJ/mol, and a maximum energy cut-off of 20 kJ/mol. This resulted 
in the generation of 7221 LAMs for group 1, and 1763 LAMs for group 2. 

2.3.6. Step 6: Global search and clustering 

Eight hundred and thirty thousand minimisations were performed in Z’=1 using 
CrystalPredictor v2.4.4, using standard space groups (63 most common), and the 
DB2020_PBE0_6-31G(d,p)_pc parameter set (Bowskill, 2021). A cut-off for refinement of 
120 kJ/mol was chosen, in order to generate at least 2000 structures, as the landscape was 
very sparsely populated around the global minimum. Upon closer inspection, it was revealed 
that there were a significant number of structures where torsional group 1 had rotated into the 
geometric space occupied by atoms of torsional group 2, resulting in clearly invalid 
conformations. A key rule of the torsional group approximation is that the approximation is 
only valid if atoms in the separate groups are significantly geometrically separated. This is 
clearly not the case, and suggests that the algorithm was spending significant effort in invalid 
regions of conformational space, meaning that the global search is far from converged. The 
results are summarised in Table 10 and Figure 17. 

Table 10 - Key information regarding the global search of Target XXXII. 

No. of Minimisations Conducted 830,000 
No. of Unique Structures Post-clustering 4888 
Energy Cut-off (kJ/mol) 120.0 
Unique Structures within Cut-off 2000 
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Figure 17: The crystal structure landscape for the (incomplete) Z' = 1 global search conducted with CrystalPredictor v2.4.4 
for Target XXXII. The blue indicates the 20 kJ/mol.  

2.3.7. Step 7: Refinement stage I and clustering 

Approximately 1,500 structures were refined using CSO_FM V1.3, and the 
DB2020_PBE0_6-31G(d,p)_mp parameter set. The same level of theory and degrees of 
freedom were used as in the global search. After clustering using the CSD python API this 
resulted in 1,364 unique structures. An additional 135 structures were taken from the 
unrefined global search structures and included in the blind test submission, as time had run 
out to complete the refinement. The results are summarised in Table 11 and Figure 18.  

Table 11 - Key information regarding the refinement stage of Target XXXII 

No. of Structures Refined 1,499 
No. of Unique Structures Post-clustering 1,364 
Global Minimum Energy (kJ/mol) -238.16 
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Figure 18:  The partial crystal structure landscape for the Z' = 1 refinement conducted with CSO-FM for Target XXXII 

2.3.8. Step 8: DFT-D refinement stage II 

Not applicable  

2.3.9. Discussion 

There were two experimental targets for this system. JEKVOO is a Z’=2 structure, and thus 
was not explicitly searched for in our study. JEKVII is Z’=1, and exhibits disorder on the 
difluoromethyl group, which was not explicitly modelled. However, the major and minor 
components can be expected to be found in an exhaustive Z’=1 search, and no matches were 
found within the landscape. It was ascertained that the reason for these structures being 
missed in the search is that the molecule adopts a conformation outside of the ranges of 
flexible torsions searched for in this investigation, as shown in Table 12 (the disordered 
components are differentiated by differences in dih43, which was sampled in a 360° range). 

Table 12. Key torsions in the JEKVII experimental structure and the ranges sampled in the investigation of Target XXXII 

Torsion Exp value (o) Lower bound  (o) Upper bound  (o) 
Dih26  69 -60 60 
Dih27 53 120 240 
Dih28 116 -60 60 

As detailed in Section 1.1.2, to make the generation of LAM databases manageable in a 
reasonable amount of time, the ranges of the three torsions listed in  were truncated to ±60° 
around the gas phase minimum of the initially-generated conformation. This was justified on 
the basis that the one-dimensional energy profiles, with all other torsions fixed at their 
minimum values, showed deep energy wells (> 20kJ/mol) around the gas phase value. 
However, when flexibility is allowed in the other torsions (i.e. the molecule adapts its 
conformation to maintain favourable intramolecular interactions as the investigated torsion 
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rotates), the intramolecular energy cost is small enough to allow those torsion values within a 
viable crystal structure. In future work, efforts to allow 360° rotations will be considered.  

2.4. Target XXXIII (Leticia Sanders De Almada) 

2.4.1. Step 1. Initial partitioning of conformational degrees of freedom 

Initially, an isolated gas-phase minimisations of the two components of Target XXXIII were 
carried out in vacuo, considering the isolated anion and the isolated cation separately, and using 
PBE0/6-311G(d,p). The independent degrees of freedom were chosen through analysis of the 
first-order and second-order derivatives of each torsion within the ions. The cation was 
considered rigid, and the anion exhibited four torsions to be considered flexible (dih9, dih10 
and dih22) as shown in Figure 19. 

 

Figure 19: Flexible torsions in Target XXXIII found from Step 1 analysis 

2.4.2. Step 2: Screen basis sets using conformational scans 

One-dimensional scans of three of the four independent degrees of freedom (dih9, dih10, dih11) 
of the anion were carried out using PBE0 as the level of theory with three different basis sets: 
6-31G(d,p), 6-311G(d,p), 6-311+G(d,p).  The scans are shown in Figure 20. The change in 
intramolecular energy as a function of torsion values is similar for all three basis sets. Therefore, 
the choice of basis set was based on computational cost. The average cost for finding the 
optimal structure for 6-31G(d,p), 6-311G(d,p), 6-311+G(d,p) was, respectively, 16.5 CPU 
hours, 21.4 CPU hours and 50.6 CPU hours. The small increase from 6-31G(d,p) to 6-311G(d,p) 
meant that 6-311G(d,p) could be used without significant costs, while the more complete 6-
311+G(d,p) would have more than double the cost while not showing significant changes in 
the 1-D scans. 
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Figure 20: 1-D scans of the anion in Target XXXIII for three of the flexible torsions identified in Step 1 for a) dih9, b) dih10 
and c) dih11. All scans were conducted at the PBE0 level of theory. The basis sets tested include 6-31G(d,p) (blue), 6-
311G(d,p) (orange), and 6-311G+(d,p) (grey). 

2.4.3. Step 3: Compare model results to any known experimental data 

No experimental data was available for Target XXXIII. 

2.4.4. Step 4: If required, perform CSP on similar system(s) 

One system found in the CSD was evaluated, DEVGOA, which has one known experimental 
form (Figure 21). DEVGOA contains the same cation as Target XXXIII. It does not contain 
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rings, but it presents a negative charge on a nitrogen connected to a sulfone group, similarly 
to the anion in Target XXXIII.  

 
Figure 21: Salt system tested, DEVGOA, with the independent degree of freedom indicated by an arrow 

Analysis of first and second-order derivatives around the gas phase optimal values indicated 
that DEVGOA has one independent degree of freedom, as shown in Figure 21. The 
experimental structure was minimised using CrystalOptimizer with PBE0 as the level of 
theory and three basis sets: 6-31G(d,p), 6-311G(d,p), 6-311+G(d,p). The level of theory 
PBE0/6-311G(d,p) with a PCM correction (ε=11) was also tested, and two sets of 
dispersion/repulsion parameters were investigated: FIT (Coombes et al., 1996) and 
parameters developed by David Bowskill (Bowskill, 2021) for each level of theory 
(denominated DB2020). For DEVGOA, local minimisations from the experimental crystal 
structure resulted in a match with an RMSD15 value less than 0.3Å for most models, as 
indicated in Table 13. 

Table 13: Results of local minimisations of experimental structure of DEVGOA. Here the RMSD15 and RMSD1 between the 
experimental structure and the final optimised structure are shown. The RMSD1 is applied to the anion only, as this is the 
only flexible component in the salt.  

Model used (parameter set – level of theory/basis set) RMSD15 
(Å)  

RMSD1 
(Å) 

FIT - PBE0/6-31G(d,p) 0.278 0.022 
FIT - PBE0/6-311G(d,p) 0.236 0.022 
FIT - PBE0/6-311+G(d,p) 0.240 0.021 
DB2020 - PBE0/6-31G(d,p) 0.223 0.022 
DB2020 - PBE0/6-311G(d,p) 0.198 0.022 
DB2020 - PBE0/6-311+G(d,p) 0.215 0.022 
DB2020 - PBE0/6-311G(d,p) +PCM(ε=7) 0.143 0.021 

Based on the local optimisation results, two global searches were carried out using the 
PBE0/6-311G(d,p) level of theory with the two basis sets, as this level of theory yielded the 
second best results while having a significantly lower computational costs compared to the 
models with PCM correction. The resulting landscapes after 300,000 minimisations are 
shown in Figure 22. The experimental form was found as the 9th lowest energy structure 
(RMSD15 of 0.3 Å) for the FIT parameters and as the 3rd lowest energy structure for 
parameter set DB2020 (RMSD15 of 0.2 Å). Refinement of the 1000 lowest energy structures 
using multipole electrostatics and the FIT parameters improved the rank from 9th to 4th. For 
the DB2020 parameter set, the ranking worsened slightly from 3rd to 4th. 
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Figure 22: The crystal structure landscape for DEVGOA after global search using CrystalPredictor with a) FIT parameters 
and b) DB2020 parameters. Unique structures found post-clustering are given by the empty black circles. The cut-off for 
structures progressing to refinement is given by the blue line. Matches to the known experimental form are given by the blue 
squares. 

Based on these results, the model DB2020 - PBE0/6-311G(d,p) was chosen for the global 
optimisation step of Target XXXIII, and a PCM correction was included for the refinement 
stage. 

2.4.5. Step 5: LAM database generation 

For the LAM database, it was assumed that dih9, dih10 and dih11 were flexible over a full 
360o rotation, while dih22 was assumed to be flexible over 180o. With the level of theory 
PBE0/6-311G(d,p), the adaptive LAM algorithm, run with a maximum LAM boundary 
difference of 5 kJ/mol and a maximum energy cut-off of 30 kJ/mol, converged at 3,233 
LAMs. As the cation was considered rigid, no LAMs were needed for this ion. A summary of 
the anion LAM database generation is shown in Table 14. 

Table 14: Details of global search LAM generation for the anion in Target XXXIII. 

Uniform Grid Interval (o)  60.0  
No. of LAMs in Uniform Grid  864 
Adaptive LAMs High-Energy Cut-off (kJ/mol)  30.0  
Adaptive LAMs Accuracy Cut-off (kJ/mol)  5.0  
No. of Adaptive LAMs Generated  2,639 
Total LAM Database Size  3,233 

2.4.6. Step 6: Global search and clustering 

Global search was conducted for Z’ = 1 (one cation and one anion in the asymmetric unit). 
As described in the LAM generation section, parameters developed by (Bowskill, 2021) were 
used (DB2020_PBE0_6-311G(d,p)_pc parameter set) and for this stage, point-charge 
electrostatics were used. One million minimisations performed using CrystalPredictor 
V2.4.4, using the 61 most common space groups, i.e., the 59 space groups listed in Section 
1.1.2 as well as P2221 and PBA2. A cut-off for refinement of 16 kJ/mol was chosen, and 
following clustering with the CSD python API tools, this resulted in 1,406 low-energy 
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structures being identified.  Table 15 shows a summary of the global search and Figure 24 
shows the resulting landscape.  

Table 15: Key information regarding the global search of Target XXXIII. The energy cut-offs are defined with respect to the 
global minimum from each individual search. 

Z’  1  
No. of Minimisations Conducted  1,000,000  
Global Minimum Energy (kJ/mol)  -339.116 
Energy Cut-off (kJ/mol)  16.0  
Unique Clusters within Cut-off  1,406  

 

Figure 23: The crystal structure landscape for Target XXXIII after candidate search and global optimisation using 
CrystalPredictor with DB2020 parameters and PBE0/6-311G(d,p) level of theory. Unique structures found post-clustering 
are given by the empty black circles. The blue line indicates 16 kJ/mol from global minimum. The chosen cut-off was 16 
kJ/mol due to computational limitations. The blue circle shows the position ZEGWER would take in the landscape if it had 
been found in the search. ZEGWAN is not shown as it is larger than the scale of lattice energy, being 37 kJ/mol above the 
global minimum.  

One of the experimental forms, ZEGWER, was not found in the search, indicating that the 
search was not complete or that the model was not accurate enough. However, even if it was 
found, the energy would have been 20 kJ/mol above the global minimum, above the cut-off. 
ZEGWAN is not found in the search. However, it if is locally minimised using 
CrystalPredictor and the same model described, the resulting structure was found in the 
search, indicating that this structure could converge to ZEGWAN after refinement. However, 
this matching structure lied above the cut-off, 37 kJ/mol above the global minimum found. 

2.4.7. Step 7: Refinement stage I and clustering 

Due to practical computational reasons, the 1,058 lowest-energy structures from Step 6 were 
refined with local optimisation using multipoles electrostatics. Again, a parameter set 
developed by (Bowskill, 2021) was used for the level of theory PBE0/6-311G(d,p) with a 
PCM correction (ε=7). The set of independent degrees of freedom was expanded through the 
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addition of four bond angles and one torsion, which relates to the change in angle between 
the two hydrogens in the -NH2 group, as indicated in Figure 24. After clustering using the 
CSD python API, this resulted in 1,048 Z’=1 structures, as shown in Figure 25. 

 

Figure 24: Independent degrees of freedom for the first refinement stage of Target XXXIII indicated by blue arrows: a) 
independent torsion angles; b) bond angles.  

 

Figure 25: The crystal structure landscape for Target XXXIII after refinement sing CSO-FM with the DB2020 parameter set 
and PBE0/6-311G(d,p) level of theory with PCM correction. Unique structures found post-clustering are given by the blue 
circles.  

2.4.8. Step 8: DFT-D refinement stage II 

Periodic DFT optimisations were performed on the 102 lowest energy structures 
(approximately 7.8 kJ/mol of the global minimum) using the TPSS functional, PAW 
pseudopotentials, and the D3 dispersion correction, in VASP. None of the experimental 
structures were included in the first refinement stage and thus none of the structures 
considered converged to the experimental forms after the second refinement stage. 

2.4.9. Discussion 
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None of the two experimental forms were found at the end of the CSP study. As mentioned in 
Step 6, ZEGWER was not found in the global search, indicating that the search was not 
complete. If it was found, it would have been 20 kJ/mol above the global minimum. 
ZEGWAN was found, but it was above the energy cut-off that was used, 37 kJ/mol above 
global minimum. Local minimisations of both experimental structures using the energy 
model, repulsion/dispersion parameters and LAM database used in Step 6 lead to poor 
matches between the computed structures and the original experimental structure, with fewer 
than 15 molecules matching, indicating that the energy model does not satisfactorily describe 
the interactions present in the crystal structure of Molecule XXXIII. 

Several issues were encountered when trying to converge the isolated molecule quantum 
calculations for ZEGWAN and it was not possible to complete the refinement stage for the 
structure. A local minimisation of the experimental structure of ZEGWER was carried out 
using CSO-FM and the model described in Step 7. Despite the use of multipoles and the 
addition of a PCM correction (ɛ=7), the model still gives a poor match, with the optimised 
structure not matching a full 15-molecule cluster with the starting experimental structure. The 
optimised structure is 17 kJ/mol above the new global minimum, ranking as the 795th 
structure before clustering.  

2.5. Computational resources used 

The following resources were used to conduct the computations:  

Default: Imperial HPC, AMD EPYC 7742 64-Core Processor or Intel(R) Xeon(R) CPU E5-
2620 0 @ 2.00GHz Processor. 

For some refinement steps, the following resources were adopted: 

• Thomas (Intel(R) Xeon(R) CPU E5-2650 v4 @ 2.20GHz)  
• Young (Intel(R) Xeon(R) Gold 6248 CPU @ 2.50GHz)  
• Cirrus (18-core Intel Xeon E5-2695 (Broadwell) @2.1 GHz) 

The CPU times for the four CSPs carried out are listed in Table 16.  

Table 16: Approximate computational resource used for each CSP target considered in CPU hrs. 

Target XXIX XXXI XXXII XXXIII 
Steps 1-4. Modelling choices 50 2,000 1,000 1,000 
Step 5. LAM generation 425 103,000 415,000 70,000 
Step 6. Global search 2,020 14,500 31,000 11,000 
Step 7. Refinement I  650,000 76,600 1,150,000 130,000 
Step 8. Refinement II N/A N/A N/A N/A 
Total 653,000 196,199 1,597,000 412,000 
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In phase one, we attempted crystal structure predictions for target systems XXIX, XXXI, and XXXII.

1 General Procedure

1.1 Conformer Generation

The initial structure for the conformer generation was obtained by performing a B3LYP+D3(BJ)/def2-
TZVPPD1–10 geometry optimization using TURBOMOLE 7.4.1.11 Conformers were then generated
with COSMOConf 4.1,12 utilizing TURBOMOLE 7.4.1, and employing the following hierarchical pro-
cedure:

1. Generation of up to 2000 conformers using Balloon 1.6.713,14

2. All structures: PBE+D3(BJ)/def2-SV(P)9,15,16 single point calculation

3. Top 1000 structures within 150 kcal/mol: PBE+D3(BJ)/def2-SV(P) geometry optimization

4. Top 500 structures within 100 kcal/mol: B3LYP+D3(BJ)/def2-SV(P) single point calculation

5. Top 300 structures within 75 kcal/mol: B3LYP+D3(BJ)/def2-SV(P) geometry optimization

6. Top 200 structures within 50 kcal/mol: B3LYP+D3(BJ)/def2-TZVP9 geometry optimization

7. Top 100 structures within 40 kcal/mol: B3LYP+D3(BJ)/def2-TZVPPD geometry optimization

Clustering of the conformers was performed between the steps, for which conformers were assumed to
be identical if their root mean square deviation (RMSD) was less than 0.1 Å. The conformer generation
step was carried out in the gas phase as well as for several dielectric constants (2, 21, 78, 150, 999)
using COSMO.17 From the resulting set of structures, the important unique conformers were identified
by further clustering with respect to the RMSD and visual inspection using Mercury 4.0.18

Prior to the crystallographic landscape generation, the conformers were optimized again with PBE0/6-
31G(d,p)19–24 within Gaussian 09 Revision A. 02.25 For the so obtained XXIX and XXXI conformer
geometries, PBE0/aug-cc-pVTZ26–28 single-point calculations were performed to obtain the CHELPG
atomic charges needed for subsequent force field optimizations of generated crystal structures.29 For
XXXII, PBE0/6-31G(d,p) single-point calculations were performed instead.

A total of 2 conformers for target XXIX, 11 conformers for target XXXI, and 115 conformers for target
XXXII were taken to the landscape generation step.
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1.2 Landscape Generation

The generation of the crystallographic landscape was performed using CrystalPredictor v.2.0.1.30–32

Z′ = 1 searches were carried out in 61 space groups (cell angles between 50◦ and 130◦, XXIX and
XXXI: cell lengths between 3 Å and 40 Å, XXXII: cell lengths between 3 Å and 65 Å, minimum cell
density of 500 kg/m3, maximum relative intermolecular energy of 30 kJ/mol, deformation parameter of
0.15), wherein the conformers were treated as rigid molecules. The included space groups are shown in
Table S1. Additionally, Z′ = 2 searches were carried out in the 18 following space groups for XXIX: P1̄,
P21, P21/c, C2/c, Cc, C2, Pc, Cm, P21/m, C2/m, P2/c, P21212, P212121, Pna21, Pca21, Pbca, Pbcn,
P2221. For the lattice energy optimization within CrystalPredictor the FIT exp-6 atom-atom potential
and the CHELPG atomic charges were used.33,34

Table S1: Space groups for which searches in the crystallographic landscape were conducted.

Crystal system Space groups used

Triclinic P1, P1̄

Monoclinic P21, P21/c, C2/c, Cc, C2, Pc, Cm, P21/m, C2/m, P2/c

Orthorhombic P2221, P21212, P212121, Pna21, Pca21, Pbca, Pbcn, C2221, Pmn21, Cmc21, Aba2,
Fdd2, Iba2, Pnna, Pccn, Pbcm, Pnnm, Pmmn, Pnma, Pba2, Cmcm, Cmca, Fddd, Ibam

Tetragonal P41, P43, I4̄, P4/n, P42/n, I4/m, I41/a, P41212, P43212, P4̄21c, I4̄2d

Trigonal P31, P32, R3, P3̄, R3̄, P3121, P3221, R3c, R3̄c,

Hexagonal P61, P63, P63/m

Cubic P213, Pa3̄

A total of 10,000,000 crystal structures were generated for target XXIX, 6,500,000 for target XXXI,
and 142,500,000 for target XXXII. The crystal structures were then clustered to remove duplicates using
CrystalPredictor’s internal method.

1.3 Re-optimization and Re-ranking

The structures obtained from CrystalPredictor were subject to rigid-molecule lattice energy minimiza-
tion using DMACRYS v.2.3.0.35 The atomic charges of the conformers were replaced with distributed
multipoles, which were calculated with GDMA2 from the PBE0/aug-cc-pVTZ (XXIX and XXXI) and
PBE0/6-31G(d,p) (XXXII) calculations.36 The repulsion/dispersion term was described by the FIT exp-6
atom-atom potential.

The DMACRYS-structures with the lowest energy where then optimized with CrystalOptimizer,37 al-
lowing for molecular flexibility within the molecules by allowing rotation around the following single
bonds:

• XXIX: C1-O1, O1-C2, C2-C3, N1-C8

• XXXI: S1-C1, C1-C2, S1-C8, C9-C11, C9-C12
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• XXXII: C1-C4, C2-N3, N3-C12, C12-C13, S1-C6, C9-O1, O1-C11, N1-C19, C19-C20, C20-N7,
C23-N8

PBE0/6-31G(d,p) was used for the isolated molecule constrained geometry optimizations and the calcu-
lation of the distributed multipoles (XXXI and XXXII). For the XXIX structures, PBE0/aug-cc-pVTZ
was used for the calculation of the distributed multipoles. Identically to DMACRYS, the FIT exp-6
atom-atom potential was used.

After the DMACRYS and CrystalOptimizer minimization steps, duplicates were identified and removed
with COMPACK38 in the following way: for structures which differed by energy and volume less than
0.2 kJ/mol and 1 Å3, respectively, their powder patterns were calculated (2θmin = 5◦, 2θmax = 40◦, trian-
gle parameter of 2.0) and compared. If the powder patterns were sufficiently similar (97 % agreement or
higher), the RMSD20 between the two crystal structures was calculated, for which the structures were as-
sumed to be identical if all 20 molecules could be matched (distance tolerance of 20 %) and the RMSD20
was less than 0.1 Å.

Next, for all remaining CrystalOptimizer as well as for additional structures from the DMACRYS opti-
mization level, single points were calculated with PBE+MBD39–41 (light species default settings) using
FHI-aims42–45 (version 210226) together with ASE version 3.21.1.46 Convergence criteria were set to
10−6 eV, 10−3 eV, 10−5 electrons/Å3, and 10−4 eV/Å for the total energy, sum of eigenvalues, charge
density, and forces, respectively. The k-grid for the PBE calculations was determined in such a way that
for each direction k · l ≥ 10 Å, where k is the number of k-points and l is the cell length in that direction.
For the MBD calculations the k-points were determined according to kMBD · l ≥ 15 Å.

The top structures were subsequently optimized with PBE+MBD/light, using the same settings for the
SCF convergence criteria and the k-grids as described above, and ensuring that all forces were less than
0.05 eV/Å. Initially, no symmetry constraint was imposed, so that crystal structures could transition to
a different space group when it was energetically favorable. The structures were then symmetrized and
optimized again, this time with a symmetry constraint.

Finally, another (more accurate) PBE+MBD/light geometry optimization with a symmetry constraint
was performed, but the k-grids were now determined according to k · l ≥ 18 Å (PBE) and kMBD · l ≥ 25 Å
(MBD) and the maximum value for the forces was set to 0.005 eV/Å.

A final clustering step was performed, wherein crystal structures were assumed to be identical if the
difference in their energies was less than 1 kJ/mol and if the RMSD20 between the structures was less
than 0.15 Å (distance and angle tolerances of 20 %). The structures were symmetrized and converted
to CIFs using pymatgen.47 Table S2 provides an overview of the number of calculated structures and
considered energy ranges at each level.
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Table S2: Number of structures calculated at each step of the re-optimization and re-ranking procedure
as well as the lattice energy range of the structures at the previous level in kJ/mol. For target XXIX,
separate lattice energy ranges are given at the DMACRYS and CrystalOptimizer level for Z′ = 1 and
Z′ = 2 structures, respectively.

Level XXIX XXXI XXXII

No. Range No. Range No. Range

DMACRYS opt. 106,473 16 / 7.5a 73,988 20-25b 123,624 30

CrystalOptimizer opt. 1,826 10 / 6a 8,072 20-30b 4,622 30

PBE+MBD/light sp. (red. conv. crit.) 37,701 25 38,535 30 5,739 30-55b

PBE+MBD/light opt. (red. conv. crit.) - - 2,490 18 1,678 34

PBE+MBD/light opt. 2,001 10 382 10 - -
a Z′ = 1 / Z′ = 2; b Depending on the conformer.

2 Remarks to the Individual Targets

2.1 Target XXIX

2.1.1 Landscape generation

1,000,000 Z′ = 1 and 9,000,000 Z′ = 2 crystal structures were generated, giving a total of 10,000,000
crystal structures.

2.1.2 Re-optimization and re-ranking

The PBE+MBD/light optimization step with reduced convergence criteria was skipped. For the final
clustering step a RMSD cutoff of 0.2 Å was applied instead of 0.15 Å.

2.2 Target XXXI

2.2.1 Conformer generation

The conformer generation procedure with dielectric constants of 150 and 999 was omitted.

An additional set of conformers was obtained by randomly adsorbing the previously generated conform-
ers on a periodic graphene sheet at a distance of 3.0 Å and optimizing them using density functional tight
binding (DFTB3+TS48) within DFTB+.49 For each conformer, 25 of such arrangements were created.
The resulting conformers which – on the surface – were less than 20 kJ/mol higher in energy than the
surface structure of lowest energy were checked for uniqueness by the means of RMSD values and vi-
sual inspection. During the subsequent optimization with PBE0/6-31G(d,p), these conformer geometries
were partially frozen. However, the conformers generated near the graphene sheet did not contribute to
any meaningful crystal structures later on.

A total of 11 conformers were taken to the landscape generation step – 8 from the standard procedure
and 3 surface conformers.
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2.2.2 Re-optimization and re-ranking

As less than 1500 crystal structures were calculated at the last step, the crystal structures of the last two
optimizations steps were combined, duplicates removed, and the top 1500 structures were included in
the submitted landscape.

2.3 Target XXXII

2.3.1 Conformer generation

Step 7 of the conformer generation procedure was omitted.

As the number of conformers was too large, additional clustering steps were performed. The following
conformers were taken to the landscape generation step: (1) conformers with a RMSD value larger than
1 Å, (2) conformers with RMSD values between 0.5 and 0.8 Å were retained in case rotations around
the bonds O1-C9, S1-C6, or C12-C13 were greater than 90°, around the O1-C11 bond greater than
120°, or around the N8-C23 bond greater than 180°. Only the lower energy conformer was considered
for conformers with RMSD values below 0.5 Å and rotations around the S1-C10 bond were ignored
completely.

2.3.2 Re-optimization and re-ranking

No symmetry constraint was applied during the second to last optimization level and the final, fully con-
verged geometry optimization with PBE+MBD/light was omitted. The final clustering step was omitted
as well.

3 Experimentally Assisted Challenge – Target XXIX

The choice of the 10 most likely structures was based on energy ranking and powder pattern similarity
matching.

3.1 Energy Ranking

PBE+MBD/tight as well as PBE0+MBD/light single-point calculations were performed on top of the
2001 PBE+MBD/light-optimized structures obtained in phase one, and the final lattice energies of the
structures were calculated by approximating the PBE0+MBD/tight level energies with the following
scheme50:

EPBE0+MBD/tight ≈ EPBE+MBD/tight +EPBE0+MBD/light −EPBE+MBD/light

Finally, for the top 117 structures, harmonic vibrational free energies (at 300 K) were calculated at the
PBE+MBD/light level.

3.2 Powder Pattern Similarity Matching

The provided figure was converted to xy data using GetData Graph Digitizer.51 The PXRD patterns
for all structures provided in submission 1 were simulated using Mercury (FWHM peak shape: 0.1).
AutoFIDEL v.0.4,52 was used to compare the experimental and simulated data. No satisfactory match
was identified.
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3.3 Selection of 10 Most Likely Structures

The top 10 structures most likely to be represented by the experimental PXRD pattern were chosen based
on a combination of the AutoFIDEL similarity scores, visual inspection and comparison of all patterns,
and the ranking of the crystal structure based on their Helmholtz free energies.
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3. Group 5



Blind test methods  

Graeme M. Day, Joseph E. Arnold, James Bramley, Patrick W. V. Butler, Ramon Cuadrado, Joseph 

Glover, Christopher R. Taylor 

School of Chemistry, University of Southampton, Southampton, SO17 1BJ, United Kingdom 

 

XXVII 

Submission 1 

Conformational sampling. Conformers were generated using low-mode sampling [1] with 

the Macromodel code and the OPLS-3 force field. These were re-optimised using Gaussian09 

[2] with the PBE0 functional, GD3BJ dispersion correction and using 6-31G** basis for all 

atoms except iodine (I), which used the LANL2DZ basis with a core pseudopotential. 

Duplicate conformers were removed by comparison of all atom positions, with an RMSD 

limit of 0.3 Å.  

Crystal structure generation: Crystal structures were generated and lattice energy minimised 

in the following space groups: 61, 14, 19, 2, 4, 15, 33, 9, 29, 5, 1, 60, 7, 18, 96, 76, 145, 43, 

56, 13, 169, 88, 20, 86 and 148, all with Z`=1. Searches were performed for selected low 

energy conformers with Z`=2 in space groups : 1, 2, 33, 4, 14, 15, 19, 61 and 29. 

Structure generation was performed using a quasi-random search, using the GLEE software 

[3].  

Crystal structure optimisation: Two stages of optimisation were performed for each 

generated structure: rigid-molecule optimisation using the W99 force field [8] and atomic 

partial charges (fitted to the electrostatic potential generated from the full set of atomic 

multipoles); rigid-molecule optimisation using the W99 force field and atomic multipoles 

generated from a distributed multipole analysis of the DFT charge density. The iodine 

repulsion was in the force field was treated as anisotropic, based on parameters derived in 

the third blind test of crystal structure prediction. 

Duplicate crystal structures were removed, first by clustering using comparison of simulated 

powder X-ray diffraction patterns, followed by clustering using the CSD API (with a 30-

molecule cluster).  

Structures for submission 1 were submitted based on their energy ranking after the second 

force field optimisation. 

Submission 2 

The set of structure provided for re-ranking were optimised using solid state DFT in the VASP 

[11] code. Calculations were performed with the PBE functional and a planewave basis set 

with pseudopotentials and GD3BJ dispersion correction. Optimisations were performed in 

three stages: fixed unit cell optimisation, followed by relaxed cell optimisation, both with a 

500 eV planewave basis set cutoff. A final stage of optimisation was then performed with a 

600 eV basis set cutoff and tighter convergence thresholds (PREC = Accurate, EDIFFG = -

0.02). All calculations used a maximum electronic k-point spacing of 0.05 Å-1. 

 



XXVIII Calculations were stopped when it was revealed that the crystal structure has been reported. 

 

XXIX 

Conformational sampling. Conformers were generated using CREST [9] at the semi-empirical GFN2-

xtb level of theory. These were re-optimised using Gaussian09 [2] with the PBE0 functional, GD3BJ 

dispersion correction and using 6-311G** basis set. Conformers were clustered manually, finding 

only two conformers. 

Crystal structure generation: Crystal structures were generated and lattice energy minimised in the 

following space groups: 61, 14, 19, 2, 4, 15, 33, 9, 29, 5, 1, 60, 7, 18, 96, 76, 145, 43, 56, 13, 169, 88, 

20, 86 and 148, all with Z`=1 using both conformers. Z`=2 searches were performed with all 

threecombinations of conformers in the following space groups: 1, 2, 33, 4, 14, 15, 19, 61 and 29. 

Further searchers were performed using distorted conformations generated by rotating torsion 

angles fromt eh gas phase minimised values. 

Structure generation was performed using a quasi-random search, using the GLEE software [3]. All 

conformers were included in searching.  

Crystal structure optimisation: Three stages of optimisation were performed for each generated 

structure: rigid-molecule optimisation using the FIT force field [5] and atomic partial charges (fitted 

to the electrostatic potential generated from the full set of atomic multipoles); rigid-molecule 

optimisation using the FIT force field and atomic multipoles generated from a distributed multipole 

analysis of the DFT charge density; fully-flexible tight binding DFT [7], using the DFTB 3ob parameter 

set ad D3 dispersion correction. 

Duplicate crystal structures were removed, first by clustering using comparison of simulated powder 

X-ray diffraction patterns, followed by clustering using the CSD API (with a 30-molecule cluster). 

Clustering was performed prior to and after DFTB re-optimisation of structures.  

Structures for submission 1 were submitted based on their energy ranking after DFTB. Best matches 

to the provided powder X-ray diffraction pattern were judged manually. 

 

XXX 

Conformational sampling . Conformers were generated using low-mode sampling [1] with the 

Macromodel code and the OPLS-3 force field. Separate searches were also run with CREST [9]. These 

lists were combined and unique conformers were re-optimised using Gaussian09 [2] with the PBE0 

functional, GD3BJ dispersion correction and 6-311G(d,p) basis set. Duplicate conformers were 

removed by comparison of all atom positions, with an RMSD limit of 0.1 Å.  

Crystal structure generation: Quasi-random structure generation [3] was performed with a series of 

rigid conformations in 2:1, 1:1 and 1:2 stoichiometries. For the larger component, 20 of the 

generated conformers were used, chosen as the 6 lowest energy conformers + 14 higher energy 

conformers with extended alkyl chains. To account for hydroxyl group flexibility, 8 OH orientations 

were sampled per conformer, so that a total of 160 starting molecular geometries were used. CSP in 

al stoichiometries was performed in space groups 1, 2, 19, 4, 61, 14 and 15.  

Crystal structure optimisation: Four stages of optimisation were performed for each generated 

structure: rigid-molecule optimisation using the FIT force field [5] and atomic partial charges (fitted 



to the electrostatic potential generated from the full set of atomic multipoles); rigid-molecule 

optimisation using the FIT force field and atomic multipoles generated from a distributed multipole 

analysis of the DFT charge density; fully-flexible tight binding DFT [7], using the DFTB 3ob parameter 

set ad D3 dispersion correction. Final energies were evaluated by reoptimizing all unique structures 

after DFTB with the FIT force field + multipoles, and taking the intramolecular energy from a DFT 

(PBE0/6-311G(d,p)) single-point energy.  

Structures were ranked by their energy with respect to the stoichiometric sum of calculated energies 

for the pure component crystal structures. The pure component structures were obtained from the 

CSD and optimised with the same procedure as CSP structures. 

 

XXXI 

Submission 1 

Conformational sampling. Conformers were generated using low-mode sampling [1] with 

the Macromodel code and the OPLS-3 force field. These were re-optimised using Gaussian09 

[2] with the PBE0 functional, GD3BJ dispersion correction and 6-311G(d,p) basis set. 

Duplicate conformers were removed by comparison of all atom positions, with an RMSD 

limit of 0.1 Å. This resulted in 10 distinct conformers in the gas phase. 

Crystal structure generation: Crystal structures were generated and lattice energy minimised 

in the following space groups: 61, 14, 19, 2, 4, 15, 33, 9, 29, 5, 1, 60, 7, 18, 96, 76, 145, 43, 

56, 13, 169, 88, 20, 86 and 148, all with Z`=1. Z`=2 searches were performed with all 

combinations of conformers in the following space groups: 1, 2, 33, 4, 14, 15, 19, 61 and 29. 

Structure generation was performed using a quasi-random search, using the GLEE software 

[3]. All conformers were included in searching. In addition, CSP was performed (Z`=1 only) 

using a set of conformations generated by distorting the gas phase conformers. 125 

distorted conformations were generated by distorting the three flexible torsions by +/- 72 

degrees and +/- 144 degrees from their phase geometries. 

Crystal structure optimisation: Three stages of optimisation were performed for each 

generated structure: rigid-molecule optimisation using the FIT force field [5] and atomic 

partial charges (fitted to the electrostatic potential generated from the full set of atomic 

multipoles); rigid-molecule optimisation using the FIT force field and atomic multipoles 

generated from a distributed multipole analysis of the DFT charge density; fully-flexible tight 

binding DFT [7], using the DFTB 3ob parameter set ad D3 dispersion correction. 

Duplicate crystal structures were removed, first by clustering using comparison of simulated 

powder X-ray diffraction patterns, followed by clustering using the CSD API (with a 30-

molecule cluster). Clustering was performed prior to and after DFTB re-optimisation of 

structures.  

Structures for submission 1 were submitted based on their energy ranking after DFTB. 

Submission 2 

The set of structure provided for re-ranking were optimised using solid state DFT in the VASP 

[11] code. Calculations were performed with the PBE functional and a planewave basis set 

with pseudopotentials and GD3BJ dispersion correction. Optimisations were performed in 



three stages: fixed unit cell optimisation, followed by relaxed cell optimisation, both with a 

500 eV planewave basis set cutoff. A final stage of optimisation was then performed with a 

600 eV basis set cutoff and tighter convergence thresholds (PREC = Accurate, EDIFFG = -

0.02). All calculations used a maximum electronic k-point spacing of 0.05 Å-1. 

 

XXXII 

Submission 1 

Conformational sampling. Conformers were generated using low-mode sampling [1] with 

the Macromodel code and the OPLS-3 force field. These were re-optimised using Gaussian09 

[2] with the PBE0 functional, GD3BJ dispersion correction and 6-31G(d,p) basis set. Duplicate 

conformers were removed by comparison of all atom positions, with an RMSD limit of 0.1 Å. 

This resulted in 4089 distinct conformers in the gas phase. 

Crystal structure generation: Crystal structures were generated and lattice energy minimised 

in the following space groups: 61, 14, 19, 2, 4, 15, 33, 9, 29, 5, 1, 60, 7, 18, 96, 76, 145, 43, 

56, 13, 169, 88, 20, 86 and 148, all with Z`=1. Structure generation was performed using a 

quasi-random search, using the GLEE software [3]. All conformers up to 32.5 kJ/mol above 

the lowest energy gas phase conformer were included in searching. In addition higher 

energy conformers were also included, where the molecular energy + a molecular surface 

area bias term were within 22.5 kJ/mol of the global energy minimum conformer. The bias 

term was calculated as lowering the energy by 0.49 kJ/mol per Å2 of solvent accessible 

surface area. This was based on ref [6]. A total of 528 conformers were included in CSP. 

Crystal structure optimisation: Three stages of optimisation were performed for each 

generated structure: rigid-molecule optimisation using the FIT force field and atomic partial 

charges (fitted to the electrostatic potential generated from the full set of atomic 

multipoles); rigid-molecule optimisation using the FIT force field and atomic multipoles 

generated from a distributed multipole analysis of the DFT charge density; fully-flexible tight 

binding DFT, using the DFTB 3ob parameter set ad D3 dispersion correction. 

Duplicate crystal structures were removed, first by clustering using comparison of simulated 

powder X-ray diffraction patterns, followed by clustering using the CSD API (with a 30-

molecule cluster). Clustering was performed prior to and after DFTB re-optimisation of 

structures.  

Structures for submission 1 were submitted based on their energy ranking after DFTB. 

Submission 2 

The set of structure provided for re-ranking were optimised using solid state DFT in the VASP 

[11] code. Calculations were performed with the PBE functional and a planewave basis set 

with pseudopotentials and GD3BJ dispersion correction. Optimisations were performed in 

three stages: fixed unit cell optimisation, followed by relaxed cell optimisation, both with a 

500 eV planewave basis set cutoff. A final stage of optimisation was then performed with a 

600 eV basis set cutoff and tighter convergence thresholds (PREC = Accurate, EDIFFG = -

0.02). All calculations used a maximum electronic k-point spacing of 0.05 Å-1. 

 



XXXIII 

Submission 1 

Conformational sampling. Conformers were generated using low-mode sampling [1] with 

the Macromodel code and the OPLS-3 force field. These were re-optimised using Gaussian09 

[2] with the PBE0 functional, GD3BJ dispersion correction and 6-311G++(d,p) basis set. 

Duplicate conformers were removed by comparison of all atom positions, with an RMSD 

limit of 0.1 Å. This resulted in 10 distinct conformers of the anion in the gas phase and 3 

distinct conformers of the cation. 

Crystal structure generation: Crystal structures were generated and lattice energy minimised 

in the following space groups: 2, 14, 4, 19, 1, 29, 33, 15 and 61, all with Z`=1. Structure 

generation was performed using a basin hopping search, using the GLEE software [10]. 

Searches were performed using all combinations of cation and anion conformers. Additional 

searchers were performed with the starting anion conformation distorted from the gas 

phase optimised conformers in 72 degree increments around the three flexible bonds, and 

performing CSP with all distorted anion conformations within 25 kJ/mol of the lowest energy 

conformer. 

Crystal structure optimisation: Three stages of optimisation were performed for each 

generated structure: rigid-molecule optimisation using the FIT force field and atomic partial 

charges (fitted to the electrostatic potential generated from the full set of atomic 

multipoles); rigid-molecule optimisation using the FIT force field and atomic multipoles 

generated from a distributed multipole analysis of the DFT charge density; fully-flexible tight 

binding DFT, using the DFTB 3ob parameter set ad D3 dispersion correction. 

Duplicate crystal structures were removed, first by clustering using comparison of simulated 

powder X-ray diffraction patterns, followed by clustering using the CSD API (with a 30-

molecule cluster). Clustering was performed prior to and after DFTB re-optimisation of 

structures.  

DFTB was found to transfer the proton in some crystal structures, resulting in a co-crystal, 

rather than a salt. Therefore, structures for submission 1 were submitted based on a 

combination of DFTB structures and structures from the force field stage (FIT + multipoles). 

Structures from both stages were ranked by relative energy, relative to the global minimum 

at that stage of calculations. We then took the 1500 structures with lowest relative energies 

from both sets combined, removing any structures that were duplicated between the two 

sets. Due to the combination of methods, the relative energies within this set of structures 

are not reliable. 

Submission 2 

The set of structure provided for re-ranking were optimised using solid state DFT in the VASP 

[11] code. Calculations were performed with the PBE functional and a planewave basis set 

with pseudopotentials and GD3BJ dispersion correction. Optimisations were performed in 

three stages: fixed unit cell optimisation, followed by relaxed cell optimisation, both with a 

500 eV planewave basis set cutoff. A final stage of optimisation was then performed with a 

600 eV basis set cutoff and tighter convergence thresholds (PREC = Accurate, EDIFFG = -

0.02). All calculations used a maximum electronic k-point spacing of 0.05 Å-1. 
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Blind test 2021-2022, van Eijck (UPACK)

1 Introduction
This contribution describes the results of using the UPACK program package [1]. It was
designed to generate a list of possible crystal structures by a random search method,
using an empirical force field. Soon it became obvious that the ranking in such a list is
generally inadequate. Therefore, the crystal structure generation should be followed (if
possible) by more sophisticated calculations. An anisotropic intermolecular potential
was implemented by Mooij [2] into the TINKER package, using ideas developed by
Price and Stone. For flexible molecules, ab-initio intramolecular energies [3] were
sometimes used. Later, blind tests have suggested that an entirely different approach,
based on DFT-D calculations [4], performs much better.

It thus appears that for general use the UPACK program, as available to the scien-
tific community [5], is now obsolete with regard to sufficiently accurate energy calcula-
tions. The follow-up using the programs XTINKER or GAMESS is not well documented
and unavailable to other researchers for copyright reasons. Still, a sufficiently reliable
list of potential structures can always be used as starting point for more sophisticated
calculations, as preferred by the user.

In the series of blind tests the target structures tended to become larger and more
flexible. The generation of possible structures and their subsequent ranking involve a
correspondingly larger amount of computer time. The organizers of the present test
have separated more clearly both stages of the prediction. The first part involves the
construction of many hypothetical structures, without emphasis on ranking (“land-
scape generation”). After that, the second challenge is to rank a set of structures ac-
cording to the probability of observing them.

In earlier work [1] we have noted that searches started to fail when D, the number
of variables, is around 20. Of course, computer power has increased enormously since
the year 2000, but the present molecules are not only larger but also more complex.
Table 1 illustrates the situation.

Table 1. Degrees of freedom (D) of the search problems.

XXVII XXVIII XXIX XXX(*) XXXI XXXII XXXIII
Cell 4 4 4 4 4 4 4
Position and orientation 6 6 6 12/18/18 6 6 12
Relevant dihedral angles 8 8 2 5/5/10 3 10 3
Total dimensionality D 18 18 12 21/27/32 13 20 19

The crystallographic parameters are given for P21/c, but the situation may be different for
other space groups. For instance, P1 has 6 cell parameters but 3 position parameters can be
chosen freely.
(*) For the three stoichiometric possibilities, see below.
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2 Force fields
For each compound an individual force field was constructed. The intramolecular
parameters for bond distances and bond angles were taken from comparable structures
in de CSD database [6]. The potentials for the dihedral angles were modeled by Fourier
terms. Torsional angles involving sp2 atoms were restrained to planarity with aid of
a large twofold term. Methyl groups had a threefold barrier of 0.8 kJ/mol for each
combination of end atoms. The other dihedral angles can be essential to determine the
conformation, and their choice is often critical for successful modeling. Their numbers
were shown in Table 1; their barrier was taken as zero unless discussed otherwise in
Section 4 for each target compound separately.

Point charges on the atoms were taken from ESP fittings, using MOLDEN [7] on
6-31G** wave functions calculated by the program GAMESS-UK [8].

In the first stage of the structure generation the interatomic van der Waals inter-
action was described by a Lennard-Jones (“LJ”) potential. This form was chosen to
ensure that short distances always remain repulsive, which is not the case for an expo-
nential function. Essentially the parameters were taken from Jorgensen’s OPLS force
field [9-11], with some additions for halogens [12].

However, after this initial stage the Price-Williams (“PW”) force field, with Buck-
ingham repulsion [13-15], was preferred. Further energy minimization in this force
field produced a preliminary set of structures. If computationally feasible, a final
minimization was done where the intramolecular energy was calculated ab-initio (the
“PW-AI” method). Here GAMESS-UK [8] was used again, with charges recalculated
for each individual structure. A detailed discussion of this procedure and its merits has
been given in the Supplementary Material of the sixth blind test [16]. The details of
the PW potential are given in Table 2. Values for S, Si and Cu were deduced from the
Dreiding force field [17].

Table 2. Parameters of the Price-Williams potential: UBuck = Aexp(−Br)−C/r6

A (kcal mol−1) B (Å−1) C (kcal mol−1 Å6) Reference
H (on N) 1202 4.66 5.14 14
H (on O) 541 4.66 5.14 15
H (on C) 2861 3.74 32.6 13
C 88371 3.60 583.1 13
N 60834 3.78 329.4 13
O 54987 3.96 268.5 13
F 86932 4.16 201.7 13
S 55988 2.98 2947.3 17
Cl 227200 3.25 3128 12
Br 287800 3.25 3962 12
I 287800 3.14 4878 12
Si 50454 2.81 3758 17
Cu 8137 3.46 175.2 17
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3 Procedure
The random search technique implemented in the UPACK program package [1,5] was
used. Parameters were the crystal cell data and the molecular positions and orienta-
tions. All work was done with fully flexible molecules. A set of dihedral angles es-
sential for the conformation (Table 1) was defined, and these angles were also treated
as random parameters in the search. So there was no set of distinct starting conforma-
tions.

For each compound many structures with one independent molecule (or set of
molecules) in the asymmetric unit were created in the thirteen space groups P21/c,
P1, P212121, P21, Pbca, C2/c, Pna21, Cc, Pca21, C2, P1, Pbcn, and Pc. As explained
above, the best structures were further optimized with the PW potential. After each
calculation equivalent structures were removed by clustering. Here one should inspect
the clustering list to be reasonably sure that the result is complete: all low-energy struc-
tures should have been found several times. Except for XXIX this was not the case,
and many more cycles of structure generation were needed. This work was rather te-
dious, especially for the space groups with eight equivalent positions in the unit cell.
Finally, structures with low PW energy were further optimized by the PW-AI method.

In the previous blind test is was possible to gain time by abandoning the preferred
approach, where all torsional degrees of freedom are set to random values in each
starting structure. Starting dihedrals could be set to the most probable values (and then
allowed to optimize, as always). In the present study it was difficult to select such most
probable conformations. Neither was there any indication for preferred space groups.
It was tried to optimize the standard settings for structure generation, and some gain in
efficiency could be obtained for the large molecules studied here. Details of computer
use are given in Table 3.

For compound XXX the symbols C and T indicate the components cannabinol
and tetramethylpyrazine, respectively. Here the stoichiometry challenge is a difficult
problem. It can be reduced to study of an equilibrium like

CT + T ↔ CT2

CT and CT2 are crystals whose energy is to be estimated in this work, but what about
T? It is probably in solution, and its (free) energy depends on the interaction with the
solvent. Indeed, it would be hardly surprising if the choice of solvent turned out to be
important – not only for the kinetics but also for the thermodynamics. For instance,
one would expect that strong attraction between the solvent and T would not favour
the CT2 form.

Lacking information about the solvent, it seems best to assume that T is also in
the crystalline state. Thus the two components of XXX must also be studied to find
their energy. A limited structure generation will suffice, as long as the differences
between possible structures within one compound are smaller than the energetics of
stoichiometry.
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Table 3. Computational details.

N(LJ) CPU N(PW) CPU N (PW-AI) CPU Total CPU
XXVII 458000 5900 1780 1500 148 720 8120
XXVIII 641000 700 3519 650 – – 1350
XXIX 260000 160 5371 50 2027 220 430
XXIX (Z′′ = 2) 630000 360 14140 80 1191 440 880
XXX-CT 1600000 4000 4305 600 1015 1030 5630
XXX-CT2 382000 2100 584 150 304 350 2600
XXX-C2T 138000 1100 385 20 220 450 1570
XXX-T 5000 20 999 10 619 50 80
XXX-C 10000 120 901 120 35 30 270
XXXI 1175000 650 2734 200 1566 620 1470
XXXII 307000 2350 1788 150 108 400 2900
XXXIII 1339000 3900 1628 400 1598 680 4980
Total CPU 21360 3930 4990 30280

N(LJ) is the number of structures generated (LJ force field), N(PW) is the number of structures
retained after further energy minimization (PW force field), N(PW-AI) is the number of struc-
tures considered in the final ranking (PW-AI method). Various computers were used; CPU
is the computing time (hours) standardized for one 2.66 GHz Intel Quad 9400 processor at
Utrecht University.

4



4 Submission 1: Landscape Generation
The relations between the compound properties and the overall results are given in
Table 4 for the submitted structures.

Table 4. Overview of key results for submitted structures.

D N(dih) N(at) N(clus) RMS Submitted Range
XXVII 18 8 100 2 3.1 PW 1500 20
XXVIII 18 8 53 9 – PW 1500 26
XXIX 12 2 20 110 3.2 PW-AI 1500 19
XXX-CT 21 5 71 1 3.2 PW-AI 976 24
XXX-CT2 27 5 93 1 4.0 PW-AI 304 35
XXX-C2T 32 10 120 1 5.8 PW-AI 220 68
XXX-T 10 0 22 458 1.8 –
XXX-C 15 5 49 2 3.8 –
XXXI 13 3 32 53 6.6 PW-AI 1500 46
XXXII 20 10 76 1 30.7 PW 1500 39
XXXIII 19 3 43 10 16.4 PW-AI 1500 91

The dimensionality D and the number of dihedrals N(dih) are taken from Table 1; N(at) is the
number of atoms. N(clus) is the average number of times the best 10 structures were found.
RMS is the root mean square deviation (kJ/mol) between the PW and PW-AI energies. Finally
the numbers of submitted structures and their range in kJ/mol are given.

When N(clus) is small (compounds XXVII, XXX and XXXII) there is little hope
that the experimental structure can be found among the submissions. For XXIX and
XXXI the results should be essentially complete, with XXVIII and XXXIII as doubtful
intermediate cases. A low value of RMS gives hope for a reliable ranking.

Compound XXVII. The Si–C≡C–C linkages were assumed to be linear with free
rotation. Even after considerable investment in computer time the number of times the
best structures were found (N(clus) in Table 4) was way too low to have a complete
structure generation. Evidently the large number of atoms (100) is at least as important
as the dimensionality (18), which in itself should be acceptable.

To avoid excessive computer effort the two iodine atoms were replaced by chlorine
atoms in the AI calculations. Previous experience (compound XIII) has shown that the
charges for the halogens are usually not so different. The structures treated in this way
gave a good correlation with the PW energies (RMS in Table 4). So although finding
the experimental structure would be a piece of luck, the PW ranking may be reliable.
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Compound XXVIII. This is a curious structure, with NH groups linked to a CuCl2
group. Considering more or less comparable structures in the CSD, the C–C=N· · ·Cu
group was kept planar. Free rotation was allowed about Cu· · ·N and also for the four
phenyl groups. The angles N· · ·Cu· · ·N and Cl–Cu–Cl were set at 155◦with the bending
force constant reduced by a factor of 10. The stretching force constants for atoms
linked to Cu were likewise reduced.

The odd number of electrons around copper prevented ab-initio calculations. Stan-
dard force field values were taken for the atomic charges. Considering the complexity
of the molecule, the structure generation seems reasonably complete. In the last cycle
only a few structures of low ranking had to be added to the list.

No effort was made to consult the experimental data that were published during the
blind test.

Compound XXIX. There are two essential dihedrals, viz. ω1 = C(NH2)–C–C(O)–
O and ω2 = C–C(O)–O–C(H3). To reproduce similar fragments from the CSD, the
corresponding torsional constants were set to enforce a distribution with peaks around
0◦and 180◦. For the NH2 group only a weak preference for planarity was assumed.

After the structure generation the discrepancy between the PW and PW-AI energies
was large (RMS value 31 kJ/mol). This was traced to the set with ω2 ≈ 0◦, which had
high energies in the PW-AI force field. Trusting that better than PW, these structures
were eliminated from the list.

For this compound simulated experimental data were provided. An inspection of
the most favourable PW-AI powder diagrams did not give a satisfactory correspon-
dence with that pattern. Therefore the structure generation was augmented with Z′′ = 2
structures, which was quite feasible for this small compound. That exercise should also
provide additional Z′′ = 1 structures from space groups not considered in the standard
method [18]. By studying only P21/c, P1, P212121, P21 and P1 [18] over 14000
structures were found, with poor clustering properties. It turned out that 669 structures
could be reduced to Z′′ = 1, of which 47 had not been found before. Only 5 of these
new ones occurred in space groups studied in the Z′′ = 1 structure generation, and were
thus really missed previously.

For the first submission only the best 150 Z′′ = 2 structures were included, cor-
responding to the statistical occurrence (around 10%) of such structures. Here the
information from the powder diagram was not used, although an automated compari-
son with all 19511 structures could have eliminated a large majority. Such a program
was not available. For the second submission the given diagram was manually com-
pared with corresponding ones for hypothetical structures within a range of 13 kJ/mol.
The 10 best-looking structures were selected, but no really satisfactory correspondence
was present.

Compound XXX. The hydroxyl group in cannabinol was restrained to planarity.
In the simulations it was found pointing away from the nearest phenyl ring. In the
alkane tail the standard threefold C–C potential appeared to be adequate as it gave
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dihedral angle distributions similar to CSD findings.
The challenge is to investigate forms with less than 4 components. Thus there are

three possibilities, denoted in Tables 3 and 4 by CT, CT2 and C2T. The structure gen-
eration for the CT compound was already very time-consuming (Table 3). Even more
disappointing, all low-energy structures were found only once (Table 4), suggesting
that finding the experimental structure would be a very lucky event. For that reason
not so much time was invested in the even more complex study of the CT2 and C2T
compounds.

The problem of determining the most likely stoichiometric form has been discussed
above. We compare three processes with the same left-hand side:

2 C + 2 T → 2 CT (1)
2 C + 2 T → CT2 + C (2)
2 C + 2 T → C2T + T (3)

and calculate the energy differences, assuming – probably incorrectly – that all sub-
stances are in the crystalline state. The structure generation for the pure components
was a comparatively simple task (Table 4). The results are given in Table 5. It is seen
that all transitions seem energetically unfavourable; furthermore, CT is the most prob-
able, but only with a small margin with respect to CT2. The third compound, C2T,
would not be very likely to occur.

Table 5 gives also the quantity ∆E4. This is interesting because it can be found
without worrying about the influence of the pure components. It is equal to ∆E2 +
∆E3 − 1.5∆E1, showing that either CT2 or C2T (or both) must be very unfavourable
with respect to CT. Its calculation by other participants would provide a useful com-
parison.

Table 5. Energy differences between the crystal forms of compound XXX.

PW PW-AI
∆E1 = 2 E(CT) - 2 E(C) - 2 E(T) 5.9 7.3
∆E2 = E(CT2) - E(C) - 2 E(T) 12.0 13.7
∆E3 = E(C2T) - 2 E(C) - E(T) 46.4 40.7

∆E4 = E(CT2) + E(C2T) - 3E(CT) 49.5 43.5

For the blind test submission the relative PW-AI energies were augmented with the
differences from Table 5, uncertain as they are. Ranking the best 100 structures the
C2T data were discarded and, rather arbitrarily, 90 CT structures and 10 CT2 structures
were submitted.

Now that the pure components were also studied, it was interesting to see whether
an experimental structure was encountered. For the T component such a structure is
known (MPYRAZ02). The molecule lies on an inversion center in Pbca. It was easily
found in P212121 and Pca21 with rank 30 at ∆E = 2.6 kJ/mol in the PW-AI force field.
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Compound XXXI. No potential was set for the three conformation-determining
dihedrals or for the five-membered ring. The latter was found to deviate from planarity.
The resulting distribution of dihedral angles was similar for PW and PW-AI, yet the
correspondence in energies was not satisfactory (rms deviation 10 kJ/mol). For this
relatively simple compound the structure generation appears to be fairly complete.

Compound XXXII. A large molecule with at least 10 internal degrees of freedom.
Some dihedrals appear to prefer planarity, but the CSD information is so scanty that
it is hardly useful to enumerate the choice of all torsional potentials that were set.
The structure generation did not produce significant clustering and the correspondence
between PW and PW-AI is bad. Only the 1500 best PW structures are submitted,
without serious hope of hitting the experimental one.

Compound XXXIII. The anion is identical to the one in COKROJ, so details of
the geometry could be taken over. No potential was set for the three conformation-
determining dihedrals. The structure generation was fairly tedious, but in the end the
clustering was acceptable. As for XXXI, the dihedral distribution was comparable
for PW and PW-AI, but the energy comparison is bad. The ionic structure of the
components was a complication: no preferred isolated dimer geometry could be found,
so in the calculations charges +1 and -1 were used which excluded the possibility of
charge transfer.

5 Submission 2: Structural Ranking
The hypothetical structures received from the CCDC were recalculated with the PW
force field, in order to find out quickly whether problems arose. This was indeed
the case for about 50 structures, since UPACK can only treat triclinic, monoclinic and
orthorhombic structures. The only quick solution was to expand these structures, elim-
inating symmetry operations not available in the program. In this way two structures
in compound XXXIII could not be treated as the number of artificially independent
molecules became too large to handle. A few other structures gave diverging energy
optimization for unknown reasons. The final numbers of structures studied (N1) are
given in Table 6.

The CCDC results are guaranteed to contain the experimental structure(s), so a
comparison with the UPACK-generated structures is interesting. The numbers of CCDC
structures in the low-energy range of 15 kJ/mol (N2) are given in Table 6. The next line
shows the number of these (N3) that occur in the present structure generation submis-
sion (CCDC structures obviously taken from that submission excluded). For XXVIII
the overlap is excellent, except that just the CCDC structure with lowest energy was
not found. At the other extreme, there was no overlap for XXXII where the structure
generation was already judged to be hopelessly incomplete.

For the final ranking in submission 2 the energies were recalculated with the PW-AI
method (except XVIII). As explained above, for compound XXVII iodine was replaced
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by chlorine in the AI calculations. See Table 6 for computing times.

Table 6. Results for the ranking challenge.

XXVII XXVIII XXXI XXXII XXXIII
N1 (finally ranked) 99 495 100 499 497
N2 (low CCDC structures) 32 29 45 15 36
N3 (common structures] 11 25 12 0 23
CPU time (hours) 455 10 55 1200 195

N1 is the number of structures included in this challenge.
N2 is the number of structures in a PW energy range of 15 kJ/mol.
N3 is the number of these that were present in submission 1.
The CPU time is defined as in Table 3.

6 Post-analysis
Up to this section nothing in the text has been changed after the experimental structures
were disclosed.

All experimental structures were energy-minimized in the same force field as used
in the predictions. Thus the comparison of energies and structure details was practi-
cally exact, in contrast to the CCDC approach where calculated structures are com-
pared directly with the observed ones. Tables 7 and 8 give the results.

Table 7. First submission: observed and predicted structures.

Form ∆E (PW) ∆E (PW-AI) Submitted Remarks, see text
XXVII A 4.6 – 0038 Core atoms only
XXVIII 5.1 – 0015, 0019 Structures greatly deformed
XXIX 6.8 -0.3 – Z′′ = 3
XXX-CT 17.3 12.3 –
XXX-C2T -22.0 -23.1 – Disorder
XXXI A 15.0 13.8 – Disorder

B 13.6 15.2 0198 (0389) Success
C 22.4 21.2 – Space group R3

XXXII A 64.5 – – Disorder
B-LT 51.4 – – Z′′ = 2
B-RT 54.6 – – From powder pattern

XXXIII A 31.4 34.0 – Disappearing polymorph
B 17.7 1.8 – Found and lost

∆E (kJ/mol) denotes the difference between experimental and lowest predicted energy.
“Submitted” refers to the number in the files data vaneyck.... for structures that bear some
resemblance to the experimental structure. So this number is also the rank in the list of energies.
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Table 8. Second submission: ranking of provided structures.

Form CCDC number ∆E Rank Remarks
XXVII 28 1.1 2
XXVIII 144 2.7 4 PW force field
XXXI A(Maj) 98 11.3 28 Disorder

A(Min) 1 7.6 14
B 25 12.4 33
C 89 17.9 61

XXXII A 317 167.4 473 Disorder
B-LT 232 40.4 86
B-RT 30 69.6 243 From powder pattern

XXXIII A 233 35.6 205 Disappearing polymorph
B 452 4.0 3

∆E (kJ/mol) denotes the energy difference between CCDC-generated “experimental represen-
tative” structures and those with lowest energy. Except for XVIII, all structures were energy-
optimized in the PW-AI force field.

Inspection of Tables 7 and 8 suggests that the ranking for compounds XXVII,
XXVIII, XXIX and XXIII is adequate, especially in the PW-AI calculations. A more
detailed discussion for the individual compounds follows.

Compound XXVII. The structure (form A at 90 K) was not found precisely. How-
ever, the CCDC performed a separate analysis where the six isopropyl groups were
disregarded. Then one match was found at ∆E = 7.0 kJ/mol.

Compound XXVIII. Upon energy minimization the experimental structure is se-
riously deformed. The cell parameters and the torsional angles change so much that
it is no longer recognized as the correct structure. Nevertheless, with the force field
used it is the only result that can be expected from the structure generation. It was
indeed found in the submitted structures. As there is only one independent molecule
on an inversion center in the unit cell, it could be generated in P1. However, it was
also found a few times in P-1 with doubled cell.

Compound XXIX. The experimental structure was not found because it has three
independent molecules in the unit cell. Its PW-AI energy is a little lower than for all
submitted hypothetical structures.

As I found no satisfactory correspondence with the given powder diagram, the
search had been extended to Z′′ = 2. Getting no improvement, the natural next step
would have been to investigate more space groups rather than larger Z′′. With hindsight
Z′′ = 3 was tried in P21/c, but the correct structure was not found even after 500 hours
CPU time – not surprising for D = 28 degrees of freedom...

10



Compound XXX. Contrary to my expectations, the experimental structures are
CT and C2T, the latter being disordered. So the structure generation was incomplete,
as expected. This is especially obvious for C2T, where all submitted structures are also
much too high in energy. So the energies used to estimate the relative stabilities (Table
5) cannot be trusted at all.

Compound XXXI. Form A is disordered and was not found. Two fluorine posi-
tions are possible, in Table 7 their average energies are used. For form B two possi-
ble candidates were submitted; the CCDC analysis indicated #0389 whereas I prefer
#0198. Form C was not found because space group R3 was not investigated.

Compound XXXII. No structure was found, as expected. Form A is disordered,
again the average energy for two possible forms is used in Table 7. Obviously the force
field is quite unsuitable, see the large ∆E values in Table 8.

Compound XXXIII. No correct structure was submitted, although there was satis-
factory clustering (Table 4). Upon reconsideration it was seen that form B was indeed
among the generated ones, but discarded too early by a silly mistake: a preliminary
version of the force field was used. This form is calculated to have a much lower
energy than the vanishing polymorph A.

7 Discussion
The results are disappointing. As remarked after Table 4, for compounds XXVII, XXX
and XXXII the finding of experimental structure(s) was a priori considered improb-
able. Other participants did find them, suggesting that insufficient effort was spent
to construct adequate force fields. Besides, computer facilities were limited and the
UPACK program appears to have passed its “best before” date. For one thing, the R3
form C of compound XXXI could not be found because the program can only handle
triclinic, monoclinic and orthorhombic structures.

For compound XXVII the structure prediction was only successful if the configura-
tion of the six isopropyl groups was disregarded. For compounds XXVIII and XXXIII
the torsional terms in the force fields were too carelessly constructed. As a result the
correct structures were found, but extremely distorted (XXVIII) or too soon rejected
in an early stage (XXXIII).

In the end only form B of compound XXXI was predicted satisfactorily, a rather
poor result compared to many other participants. The final conclusion is that UPACK
must be considered as being out of date, not surprising for a program developed around
1995.
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Abstract

The results of crystal structure prediction (phase one) were submitted for four of seven test molecules 
XXVII, XXIII, XXXI and XXXIII. The other test molecules were not attempted for different technical reasons: 
molecule XXIX, because module "POWDER" of FlexCryst was under major revision,  the molecule XXX, for 
the lack of accessible CPU time, the molecule XXXII, for too high conformational degrees of freedom.

Flowchart of prediction included: molecular conformations generation (Mercury), crystal structure 
generation (FlexCryst), energy calculation of the conformations (DFT Gaussian), Gibbs energy calculation of 
the lattice (FlexCryst), clustering according to the powder diagrams (FlexCryst) and final sorting of crystal 
structures.

Method

In the contrast to the most presented approaches, we calculate the inter-molecular interaction energies 
with a general force field, recently developed by applying data mining to the experimental structural 
information stored in CSD (Kuleshova, 2021; Hofmann & Kuleshova, 2022). 

The main feature of the used here general force field (Hofmann & Kuleshova, 2023) was the parameters, 
which were derived for all available in CSD types of atoms at the same time and therefore self-consistent. 
Since only crystal structures, defined in room temperature experiments were used to derive the effective 
potentials, obviously that the obtained scoring function allows for calculation of the intermolecular Gibb's 
energy at room temperature. 

For three of submitted structures we used our standard procedure (the conformations search followed with
DFT probe energy of obtained molecular conformations), while for the structure XXVIII the experimental 
molecular conformation was taken. ( Evidently, a knowledge-based crystal structure prediction discovers, if 
the crystal structure is contained in the training set and to subtract out the effect was not furthermore 
reasonable.)

Generation of the conformations. The conformations of tested molecules (for exclusion of XXVIII) have 
been generated with the CSD Conformer Generator. With this step the correct molecular geometries were 
found nearly for all tested molecules. Generation failed only for disordered and low temperature 
structures. For the case of disordered structures it remains to us unclear how to compare conformations 



correctly. For the low temperature structures the knowledge-based conformer generation failed because 
into design only room temperature structures were taken into account.

Calculation of the conformational energy.  The single-point calculations of the energy of conformers 
generated by CSD were performed at Density Functional Theory (DFT) (Parr et al., 1989)1 level employing the
GAUSSIAN 16 (Gaussian 16, Frisch et al., 2016)2 software package. The functional used throughout this study was
B3LYP (Becke et al., 1993; Lee et al., 1988)3. The basis set employed for all atoms was the valence double-
zeta 6-31+G(d)4 (Francl et al., 1982; Rassolov et al., 2001; Frisch et al 1984) except for the case of XXVIII, 
where, for the iodine atoms, the pseudopotential LANL2DZ was used (Hay et al., 1985).5 All structures were 
input using ArgusLab 4.0 (Thompson, ArgusLab 4.0.1).6 

As energy we obtained the enthalpy; the energy of a given conformer ΔGi
intra  we expressed as difference in 

energy with the lowest conformation, which is assumed to be approximately the difference in the Gibb's 
energy.   

ΔGi
intra=Gi

intra−Gmin
intra≈ H i

intra−Hmin
intra(1)

Generation of crystal structures . For every tested molecule the first ten molecular conformations with the 

best values of  ΔGi
intra  were used consequently for crystal structures generation. During the generation, 

conformations were kept rigid. The crystal structures were generated randomly with FlexCryst.

Unfortunately, during all period of the blind test in our institution (CRS4), only a few CPUs were available 
(max 5000 CPUs hours per run) for calculations. For these reasons the generation of structures was 
restricted by the space groups 1, 2, 14 and 19, with only one molecule in the asymmetric cell. These 
restrictions hindered a possibility of successful prediction for structures XXXI C and XXXIII.

Calculation of the lattice energy. The generated structures were minimized with the data mining force field.
The Gibb's energy is hereby the sum of pairwise interaction of the atoms in the crystal.

Gi
inter=∑ g (nkml )(2)

Before to perform crystal structure predictions for every tested molecule we checked the suitability of 
force field for similar structures containing the same atom types and calculated the energy of these 
structures. In this way we have discovered that the CSD contained already the test molecule XXVIII and 
informed the organizers of the blind test. During the minimization the conformation was kept rigid. For this 
reason, we used experimental geometry for crystal structure prediction and step of generation and probe 
of molecular conformation was omitted.

Clustering according to the powder diagram. The obtained crystal structures after minimization were 
clustered according to their powder diagrams. As similarity index, the area between the anti-derivatives of 
the two powder diagrams was used (Hofmann et al., 2009). The clustering was used to control the progress 
of the CSP and stop the CSP, if the desired coverage of the landscape was achieved, and to eliminate in the 
final list of submitted structures multi fold structures.



Sorting of the crystal structures. The total energy of the crystal structure has been calculated as the sum of 
the intra- and the inter-molecular energy.

Gi
crystal=ΔGi

intra+Gi
inter(3)

The crystal structures have been sorted according to this energy.
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Methodology 

 

The polymorph landscape for each compound is predicted with XtalCSP.  XtalCSP is an intelligent 

crystal structure prediction platform for real industrial production practice based on cloud-

computing [1].  This platform consists of two main parts as shown in figure 1, one is the automated 

crystal structure prediction process (the lower part of figure 1), and the other is a decision tree 

(the upper part of figure 1) for controlling the CSP process. The automated CSP process integrates 

many components, including conformation analyses, force-field parameterization, crystal 

structure generation, clustering, high-precision ranking, stability evaluation at limited 

temperatures and crystallizability analysis, etc. Each component contains a series of algorithms to 

adapt to various systems. And the decision tree (the upper part of the process) assigns appropriate 

algorithms for each component to adapt to the current system. The decision-making basis of the 

decision tree in each component of the CSP process is different. This document will cover the part 

in the orange box in figure 1 and focus on the structure generation stage.  

 

 

Figure 1 

 

In the structure generation component, new structures mainly come from two sources, one is to 

generate totally new structures through generation algorithms, and the other is through 

continuous evolution algorithms. We mainly use completely random and Generative Adversarial 

Network (GAN) to generate totally new structures, while using global optimization algorithms to 

obtain new structures from continuous changes of existing structures [2,3,4].   

 



When generating a totally new structure, the complete random algorithm can ensure the diversity 

of the structures. But it can’t ensure that the generated structure is reasonable. It needs to combine 

an evaluator after each generation of the structure to determine whether the structure is 

chemically reasonable. So, we developed a series of scoring models based on machine learning 

algorithms such as Random Forest, Cubist, Gboost, etc. to judge the chemical rationality of a newly 

generated structure. However, this method is very inefficient for extremely complex systems. 

Sometimes it is difficult to generate a single chemical reasonable structure even if more than tens 

of thousands of generations and judgments are implemented.  Therefore, we add GAN to deal with 

extremely complex systems. GAN includes two models. One is a generative model and the other is 

a discriminative model. The task of generative models is to generate low-energy crystal structures. 

The task of the discriminant model is to judge whether the crystal structure is real or fake. The real 

structure comes from the searched low-energy structure, and the fake structure comes from the 

generated model. GANs are characterized by molecular flexibility angles and crystal parameters in 

crystals.  

 

For the continuous evolution of structures, we are not restricted to one specific algorithm because 

all kinds of global optimization algorithms have their advantages and disadvantages. At present, 

the most commonly used global optimization methods in this field are mainly divided into three 

categories, stochastic methods represented by direct Monte Carlo and Parallel Tempering Monte 

Carlo (PTMC) method [5], heuristic algorithms represented by Particle Swarm Optimization (PSO) 

[6, 7] and based on response surface approaches represented by Bayesian optimization (BO) [8].  

The stochastic method has the best global property, and theoretically, as long as it runs long enough, 

it can always reach the global minimum of the potential energy surface. However, the efficiency of 

this kind of method is very low, which makes it necessary to consume a large amount of 

computation to ensure convergence even if the system is not too complex. To this end, we combined 

the Monte Carlo method with a series of traditional deterministic optimization methods 

represented by simplex optimization and developed our Self Adaptive Monte Carlo method. Even 

so, it is still impractical to only use the stochastic methods to achieve the global minimum when 

the degree of freedom is greater than a certain value. Because the calculation time required to reach 

the global minimum increases exponentially with the increase of the degree of freedom. Other 

kinds of approaches including the heuristic method and response surface approaches usually 

search the space in a more intelligent way. This makes them generally have higher efficiency and 

faster convergence. For this reason, we also added heuristic algorithms such as Particle Swarm 

Optimization (PSO), Cuttlefish Algorithm (CFA) etc. and response surface approach Bayesian 

optimization (BO) to our global optimization algorithm group. However, heuristic algorithms 

cannot always reach the global optimum, and they are prone to premature when encountering 

complicated systems with a too high degree of freedom. That is, the algorithm has shown 

convergence before it encounters a real low energy region. The Bayesian optimization, on the other 

hand, usually reaches a relatively optimal region rather than a global minimum. Another important 

problem is that,  In addition to reaching the global minimum，CSP also needs to cover all local 

minima in the global low-energy region as much as possible.  Therefore, we usually need to 

combine these global optimization algorithms with some deterministic local optimization to get 

the final landscape. Various global optimization methods and various structure generators 

mentioned in the previous paragraph can combine dozens of structure generation strategies.  



 

The decision tree is responsible for selecting one or more executions from the dozens of strategies 

combined by these global optimization algorithms and new structure generators. In the structure 

generation component, the main decision-making basis includes the system components, Z’ values, 

degrees of freedom, API molecular features, co-former features, potential hydrogen bond donors 

and receptors, characteristic functional groups, ring characteristics, heavy atom types, etc. With 

the accumulation of practical experience, the decision tree is becoming more and more accurate as 

well as algorithms are increasing. 

 

Furthermore, in the structure generation stage, we adopted the method of multi round execution, 

and update the force field between rounds. Since we use our tailor-made force field, we can 

constantly update the force field parameters during a CSP process to make it gradually approach 

the quantum chemistry energy surface. The decision tree is responsible for determining how many 

rounds the structure generation process needs, how long each time it is executed and when the 

force field parameters need to be updated. Then the decision tree estimates the search 

completeness through the built-in statistic module and finishes the structure generation process 

when appropriate. After a hierarchical process of energy ranking and structure screening, the final 

landscape is generated. Then the lattice energies of the final landscape are evaluated using the 

optPBE-vdW [9] exchange-correlation functional corrected for dispersion effects as implemented 

in the Vienna ab Initio Simulation Package (VASP) [10,11,12].  

 

Table 1. Searched space groups of each 7th CSP blind test targets 

Target Search Space group 
XXVII 1 2 4 5 7 9 13 14 15 18 19 20 29 33 56 60 61 76 78 92 96 144 

145 169 170 

XXVIII 1 2 4 5 7 9 13 14 15 18 19 20 29 33 56 60 61 76 78 92 96 144 

145 169 170 
XXIX 1 2 4 5 7 9 13 14 15 18 19 20 29 33 56 60 61 76 78 92 96 144 

145 169 170 
XXX 1 2 4 5 7 9 14 15 19 29 33 60 61 62 

XXXI 1 2 4 5 7 9 13 14 15 18 19 20 29 33 56 60 61 76 78 92 96 144 

145 169 170 

XXXII 1 2 4 5 7 9 13 14 15 18 19 20 29 33 56 60 61 76 78 92 96 144 

145 169 170 

XXXIII 1 2 4 5 7 9 14 15 19 29 33 60 61 62 

 

 

Alignment of Experimental and Predicted Structures 

 

Table 2 shows the RMSD20 calculation results and the structure overlays between first round 

submitted crystal structures and the published experimental solved crystal structures of each 7th 

blind test target. The angle tolerance is set as 40 degrees and the distance tolerance is 40 percent. 

If a disordered experimental form is classified to have a dynamic disorder, both the major and 

minor components would be used to perform the RMSD20 calculation and the lowest RMSD value 

would be presented. Meanwhile, experimental forms with the static disorder would be considered 



as separate experimental forms and each of the major and minor components would be used to 

perform the RMSD20 calculation. 

 

Table 2. Alignment of experimental and predicted structures 

Target Matched submitted 
crystal structures 

RMSD20 
result 

Structural overlay 

XXVII  
Form A 

data_11_Z1_st_YVAfc
7hblQA9yLo8.cif 

0.514 Å 

 
XXVIII  
Form A 

data_2_T1_st_YK2w9
oAjAAAnSf6Z.cif 

0.196 Å 

 
XXIX 
Form A 

data_1_z3_stYSxRB1
Za6zN2UQXt.cif 

0.183 Å 

 
XXX  
Form A 

data_1_A2B_st_YFhl-
gwufAABru26.cif 

0.232 Å 

 



XXX  
Form B 

data_11_AB_st_X_fxy
C1FJgABaZL2.cif 

0.191 Å 

 
XXXI  
Form A 
Major 

X3 0.114 Å 

 
XXXI  
Form A 
Minor 

X6 0.256 Å 

 
XXXI  
Form B 

X188 0.396 Å 

 



XXXII 
Form A 

X815 0.219 Å 

 
XXXII 
Form B 

X10 0.34 Å 

 
XXXIII 
Form A 

X1 0.216 Å 

 
XXXIII 
Form B 

X5 0.179 Å 

 
* Please notice that we did not perform CSP for Target XXXI with space group #148 (R-3). The 

experimental observed Form C, however, has the space group #148 (R-3). After checking, it is 

confirmed that the XtalCSP is able to find Form C using the standard self-adopted MC method with 

reasonable searching steps. 

 



The Most Likely Observed Stoichiometries of Target XXX 

 

For target XXX, two experimentally known forms with different stoichiometries where the number 

of components is < 4. This means that for the stoichiometry prediction challenge, the potential 

stoichiometry ratios of API: conformer to be considered are 1:1, 2:1 and 1:2. For convenience, we 

will express them as AB, A2B and AB2 respectively in the following.  In order to compare the 

relative stability of crystal structures with different stoichiometric ratios, it is necessary to 

establish the conversion relationship between crystals with different stoichiometric ratios through 

thermodynamic cycles. We adopt the method described in this publication [13], using the gas state 

as the intermediate state to establish the free energy change between the crystal states with 

different chemical components. The crystal free energy is approximated by lattice energy with zero 

temperature approximation. Here, taking the A2B crystal state with the lowest energy as the 

reference state, and considering the relative free energy difference (approximate to be lattice 

energy change at zero temperature) between this form with other stoichiometries, we can get the 

virtual crystals that are most likely to be observed in the experiment(table3) with eq. (1) and eq. 

(2).  

∆𝐺𝑠ℎ𝑖𝑓𝑡(𝐴𝐵) = 𝐸𝐴𝐵𝑐𝑟𝑦𝑠𝑡 + 𝐸𝐴𝑐𝑟𝑦𝑠𝑡         (1) 

∆𝐺𝑠ℎ𝑖𝑓𝑡(𝐴𝐵2) = 𝐸𝐴𝐵𝑐𝑟𝑦𝑠𝑡 + 𝐸𝐴𝑐𝑟𝑦𝑠𝑡 − 𝐸𝐵𝑐𝑟𝑦𝑠𝑡      (2) 

 

 

 

 

Figure 2. The thermodynamic cycle between different stoichiometries.  

 

Table 3. relative free energy difference (approximate to be lattice energy change at zero 

temperature) between lowest A2B virtual form with other stoichiometries virtual forms.  

Name Type Delta lattice energy (kJ/mol) 

Rank1_st_YFhl-gwufAABru26 A2B 0.0000  

Rank2_st_YJKrcxsYUhK3VkTx A2B 2.2855  

Rank3_st_X_athRjU-QABKcwU AB 5.8048  

Rank4_st_X_ae8BjU-QmPN A2B 6.0262  

Rank5_st_YFhl-gwufAABruPp A2B 6.0544  

Rank6_st_YJKrcxsYUhK3VkYY A2B 7.9738  



Rank7_st_X_ae8BjU-QmPJ A2B 8.8262  

Rank8_st_YFhl-gwufAABru4- A2B 9.9090  

Rank9_st_YFhl-gwufAABrvNa A2B 10.3326  

Rank10_st_YFhl-gwufAABruwj A2B 10.5901  

Rank11_st_X_fxyC1FJgABaZL2 AB 10.7642  

Rank12_st_YFhl-gwufAABru3J A2B 11.4367  

Rank14_st_X_fxyC1FJgABaZLK AB 11.5930  

Rank15_st_X_at0xjU-QABKc1O AB2 11.7378  

Rank16_st_X_athRjU-QABKcyb AB 11.8877  

Rank17_st_X_athRjU-QABKcwT AB 11.9078  

Rank18_st_X_athRjU-QABKcwV AB 12.0242  

Rank19_st_X_athRjU-QABKcyd AB 12.2063  

Rank23_st_X_athRjU-QABKczz AB 12.6044  

Rank25_st_X_athRjU-QABKc0G AB 13.0363  
Rank29_st_X_fxyC1FJgABaZL7 AB 13.5387  

Rank38_st_X_at0xjU-QABKc5H AB2 14.4990  

Rank143_st_X_at0xjU-QABKc1P AB2 19.1695  

Rank183_st_X_at0xjU-QABKc2G AB2 19.9416  

Rank240_st_X_at0xjU-QABKc1Y AB2 20.7689  

Rank379_st_X_at0xjU-QABKc5- AB2 22.3316  

Rank407_st_X_at0xjU-QABKc2m AB2 22.5544  

Rank408_st_X_at0xjU-QABKc5w AB2 22.5560  

Rank426_st_X_at0xjU-QABKc1q AB2 22.6513  

Rank463_st_X_at0xjU-QABKc5F AB2 23.0327  

 

Force Field Parameterization of Target XXVIII 

 

The initial force field parameters of ligands came from the general Amber force field (GAFF2) [14]. 

In order to obtain the configuration of the specific structure (trans- or cis-) in the CSP process, we 

added topological connections between Cu2+ and ligands, such as bonds, angles and torsion angles. 

To obtain the corresponding force field parameters, we conducted ab initio calculations for the 

compounds. The equilibrium bond lengths and angles are obtained from the optimized QM 

structures, bond stretching and bond angle bending force constants were produced using a 

modified Seminario method [15]. To preserve the freedom of ligands in spatial position, the force 

constants of torsional angle x-Cu-N-x were set to 0.0, and the other force constants of torsional 

angles were refitted by QM torsion scan data. The electrostatic potential (ESP) was used to derive 

point charges with the RESP program. The method m062x/6-31+G* (PCM) optimization is 

followed by ESP calculation at the HF/6-31G* level. The charge of Cu ion is not limited to +2 but 

depends on the fitting result. We scanned the Cu-N and Cu-Cl bonds of the simplified model 

molecules to obtain continuous scanning points, and then calculated the QM single point energies 

of these structures. By adjusting the van der Waals parameters of Cu2+, the potential energy 

surface of QM/MM is consistent, and we finally obtain the van der Waals parameters of Cu2+, as 

well as the other atoms adopted parameters from GAFF2. 

 

ILUM Tackle Highly Symmetric Molecules (Target XXVII) 

 

‘Ilum’ is Xtalpi's in-house software for comparing crystal structures to identify similarities in 

molecular packing environments. We adopt the algorithm that James Alexander Chisholm etc. 

mentioned in reference [16] and carry out some engineering acceleration. This algorithm has two 



characteristics. One is that with the increase of the number of atoms in the system, the calculation 

cost increases rapidly. The other is that the computational cost of systems with highly symmetric 

molecules could be really high and sometimes fail. According to a recent benchmark test on 

multiple high symmetry molecules, the implementation of Ilum is able to tackle some highly 

symmetric crystals. Target XXVII, as a molecule with high symmetry, it has hundreds of traversal 

paths [16] (the following is represented by Npath), the comparison speed of Ilum is about 30ms/pair. 

Generally, for cases with Npath < 6, Ilum generates a speed of 3-16 ms/pair; for the other cases with 

Npath ≥ 6, which are deemed as "highly symmetric", Ilum keeps a speed of 3-80 ms/pair, still fast 

enough for CSP research. All these tests were performed on 110 cores of Intel Xeon Gold 6348 CPU 

@ 2.60GHz.  

 

Hierarchical Clustering of Target XXVII 

 

Due to the extremely high symmetry of Target XXVII molecule (>4000 identical pathways in 

molecular RMSD calculation), the regular RMSD-based crystal structure comparison is 

considerably time-consuming. This makes the clustering method based on the whole pairwise 

RMSD calculation unaffordable. Moreover, the rotation of the six terminal isopropyl groups does 

not significantly contribute to the RMSD result, which may lead to the misidentification of identical 

crystal structures. Therefore, to achieve both efficiency and accuracy, we adopted a 3-step 

hierarchical strategy to make the clustering (Figure 3). 

 

 

Figure 3. Hierarchical clustering strategy 

 

The first step of the process is the regular RMSD-based clustering only takes the main framework 

of the molecule into account. This separates the crystal structures into different packing-pattern 

groups. By removing the six terminal isopropyl groups, the number of identical pathways used to 

calculate RMSD reduces to 2, which tremendously accelerates the structure comparison process. 

 

In the second step, crystal structures within each packing-pattern group are further separated 

based on the values of molecular rotor dihedral angles. The crystal structures with similar 

dihedral-angle sequences (identical pathways considered) are grouped as a potential-match group.  

 

The third step is the pairwise all-heave-atom RMSD calculation within each potential-match group. 

XtalPi’s in-house structure similarity comparison tool, ILUM, is available for efficiently tackling 

highly symmetric molecule systems. The crystal structures with small RMSD value are then 

identified as similar ones. 



 

This hierarchical clustering strategy significantly reduces the total amount of the time-consuming 

all-heave-atom RMSD calculation through the first and second clustering steps, making the entire 

calculation much more efficient while maintaining or even increasing the accuracy of the clustering 

result. 

 

PXRD and Structural Analysis of Target XXIX 

 

The PXRD pattern of the experimental form of target XXIX was provided as a plot in the entry 

document of the 7th CSP Blind Test. However, as shown in figure 4, the provided PXRD plot had 

poor quality and might have had bad crystallinity, represented by non-negligible background noise, 

bumpy baseline, uncertain peak positions of diffraction peaks at low 2θ region, and wide FWHM of 

each diffraction peak.  

 

 

Figure 4. Raw PXRD plot of the experimental form of XXIX 

 

To prepare the PXRD plot for indexing and further analysis, we first transformed the PXRD plot into 

a 2D array (x: 2θ, y: intensity) and smoothed/normalized the PXRD data curve. The processed 

PXRD curve is shown in Figure 5. 



 

Figure 5. Processed PXRD curve of the experimental form of XXIX 

 

We performed PXRD indexing using an in-house developed indexing algorithm. Due to the poor 

quality of the provided PXRD pattern, particularly the background noise and unclear diffraction 

peaks at the low 2θ region, obtaining a highly reliable PXRD indexing result was challenging. 

However, some of the PXRD indexing results hinted that the experimental form could have Z’>2, 

specifically, Z’=3, Z’=4, or Z’=6 forms. Our previous observations indicate that small APIs (namely 

molecule weight within 200 g/mol) could crystallize as a high Z’ prime form [17]. The PXRD 

indexing result supported us to move forward with the Z’=3, 4, and 6 CSP study. Z’=5 was not 

selected due to the limited observation for small organic molecule crystals. Some representative 

high Z’ prime indexing results are shown in Figure 6. 

 

Figure 6. Representative high Z prime indexing result of XXIX 

 

We implemented PXRD comparison between the experimentally obtained PXRD and the simulated 

PXRDs of CSP-predicted crystal structures with comparably lower lattice energies. Since the 

theoretical PXRD is simulated at 0K, refinement can correct the changes of lattice cell and 

molecular structure caused by the temperature effect, allowing us to better compare theoretical 

and experimental PXRD patterns [18]. We used a powder pattern comparison algorithm published 

by de Gelder and coworkers in 2001 [19], which has been widely used in this area. After the 

Rietveld refinement, the theoretical PXRD of the most stable polymorph predicted by CSP with Z’=3 

(namely data_1_z3_st_YSxRB1Za6zN2UQXt.cif in the submission data) has a good PXRD match 

compared to the experimentally observed PXRD. This is a strong indicator that we have identified 



the experimental form as the most stable one in the current landscape. The PXRD overlay plot 

shown in Figure 7 presents the PXRD similarity between the experimentally obtained pattern and 

the theoretical PXRD of refined CSP-predicted form. 

 

Figure 7. PXRD comparison between the experimental pattern and the theoretical PXRD of 

refined CSP-predicted form. 

 

It has been noticed that the most plausible experimental form match, which is the rank 1 

predicted form, data_1_z3_st_YSxRB1Za6zN2UQXt.cif, would have a layer of mismatch compared 

to the known experimental form if the matching criteria shrinking from RMSD30 35%/35° to 

RMSD90 25%/25°. We have performed RMSD30, RMSD60, and RMSD90 calculation using in-

house RMSD comparison tool ILUM with 25%/25° distance and angle tolerance. As shown in the 

table below, a layer of mismatched molecules can be seen in the RMSD90 result. 

Table 4. Alignment of experimental and predicted structures of target XXIX with increasing 

molecule shell size. 

RMSD 
criteria 

Molecules in 
common 

RMSD value Structural overlay 

RMSD30 30 out of 30 0.216 Å 

 



RMSD60 60 out of 60 0.239 Å 

 
RMSD90 78 out of 90 0.243 Å 

 
 

Upon examination, several structures resembling the experimental form were identified at earlier 

search and ranking stages, including data_1_z3_st_YSxRB1Za6zN2UQXt.cif and another form with 

a P 21/c space group (referred to as candidate 2). These stages encompassed force field ranking, 

semi-empirical ranking, and an intermediate DFT-D ranking stage with less stringent criteria. The 

crystal structure data_1_z3_st_YSxRB1Za6zN2UQXt.cif exhibited the lowest lattice energy among 

all predicted structures at the intermediate DFT-D ranking stage, while the candidate 2 structure 

demonstrated a relative lattice energy of approximately 3.2 kJ/mol compared to 

data_1_z3_st_YSxRB1Za6zN2UQXt.cif. Subsequent clustering calculations employing the RMSD15 

40%/40° criteria revealed that these two polymorphs, along with several others, belonged to a 

single cluster group. Owing to their lattice energy disparities, 

data_1_z3_st_YSxRB1Za6zN2UQXt.cif was chosen as the representative polymorph for this cluster 

group and proceeded to the later DFT-D calculation with more stringent criteria. The candidate 2 

structure was compared to the experimental form using the RMSD90 25%/25° criteria, revealing 

a commonality of 90 out of 90 molecules between the two structures. We state that this 

polymorph was successfully predicted; however, due to the lattice energy difference and 

clustering criteria, candidate 2 was not selected as the representative polymorph for this group 

and was not ultimately submitted as one of our results. 

Clustering constitutes an essential stage in the crystal structure prediction (CSP) process. The 

standards and criteria for clustering calculations must be meticulously chosen, as they 

significantly influence the accuracy of the results and the efficiency of the calculations. In 

previous studies [5, 20], RMSD20 or RMSD30 have been commonly regarded as reasonable 



criteria that strike a balance between accuracy and efficiency requirements. It is evident that 

adopting looser criteria would enhance the calculation efficiency, enabling the inclusion of more 

potentially stable polymorphs at earlier stages. However, this approach carries the risk of 

producing outcomes similar to those observed in the current system. Conversely, employing 

stricter criteria, such as RMSD90, may substantially increase computational costs and calculation 

wall time, rendering it unsuitable for all situations. As emphasized, it is crucial to systematically 

discuss and consider the clustering criteria at different stages, which warrants further 

exploration in subsequent studies. 

Static and Dynamic Disorder Discussion 

The disorder phenomenon has been widely observed in the experimental forms of the 7th Blind 

Test targets. More specifically, based on experimental CIF files provided by the 7th Blind Test team, 

Target XXVII Form A, Target XXX Form A, Target XXXI Form A, and Target XXXII Form A have 

disordered atoms/functional groups in the cell. Disorders in the experimental obtained single 

crystals can be classified as two different types: the static disorder, known as a crystal formed by 

APIs with different conformations; and the dynamic disorder, shown as terminal groups to be 

comparably flexible at higher temperatures. It is worth evaluating the disorder type of these 

disordered experimental forms to better validate the CSP result with experimental data. Molecular 

dynamic (MD) simulation would be a useful tool to analyze the disorder type since the dynamic 

disorder is expected to be captured by the simulation at higher temperatures. If the disordered 

group of a disordered experimental form is not comparably flexible during the MD simulation at 

higher temperatures, the corresponding disorder is considered to be a static disorder since the 

disordered atoms tend to remain unchanged at higher temperatures, supporting that the 

experimental form is formed by APIs with slightly different conformations. On the contrary, if the 

disordered terminal groups become more and more flexible as temperature increase, the 

experimental form is suspected to have a dynamic disorder because the temperature effect 

contributes to the flexibility of those terminal groups and result in atoms/terminal groups with 

different occupancy. 

We have performed MD simulation for experimental forms with disorders, which are Target XXVII 

Form A, Target XXX Form A, Target XXXI Form A, and Target XXXII Form A. Here, we use the torsion 

angle distribution to demonstrate the disorder behavior at different temperatures. The change of 

selected torsion angles is directly correlated to the disorder behavior of each disordered group. 

Disordered groups and corresponding analyzed torsion angles are shown in table 5. 

A significant disorder has been observed in the 290K experimental obtained crystal structure of 

XXVII Form A. The dihedral distribution of terminal carbon groups suggests that these carbon 

groups are comparably flexible during 300K MD simulation. This broad torsion angle distribution 

indicates that target XXVII Form A may have a dynamic disorder rather than a static disorder 

because the disorder can be captured using MD simulation at higher temperatures. Similar broad 

dihedral distribution was also observed in the XXX Form A and XXXII Form A. Interestingly, the MD 

simulation of XXX Form A indicates that the minor component could be the more preferable and 

observable component at higher temperatures, shown by the torsion angle distribution of XXX 

Form A major/minor at 300K: the terminal carbon tails in both major and minor component tend 

to have similar conformation with the minor component in the 300K MD simulation. 

On the contrary, 300K MD simulation suggests the fluorobenzene ring is not able to flip to the other 



side at higher temperatures, stating that the disorder in the experimentally solved crystal structure 

of target XXXI Form A could be a static disorder since the ring flipping energy barrier is still 

significant at higher temperatures. Please notice that due to the symmetry operation of the P 21/c 

space group, half of the APIs in the cells would have torsion angles with negative values compared 

to the other half of the APIs. 

 

Table 5. Disorder analysis 

Target Disorder Group Torsion Angle Distribution 

XXVII  
Form A 

 
 

XXX 
Form A 

 

 

 



XXXI  
Form A 

 

 

XXXII 
Form A 
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Two conformers of compound XXIX were optimized using the B3LYP-XDM1–3 functional

and the 6-31+G* basis set with Gaussian 09 E.01.4 Initial structure generation was performed

using USPEX, version 10.4.5–8 Six runs were performed, taking Z = 4 or Z = 8 with both

conformers, and a 1:1 ratio of the two. A minimum of 10,000 structures were generated for

each of the Z = 4 runs and a minimum of 6,000 were generated for each of the Z = 8 runs,

using 100 structures per generation (30% from heredity, 50% random, and 10% each from

soft mutation and rotation). The random structures were generated for the P1, P1̄, P21,

Pc, C2, Cc, C2/c, P21/c, P222, P2221, P21212, P212121, and Pca21 space groups, which

are common in molecular crystals. Antiseeds were used starting from generation 2, with

“antiseedsMax” set to 0.01 and “antiseedsSigma” to 0.005. Volume estimates were 800 Å3 for
∗To whom correspondence should be addressed
†Dalhousie University
‡Universidad de Oviedo

1



Z = 4 and 2000 Å3 for Z = 8. The “tiny” force field in Tinker9 version 8.9.1 was used for

rigid-molecule relaxation of the initial structures.

Subsequent rigid-molecule relaxation was then performed on all generated structures

with DMACRYS10 version 2.3.0 using the FIT potential. The B3LYP-XDM/6-31+G* con-

formational energy difference was added to the DMACRYS lattice energies to allow ener-

getic comparison of all structures. All unique structures with DMACRYS energies within

3.5 kcal/mol of the minimum were carried forward to single-point energy evaluation with

periodic-boundary DFT using Quantum ESPRESSO11 versions 6.5 and 6.8. Structures were

deemed to be duplicates if their volumes were identical to within 0.1 Å3, their energies iden-

tical to within 0.01 eV, and their PXRD difference (POWDIFF) was less than 0.07. The

POWDIFF values were determined from critic212 using the de Gelder’s cross-correlation

algorithm,13 for 2θ between 5-50◦ and ideal Cu Kα radiation. The Gaussian broadening

parameter was set to 0.05◦ and the triangle weighting used ` = 1◦.

All structures within 2.0 kcal/mol of the DFT minimum were carried forward to full DFT

relaxations. The DFT calculations used the projector augmented-wave (PAW) approach,14

the B86bPBE functional,15,16 and the XDM dispersion correction.17,18 Plane-wave cutoffs

were set to 80 and 800 Ry for the wavefunction and density, respectively. Regular k-point

meshes were selected automatically for each crystal using an Rk length parameter of 50 Bohr.

The number of points (Ni) along each direction was determined from the reciprocal lattice

vectors (bi, for i = 1, 2, 3) via the formula Ni = int[max(1, Rk|bi| + 0.5)]. For geometry

relaxation the convergence thresholds on the forces and energy were set to 10−4 Ry/bohr

and 10−5 Ry, respectively, as in our previous work.19,20

2
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The sampling of molecular crystal structures over the entire configurational space is done 

through the method discussed in this article. The algorithm assumes one or more than one 

molecule in the asymmetric unit. Depending on the tendency of organic crystals to form 

crystals, the sampling is carried out on the 11 most significant space groups (p-1, p21, c2, cc, 

p21/m, p21/c, p21212, p212121, pna2, pnma, pbcn). A detailed description of the method is 

shown in Figure 1. The algorithm has two important events: the construction of the machine 

learning (ML) potential and the optimization of unit cell parameters.  

Target XXIX and XXXI geometries have several isomers resulting from the conformational 

flexibility of molecules, obtained from the gas-phase optimization at B3LPY functional and 

basis 6-31G(d,p) uing Gaussian09 suite of programs. Along with the molecular geometry (M), 

the algorithm requires unit cell density cut-off (ρc) and molecular electrostatic potential 

(MESP) as the input. The unit cell density cut-offs are specific to the system and its respective 

space groups. MESP is a molecular scaler property and, classically, is defined at a point r as 

the energy required to bring a unit test positive charge from infinity to the point r, and 

mathematically is defined as 

𝑀𝐸𝑆𝑃(𝒓) = ∑
𝑍𝐴

|𝑹𝐴 −  𝒓|
𝐴

 − ∫
𝜌(𝒓′)𝑑3𝑟′

|𝒓′ −  𝒓|
 (1) 

The MESP calculations were carried out at  B3LYP functional and 6-31G(d) basis set using 

the G09 suite of packages. The crystal structure is described by multiple degrees of freedom 

arising from crystallographic unit cell parameters and the position of the asymmetric unit.  

The initial orientation of the assymetric unit is considered from a set of random numbers. Space 

group symmetry-constrained sampling resulted in a large number of samples that must be 

screened before the energy analysis. One of the screening parameters is crystal density, which 

substantially influences qualities like morphology and energetics. The crystal structures within 

the specified density cut-off (ρc) are only accepted and passed to the next phase. Density cut-

offs for the target XXIX are 8.65(p-1, p21, c2, cc), 17.31(p21/m, p21/c, p21212, p212121, 

pna21) and 34.63(pnma, pbcn). Similarly for XXXI it is 3.61(p-1, p21, c2, cc), 7.23(p21/m, 



p21/c, p21212, p212121, pna21) and 14.46(pnma, pbcn). The other screening parameter is 

MESP growth potential, which measures the distribution of MESP on the opposite faces of the 

unit cell. It is observed in the experimentally obtained crystal structures that MESP distribution 

at the opposite faces of the unit cell is opposite, giving rise to the attractive interaction potential 

of the unit cell with the constituents of the neighbouring unit cell. Structures with a reasonable 

amount of growth potential are examined for energy evaluation. The pictorial represents growth 

potential in the crystal structure of XXIX crystallized in space group P21, as depicted in Figure 

2. In contrast, the blue contour lines imply the positive potential, and red implies the negative. 

 

Figure 1 Flowchart of the algorithm employed for the polymorph search. 

 



 

 

Figure 2  MESP distribution on opposite crystallographic faces. The blue contours display positive 

ESP potential, whereas the red contours display negative ESP potential. 

 

The distribution of MESP through contours at the opposite faces enables one to forecast its 

stability, and based on which unfavourable geometries are discarded from the search.  

Here, we attempted a distinct approach to assist the sampling procedure where specific features 

describe molecular information. Molecular features are the points located at the van der Waals 

region, specifically encrypting the MESP topographical information. These particles carrying 

MESP values are classified as positive or negative depending on the nature of the potential 

associated with them. The assessment of this topography points to the molecules transforming 

the unit cell to the feature space from cartesian space. Figure 3 illustrates the topography points 

assigned to the target XXIX and XXXI. In target XXIX, the molecules have Cs point group 

symmetry giving rise to a symmetrical arrangement of topography points. The interaction of 

each topographical feature point is measured by the feature vector that is constructed using 

equations (2 & 3); here, equation (3) defines the cut-off function. 

 



 

Figure 3 MESP topographical distribution of XXIX and XXXI targets. Blue indicates the positive 

MESP topography points, and red indicates the negative MESP topography points. 

 

𝑓𝑣𝑖
= [𝜌𝑖
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𝑟

𝑟𝑐
) +

1

2
,    𝑟 ≤ 𝑟𝑐

0,                              𝑟 > 𝑟𝑐

 
(4) 

 

𝑓𝑣𝑖
 is the feature vector;  𝑝 and 𝑛 are positive and negative topology points; Z is the type of 

topography point. The feature vector of interacting topographies is measured to receive 

guidance for the perform parameter optimization in cartesian space. The parameter 

optimization is pictorially represented in Figure 4. with crystal structure generated for XXIX 

in space group P21. The three configurations show variations in the length of side ‘a’. The 

features of majorly interacting topographies displayed in the consequent plots seem denser 

during optimization. For each optimization step, the energy is evaluated, and an energetically 

favourable configuration is accepted. Gaussian process regression model (GPR) fitted potential 

is employed to predict the reduced computational cost. The energies predicted by GPR are fair 

enough to provide an accurate relative description. GPR potential construction for the database 

exploits the sampling method where the energies are computed using density functional tight 

binding methods implemented in the DFTB+ package. The topographical evolution gives 

insight into the crystal packing and energetical stability. The predicted polymorphs are ranked 

according to the density of the unit cell. 

 



 

 

Figure 4 Parameter optimization guided by topographical evolution. The optimization of length ‘a’ in 

all the configurations is depicted with the feature getting denser. 
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Section 2. Methodology 

 

The methodology includes three stages: (1) calculations of the three-dimensional 

molecular structure, (2) construction of the MEP and determination of the optimal effective 

charges on atoms in molecules, (3) modeling of crystal packing. All quantum chemical 

calculations of molecular structures (first step) were performed by Gaussian 09 software package 

[1]. The DFT method with B3LYP functional and the aug-cc-PVDZ basis set with a Grimme’s 

D2 dispersion correction was used. The electrostatic point charges (second step) were obtained 

by approximation of quantum mechanical electrostatic potential of the molecule with analytical 

potential of point charges on program FitMEP [2]. The optimal charges were formed both by the 

magnitude and by the atomic positions determined by the least squares procedure when their 

displacements in three dimensions were considered, which led to a significant improvement in 

the quality of the calculations. Subsequent scanning of the PES was carried out using the current 

version of the PMC software package [3], modified according to the original methodology [4-7].  

The technique was tested on the results of previous Blind Test and showed that the model crystal 

packings coincide with the experimental ones without any preconditions. 

The crystal structures (XXIX, XXX, and XXXIII) were generated using the PMC 

program [3] to globally minimize the energy of the considered organic molecular crystal. Semi-

empirical intermolecular potential functions included non-valence interactions of 6-12 Lennard-

Jones atom-atom potentials for van der Waals energy and electrostatic interactions of point 

charges placed on atoms or their auxiliary sites defined in the MEP. The best model of extra-

atomically centered charges found for all test target molecules was, at least, several times better 

in RMSD compared to models with fixed charges on atoms. For a salt with sulfur atoms, the 6-

exp-potential model was used with the parameters given in Table 4. 

The PMC program makes it possible to take into account the harmonic potential functions 

for valence-bonded atoms and auxiliary force centers of rigid fragments in a conformationally 

flexible molecule. Further, when modeling the crystal structure, the molecules were assumed to 

be solids without taking into account the mobility of fragments. As it turned out later, the 



mobility correction is critical for finding the correct packing, given in this case the incorrect 

definition of the conformer. 

It should be noted that both intra- and intermolecular contributions to the total energy of 

both van der Waals and electrostatic terms were calculated with the same set of parameters of the 

atom-atom potential and electrostatic charges. 

The space groups P21/c, P212121, P-1, P21, Pbca, C2/c, Pna21, Pnma, Pca21, Cc, C2, P1, 

P21/m, Pbcn, Pc, P41212, P41, Pccn, Fdd2, Cmc21, P31, R-3, P21212, I41/a, P61, P42/n, Pbcm, 

C2/m, Pmn21, Iba2, P421c, R3, P3121, P2/c, C2221 with one independent molecules in the cell 

were tried for XXIX. Space groups P21/c, P212121, P-1, P21, Pbca, C2/c, Pna21, Pca21, Cc, C2, 

P1 with two independent molecules in the cell were tried for XXIX, XXX (co-crystal), XXXIII 

(salt).  

For cocrystal XXX in a ratio of 1:2 and 2:1, the following groups were used: P21/c, 

P212121, P-1, P21, Pbca, C2/c, Pna21, Pca21, Cc, C2, P1, P31, R-3, Pbcn, Pc. 

The starting molecular orientations were selected from the list of 1080 matrices providing 

a kind of regular 'grid' of the full rotation space in the three dimensions (with the separation 

angle ω =27.78° between any two nearest-neighbor orientations). On account of the crystal and 

approximate molecular symmetry the number of starting orientations for global minimization is 

effectively reduced [8].  

All initial models were energy-optimized when the molecules were represented as rigid 

bodies, taking into account six more degrees of freedom for each independent molecule in the 

u.с., describing the positional and orientational coordinates of the molecules. Energy-minimized 

structures were sorted by energy in each space group and processed by the CRYCOM crystal 

structure comparison program [9] to create a list of unique structures and select the desired one 

from it. 

 

Section 3. The structure of the compounds in the blind test 

  

For compound XXIX, various conformers were considered, of which it is worth 

highlighting the two most energetically favorable structures with planar molecules, but with 

different orientations of the COOMe group. For calculations, a model was chosen with a 

conformation in which the COOMe group is the most distant from the NH2 group (the smallest 

distance between H2B and O4), which turned out to be energetically more favorable by 3.02 

kcal/mol than the structure with the opposite orientation of this group (the smallest distance 

between H2B and O3). 

In cocrystal XXX, the point group for the cannabinoid structure is C1, and for 

tetramethylpyrazine D2h. The alkyl “tail” in the cannabinoid is mobile (groups C18 - C21). For 



calculations, a conformation with the configuration of a normal (zigzag form) alkyl chain along 

the C3-C17-C18-C19-C20-C21 direction was chosen. 

For salt XXXIII, the structure of the morpholinium cation is planar with a Cs point group. 

A search for an anion with a sulfonyl group also revealed a planar Cs group (which turned out to 

be different from the experimental one). 

 

Section 4. Post-analysis of test results 

 

Analysis of the structures after the presentation of the results revealed the following 

errors, which prevented the correct prediction of crystal packings. 

For structure XXIX, the geometry was correctly determined, however, we used 

calculations with only one and two independent molecules in the unit cell, since there were no 

three molecules in the tests before (like in experiment). 

A blind test with Z'=3 showed that the model packing is close in character to the 

experimental crystalline packing, but there is a difference in the alternation of layers of 

independent molecules, although the cell parameters, as well as the space group, are close to 

each other (Table 1 and Figure 1). 

 

Table 1. Unit cell of the experimental and post-analysis model of target XXIX. 

XXIX Experimental New model 

cell_length_a 25.1585(5) 23.623 

cell_length_b 9.9830(2) 9.810 

cell_length_c 9.3583(2) 9.428 

cell_angle_alpha 90 90 

cell_angle_beta 93.258(2) 93.50 

cell_angle_gamma 90 90 

 

  
Experimental XXIX New model XXIX 

Figure 1. Crystal packings of the experimental and post-analysis model of target XXIX. 

 

For structure XXX, there is also a problem with geometry, where the group in the 

cannabinol fragment has a different torsion angle. 



In structure XXX_B, the alkyl chain has a break at the C18 atom. This conformation is 

0.97 kcal/mol less favorable than the one we considered initially. However, the lattice energy for 

it exceeds the energy difference of molecules in the gas phase. Recalculation with the new 

geometry of the molecule gave good agreement with the XXX_B structure (Table 2). 

The XXX_A structure contains three independent molecules: tetramethylpyrazine with 

the D2h point group and two molecules with the cannabinoid structure, but with different 

directions of the alkyl chain (opposite direction along the C20-C21 atoms). 

We modeled 1:1 cocrystal, which completely coincided with the result of X-ray 

diffraction analysis (Table 2). 

 

Table 2. Unit cell of the experimental and post-analysis model of target XXX_B. 

XXX_A Experimental New model 

cell_length_a 14.8774(5) 15.296   

cell_length_b 10.1190(3) 10.434 

cell_length_c 17.5619(6) 17.713 

cell_angle_alpha 90 90 

cell_angle_beta 104.4280(10) 103.22 

cell_angle_gamma 90 90 

 

 Post analysis of other ratios in the cocrystal was not carried out by us and will be the task 

of the following studies. 

The best developed and tested methods for blind modeling of organic compounds include 

atom-atom potentials for C, H, N, O atoms. We tried to make a model for sulfur atoms, taking 

into account the new anion geometry in salt XXXIII, which was given as experimental. 

The new structure in the gas phase from the experiment is less favorable by 17 kcal/mol, 

but the gain in lattice energy for it is 5 kcal/mol. This means that the total energy is still less for a 

structure with the Cs group than with C1 and leads us to the mandatory use of the torsion term in 

the energy equation in the future to find the correct result. 

It should be noted that the blind testing approach for the new geometry correctly 

identifies the experimental packing as the first polymorph (Table 3). 

 

Table 3. Unit cell of the experimental and post-analysis model of target XXXIII. 

XXXIII Experimental New model 

cell_length_a 11.7407(2) 12.398 

cell_length_b 12.4207(2) 12.489 

cell_length_c 11.3775(2) 10.816 

cell_angle_alpha 90 90 

cell_angle_beta 90 90 

cell_angle_gamma 90 90 



 

 

Thus, in the case of non-rigid molecules, taking into account the torsion term in the 

energy formula begins to play a decisive role. In the case of simple molecules that do not have 

degrees of freedom for rotation, the predictions give an exact result. 

 

Section 5. CPU resources and hardware used 

 

Most calculations have been performed on the computer 'mvs100k' of the Joint 

Supercomputer Center of the Russian Academy of Sciences (JSCC RAS) [10]. The numbers of 

parallel processors, Np, of Intel Xeon 5450 type (operating on GHz) used in these computations 

varied from 16 to 32. The CPU times (as rescaled to Np = 96) have amounted approximately 250 

hours for three target structures XXIX, XXX and XXXIII. 
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Appendix 

Here we provide more details on the intermolecular potentials that we used in the 

generation of structures and the ranking of the XXXIII target. 

Table 4. Parameters of the 6-exp atom-atom potentials used with XXXIII. 

Atoms, A, B,  

S     S                   4.09175            -0.16385             3.30000 

S     H                  3.67364            -0.04632             3.52000 

S     C                  3.98823            -0.12589             3.45000 

S     N                  3.85053            -0.11675             3.54000 

S     O                  3.70266            -0.13097             3.63000 

S     N'                 3.85053            -0.11675             3.54000 

S     H*                2.68000            -0.06140             0.00000 

H     H                 3.31075            -0.01276             3.74000 

H     C                 3.60620            -0.03424             3.67000 

H     N                 3.48945            -0.03137             3.76000 

H     O                 3.36118            -0.03477             3.85000 

H     N'                3.48945            -0.03137             3.76000 

H     H*               2.80500            -0.04670             0.00000 

C     C                 3.89828            -0.09497             3.60000 

C     N                 3.77255            -0.08711             3.69000 

C     O                 3.63677            -0.09639             3.78000 

C     N'                3.77255            -0.08711             3.69000 

C     H*               3.19000            -0.05970             0.00000 

N     N                 3.65446            -0.07935             3.78000 

N     O                 3.52604            -0.08731             3.87000 

N     N'                3.65446            -0.07935             3.78000 

N     H*               3.33500            -0.04450             0.00000 

O     O                 3.40459            -0.09569             3.96000 

O     N'                3.52604            -0.08731             3.87000 

O     H*               1.90000            -1.11000             0.00000 

N'    N'                 3.65446            -0.07935             3.78000 

N'    H*               1.96000            -0.90000             0.00000 

H*    H*              2.68000            -0.06140             0.00000 
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Overview of Methodology 

Our general approach to predict crystal structures for the targets XXVII, XXIX and XXXI was to perform 

geometry optimization for a large number of randomly generated trial structures and select the structures 

with low static energy. To speed up the calculations we trained target-specific AIMNet neural network 

potential models, which approximate the DFT potential energy surface. This way, we were able to explore 

millions of trial structures for each of the targets. For the targets XXIX and XXXI we carried out DFT 

optimizations for the best structures found with the AIMNet potential. For the target XXVII, due to the size 

of the molecule, the submitted ranking was solely based on AIMNet results. The matching with diffraction 

data was performed for the best structures found with AIMNet and DFT optimizations. 

 

Conformer Generation 

 

For each of the targets, a conformer pool was generated before being passed to our random crystal 

structure generator, Genarris1. Conformer generation was target dependent, as detailed in the bulleted list 

below: 

• Target XXVII: A dense conformational ensemble of molecules was prepared in two stages. First, a set 

of 50 conformations was generated using the RDKit ETKDGv2 method, which produces random 

rotations around triple bonds. Then for each conformer a systematic search for all possible rotations 

of i-Pr groups was performed with the Confab algorithm as implemented in Openbabel.2 The final 

conformation pool contained a total of 1.8 x 104 conformations.  

• Target XXIX: Conformations were obtained with the Bayesian Optimization using Knowledge of 

correlated tensions (BOKEI)3 method and optimized with B97-3c.4 Generation of the asymmetric unit 

for Z’=2 search was performed by sampling all possible molecular dimer geometries in a grid search 

method for each low-energy conformation. The dimer geometries were then optimized and ranked in 

energy by a system specific AIMNet potential (see Section 3). All dimers with relative energy of less 

than 5.5 kcal/mol and all hydrogen-bonded dimers with relative energy less than 8.5 kcal/mol were 

used for Z’=2 crystal structure generation. This resulted in 660 dimer geometries. 

• Target XXXI: A dense conformational ensemble for this target was generated using Openeye 

OMEGA software by driving rotatable torsion angles.5 A total of 658 conformers was generated with 

an energy cutoff of 15.0 kcal/mol and 0.3 Å RMSD similarity threshold. 

Genarris 

Genarris begins generation with an estimation of the unit cell volume, for which we have developed a 

machine learned model.6 Next, Genarris automatically determines all compatible space groups, including 

occupation of special positions.1 While Genarris can be used to generate in specified space groups, we 

generated in all compatible space groups. Genarris then selects a compatible space group and generates a 

structure according to space group symmetry within a volume distribution around the predicted unit cell 

volume. The first molecule is randomly placed in the unit cell. The remaining molecules are placed using 

space group symmetry operations. For this blind test we used a development version of Genarris that 



generates structures using pools of different conformers by randomly selecting a conformer from the pool 

for each generation attempt. The number of crystal structures generated was system dependent. For target 

XXVII, a total of 4 x 106 and 1 x 106 structures were generated for Z=2 and Z=4, respectively. During the 

crystal structure generation process for target XIX, we used a single XXIX molecule as well as 

systematically constructed dimers as the structural units. To ensure reasonable structures, dimers were 

preoptimized with the AIMNet potential and filtered by energy. A total of 6.4 x 106 structures were then 

generated for Z’ = 1, 2 and for Z = 1, 2, 3, 4, 6, 8, 12, 16 and 18. Crystal structure energies of these 

systems were further evaluated with the AIMNet potential for structures generated from 2 planar and 3 

non-planar conformations. Only one planar conformer with the N᠆H...O=C intramolecular hydrogen bond 

resulted in low energy crystal structures. For target XXXI, 1.7 x 106 structures were generated for Z=2, 4, 

and 8. The crystal structures produced for all targets were checked to ensure that they were physically 

reasonable. Briefly, Genarris performs this analysis by evaluating the comparison 

 

𝑑𝐴,𝐵 >  𝑠𝑟(𝑟𝐴 + 𝑟𝐵)  (1) 

 

where 𝑑𝐴,𝐵  is the distance between molecules A and B, 𝑠𝑟 is the specific radius ratio (chosen as 0.7), and 

𝑟𝐴 and 𝑟𝐵 are the van der Waals radii of molecules A and B, respectively.1 

AIMNet2 

AIMNet (atoms-in-molecules) is a chemically inspired, modular deep neural network (DNN) molecular 

potential that utilizes multimodal and multitask learning to obtain an information-rich representation of an 

atom in a molecule7. The design of AIMNet is partially motivated by Bader's theory of atoms-in-

molecules (AIM)8 in which a molecule can be partitioned into interacting atoms via an observable 

electron density distribution function. In the AIMNet model, instead of electron density, atoms are 

characterized by learnable feature vectors and complex interatomic interactions are learned using a DNN. 

These feature vectors are updated iteratively during the forward pass of the DNN, which is a process that 

is inspired by the neighbor-driven changes of electron density distribution within atomic basins. The 

model transforms atomic coordinates (R) and atomic numbers (Z) into atomic environment vectors 

(AEVs) which are then embedded as features and allowed to interact through iterative updates (referred to 

as message passing). The model can then predict molecular and/or atomic properties using these learned 

representations.  

In this work, our most recent developmental version of the AIMNet2 model was trained to learn diverse 

atomic or molecular properties: namely, the total molecular interaction energy, components of the atomic 

forces, and atom-centered partial charges calculated using Hirshfeld partitioning. The models were trained 

to reproduce DFT-calculated properties and include explicit long-range charge-charge Coulomb 

dispersion interactions.  

Target specific AIMNet models were trained for XXVII, XXIX, and XXXI using N-mer sampling. 

Briefly, N-mers were extracted from the generated crystal structures (N=1, 2, 3, 4, and 8) and subjected to 

gas phase DFT calculations at the B97M-D4/def2-TZVPP level of theory with Orca v5.0.39 to form a 

training dataset. In the interest of computational efficiency, we first trained low-level accuracy models 

using energies, atomic forces, and partial charges from GFN2-xTB10 molecular dynamics trajectories on 

the extracted N-mers. Our preliminary testing showed that initializing AIMNet’s weights using low 

accuracy tight binding data prior to training to more accurate DFT calculations (B97M-D4/def2-TZVPP) 

assisted in stabilizing training and accelerating convergence. It is worthwhile to highlight that the final 

AIMNet models consisted of training using only DFT level data and all tight binding data was removed 

from the training dataset. The final models were trained on monomers, dimers, trimers, tetramers, and 



octamers of each target molecule, and they were used to optimize the randomly generated trial crystal 

structures (refer to Table 1). 

Table 1 Summary of target specific AIMNet training iterations and the final number of crystal 

structures each model was able to optimize. 

Target 
Active Learning 

Iterations 

Final Composition of 

Training Set (103) 

Crystal Structures 

Optimized (106) 

XXVII 8 

13 monomers                 

75 dimers                           

7 trimers 

5 

XXIX 3 

0.184 monomers          

55 dimers                        

64 trimers                        

44 tetramers                 

1.5 octamers 

6.4 

XXXI 4 

6.3 monomers             

125 dimers                      

76 trimers                        

14 tetramers 

3.5 

 

Post-Processing 

For Target XXVII, optimized structures were symmetrized using Spglib with the tolerance (symprec) of 

0.2 Å and the duplicate structures were removed using Pymatgen11 StructureMatcher with a site tolerance 

of 0.2 Å and default lattice and angle tolerances (stol=0.2, ltol=0.2, angle_tol=5). The corresponding 

submission included a list of the best 1500 structures ranked by the lattice energy. For the other two 

targets, the best structures were selected for DFT calculation and re-optimized with the PBE-MBD 

method using the FHI-aims12 version 200112 with the tier-1 basis set, 3x3x3 k-grid and light numerical 

settings. The MAE and RMSE errors of the AIMNet model with reference to DFT on the relative lattice 

energies came out to be 2.0 kJ/mol and 3.2 kJ/mol (Target XIX) and 2.5 kJ/mol and 3.8 kJ/mol (Target 

XXXI) respectively. The AIMNet model systematically overestimated the crystal density by 4.1 - 4.2% 

on average compared to DFT but once that was accounted for, the RMS error of AIMNet predicted crystal 

density reduced to 1.4 - 1.5% with respect to DFT. DFT calculations were performed for a subset of the 

best crystal structures predicted by the AIMNet model for the Targets XIX and XXXI. The final 

submission included a mixture of both AIMNet and DFT optimized structures, identified by the prefix 

‘aimnet’ or ‘dft’ correspondingly. 

Results and Analysis 

Genarris proved very successful for the attempted targets XXVII, XXIX, and XXXI. Table 2 shows the 

number of molecules and Z’ searched for each target, the total number of structures generated, and if the 

experimental form(s) were identified. As can be seen, Genarris generated all but one experimental form, 

the C form for Target XXXI, which was a solvent stabilized structure. 



Table 2 Summary of crystal structure search using Genarris. All targets were identified other than 

the XXXI C, which was discolsed as being solvent stabilized. 

Target Z searched 
Total Number of 

Structures (106) 
Exp. Identified (Y/N) 

XXVII z = 2,4 5.0 Y 

XXIX 
z' = 1,2                              

z=1,2,3,4,6,8,12,16,18 
6.4 N* 

XXXI z=2,4,8 1.7 
Y (A major, A minor, B) 

N (C) 
* For target XXIX we did not explore crystal structures with Z’=3 and therefore, the experimental structure was not identified. 

However, our closest matching structure has a partially common motif with the experimental one and CSD structure. Also, our 

AIMNet model predicts ~5 kJ/mol lower energy for experimental Z’=3 structure compared to the best submitted structure. 

 

 

Figure 1: Overlap of the lowest energy generated structure via our CSP methods and the experimental 

structure for the target XXIX. Molecules are colored be symmetry equivalence. 

We did not perform any trials to generate structures with Z’=3 for target XXIX in our CSP workflow, and 

therefore, we did not find the experimentally identified structure. However, our best structure match, 

which has Z’=2, exhibits significant similarity with the experimental structure. Figure 1 shows the 

overlap between the top ranked structure in our submission list ant the experimental structure, where the 

molecules are colored by symmetry equivalence. Visually, it is clear that our generated structure and the 

experimental one has common domain containing molecules A and B (blue and green) of the 

experimental structure, however the molecule C (red) has different orientation. To quantify the agreement 

of the matching domain, the RMSD of the structures was determined using the COMPAC matching 

algorithm implemented in CCDC Mercury13, where selecting 15 molecule clusters yields 0.354 Å (all 15 

molecules matched). Simulated powder X-ray diffractograms for the experimental structure and our best 

matching structure are compared to the provided experimental diffractogram in Figure 2.   



 

Figure 2: Simulated powder X-ray diffraction (PXRD) spectra for Target XXIX. a) the experimentally 

obtained PXRD (red) compared to the simulated PXRD of our best matching structure (blue). b) the 

experimentally obtained PXRD (red) compared to the simulated PXRD of the experimental structure 

(purple). 

For Target XXVII, energy is not necessarily correlated with density. Figure 3 shows the relative lattice 

energy of the generated structures for Target XXVII as a function of density, with the generated 

experimental structure by Genarris shown in blue. As can be seen, the experimental form is not ranked as 

a low energy structure, lying between 12-15 kJ/mol above the minimum energy structure.  

 

Figure 3: Relative lattice energy calculated using AIMNet as a function of density for the 1500 structures 

of Target XXVII. The experimental form is colored in blue. 



For Target XXXI, energy is not necessarily correlated with density. As can be seen in Figure 4, the 

experimental forms for Target XXXI are in the relatively low-energy region of the distribution. The 

experimental forms were ranked as followed: A major > A minor > B. There are only two structures 

lower in energy than the A major form, though by only about ~1-2 kJ/mol. Additionally, about ~1 kJ/mol 

separates the A minor from the A major and then a ~1-2 kJ/mol gap between the A minor and B forms. 

 

Figure 4: Relative lattice energy obtained using AIMNet as a function of density for the 1500 structures of 

Target XXXI. Experimental forms are colored. 

Summary of Computational Resources 

The following computational resources were utilized: 
• PSC Bridges2 supercomputer (AMD EPYC 7742 CPUs): Generation of crystal structures and 

Crystal structure optimizations 

• Nvidia RTX 3090 GPUs: AIMNet model training 

• SDSC Expanse (AMD EPYC 7742 CPUs), TACC Frontera (Intel Xeon Platinum 8280 CPUs), 

and Open Science Grid (various CPUs, Nvidia GTX 1080, GTX 1080ti and Tesla V100S GPUs): 

Crystal structure optimizations 

 

The total computational time spent came from the following steps: 
• Generation of 5M crystal structures with Genarris: 6.6 x 105 CPU core-hours 

• B97M-D4/def2-TZPP DFT energy and force calculations for N-mers using ORCA 5.0 software: 

5.5 x 104 CPU core-hours 

• AIMNet model training: 600 GPU hours 

• Optimization of 5 x 106 crystal structures with AIMNet: 2.3 x 106 CPU core-hours 

• DFT crystal structure optimizations: 1.45 x 106 CPU core-hours 

• PXRD Calculation and Refinement for Target XXIX: 5 CPU Hours  

 



Acknowledgements 

O.I acknowledges support from NSF CHE-1802789 and CHE-2041108. We also acknowledge the 

Extreme Science and Engineering Discovery Environment (XSEDE) award CHE200122, which is 

supported by NSF grant number ACI-1053575. This research is part of the Frontera computing project at 

the Texas Advanced Computing Center. Frontera is made possible by the National Science Foundation 

award OAC-1818253.  This research in part was done using resources provided by the Open Science Grid 

which is supported by the award 1148698, and the U.S. DOE Office of Science. 

N.M. acknowledges support from National Science Foundation (NSF) through grant DMR-2131944. This 

research used resources of Argonne Leadership Computing Facility (ALCF), which is a DOE Office of 

Science User Facility supported under Contract DE-AC02-06CH11357. We also acknowledge the 

Extreme Science and Engineering Discovery Environment (XSEDE) award MAT210006 which 

supported 3M CPU core-hours. 

References 

(1) Tom, R.; Rose, T.; Bier, I.; O’Brien, H.; Vázquez-Mayagoitia, Á.; Marom, N. Genarris 2.0: A Random 

Structure Generator for Molecular Crystals. Comput Phys Commun 2020, 250, 107170. 

https://doi.org/https://doi.org/10.1016/j.cpc.2020.107170. 

(2) O’Boyle, N. M.; Banck, M.; James, C. A.; Morley, C.; Vandermeersch, T.; Hutchison, G. R. Open Babel: An 

Open Chemical Toolbox. J Cheminform 2011, 3 (1), 33. https://doi.org/10.1186/1758-2946-3-33. 

(3) Chan, L.; Hutchison, G. R.; Morris, G. M. BOKEI: Bayesian Optimization Using Knowledge of Correlated 

Torsions and Expected Improvement for Conformer Generation. Physical Chemistry Chemical Physics 

2020, 22 (9), 5211–5219. https://doi.org/10.1039/C9CP06688H. 

(4) Brandenburg, J. G.; Bannwarth, C.; Hansen, A.; Grimme, S. B97-3c: A Revised Low-Cost Variant of the 

B97-D Density Functional Method. J Chem Phys 2018, 148 (6), 064104. 

https://doi.org/10.1063/1.5012601. 

(5) Hawkins, P. C. D.; Skillman, A. G.; Warren, G. L.; Ellingson, B. A.; Stahl, M. T. Conformer Generation with 

OMEGA: Algorithm and Validation Using High Quality Structures from the Protein Databank and 

Cambridge Structural Database. J Chem Inf Model 2010, 50 (4), 572–584. 

https://doi.org/10.1021/ci100031x. 

(6) Bier, I.; Marom, N. Machine Learned Model for Solid Form Volume Estimation Based on Packing-

Accessible Surface and Molecular Topological Fragments. J Phys Chem A 2020, 124 (49), 10330–10345. 

https://doi.org/10.1021/acs.jpca.0c06791. 

(7) Zubatyuk, R.; Smith, J. S.; Leszczynski, J.; Isayev, O. Accurate and Transferable Multitask Prediction of 

Chemical Properties with an Atoms-in-Molecules Neural Network. Sci Adv 2022, 5 (8), eaav6490. 

https://doi.org/10.1126/sciadv.aav6490 . 

(8) Bader, R. F. W. Atoms in Molecules. Acc Chem Res 1985, 18 (1), 9–15. 

https://doi.org/10.1021/ar00109a003. 

(9) Neese, F. Software Update: The ORCA Program System—Version 5.0. WIREs Computational Molecular 

Science 2022, 12 (5), e1606. https://doi.org/10.1002/wcms.1606. 



(10) Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-XTB—An Accurate and Broadly Parametrized Self-Consistent 

Tight-Binding Quantum Chemical Method with Multipole Electrostatics and Density-Dependent 

Dispersion Contributions. J Chem Theory Comput 2019, 15 (3), 1652–1671. 

https://doi.org/10.1021/acs.jctc.8b01176. 

(11) Ong, S. P.; Richards, W. D.; Jain, A.; Hautier, G.; Kocher, M.; Cholia, S.; Gunter, D.; Chevrier, V. L.; 

Persson, K. A.; Ceder, G. Python Materials Genomics (Pymatgen): A Robust, Open-Source Python Library 

for Materials Analysis. Comput Mater Sci 2013, 68, 314–319. 

https://doi.org/10.1016/j.commatsci.2012.10.028. 

(12) Blum, V.; Gehrke, R.; Hanke, F.; Havu, P.; Havu, V.; Ren, X.; Reuter, K.; Scheffler, M. Ab Initio Molecular 

Simulations with Numeric Atom-Centered Orbitals. Comput Phys Commun 2009, 180 (11), 2175–2196. 

https://doi.org/10.1016/j.cpc.2009.06.022. 

(13) Macrae, C. F.; Sovago, I.; Cottrell, S. J.; Galek, P. T. A.; McCabe, P.; Pidcock, E.; Platings, M.; Shields, G. P.; 

Stevens, J. S.; Towler, M.; Wood, P. A. Mercury 4.0: From Visualization to Analysis, Design and 

Prediction. J Appl Crystallogr 2020, 53 (1), 226–235. https://doi.org/10.1107/S1600576719014092. 

  

 

 



120

11. Group 17



Supplementary Information for The 7th CSP Blind Test, Phase 1 

 

Hiroyuki Matsui and Kotaro Shinohara 

Research Center for Organic Electronics (ROEL), Yamagata University, Jonan 4-3-16, Yonezawa, 

Yamagata, 992-8510 Japan 

h-matsui@yz.yamagata-u.ac.jp 

 

 An initial conformation (XXVII-AB) was prepared by substituting two iodine atoms to the known 

conformation of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene)[1]. Another confor-

mation (XXVII-AA) was prepared by rotating the TIPS group by 180°. These two conformations were 

used as initial conditions. 10000 initial crystal structures were generated by randomly placing two 

molecules of the same conformation in a randomly generated cell. No space group was assumed. The 

10000 crystal structures were optimised using GULP software[2] with the Dreiding force field. The 

charge of each atom was calculated by electrostatic potential (ESP) fitting with the HLYGAt method[3] 

at the B3LYP/6-311G** level using Gaussian 16[4]. No vibrational effect was taken into account at 

this stage. Clustering was performed based on cell energy, cell volume, and powder pattern similarity. 

Finally, the 1500 structures with the lowest energy were submitted in the first submission. All had the 

XXVII-AB conformation. 

 

[1] The Cambridge Crystallographic Database (CSD), refcode: VOQBIM 

[2] General Utility Lattice Program (GULP), Version 5.2, https://gulp.curtin.edu.au/ 

[3] H. Hu, Z. Lu and W. Yang, “Fitting Molecular Electrostatic Potentials from Quantum Mechanical 

Calculations,” J. Chem. Theory and Comput. 3 (2007) 1004-13. 

[4] Gaussian 16, Revision A.03, M. J. Frisch et al., Gaussian, Inc., Wallingford CT, 2016. 
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1. Detailed Methodologies for CSP (Submission 1) 

1.1 System XXIX 

 

A search of the putative conformations of XXIX were initiated in Spartan (Wavefunction Inc. , 2019) 

by performing a molecular mechanics conformer distribution search with the aid of the MMFF force 

field. Only the most stable conformers with energies equal to or less than 40 kJ mol-1 relative to the 

global minimum conformer were kept for further analysis. A restriction of keeping only the most 

stable 500 conformers within this energy range was applied. During the search only two conformers 

were returned. These conformers were used as input for a gas phase optimization at the B97D/6-

31G(d,p) level of theory using GAUSSIAN09 (Frisch et al., 2009). The gas-phase optimized 

geometry for each of the two conformational minima generated by GAUSSIAN09 were used as 

input for separate rigid-body crystal structure prediction searches using the CrystalPredictor II code 

(Habgood et al., 2015). For each search, a total of 500,000 energy minimizations were requested. 

In each case, a Zʹ=1 search was requested. During the crystal structure prediction search, the 

electrostatic contributions towards the intermolecular forces were modelled using atomic charges 

derived from the ab initio wavefunction. The dispersion-repulsion contributions towards the lattice 

energy were modelled using a Buckingham exp-6 function using Williams’ FIT potential 

parameters. For more details on the FIT potential parameters used, the reader is referred to our recent 

work using this parameter set (Shruti et al., 2022).  Final lattice energies were estimated using a 

distributed-multipole model using DMACRYS (Price et al., 2010). The dispersion-repulsion 

contributions were estimated using the same FIT potential parameter set used in the initial CSP 

search but the electrostatic contributions were estimated using a more accurate distributed multipole 

model (up to rank 4) derived from the B97D/6-31G(d,p) wave function. The DMACRYS lattice 

energy optimization was performed using a rigid-body approximation. For specific details on the 

clustering methods used at each stage, the reader is referred to our previous work (Shunnar et al., 

2020).  



 

1.2 System XXX 

The molecular structures of cannabinol (CBN) and tetramethylpyrazine (TMP) were extracted from 

the crystal structures with CSD refcodes CANNOL and BUNFUN respectively. The gas phase 

conformational minima for CBN and TMP were calculated at the B97D/6-31G(d,p) level of theory 

using GAUSSIAN09. The gas phase conformational minima were then used as input for a rigid-

body CSP search using CrystalPredictor II. A total of 6 searches were performed. Initially, 2 

searches were performed, for the most stable crystal structures of TMP and CBN respectively 

(Zʹ=1). Due to challenges in securing sufficient computing resources, only 10,000 minimizations 

were requested for each search for the crystal structures of TMB and CBN. The intention behind 

these limited searches was to find suitable low-energy packings for TMP and CBN in order to 

understand packing preferences. Then, 4 separate rigid-body searches for cocrystals of varying 

stoichiometries were initiated using a total of 500,000 minimizations for each search. The following 

stoichiometries of CBN:TMP were searched for putative crystal structures:  1:1, 1:2 and 2:1. The 

methodology clustering at each stage, estimate of the lattice energies for the predicted crystal 

structures as well as the methodology for the final lattice energy estimates using a distributed-

multipole model were identical to that used for XXIX.  

 

1.3 System XXXI 

The molecular structure for XXXI was sketched in Spartan and a search for putative conformations 

was initiated by performing a molecular mechanics conformer distribution search with the aid of 

the MMFF force field. Only the most stable conformers with energies equal to or less than 40 kJ 

mol-1 relative to the global minimum conformer were kept for further analysis. A total of 10 

conformers were returned within a relative energy of 12.55 kJ mol-1 relative to the global minimum 

conformer. The two most stable conformers were passed to GAUSSIAN09 for geometry 

optimization at B97D/6-31G(d,p) level of theory. However, only one conformer converged during 

the optimization and this single conformer was progressed to the next stage for a rigid-body crystal 

structure prediction search using the CrystalPredictor II code. A total of 500,000 minimizations 

were requested in the CrystalPredictor search. The methodology for clustering at each stage, 

estimate of the lattice energies for the predicted crystal structures as well as the methodology for 

the final lattice energy estimates using a distributed-multipole model were identical to that used for 

XXIX.  

 

1.4 System XXXII  



The molecular structure for XXXII was sketched in Spartan and a search for putative conformations 

was initiated using a molecular mechanics conformer distribution search with the aid of the MMFF 

force field. Only the most stable conformers with energies equal to or less than 40 kJ mol-1 relative 

to the global minimum conformer were kept for further analysis. The most stable conformer was 

used as input for a gas phase optimization at the B97D/6-31G(d,p) level of theory using 

GAUSSIAN09. The gas-phase optimized geometry for XXXII was used was used as input to a rigid-

body crystal structure prediction search using the CrystalPredictor II code. A total of 500,000 

minimizations were requested in the CrystalPredictor search. The methodology for clustering at 

each stage, estimate of the lattice energies for the predicted crystal structures as well as the 

methodology for the final lattice energy estimates using a distributed-multipole model were identical 

to that used for XXIX.  
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1. Methodology: Round1 

Our approach for predicting and ranking crystal structures of a molecule has four stages:  

1. Conformer generation: We generate low-energy 3D conformations of the 

molecule 

2. Packing generation: The low-energy conformers are packed in top space groups 

and optimized using a multipole force-field, Intermolecular Energy Force-Field 

(IEFF) [1].  

3. QM optimization: The low-energy IEFF packings are then optimized and rescored 

using quantum-mechanical energy models, to give 0K predictions.  

 

The summary of different stages for various challenges are given in Table 1, and each of 

the above stages is described in more detail below.  

 

Challenge Conformer generation Packing 
generation 

QM 
Optimization 

 # confs Geom. 
Opt. 

Single point energy #space groups 
(top) 

 

XXVII 15 HF-3c B3LYP-D3MBJ/6-31G* 20 No 

XXIX 10 HF-3c B3LYP-D3MBJ/6-31G* 20 HF-3c 

XXX 934 
(dimers) 

2338 
(trimers) 

HF-3c HF-3c 10 HF-3c 

XXXI 748 HF-3c B3LYP-D3MBJ/6-31G* 20 HF-3c 

XXXII 982 HF-3c B3LYP-D3MBJ/6-31G* 20 No 

XXXIII 544 HF-3c B3LYP-D3MBJ/6-31G* 20 No 

Table 1. Summary of conformer generation, packing generation, and QM optimization 

for various challenges. 

 

Conformer generation: 3D conformers of the molecule were generated using OE’s 

Omega toolkit using custom torsion rules [2-3]. The torsion rules were generated based 

on the torsional energy surfaces at B3LYP-D3MBJ/6-31G* level of theory. Low-energy 

conformers are filtered for packing generation.  

 

For challenge molecule XXVII, we substituted Si with Carbon, and Iodine with Chlorine, 

due to lack of force-field parameters for Si and Iodine. This analogue of the original 

molecule was used for crystal structure prediction.  

 

For challenge XXX, dimer and trimer geometries were generated using IEFF force-field 

[1]. First, we packed the monomers separately into various crystal structures, and those 

conformers that yielded low-energy crystal packings were chosen for dimer generation. 

Low-energy dimers were generated by scanning all relative translations and rotations. 



Those dimers that yielded low-energy crystal packings were chosen for trimer 

generation, following a similar protocol as that of dimers.  

 

For challenge XXXIII, low-energy salt configurations were generated using IEFF force-

field [1]. First, we generated low-energy 3D conformations of the molecule and scanned 

the relative placement of the ion using IEFF. Low-energy dimer conformations were 

selected for packing generation.  

 

Packing generation: Crystal structures for each conformer in the most frequently 

observed space groups were generated by randomly varying the conformer orientation 

and unit cell parameters within certain bounds [1]. First, the conformer is assigned a 

random orientation and placed in the unit cell. The conformer was then projected along 

each axis (a,b,c) of the unit cell. The length of this projection was used to randomly pick 

the length of each axis. Next, we randomly assigned unit cell angles based on volumetric 

restrictions. Packings with packing fraction between 0.55 and 0.85, and no atom-atom 

collisions are selected for further optimization using a multipole force-field, IEFF.   

 

For challenge XXIX, packings that have a powder spectrum that is most similar to the 

provided powder spectrum were submitted. Similarity of powder spectrum is calculated 

as the cross-correlation metric between the powder spectrums.  

 

QM optimization of crystal structures: We optimized the crystal structures using an 

approach referred to here as “dimer expansion”. In this approach, the total energy and 

gradients of the system are calculated as a sum of all dimers within the crystal. The 

fractional coordinates of the molecule and unit cell parameters are optimized separately 

in three iterations. First, we optimize the geometry of the molecule while keeping the unit 

cell parameters fixed, and then perform unit cell optimization while keeping the geometry 

of the molecule fixed. Finally, we perform another iteration of optimizing the geometry of 

the molecule. Conformer geometries were optimized using GeomeTRIC [4], and the unit 

cell parameters were optimized using NLOpt [5]. The gradients for both conformer 

geometry and unit cell parameters are computed using HF-3c method[6]. Specifically, 

we build a cluster of the crystal out to 12A and decompose that into dimers, accounting 

for symmetrically related pairs. We compute the energy and gradients of each dimer and 

sum them up to get the crystal energy and gradients, respectively. Optimization steps 

are continued until the large component of the gradient is less than 0.0001 

Hartree/Angstrom, or a maximum number of steps has reached. Psi4 1.3.2 was used for 

all dimer energy and gradient calculations [7]. 
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Summary 
We were able to confirm the first successful prediction of configurational disorder and its 
thermodynamic implications for target XXX form A. After detailed analysis of the experimental 
data made available after the deadline, we were able to identify additional matches for XXX 
“Group E” as our submitted rank 1 and for the room-temperature form of XXXII form B as our 
submitted structure 159. All 17 experimentally observed local minima were trivially 
generated, and 15 of these were both within the limits on the number of structures set by the 
organisers and the standard energy cut-offs of our software, the two exceptions being one 
minor disorder component for XXXII Form A and XXXI Form C with 80 Å3 void space per Z. In 
an industrial context, where it is important to implement a cost-effective compromise to 
locate all thermodynamically relevant local minima, our software performed as intended by 
correctly generating—blind—all thermodynamically relevant experimental local minima. 
 
Method development was ongoing in parallel with the actual blind test calculations, e.g., to 
cope with the Cu-containing compound and to address the problems caused by the high 
molecular symmetry of the Si compound, and as a result different compounds may have been 
run with different features enabled at different stages. 
 The basis for the structure generations is parallel-tempering Monte Carlo with a tailor-
made force field (TMFF) parameterised against quantum mechanical (QM) reference data as 
described by Neumann (2008). For some compounds, the TMFF was extended to use a 
multipole description for the atomic charges as opposed to a monopole description as used 
in earlier versions. Tens of thousands of structures are generally generated within the energy 
window relevant for the structure generation with the TMFF, but only 500 or 1,500 structures 
could be submitted. The reduction of the number of structures is accomplished by our 
reranking step, which uses a cascade of increasingly more accurate QM calculations combined 
with similarity measures to estimate which of the tens of thousands of structures should be 
considered for final optimisation with QM. For some blind test compounds, this reranking 
step was augmented with Machine Learning (ML) to predict which of the TMFF structures 
after energy minimisation with QM would end up near the bottom of the energy window (or 
rather, the logic is reversed: the ML is used to weed out structures that do not need to be 
considered for energy optimisation because they are predicted by the ML model to become 
high-energy structures with QM despite their favourable TMFF energy). 
 The calculations were performed with our in-house developed software GRACE, which 
calls VASP (Kresse & Furthmüller, 1996, Kresse & Hafner, 1993, Kresse & Joubert, 1999), 
Turbomole (Ahlrichs et al., 1989, Furche et al., 2014) and FHI-aims (Blum et al., 2009) for QM 
calculations. 
 Figure 1 shows the overlays of all experimental structures and their blind1 predictions. 
For XXXII Form B RT, we corrected the experimental structure that was made available by the 
organisers after the submission deadline, an overlay of the corrected experimental structure 
as determined by us from Rietveld refinement and our blind-submitted structure_259.cif is 
shown in Figure 9. For XXX 1:1 “Group E”, no experimental structure was made available by 

 
1 For the “experimentally-assisted challenge” (XXIX), the simulated powder diffraction pattern made available 
by the blind test organisers showed that no matches could be found with one or two molecules in the 
asymmetric unit, triggering a structure generation with three molecules in the asymmetric unit that is not part 
of our standard protocol. 



the organisers, but an overlay of the experimental structure as determined by us from 
Rietveld refinement overlaid with our submitted rank 1 is shown in Figure 7. XXXI Form C was 
outside the energy window for submission and we include it in a separate Figure (Figure 2) 
based on our post analysis, likewise for XXXII Form A minor occupation. For XXIX, a simulated 
powder diffraction pattern was made available, allowing us to perform a Rietveld refinement 
and thereby adjusting our calculated 0 K unit-cell parameters to the correct room-
temperature parameters; Figure 1 shows the experimental single-crystal structure versus rank 
1 from our prediction, Figure 5 shows the experimental single-crystal structure versus rank 1 
after our automated powder diffraction matching and Rietveld refinement procedure. 
 

 
XXVII 

 

 
XXVIII 

 

 
XXIX 

 



 
XXX 1:1 

 

 
XXX 2:1 (disordered) 

 

 
XXXI Form A (major occupancy / minor occupancy) 



 
XXXI Form B 

 

 
XXXII Form A major occupancy 

 
XXXII Form B low temperature 

 



 
XXXIII Form A 

 

 
XXXIII Form B 

 
Figure 1. Overlays of the experimental structures (red) and their blind predictions (blue); see 

Figure 7 and Figure 9 for overlays of blind predictions of additional experimental phases 
identified by our group but not a formal part of this blind test. Note that the disorder in XXX 

2:1 was correctly predicted and was part of our submitted structure. Hydrogen atoms 
omitted for clarity. 

 
 
 
 
 
 
 
 



 
 

 
Figure 2. Overlays of the two experimental structures of XXXI Form C (with large voids) and 

XXXII Form A minor occupancy (red) and their structures as located in our post analysis 
(blue). Hydrogen atoms omitted for clarity. 

 
XXVII. During the structure generation, completeness is assessed by, among other 

criteria, how many structures have thus far been generated only once; the more such 
structures, the more phase space there is left to explore. For the Si compound, the high 
molecular symmetry caused the structure matching algorithm to produce many false 
negatives, i.e., to label many structures as unique whereas in fact they corresponded to 
structures that had already been found, poisoning the single-hit statistics and leading the 
structure generation to erroneously believe that the phase space had not been adequately 
explored yet and preventing the convergence criteria from being met. Improvements to the 
matching algorithm were made. Where required, missing dispersion-correction parameters 
for silicon were derived. 

XXVIII. For the Cu compound, force field terms had to be added to describe a square-
planar coordination. The trans configuration was used as provided. The quantum-mechanical 
calculations for the reference data had to be made spin-aware. Because support for square-
planar Cu had to be added to our software from scratch, after each step in the prediction 
procedure, the computational results were compared against the published experimental 



structure to ensure that it was still present among the top 1,500 structures. This was the case 
throughout the entire procedure and the Cu compound can be predicted with the latest 
version of our software as-is. Part of the calculations were run on the Azure cloud. 

XXIX. For the experimentally-assisted challenge, the powder pattern was digitised to 
allow automated comparison against the predicted structures with our software module 
“Structure Solution Factory”. We started out with our standard crystal structure prediction 
protocol, which generates structures with one and two molecules in the asymmetric unit in a 
selected set of space groups covering about 98% of all molecular crystal structures in the CSD. 
In the information supplied by the blind test organisers, an inset was shown with two very 
small peaks at around 7.0° and 9.5° 2q. It was furthermore stated that the powder diffraction 
pattern was simulated, so it was clear that these two small peaks were not impurities but had 
to be explained by the submitted structure. After establishing that none of the generated 
structures explained the small peaks at very low 2q, it was decided to expand the search space 
to include all 230 space groups and to include Z’=3. The Z’=3 structure generation produced 
a satisfactory match in P21/c. 
 

 
Figure 3. Overlay of our submission rank 1 (light green, P21/c, Z’=3) and rank 2 (violet, Pc, 
Z’=3), showing the five layers they have in common. Hydrogen atoms omitted for clarity. 

 
The Z’=3 structure generation also produced a match in Pc that has five layers in 

common with the P21/c structure and that has a calculated lattice energy only 0.02 kcal/mol 
higher than the P21/c structure, strongly suggesting the possibility of polytypism (Figure 3), 
but only the P21/c structure explained the two peaks at 7.0° and 9.5° 2q (Figure 4) and it was 
therefore this structure that we submitted as our solution. Figure 5 shows the overlay of the 
experimental single-crystal structure as made available by the organisers after the submission 
deadline and the structure resulting from the automated Rietveld refinement with our 
Structure Solution Factory module. 



 

 
 

 
Figure 4. Rietveld refinement fit to the peaks at 7.0° and 9.5° 2q for the P21/c, Z’=3 structure 

(top) and the Pc, Z’=3 structure (bottom). Experimental data in blue, calculated pattern in 
red, difference curve in black. Tickmarks are shown in blue. 

 
 



 
Figure 5. Single-crystal structure of target XXIX (red) overlaid with the structure from our 

automated Rietveld refinement (“Structure Solution Factory”) (grey). Hydrogen atoms 
omitted for clarity. 

 
 XXX. For the stoichiometry challenge, the crystal structures of pure 
tetramethylpyrazine and pure cannabinol were taken from CSD entries MPYRAZ02 and 
CANNOL, respectively. Structure generation with multiple molecules, even if chemically 
different compounds, and molecular flexibility have been implemented in our software 
GRACE from its inception 20 years ago so the prediction of the 1:1, 1:2, and 2:1 co-crystals 
could be run with the standard version of our software. 

Target XXX was special in that not only the generated but also the ranked (by free 
energy) candidates had to be submitted at this stage of the blind test, prompting us to 
calculate the temperature-dependent free energies of the most promising candidates using 
our TRHu(ST) method (Firaha et al., 2023). A routine scan for similarity among these 
thermodynamically relevant candidates suggested that several of these could be considered 
different configurations of the same disordered crystal structure. These sets of structures 
were merged by transforming the crystal structures so that most of the atoms could be 
overlaid, and, taking the lowest-energy structure as basis, the alternative configurations were 
manually added to the .cif file of the basis structure. The proper calculation of the disorder 
contribution to the free energy, including all statistical thermodynamics formulae, are 
described in detail elsewhere (Woollam et al., 2018). This procedure resulted in five crystal 
structures being submitted as disordered, each with two disorder configurations. Upon 
further energy minimizations, two disorder configurations converged to the same structure, 
which was overlooked during the analysis and the duplicate configuration led to a spurious 
free energy contribution of -RTln2 = -0.41 kcal/mol, which in turn meant that the affected 1:1 
structure ended up as rank 1. When this error is corrected, ranks 1 and 2 (1:1 stoichiometry 
only) swap places. 

Among the experimental data released for target XXX was a powder diffraction 
pattern for a phase referred to as “Group E”, which had not been indexed and for which no 
crystal structure had been determined. Again, the fact that for this target we had ranked the 
predicted structures by free energy played an important role, because instead of trying to 
match the Group E pattern against all 1,500 generated structures, which would require the 
use of a computer program, the free-energy ranking acts as an initial screen and the 



experimental data ideally only has to be matched against one of the top ten or so structures, 
a matching procedure that can be done manually. Our submitted rank 1 structure, a 1:1 
stoichiometry structure, immediately provided an excellent visual match. The blind test 
organisers were contacted with a request for the pattern in electronic form, the Rietveld 
refinement is shown in Figure 6. 

 

 
Figure 6. Rietveld refinement of our rank 1 for target XXX against the powder diffraction 

pattern for “Group E”. Experimental data in blue, calculated pattern in red, difference curve 
in black. 

 

 
Figure 7. Overlay of the structure of XXX “group E” from Rietveld refinement (red) and our 

submitted rank 1 (blue). Hydrogen atoms omitted for clarity. 
 
 Looking at the final results per stoichiometry, our final prediction is then that 1. No 
co-crystal with 1:2 stoichiometry will be observed, 2. A co-crystal with stoichiometry 1:1 will 
be observed corresponding to rank 5 in our combined list, 3. A co-crystal with stoichiometry 
2:1 will be observed corresponding to rank 2 in the combined list. All these predictions turned 
out to be correct, and our predicted rank 2 for the 1:1 stoichiometry also turned out to have 
been observed (Table 1). 
 
 
 
 



Table 1. Summary of results for the stoichiometry challenge. 
Rank as 
submitted 
combined 

Rank as 
corrected 
combined 

Stoichiometry Predicted rank as 
corrected per 
stoichiometry 

Experimental 
rank per 
stoichiometry 

1 5 1:1 2, i.e. NO or NS NS 
2 1 2:1 1 1 
3 2 2:1 2, i.e. NO or NS NO 
4 3 2:1 3, i.e. NO or NS NO 
5 4 1:1 1 1 

NO = Not Observed, NS = Not Stable. 
 

XXXI. The agrochemical compound was run on the AWS cloud through Rescale. 
In experiment, a Form C had been observed with a very low density, which is due to 

an exceptionally large void space of 80 Å3/Z. The structure was generated in our structure 
generation as rank 7,153 among all Z’=1 structures, but because of the large void space the 
lattice energy is calculated to be unfavourable and this structure did not make it into our final 
list of 1,500 structures. 

XXXII. Large, flexible molecules have been implemented in our software GRACE from 
its inception 20 years ago, but after it was noted that the structure generation with two 
molecules in the asymmetric unit appeared to be exceptionally slow, more than a month was 
spent on experimenting to speed up the structure generation. In the end, the mechanism to 
update the temperatures for the parallel tempering was identified as being suboptimal and 
subsequently overhauled. The reported CPU time includes all the time spent on the 
compound, including the experimenting and validation, and with the latest version of our 
software the structure generation would be about two orders of magnitude faster for Z’=2. 

Form A turned out to be disordered. The major occupancy was present in our list of 
submitted structures, but the minor occupancy was not. A structure generation in P1, Z’=2 
with a more lenient energy window quickly located the structure, showing that it was 
approximately 1 kcal/mol above our standard energy cut-off. 

For XXXII Form B, a low-temperature (LT) and a room-temperature (RT) phase were 
provided. The LT phase had been determined from single-crystal data, the RT phase from 
powder diffraction data. The structure of the RT phase showed several short non-bonded 
C····C contacts and distorted upon energy minimisation with DFT. An overlay of the two 
experimental structures showed that the morpholine ring in the RT structure should be 
rotated over 180°. An excellent Rietveld refinement (Figure 8) and an excellent reproduction 
with DFT (Figure 9) of the corrected structure confirmed this diagnosis. The LT phase matches 
our submission structure_71.cif, the corrected RT phase matches our submission 
structure_259.cif. 
 Given the ease with which we are able to match experimental powder diffraction data 
with our predicted structures, even for challenging cases with subtle differences, more 
matches could have been expected if additional powder diffraction patterns had been made 
available. 
 



 
Figure 8. Rietveld refinement of the corrected XXXII form B RT structure. Experimental data 

in blue, calculated pattern in red, difference curve in black. 
 

 
Figure 9. Overlay of the corrected XXXII form B RT structure from Rietveld refinement (red) 
and the same structure after energy minimisation with DFT (blue). Hydrogen atoms omitted 

for clarity. 
 
XXXIII. Molecular salts were implemented in our software GRACE more than a decade 

ago and the prediction could be run with the standard version of our software. 
 In summary, all 17 experimentally observed local minima were trivially generated, and 
15 of these were both within the limits on the number of structures set by the organisers and 
the standard energy cut-offs of our software, the two exceptions being one minor disorder 
component for XXXII Form A and XXXI Form C with 80 Å3 void space per Z. In an industrial 
context, where it is important to implement a cost-effective compromise to locate all 
thermodynamically relevant local minima, our software performed as intended by correctly 
generating—blind—all thermodynamically relevant experimental local minima. 
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Overview of prediction methods 

Structure generation: 

The method employs a typical grid-systematic search algorithm and considers four variables required 

for generating different molecular packings, that is, molecular conformation, orientation, and spatial 

position, and symmetry [1]. The process in the structure generation consists of (a) determination of initial 

molecular geometry and conformations, (b) systematic generation of initial crystal structures, (c) 

optimization of the initial crystal structures, and (d) elimination of identical crystal structures.  

(a) Determination of initial molecular geometry and conformations 

We create initial geometry from a chemical diagram by ChemDraw 20.0 and the initial one is 

subjected to geometry optimization and conformation search [2, 3] in gas phase. Some conformers are 

selected for step (b) according to their energies and conformations. The calculations are performed using 

MMFF94s potential [4]. 

(b) Systematic generation of initial crystal structures 

Each selected conformer is rotated around the x, y, and z axes. Various initial crystal structures with 

different molecular packing arrangements are generated using each oriented molecule as asymmetric unit, 

different spatial positions of the molecule, and common space group symmetries [1].  

(c) Optimization of the initial crystal structures 

The initial structures are subjected to crystal structure optimization with a fully flexible molecular 

model under restriction of space group symmetry [1, 5]. In the optimization, we minimize total energy of 

the crystal per asymmetric unit defined by 

𝐸crystal = 𝐸intra + 𝐸inter            (1) 

where the 𝐸intra is the sum of intramolecular energies of molecule(s) in the asymmetric unit and the 𝐸inter 

is the sum of intermolecular interaction energies per asymmetric unit in the crystal. The van der Waals 

and electrostatic interactions are calculated by the cutoff and Ewald summation [6] techniques, 

respectively, with a real space cutoff of 20 Å. Both intra- and inter-molecular interactions are estimated 

by means of MMFF94s potential [4]. The minimizations are carried out using the full diagonal Newton-

Raphson method. The convergence thresholds on the root-mean-square deviation of gradients over all 

parameters and the root-mean-square deviation of displacements of the parameters are set to 1.0×10-6 

kcal/mol/Å and 1.0×10-6 Å, respectively. The optimized crystal structures are confirmed whether they 

have no imaginary frequencies by performing a normal mode analysis.  

(d) Elimination of identical crystal structures 

Adequate space groups and lattice constant parameters of the optimized crystal structures are 

determined using the software PLATON [7] or Materials Studio 2018 [8]. Identical structures among all 

optimized crystal structures are eliminated using similarity between powder X-ray diffraction (PXRD) 

patterns [1, 9] and Crystal Packing Similarity Tool in the CSD Python API [10]. 

 

 

 



 

Landscape generation: 

Table 1 summarizes generation methods of landscapes for each target. We created energy landscapes 

of XXVII, XXX, XXXI, and XXXIII and assessment value landscape of XXIX. The MMFF94s structures 

obtained by the structure generations were used in the landscapes. The energies of MMFF94s structures 

for XXVII and XXXIII were re-determined by QUANTUM ESPRESSO (QE) V.6.7 [11, 12] using GGA-

PBE exchange-correlation functional [13], D3 dispersion correction [14], and scalar relativistic ultrasoft 

pseudopotential [15] (PBE-D3) under periodic boundary condition. CIF2Cell software was used for 

making input files of QE [16]. The energies of MMFF94s structures for XXXI were re-determined by 

fragment molecular orbital (FMO) method [17] at the MP2 level of theory (FMO-MP2) [18] with 6-31G† 

basis set [19-22]. The energy landscape of XXX was based on MMFF94s potential. The assessment value 

for XXIX was calculated by MMFF94s energy and similarity between calculated and observed PXRD 

patterns [1]. 

Table 1. Summary of generation methods of landscapes for each target. 

Target Structure Landscape  

XXVII MMFF94s PBE-D3 energy 

XXIX MMFF94s MMFF94s energy and PXRD pattern similarity 

XXX MMFF94s MMFF94s energy 

XXXI MMFF94s FMO-MP2/6-31G† energy 

XXXIII MMFF94s PBE-D3 energy 

 

Detail of the structure and landscape generations with respect to each target are described in each 

target’s section. 

 

Target XXVII 

Structure generation: 

The conformation search provided 2,331 conformers. In the conformational analysis, we found that 

the lower energy conformers can be classified into three characteristic conformations according to torsion 

angles of C2, C1, Si1, and C25 and C11, C12, Si2, and C42 (Figure 1).  Therefore, we selected three 

conformers which have the lowest energy among conformers with each characteristic conformation 

(Figure 1). Each conformer shows the lowest, 3rd lowest, and 7th lowest energies among all conformers, 

respectively, on MMFF94s potential. After the selection, we calculated torsion potentials of τ1, τ2, τ3, τ4, 

τ5, and τ6 of each conformer that determine conformation of isopropyl groups (Figures 1 and 2). In Figure 

2, the torsion potentials of τ2, τ3, τ5, and τ6 have two local minima within 0.1 kcal/mol, respectively. Each 

conformer shows the same potential curves. We further calculated torsion potential of τ3 with respect to 

the conformer at around 230 degrees on the torsion potential of τ2 (Figure 2) and torsion potential of τ2 

with respect to the conformer at around 150 degrees on the torsion potential of τ3 (Figure 2) using the 

lowest energy conformer (Figure 3). In Figure 3, there is only one local minimum under low energy area. 

Therefore, we employed two conformations on the τ2, τ3, τ5, and τ6, respectively, and the τ2 and τ3 or τ5 

and τ6 were not changed at the same time. Thus, we made 27 (= 3 conformers x 9 conformations) initial 



 

conformers and optimized them in gas phase. Finally, the 21 unique conformers were obtained by the 

conformational analysis and were used for the generation of initial crystal structures. 

In the determination of initial molecular conformation, we also employed the conformation in the 

crystal structure of 2,3-Dibromo-6,13-bis(triisopropylsilylethynyl)pentacene [23]. Thus, we changed Br 

to I atoms in the molecule and optimized the modified molecule. The optimized conformer was also used 

for the generation of initial crystal structures. 

In the generation of initial crystal structures, we used 22 unique conforms mentioned above, 10 

common space groups (P1, P1-, P21, Cc, P21/c, C2/c, P212121, Pna21, Pbca, and Pnma), and molecular 

rotational step of 20 degrees. The number of molecules in the asymmetric unit was set to one.  

 

   

(a) (b) (c) 

Figure 1. The (a) lowest, (b) 3rd lowest, and (c) 7th lowest energy conformers of XXVII based on 

MMFF94s potential. The conformers have about 0 or 180 degrees in the torsion angles of C2, C1, Si1, 

and C25 and C11, C12, Si2, and C42. 

 

  

(a) (b) 

Figure 2. Torsion potentials of τ1, τ2, τ3, τ4, τ5, and τ6 of the lowest energy conformer. The initial angles 

of τ1, τ2, τ3, τ4, τ5, and τ6 are -178.97, 49.32, -67.88, 178.97, -49.32, and 67.88 degrees, respectively. 

 



 

 

 

Figure 3. Torsion potentials of τ3 and τ2 with 

respect to the conformers at around 230 and 150 

degrees on the torsion potentials of τ2 and τ3 of the 

lowest energy conformer, respectively. 

 

 

Landscape generation: 

The unique crystal structures obtained by the structure generation were ranked according to their 

crystal energies based on MMFF94s potential, and we selected top 2000 structures. The 2000 structures 

were subjected to energy calculation by PBE-D3 scheme under periodic boundary condition with kinetic 

energy cutoffs of 80 Ry and 800 Ry for the wavefunction and charge density, respectively, and the k-point 

mesh spacing of about 0.20 Å-1, and we determined their final energies. The 2000 structures were re-

ranked according to their final energies, and top 1500 structures were submitted.  

 

Target XXIX 

Structure generation: 

Two conformers were obtained by the conformation search (Figure 4). In the generation of initial 

crystal structures, all conformers were used, and the number of molecules in the asymmetric unit was set 

to one (Z’=1) and two (Z’=2). The molecules in the asymmetric unit with Z’=2 initially have the same 

conformation. In the case of Z’=1, we used 19 space groups (P1, P1-, P21, C2, Pc, Cc, P21/m, C2/m, P2/c, 

P21/c, C2/c, P21212, P212121, Pca21, Pna21, Pccn, Pbcn, Pbca, and Pnma) and molecular rotational step 

of 20 degrees. In the case of Z’=2, we used 2 space groups (P1- and P21/c) and applied rotational step of 

45 degrees to each molecule in the asymmetric unit. 

 



 

  

(a) (b) 

Figure 4. The (a) lowest and (b) 2nd lowest energy conformers of XXIX based on 

MMFF94s potential. 

 

Landscape generation: 

The unique crystal structures obtained by the structure generation within about 4 kcal/mol from the 

global minimum in the crystal energy were ranked based on their assessment values that were calculated 

by the crystal energy and similarity between calculated and reference PXRD patterns [1]. The crystal 

energy is based on MMFF94s potential. To make the reference PXRD data, the figure of simulated PXRD 

pattern of an experimentally observed structure provided by CCDC blind test team was converted into 

numerical data by RODEM program [24] and background in the pattern was subtracted by DASH program 

[25]. Top 1500 structures based on the ranking were submitted. 

A list of 10 structures: 

Top 50 structures based on the ranking by the assessment value were re-optimized by PBE-D3 

scheme. In the optimization, all degrees of freedom for representing the crystal structure, that is, atomic 

positions and unit cell dimensions were relaxed with restriction of space group symmetry under periodic 

boundary condition. The kinetic energy cutoffs were set to 50 Ry and 500 Ry for the wavefunction and 

charge density, respectively, and the k-point mesh spacing was set to about 0.30 Å-1. The convergence 

thresholds on total energy and forces for ionic minimization and on pressure for variable cell relaxation 

were set to 1.0×10-5 a.u, 1.0×10-4 a.u, and 5.0×10-2 kbar, respectively. The re-optimized 50 structures were 

ranked based on new assessment values that were calculated using PBE-D3 energy and PXRD pattern 

similarity, and top 10 structures were submitted. 

Post analysis: 

Z’=3 case also had to be considered to get the actual structure. 

Figure 5 shows crystal energy and assessment value landscapes of XXIX. These figures were made 

using the crystal structures obtained by the structure generation and the experimental crystal structure 

optimized by our method. The energy based on MMFF94s potential is used in the figures. In the 

assessment value landscape, the structures are arranged depending on PXRD pattern similarity unlike the 

crystal energy landscape (Figure 5), and the experimental crystal structure optimized shows 2nd, 100th, 

and 269th places in rankings by the assessment value, crystal energy, and PXRD similarity, respectively. 

Therefore, using the assessment value, the actual crystal structure can be identified with a high accuracy 

from computationally predicted structures, and our approach works in the experimentally assisted 

challenge. 



 

  

(a) (b) 

Figure 5. (a) Crystal energy and (b) assessment value landscapes of XXIX. Each symbol represents one 

crystal structure. The color coding of symbols is defined according to PXRD pattern similarity value. 

The experimental crystal structure optimized by our method is indicated by the cross mark. 

 

Target XXX 

Method for stoichiometry prediction: 

For the stoichiometry prediction, we use a cohesive energy of molecules (i.e., lattice energy) defined 

by 

𝐸coh = ∆𝐸intra + 𝐸inter            (2) 

∆𝐸intra = 𝐸intra,solid − 𝐸intra,gas            (3) 

where the 𝐸intra,solid  is the sum of intramolecular energies of molecules in asymmetric unit and the 

𝐸intra,gas is the sum of each total energy of the molecules at isolated sate in gas phase. The ∆𝐸intra means 

an energy difference on conformational change from gas to solid phases. The 𝐸inter  is the sum of 

intermolecular interaction energies per asymmetric unit in the crystal. Therefore, the 𝐸coh equals to a 

value obtained by subtracting the 𝐸intra,gas  from the 𝐸crystal . The energy is estimated by MMFF94s 

potential. 

In the stoichiometry prediction of XXX, we estimated tetramethylpyrazine (TMP) and cannabinol 

(CBN) in 1:1, 2:1, and 1:2 stoichiometries, respectively. The co-crystals with different stoichiometries 

were estimated by  

∆𝐸coh(𝑁: 𝑀, TMP: CBN) = 𝐸coh(𝑁: 𝑀, TMP: CBN) − 𝑁𝐸coh(TMP) − 𝑀𝐸coh(CBN)     (4) 

where the 𝐸coh(𝑁: 𝑀, TMP: CBN)  is cohesive energy of crystal structure of TMP and CBN in N:M 

stoichiometry, and the 𝐸coh(TMP) and 𝐸coh(CBN) are minimum cohesive energy of TMP and CBN 

crystals with Z’=1, respectively. Therefore, in case of a negative value of the ∆𝐸coh(𝑁: 𝑀, TMP: CBN), 

the co-crystallization of TMP and CBN yields greater cohesive energy gain than each crystallization of 

TMP and CBN, that is, the co-crystallization is expected to occur, and vice versa for a positive value [26-

31].  

 



 

Structure generation: 

Five conformers of CBN were obtained by the conformation search with an assumption that the 

conformation of alkyl chain is all trans (Figure 6). TMP has only one conformation. The five conformers 

of CBN and one conformer of TMP were used for the structure generation process.  

In the structure generation for TMP and CBN co-crystals in 1:1 and 2:1 stoichiometries, we used two 

common space groups of P1- and P21/c, and in case of TMP and CBN co-crystal in 1:2 stoichiometry, 

three subgroups of the two common space groups, that is, P1, P21, and Pc were employed considering 

inversion symmetry of TMP. In the structure generation for TMP and CBN co-crystals in 1:1 and 1:2 

stoichiometries, we performed extra crystal structure searches using P21, C2/c, P212121, and Pbca and C2, 

Cc, P212121, and Pca21, respectively, since the stoichiometries show lower cohesive energy in the first 

crystal structure search. In the extended search, we employed a random search algorithm in the generation 

of initial crystal structures, and the molecular orientation and spatial position were determined randomly. 

The rotational step of 45 degrees was applied to each molecule in the asymmetric unit. 

In the structure generation for CBN crystal, we used 10 common space groups of P1, P1-, P21, Cc, 

P21/c, C2/c, P212121, Pna21, Pbca, and Pnma. In TMP case, three space groups of C2, Pc, and Pca21 were 

added to the 10 space groups because of inversion symmetry of TMP. The rotational step of 20 degrees 

was employed and the number of molecules in the asymmetric unit was set to one (Z’=1). 

  

  

(a) (b) 

 
 

(c) (d) 

 

 

(e)  

Figure 6. Conformers of cannabinol based on MMFF94s potential. The conformers are ordered based 

on their conformational energies.  



 

Landscape generation: 

Each energy landscape of crystal structures with TMP and CBN in 1:1, 2:1, and 1:2 stoichiometries 

was made according to their cohesive energies. The 629 and 667 structures with TMP and CBN in 1:1 

and 2:1 stoichiometries within 4 kcal/mol from the global minima, respectively, and the 204 structures 

with TMP and CBN in 1:2 stoichiometry within 7 kcal/mol from the global minimum were selected for 

submission of 1500 structures.  

For submission of 100 structures, the 1500 structures with the different stoichiometries were ranked 

according to the ∆𝐸coh and top 100 structures were submitted. 

Stoichiometry prediction: 

In our estimation, the likely observed stoichiometry of TMP and CBN co-crystal is 1:2 and 1:1 since 

the stoichiometries show negative value in the ∆𝐸coh . The co-crystal of TMP and CBN in 2:1 

stoichiometry that shows positive value in the ∆𝐸coh is not likely to be observed. 

Post analysis: 

We extended the structure generation for CBN crystal up to Z’=2 since the observed crystal structure 

of CBN shows Z’=2 [32], although the experimental information wasn’t used in the blind test of XXX. In 

the extended structure generation, all conformers of CBN and two comm space groups of P1- and P21/c 

were used, and the rotational step of 45 degrees was applied to each molecule in the asymmetric unit. The 

molecules in the asymmetric unit initially have the same conformation. Figure 7 (a) shows crystal energy 

landscape of CBN. We confirmed that the structure corresponding to the observed one is included in the 

structures obtained by the structure generation (Figure 7 (a) and Figure 8 (a)). The structure shows 2nd 

place in ranking by MMFF94s potential. Furthermore, we found that the minimum energy of CBN crystal 

with Z’=2, that is, it has the actual Z’ value, is slightly lower than that of CBN crystal with Z’=1, with the 

difference of about 0.6 kcal/mol (Figure 7 (a)). In addition, it was confirmed that the result of 

stoichiometry prediction is the same whether the minimum energy of crystal with Z’=1 or crystal with 

Z’=2 is used in the equation 4. 

The crystal energy landscape of TMP is also shown in Figure 7 (b). We confirmed that the structure 

corresponding to the observed one of TMP [33] is included in the structures obtained by the structure 

generation (Figure 7 (b) and Figure 8 (b)). The structure shows 11th place in ranking by MMFF94s 

potential. 

In the blind test, we could not obtain the predicted structures corresponding to the observed ones of 

XXX due to the assumption that the conformation of alkyl chain of CBN is all trans and the consideration 

of inversion symmetry of TMP in the generation of initial crystal structures. 

 

 

 

 



 

  

(a) (b) 

Figure 7. Crystal energy landscapes of (a) cannabinol and (b) tetramethylpyrazine. Each symbol 

represents one crystal structure. The structure corresponding to the observed one is indicated by the 

cross mark. 

 

  

(a) (b) 

Figure 8. Superpositions of predicted and observed structures of (a) cannabinol and (b) 

tetramethylpyrazine. RMSD20 values of (a) and (b) are 0.279 and 0.239 Å at the calculations with 

distance and angle tolerances of 25 % and 25 deg., respectively. 

 

Target XXXI 

Structure generation: 

Eleven conformers were obtained by the conformation search (Figure 9). In the generation of initial 

crystal structures, we employed all conformers, 19 common space groups (P1, P1-, P21, C2, Pc, Cc, P21/m, 

C2/m, P2/c, P21/c, C2/c, P21212, P212121, Pca21, Pna21, Pccn, Pbcn, Pbca, and Pnma), and molecular 

rotational step of 20 degrees. The number of molecules in the asymmetric unit was set to one. 



 

   

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

 
 

 

(j) (k)  

Figure 9. Conformers of XXXI based on MMFF94s potential. The conformers are ordered based on 

their conformational energies. 

 



 

Landscape generation: 

The unique structures obtained by the structure generation were ranked according to their crystal 

energies based on MMFF94s potential, and we selected top 2000 structures. The 2000 structures were 

subjected to energy calculation by PBE-D3 scheme under periodic boundary condition with kinetic energy 

cutoffs of 80 Ry and 800 Ry for the wavefunction and charge density, respectively, and the k-point mesh 

spacing of about 0.20 Å-1. 1500 structures selected based on PBE-D3 energy estimation were further 

estimated by FMO-MP2 with 6-31G† basis set, and we determined their final energies. In FMO 

calculation, molecular clusters with crystal radius of 12 Å were used to estimate energy of the crystal 

structures, and one molecule was treated as one fragment. A rank of the 1500 structures was determined 

according to their final energies.  

The absolute lattice energy per molecule, with respect to isolated gas-phase molecule in the lowest 

energy conformation, was calculated by subtracting energy of the isolated gas-phase molecule from the 

final energy of crystal structure. To get the energy of the isolated gas-phase molecule, the 11 conformers 

were subjected to energy calculation by FMO-MP2 with 6-31G† basis. As the results, the 8th lowest 

energy conformer based on MMFF94s potential shows the lowest energy on FMO-MP2 calculation, 

therefore, it was used as the energy of the isolated gas-phase molecule.  

Post analysis: 

We confirmed that the crystal structure corresponding to polymorph A with minor fluorine atom 

position (AMin) is included in the structures obtained by the structure generation (Figure 10). However, it 

shows 4.09 kcal/mol in the relative crystal energy from the global minimum and 3,341st place in the 

ranking based on MMFF94s potential. Therefore, the predicted structure was unfortunately excluded from 

the candidates for the submission. Furthermore, the post analysis clarified that MMFF94s potential can’t 

represent conformations in the observed crystal structures of polymorphs A with major fluorine atom 

position (AMaj), B, and C (Figures 9 and 11) although MP2/6-31G(d) calculation can provide them (Figure 

12). Modification of force field parameters, especially torsion potential parameters, in MMFF94s potential 

is needed. 

 

 

Figure 10. Superposition of predicted and observed structures of XXXI polymorph AMin. RMSD20 is 

0.888 Å at the calculation with distance and angle tolerances of 30 % and 30 deg., respectively.  

 



 

   

(a) (b) (c) 

Figure 11. Conformations in the observed polymorphs (a) A, (b) B, and (c) C. The fluorine atoms 

labeled as F3 and F4 in the figure (a) are major and minor atomic positions, respectively. 

 

   

(a) (b) (c) 

Figure 12. Conformers in the polymorphs (a) AMaj, (b) AMin, and (c) C optimized by MP2/6-31G(d) 

calculations at isolated system. The conformer in the polymorph B converged to the same structure as 

in figure (a) in the MP2 calculation. 

 

 

 

 

 

 

 

 



 

Target XXXIII 

Structure generation: 

Six and four conformers of sulfamethoxazole anion and morpholinium were obtained by the 

conformation searches, respectively (Figures 13 and 14). Four ionic pairs were generated using four 

conformers of sulfamethoxazole anion (Figures 13 (a), (b), (d), and (e)) and the lowest energy conformer 

of morpholinium (Figure 14 (a)). In the generation of initial crystal structures, each ionic pair was used 

as asymmetric unit, the 10 common space groups (P1, P1-, P21, Cc, P21/c, C2/c, P212121, Pna21, Pbca, 

and Pnma) were used, and the rotational step of 45 degrees was applied to each molecule in the 

asymmetric unit. 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 13. Conformers of sulfamethoxazole anion based on MMFF94s potential. The conformers are 

ordered based on their conformational energies. 

 

    

(a) (b) (c) (d) 

Figure 14. Conformers of morpholinium based on MMFF94s potential. The conformers are ordered 

based on their conformational energies. 



 

Landscape generation: 

The unique crystal structures obtained by the structure generation were ranked according to their 

crystal energies based on MMFF94s potential, and we selected top 2000 structures. The 2000 structures 

were subjected to energy calculation by PBE-D3 scheme under periodic boundary condition with kinetic 

energy cutoffs of 80 Ry and 800 Ry for the wavefunction and charge density, respectively, and the k-point 

mesh spacing of about 0.20 Å-1, and we determined their final energies. The 2000 structures were re-

ranked according to their final energies, and top 1500 structures were submitted. 

Post analysis: 

We confirmed that the crystal structure corresponding to polymorph B is included in the structures 

obtained by the structure generation (Figure 15). However, it shows 6.79 kcal/mol in the relative crystal 

energy from the global minimum and 2,960th in the ranking based on MMFF94s potential. Therefore, the 

predicted structure was unfortunately excluded from the candidates for the submission. When the crystal 

energies of 2,960 structures were estimated by PBE-D3 scheme, the crystal structure corresponding to 

polymorph B showed the lowest energy. 

 

Figure 15. Superposition of predicted and observed structures of XXXIII polymorph B. RMSD20 is 

0.207 Å at the calculation with distance and angle tolerances of 25 % and 25 deg., respectively.  

 

 

 

 

 

 



 

Computational costs  

Table 2. Summary of computational costs 

 

 

Target 

CPU time (h)a  

 

Resourceb 

Structure generation PBE-D3 calc. 

FMO calc. 

XXVII 231,208 102,378 

--- 

Intel Xeon Gold 6154 CPU 3.00 GHz 

XXIX 17,488 75,402 

--- 

Intel Xeon Gold 6132 CPU 2.60 GHz 

XXX 580,436 --- 

--- 

Intel Xeon Gold 6154 CPU 3.00 GHz 

XXXI 29,578 30,974 

1,829,097 

Intel Xeon Gold 6132 CPU 2.60 GHz 

FUJITSU A64FX CPU 2.2 GHz 

XXXIII 440,852 36,358 

--- 

Intel Xeon Gold 6154 CPU 3.00 GHz 

a The CPU time was normalized into that when using the CPU shown in the Resource column. b The upper 

resource was used in the structure generation and PBE-D3 calculation and the lower one was used in FMO 

calculation. 
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Group 22 Supplementary Information 
 

1. Structure generation.  

 

For all targets except XXX (stoichiometry prediction) we presented results of two approaches in 

the 85/15 ratio. The 85% were obtained using an experimental version of USPEX code with 

symmetry-preserving variation operators for molecular crystals, and structures are given together 

with their energies relative to the ground state. The remaining 15% are the lowest-energy 

structures produced with the public version of the USPEX code – these structures were given as 

a separate block; since these calculations used a different force field, to avoid confusion these 

structures were listed without energies. Results for target XXX (stoichiometry prediction) were 

produced entirely using the latter methodology (public version of USPEX code and relaxations 

done using GULP and DREIDING force field with charges from Qeq procedure). To generate 

structures, we considered the five fixed compositions (1:1, 1:2, 2:1, 2:3, 3:2). The generated 

structures were ranked according to the energy of each structure/composition relative to the 

convex hull, which is the thermodynamically rigorous way of judging stability of compounds.  

 

Let us describe the two approaches in more detail. The main features of the experimental version 

of USPEX, compared to an older version, are the space-group-aware heredity and mutation 

operators, which were previously not available. These operators, by design, preserve the space 

group of the structure(s) they act upon, which incurs the cost of being able to span only the 

region of phase space corresponding to the parent structure(s) space group – as a consequence, 

we had to perform a separate global optimization run for each space group that we wanted to 

consider. The initial random generation of structures was produced using the PyXtal library 

[10.1016/j.cpc.2020.107810]. For each target we chose 10-15 most common space groups 

according to CCDC statistics (for harder cases like target XXVII we used even fewer space 

groups). We did not explicitly consider point group symmetry of the molecules, therefore all 

molecules in all structures occupy the general position of the corresponding space group. Z' 

value was assumed to equal 1 everywhere, except for targets XXIX, XXXI, XXXII, where we 

also considered Z'=2. 

For the global optimization run, we made a decision to use a realistic yet simple model, which 

led us to use the DREIDING force field together with Mulliken charges obtained from a single-

point vacuum calculation for each considered molecule. Then, using this model, each structure in 

the global optimization run was carefully relaxed using the GULP code 

[10.1080/0892702031000104887]. Global optimization stopped when the best found structure 

did not change for 10 generations.  

  

When doing structure prediction using the public version of USPEX, we again considered only 

the most common space groups – for each of them, we performed a random sampling run with 

all molecules assumed to occupy the general position of each structure's space group. For this 

part, a different force field was used, namely AMOEBA.  

 

2. Structure ranking. 

  

Here, we used a two-step strategy. First, the synthon approach was used to investigate the 

extracted CSD-structures of similar systems. Having established the most likely synthons, we 

analyzed different methods of energy ranking. In the second step, we used the PBE-D3, PBE-



MBD, and PBE0-MBD methods to re-relax and rank structures found in crystal structure 

prediction runs. Comparing the energy ranking with synthon ranking, we saw that PBE-D3 gives 

the best consistency and chose this method for energy ranking. Our final results show PBE-D3 

energy ranking.  
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SUMMARY

We first trained a 𝛥-learning potential fitted to the difference between PBE and semi-empirical

tight-binding DFTB(3ob). We then used the combination of this 𝛥-learning potential, DFTB, and

the D3 dispersion as the potential energy surface, and searched for polymorphs by generating initial

structures using AIRSS, and then running short molecular dynamics trajectories at 300 K. Finally,

all the searched structures were screened using ASAP, and then matched to the provided X-ray

pattern.

One-line summary: Polymorph search using a 𝛥-learning potential at a finite temperature

METHODS

Initial structure generation

To generate a set of diverse starting structures for the XXIX molecule an ab initio random struc-

ture search (AIRSS) was performed [1]. Initial unrelaxed crystal structures were generated using

the buildcell code with Z’=1 and Z=2 and 4, choosing random space groups with 2 and 4 symmetry

operators in the primitive cell, respectively. Unoptimised conformers of the XXIX molecule were

generated from its SMILES using the openbabel package [2]. Unit cells were generated with a

random shape, an initial volume within 5% of 200 𝐴̊3/mol and minimum intermolecular distance

randomly selected from between 1 and 3 𝐴̊.

AIRSS search

These randomly-generated starting structures were geometry optimised using the CASTEP plane

wave DFT code [3], using the PBE density functional with TS correction for dispersion forces.

The high throughput QC5 set of on-the-fly pseudopotentials were used, with a high planewave

cutoff of 500 eV. The structures were relaxed with the l-BFGS algorithm, using the universal

preconditioner [4]. A coarse k-point sampling grid of 0.1 × 2𝜋 Å−1 typically resulted in a single

non-Gamma point being used. We thus generated 1,500 structures from the AIRSS search.

2



Fitting of the 𝛥-learning potential

We fit 𝛥-learning potentials to the difference between PBE and semi-empirical tight-binding

DFTB( 3rd order, 3ob Slater-Koster parametrization) for the XXIX molecule. [5–7] The 𝛥-learning

approach has advantages, because the difference (the 𝛥 part) is typically small as well as smooth

and thus can be learned from just a small set of configurations. As such, the computational

cost associated with building the training set can be much reduced. In practice, we trained two

generations of the 𝛥-potential to ensure the accuracy.

For the first generation of the potential, we used the following procedures:

• We generated 100 initial structures for the XXIX molecule build initial structures with Z’=1

and Z=2 using buildcell.

• For these initial structures, we ran NVT MD simulations at 400 K-600 K and a range of

densities. These MD simulations aim to generate thermalized configurations rather than

ergodic sampling of the system, so the simulation time was short (5 ps). We used the i-pi

code [8] coupled with DFTB+ [9] with DFTB(3ob) parameterization for the MD simulations.

• From the MD trajectories, we selected 2,000 diverse structures using the farthest point

sampling technique. The ASAP code [10] allows the fast selection using a simple command

line.

• We recomputed the PBE DFT energies for the selected structures using CASTEP [3].

• We fitted Behler-Parrinello [11] neural network potentials to the difference between the

DFTB and the PBE energies and forces for these structures. In order to provide uncertainty

estimates of the MLPs, we made 4 fits of the potential using different random splits of the

training and the test sets.

To further improve the accuracy and the generalizability of the MLP, we fitted the second and

the final generation using the following procesures:

• We generated another 3,900 initial structures for the XXIX molecule build initial structures

with Z=1, 2, 3, and 4 using buildcell.

• We ran NST (constant temperature and stress) MD simulations using a combination of

the first-generation 𝛥-learning potential and DFTB (DFTB(3ob) and the D3 dispersion

3



parameterized for PBE). The pressure was kept at 0. The addition of the two potential energy

surfaces was enabled by the flexibility of the i-pi code [8]. The potential energy and force

evaluation of the MLP part was performed using LAMMPS with a Behler-Parrinello [11]

neural network implementation [12].

• We selected 2,500 structures from the NST MD trajectories, based on the criterion that the

four fits of the MLPs have the largest uncertainties about the energies of the structures (from

the standard deviations of the energies predicted by the 4 fits).

• We recomputed the PBE DFT energies for the 2,500 structures using CASTEP [3].

• We used all the 4,500 structures to fit the second and the final version of the 𝛥-learning

potential.

We illustrate the accuracy of the 𝛥-learning approach in Fig. 1. It can be seen that the combina-

tion of the baseline DFTB potential energy surface and the correction terms (green symbols) are

in good agreement with the PBE lattice energies, with significant improvement from just using the

DFTB PES alone (purple symbols), particularly for the low energy polymorphs.

Structure search using the 𝛥-learning potential

Using the combination of the DFTB(3ob) (with the D3 dispersion parameterized for PBE) and

the 𝛥-learning potential, we performed a comprehensive search of crystal structures. The initial

structures were again built with buildcell. In addition, we included the 1,500 structures from

AIRSS searches. Most searches are for Z’=1,2,3, 4,6 and symmetry operation=1,2,4. The search

uses short MD simulations (1000 steps) at the NST ensemble at zero stress and 300 K. We recorded

the average potential energy (PE) during the last 500 steps of the MD run. In order to remove the

thermal noise and facilitate the subsequent analysis, we also performed a geometry optimization

for each structure obtained from MD, and saved the optimized geometry. We generated a total of

24,790 structures this way.

To showcase the diversity and the energy lanscape of the found structures, in Fig. 2 we illustrate

these structures on the molar volume-PE map using chemiscope [13]. Most of the low energy

structures have a molar volume of about 210 𝐴̊3 per molecule. Four structures with the lowest PE

all have 3 molecules in the unit cell.

4
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FIG. 1. The comparison between PBE DFT, the baseline semi-empirical tight-binding DFTB(3ob), and the

𝛥-learning corrected (DFTB+𝛥𝑈PBE-DFTB) methods for the lattice energies of XXIX crytals with Z’=2. One

polymorph is illustrated on the inset.

FIG. 2. Chemiscope visualization of all the 24,790 structures found in the structure search using the 𝛥-

learning potential. 4 structures with low PE are illustrated, and all have Z=3.

5



FIG. 3. Chemiscope visualization of the 1500 structures selected. 4 structures with low PE are illustrated.

Analysis of the set of structures found

We then screen the structures found in the search following two strategies: The first is to remove

redundant structures using ASAP [10]: generate SOAP descriptors for all the structures, and then

remove the structures that have the almost duplicated SOAP descriptors. The second is to remove

high energy or high molar volume structures. In the end we kept 1,500 structures, as illustrated in

Fig.3.

Matching to the X-ray pattern

The provided pixel graphic of the measured X-ray powder pattern has been digitized with

the WebPlotDigitizer version 4.6.[14] The digital powder pattern has been loaded to Match ver-

sion 2 [15], the background radiation identified and removed, and a light Gaussian smoothening of

overall spectrum has been applied, all with default settings. The pre-processed spectrum has been

used to match with the computer generated structures. We used the PXRD similarity measure from

the CCDC software [16] that gives a similarity measure from 0 (no match) to 1 (perfect match)

for all generated crystal structures. The most-likely structures were determined by combining the

pareto front of the energy-density landscape with the powder matching quality and the relative

lattice energies.
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Detailed methodology for 24-SLPrice-CSPBT7 
Submission 1 
1 Overview 
The Price group have generally used the mol approach, based on the electronic structure of the molecule, including: 

• Assessing the conformational range the molecule may take in its crystal structures 

• Generating structures with CrystalPredictor1 (or MOLPAK2 in one case) 

• Refining those structures with DMACRYS3 to include a distributed multipole model of the charge distribution 

for the electrostatic contribution, modelling changes in molecular conformation within the crystal from the 

packing forces using CrystalOptimizer4 

In all cases, the molecular conformation and intramolecular energy penalty were calculated using GAUSSIAN09,5 the 

conformation specific charge density was calculated in GAUSSIAN095 and represented by atomic distributed 

multipoles up to hexadecapole (for use in DMACRYS3) calculated using GDMA2.6  Unless otherwise stated, exp-6 

repulsion-dispersion parameters were taken from the FIT potential7 including polar hydrogen parameters from 

Coombes’s work on polar organic molecules,8 chlorine parameters from Williams’s work on perchlorohydrocarbons9 

and fluorine parameters from Williams’s work on perfluorohydrocarbons.10  Parameters for other potential types are 

described for each system.  The form of the repulsion-dispersion potential between atom i in molecule M of type  

and atom k in molecule N of type  separated by distance Rik is given in Equation 1. 

Equation 1.   

The total lattice energy was calculated according to Equation 2, where Uinter is the intermolecular energy of the 

crystal relative to the molecules being infinitely separated, calculated by lattice summation of the repulsion-

dispersion terms in Equation 1 and the electrostatic contribution to the lattice energy for all terms in the multipole 

expansion up to R-5, and ΔEintra is the conformational energy penalty with respect to the gas phase optimized 

conformation. 

Equation 2.   𝐸𝑙𝑎𝑡𝑡 =  𝑈𝑖𝑛𝑡𝑒𝑟 +  𝛥𝐸𝑖𝑛𝑡𝑟𝑎 

All searches for single component targets were only run with one whole molecule in the asymmetric unit, i.e. Z’=1.  

XXXIII was only run with one anion and one cation in the asymmetric unit.  CrystalPredictor v2.4.3 was used for 

systems treated as either rigid (XXVIII, XXIX, XXXII) or with simple flexibility (XXXI), while v2.4.3.2 was used for 

systems where torsion groups were used (XXX, XXXIII).  CrystalOptimizer v2.4.7 was usually used (XXIX, XXX, XXXI), 

while v2.4.8 was used for systems which included PCM correction of the ab initio calculations (XXVIII, XXXIII).  

DMACRYS v2.3.1.1 was used unless otherwise stated. 

The atomic numbering is that used in the main paper, but anyone using the .cif files generated by the Price group are 

advised to check whether the original numbering has been replaced.  

As with previous Blind Tests, each molecule comes with its own unique challenges and the specific methodology is 

different for each.  The 7th test introduced some systems where the assumption of the mol approach, that the 

charge distribution of a molecule within the crystal is very similar to that of the isolated molecule, is more of an 

approximation. However, we tackled all of the molecules in the spirit of seeing how far adaptations to our usual 

methodology could take us. Thus, we have separated the report into sections detailing the conformational space 

covered, the search methodology, the structure refinement, our degree of confidence in our submission, and a post-

result analysis. 
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2 XXVII – optoelectronic compound 

2.1 Conformational details 
The CSD was searched for structures of similar compounds, and trends investigated.  Most molecular conformations 

had exactly one isopropyl group on each TIPS group with a H_C_Si_C angle of 180°.  The other two groups had this 

angle at ±60°.  Most molecular conformations appeared visually symmetrical across the pentacene group. 

Twelve conformations of the molecule were constructed for one TIPS group, with each possible conformation of 

H_C_Si_C angles so that exactly one was 180°.  The groups are labelled by H_C_Si_C angle, starting from the one 

nearest the iodine atoms and moving anticlockwise (“1” denotes 180°, “m” denotes -60°; “p” denotes +60°).  The 

variables within the other TIPS group were related to this either by inversion (“i”) or mirror symmetry about the 

plane perpendicular to the main axis of the pentacene group (“m”), giving a total of 24 conformational starting 

points. Each conformation of the molecule was fully optimized with the PBE0 method and the 3-21G basis set, using 

an iodine radius of 1.98 Å. 

2.2 Search methodology 
We have previously found that the point charge model used in CrystalPredictor is not suitable for highly conjugated 

systems such as coronene, so we decided to use MOLPAK as the rigid-molecule structure generation method, which 

uses a pseudo-hard-sphere optimization of the structures, before passing structures directly to DMACRYS. 

Searches were carried out in MOLPAK2 with each of the 24 optimized conformations.  All available packing types 

were used, covering space groups P1, P-1, P2, P21, C2, Pm, Pc, Cc, P2/m, P21/m, P2/c, P21/c, C2/c, P2221, P21212, 

P212121, Pma2, Pca21, Pnc2, Pmn21, Pba2, Pna21, Pnn2, Pbcn, Pbca.  10° steps were used for the molecule orientation 

within each cartesian direction, and the 500 densest structures within each packing type were passed to DMACRYS 

(this value was set so high that nothing was discarded). 

2.3 Structure refinement 
It was not possible to use CrystalOptimizer for this molecule, since we did not wish to adapt the code to use the 

iodine extensions in the GAUSSIAN steps. 

2.3.1 DMACRYS 
For each conformation, the charge density was calculated with the PBE0 method and the 6-311G(d,p) basis set (basis 

functions for iodine were downloaded from https://www.basissetexchange.org/ and read in), with an iodine radius 

of 1.98 Å. 

A repulsion-dispersion potential was constructed for the molecule as follows: 

• Parameters were taken from the FIT potential7 for the aliphatic carbon atoms (including the sp-hybridized 

carbon atoms) and the silicon atom also used the carbon parameters (since it is very well shielded). (In the 

structure generation phase, the aliphatic hydrogens were erroneously assigned the anisotropic hydrogen 

parameters.) 

• Parameters were taken from Graeme Day’s anisotropic potential11 for the pentacene and attached 

hydrogen and iodine atoms. (In the structure generation phase, only the isotropic part of the potential was 

used.) 

Structures were then optimized with DMACRYS v2.0.8. 

Duplicate structures were removed within each conformation’s search.  Structures were considered duplicates if the 

energy difference was less than 0.2 kJ mol-1, the difference in unit cell volume was less than 0.5 Å3, the powder 

pattern similarity was greater than 0.97, and an RMSD15 overlay better than 0.5 Å was achieved.  Structures were not 

compared between searches. 

2.3.2 Energy landscape reduction  
Dr Nicholas Francia attempted to reduce this energy landscape by ambient Molecular Dynamics (MD) simulations of 

near cubic supercells of side ~ 50 Å, which produced clusters of up to 32 structures. 142 had free rotation of TIPS 
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groups. Due to timing and the difficulty of comparing the many disordered structures, added to the difficulties of 

using Crystal Packing Similarity to determine the unique CSP_0 structures, these calculations were not used to 

reduce the energy landscape in Submission 1, (it could have been a 24% reduction).  However, the MD had alerted 

us to the high probability of dynamic disorder in the TIPS groups. We noted these difficulties in our Submission, 

where we stated that no structures melted, only a few transformed, and there was good evidence for dynamic 

disorder of the TIPS groups.  Dr Francia has been continuing this work as part of the CCDC team investigating 

dynamic disorder in the experimental structures. 

2.4 Degree of confidence 
As CrystalPredictor has to use an atomic charge model and the synthesis of XXVII as an optoelectronic material 

implied that -stacking of the conjugated aromatic ring system was expected, the decision to use MOLPAK 

prioritized the generation of structures with -stacking through using atomic mutipoles. We feel that we covered the 

gross conformational space for this molecule well, although flexible refinement of the crystal structures allowing 

small adjustments of the TIPS groups was not possible. The intention to allow this adjustment through the MD 

simulations could not be done because of time and difficulty in comparing structures with what seemed the likely 

physical dynamic disorder.  The computational method used for the conformational analysis and charge density 

calculation was the best we could afford for a molecule of this size.  The mixing of the repulsion-dispersion potential 

from the different sources is not ideal, but was intended to include the anisotropy of the I and  system in the 

aromatic interactions. 

2.5 Post-result analysis 
The search generated the observed structure as BXXVII_m1mp_ca21 with a RMSD30 = 0.661 Å.  The lack of flexibility 

that could be implemented in the search makes this a good result.  When only the core of the molecule is compared, 

this matches with RMSD30 = 0.554 Å. 

3 XXVIII – metalorganic compound 
Although this test was not “blind,” we did not access the experimental .cif file before submission. 

3.1 Conformational details 
Model molecular conformations were constructed for this molecule, within the range for which the mol approach 

was valid, i.e. with Cu and its ligands forming a molecule.  Two square-planar-trans conformations were constructed, 

with the N-H bonds on the same or opposite sides.  Similarly, two tetrahedral conformations were constructed, with 

the N-H bonds on the same or opposite sides.  A square-planar-cis conformation was constructed, but only one 

configuration of the N-H bonds was used. 

For each of these geometries of the copper centre, all possible combinations of the phenyl angles were generated.  

Since they are correlated on adjacent rings, this was a maximum of four (and many were duplicates) for each gross 

conformation. 

In order to preserve the square-planar symmetry, two torsion angles were constrained to 0° or 180° in all square-

planar conformations, and the Cl_Cu_Cl angle was constrained to 179.0° in the square-planar-trans or one N_Cu_Cl 

angle was constrained to 179.0° in the square-planar-cis conformations.  All conformations were optimized at the 

UB3LYP level of theory with the 6-31+G(d,p) basis set for C, H, N, O and Cl and the LanL2DZ basis set for Cu.  

Conformations were then refined with the PBE method, 6-31G basis set, PCM with dielectric of 11 and “loose” 

convergence criteria.  This 2-step method was used since exploratory work with the PBE/6-31G method were prone 

to GAUSSIAN errors, and the environment within the crystal would correspond to a high dielectric. 
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Table 1.  The gross descriptions of the geometries used for XXVIII, with the constraints applied to the ab initio optimization prior to the searches 
and the full list of independent degrees of freedom used in the CrystalOptimizer refinement (torsion angles are given in red and bond angles are 
given in blue).  The numbering used for this molecule in our work does not take advantage of the intramolecular symmetry, since DMACRYS 
only works with whole molecules.  Hence the atomic numberings differ from the numbering scheme used in the main paper. 

Gross conformation type Constraints in geometry 
optimizations 

CrystalOptimizer degrees of freedom 

Tetrahedral conformations 

A 

 

None Central geometry: 
N1_Cu1_Cl1_Cl2, N2_Cu1_Cl1_Cl2, Cl2_Cu1_Cl1, 
N1_Cu1_Cl1, N2_Cu1_Cl1 
Pyramidality at N atoms: 
C1_N1_Cu1_H1, C14_N2_Cu1_H2, H1_N1_Cu1, 
H2_N2_Cu1, C1_N1_Cu1, C14_N2_Cu1 
Major torsion angles: 
H1_N1_Cu1_Cl2, C2_C1_N1_Cu1, C3_C2_C1_N1, 
C9_C8_C1_N1, H2_N2_Cu1_Cl1, C15_C14_N2_Cu1, 
C16_C15_C14_N2, C22_C21_C14_N2 
Major bond angles 
C2_C1_N1, C8_C1_N1, C15_C14_N2, C21_C14_N2 

B 

 

None 

Square-planar-trans conformations 

C 

 

Cl2_Cu1_Cl1=179.0 
N1_Cu1_Cl1_Cl2=0.0 
N2_Cu1_Cl1_Cl2=180.0 

Central geometry: 
Cl2_Cu1_N1_Cl1, N2_Cu1_Cl1_N1, N1_Cu1_Cl1, 
Cl2_Cu1_N1, N2_Cu1_Cl1 
Pyramidality at N atoms: 
C1_N1_Cu1_H1, C14_N2_Cu1_H2, H1_N1_Cu1, 
H2_N2_Cu1, C1_N1_Cu1, C14_N2_Cu1 
Major torsion angles: 
H1_N1_Cu1_Cl2, C2_C1_N1_Cu1, C3_C2_C1_N1, 
C9_C8_C1_N1, H2_N2_Cu1_Cl1, C15_C14_N2_Cu1, 
C16_C15_C14_N2, C22_C21_C14_N2 
Major bond angles: 
C2_C1_N1, C8_C1_N1, C15_C14_N2, C21_C14_N2 

D 

 

Cl2_Cu1_Cl1=179.0 
N1_Cu1_Cl1_Cl2=0.0 
N2_Cu1_Cl1_Cl2=180.0 

Square-planar-cis conformations 

F 

 

N1_Cu1_Cl1=179.0 
N1_Cu1_Cl1_Cl2=0.0 
N2_Cu1_Cl1_Cl2=180.0 

Central geometry: 
N1_Cu1_Cl2_Cl1, N2_Cu1_Cl1_Cl2, Cl2_Cu1_Cl1, 
N1_Cu1_Cl2, N2_Cu1_Cl1 
Pyramidality at N atoms: 
C1_N1_Cu1_H1, C14_N2_Cu1_H2, H1_N1_Cu1, 
H2_N2_Cu1, C1_N1_Cu1, C14_N2_Cu1 
Major torsion angles: 
H1_N1_Cu1_Cl2, C2_C1_N1_Cu1, C3_C2_C1_N1, 
C9_C8_C1_N1, H2_N2_Cu1_Cl1, C15_C14_N2_Cu1, 
C16_C15_C14_N2, C22_C21_C14_N2 
Major bond angles 
C2_C1_N1, C8_C1_N1, C15_C14_N2, C21_C14_N2 
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3.2 Search methodology 
For each of the conformations optimized in Table 1, point charges were calculated at the same PBE/6-31G(PCM 

ε=11) level of theory, with the HLYGAT charge fitting method (as Cu is not included in CHELPG, which we normally 

use). 

Rigid molecule searches were carried out with CrystalPredictor, using these point charges and repulsion-dispersion 

parameters taken from the FIT potential for C, H, N, O and Cl and from the UFF potential for Cu+.  The selected space 

groups were P1, P-1, P21, C2, Pc, Cm, Cc, P21/m, C2/m, P2/c, P21/c, C2/c, P2221, P21212, P212121, C2221, Pca21, Pmn21, 

Pba2, Pna21, Cmc21, Aba2, Fdd2, Iba2, Pnna, Pccn, Pbcm, Pnnm, Pmmn, Pbcn, Pbca, Pnma, Cmcm, Cmca, Fddd, Ibam, 

P41, P43, P41212, P4/n, P42/n, I4/m, I41/a, P43212, P-421c, I-42d, P31, P32, R3, P-3, R-3, P3121, P3221, R3c, R-3c, P61, P63, 

P63/m, P213, Pa-3.  Cell lengths in the range 10-80 Å and cell angles in the range 50-130° were generated as the 

starting points, and a minimum density of 300 kg m-3 was required before structures were passed to 

CrystalPredictor’s internal minimizer (resulting structures can have any cell shape or size and any density).  20,000 

structures were generated for each conformation. 

3.3 Structure refinement 

3.3.1 DMACRYS 
DMACRYS was used to minimize the lattice energy of the crystal structures, using the repulsion-dispersion potential 

derived in Section 3.2, and the PBE/6-31G(PCM ε=11) derived multipoles. 

3.3.2 CrystalOptimizer 
The independent degrees of freedom optimized in CrystalOptimizer are given in Table 1. There needed to be some 

slight differences in the definition of the independent degrees of freedom between the tetrahedral and the square-

planar conformations to prevent the latter relaxing to tetrahedral in the first step. 

The intramolecular conformation and energy were evaluated at the PBE/6-31G(PCM ε=11) level of theory; the 

charge density was calculated at the same level of theory; the repulsion-dispersion potential was as described in 

Section 3.2.  Optimizations were run for at least five outer minimizations, but full convergence was not sought (it 

was achieved in some cases). 

3.4 Degree of confidence 
We have never worked with metallorganics before, and the methodology would certainly not have worked if the 

structure had included any Cu···Cu bonding. However, the methods would be applicable if the Cu atom was buried 

and so the crystal structure was essentially packing the organic ligands. However, the conformational flexibility at 

the Cu centre was a concern.  DMACRYS refinement requires an exp-6 repulsion-dispersion potential for each atomic 

type, and the FIT parameter set did not extend to Cu.  However, since the copper atom is not involved in repulsive 

intermolecular interactions (if the mol method is applicable), the lattice energies may not be particularly sensitive to 

the choice of parameters for copper centres.  We found the Universal Force Field12 contained parameters for Cu+ 

with a tetrahedral geometry, and our model performed adequately for DMACRYS lattice energy minimization of 12 

out of 14 related crystal structures.  If the target crystal structure had any intermolecular close copper-copper 

contacts, or the molecule formed dimers with intermolecular copper-chlorine contacts, this target would have been 

outside the range of applicability of the mol method. 

The multipoles, which are a key part of the DMACRYS refinement, are probably of much greater importance than the 

choice of repulsion-dispersion potential.  Initial work with related compounds showed that the most critical factor 

was the use of a polarizable continuum for the charge density calculations.  A pseudopotential for copper (LanL2DZ) 

performed better than not using one (although the improvement was not worth the problems of implementing this 

in CrystalOptimizer), and the improvement with the PCM was even greater.  Comparing different functionals (PBE, 

PBE0, M06, B3LYP, CAM-B3LYP, wB97xD) showed little difference, and PBE was selected as being as good as PBE0 

while being significantly less costly. 

We chose to run a series of rigid molecule searches (rather than a smaller number of flexible searches) as the 

conformational ranges available seemed to be quite narrow and the phenyl groups on the outside of the molecule 
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have no directional interactions.  It turned out that the tetrahedral and square-planar-trans searches covered some 

of the same space, as structures were identified as duplicates between the regions. 

3.5 Post-result analysis 
The methodology was successful as the experimental structure was in our Submission 1 as XXVIII_dfCB11_CB11, with 

an RMSD30 overlay of 0.459 Å.  The test was treated as blind throughout, with no reference to the published 

experimental work. 

4 XXIX – powder diffraction challenge 

4.1 Conformational details 
The molecule was deemed rigid, and was optimized at the PBE0/6-31G(d,p) level of theory. 

4.2 Search methodology 
The point charges were calculated for the optimized molecule with the PBE0/6-31G(d,p) level of theory.  Repulsion-

dispersion parameters were taken from the FIT potential.  The selected space groups were P1, P-1, P21, C2, Pc, Cm, 

Cc, P21/m, C2/m, P2/c, P21/c, C2/c, P2221, P21212, P212121, C2221, Pca21, Pmn21, Pba2, Pna21, Cmc21, Aba2, Fdd2, 

Iba2, Pnna, Pccn, Pbcm, Pnnm, Pmmn, Pbcn, Pbca, Pnma, Cmcm, Cmca, Fddd, Ibam, P41, P43, P41212, P4/n, P42/n, 

I4/m, I41/a, P43212, P-421c, I-42d, P31, P32, R3, P-3, R-3, P3121, P3221, R3c, R-3c, P61, P63, P63/m, P213, Pa-3.  Cell 

lengths in the range 3-40 Å and cell angles in the range 50-130° were generated as the starting points, and a 

minimum density of 300 kg m-3 was required before structures were passed to CrystalPredictor’s internal minimizer 

(resulting structures can have any cell shape or size and any density).  1,000,000 structures were generated. 

4.3 Structure refinement 

4.3.1 CrystalOptimizer 
Structures were refined with CrystalOptimizer, optimizing the methyl rotation, the carbonyl:phenyl single bond, the 

carbonyl:methoxy single bond, the two amine torsion angles (including calculating the gradients of the multipoles), 

and the C-O-C bond angle at the ester oxygen atom. 

The PBE0/6-31G(d,p) level of theory was used to evaluate the intramolecular conformation and energy contribution.  

The charge density was also calculated at this level of theory, and distributed multipoles up to hexadecapole 

extracted.  Repulsion-dispersion parameters were taken from the FIT potential. 

4.3.2 Landscape reduction 
The consideration of the dynamic motion of the molecules was considered essential as the PXRD pattern was 

nominally at 0 °C but the crystal melts at 24 °C. MD simulations were performed on 2093 Z’=1 rigid CrystalPredictor 

structures with the GAFF force field at 20 °C and 100 kPa in the nearest approximation to cubic supercells of side 40 

Å that contained an integral number of unit cells.  In the MD, 460 structures melted (118 in 300 ps NVT and 342 in 

300 ps NPT) and we were left with clusters of up to 7 structures that were unique. It was notable that only 711 MD 

supercell averages could be represented by a smaller cell, even allowing disorder. Many structures had a larger Z’ 

than the CSP_0 input structures which were all Z’=1. From each cluster, we selected the one with the lowest energy 

CSP_0 to give 1255 distinct Z’=1 structures for the Submission 1 landscape. 

4.3.3 Powder pattern extraction and comparison 
The provided powder pattern was digitized by Dr Rui Guo, and the background removed by Dr Kreso Bucar.  This 

PXRD was compared with all search structures using AutoFIDEL (kindly provided by Jonas Nyman), and nothing was 

seen to be a good match, but some of the MD structures with higher Z’ provided the best matches.  
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Figure 1.  The structures submitted for giving the best match to the PXRD, with the score from Nyman’s AutoFIDEL given and those with a score 
of >0.7 illustrated.  

4.4 Degree of confidence 
Although we knew that we had no matches to the powder pattern within the Z’=1 search, we didn’t feel it was 

worthwhile running costly searches with higher Z’, as the effect of temperature on the stable structures was as large 

as might be expected for a crystal so close to the melting point. The errors in either neglecting the effect of 

temperature or using the GAFF force field did not warrant the work involved in extending the calculations to Z’=2, let 

alone higher.  

4.5 Post-result analysis 
The experimental structure was a genuine Z’=3 structure, i.e. it could not be approximated by any Z’=1 structure 

even with MD. However, the experimental structure was only 0.07 kJ mol-1 more stable than our global minimum, 

and had some similarity to our submitted structures. For example, our BXXIX_3 (3.55 kJ mol-1 above the global 

minimum structures) matched 11 out of 15 molecules with an RMSD11 of 0.168 Å with the experimental structure, 

showing that our lack of success was predominately due to not considering Z’=3. 

5 XXX – stoichiometry challenge 

5.1 Conformational details 
The tetramethylpyrazine molecule was considered as rigid, as a CSP on just tetramethylpyrazine with flexible methyl 

groups was very similar to a rigid search. 

A CSD survey was carried out for the cannabinol molecule, which showed that the hydroxyl group could take any 

angle and that the pentane tail was also very flexible.  However, while the angle between the pentane and the 

aromatic ring was very flexible, all the other C_C_C_C torsions were close to 180° with slightly more than 10% 

around 60° (Figure 2). Because of the cost from the high number of search variables in the 2:1 

cannabinol:tetramethylpyrazine co-crystal search, it was decided to assume that the hydrocarbon tail was extended, 

ignoring the bent (60°) conformations.  In light of the experimental structures (Figure 2), this was a mistake. 
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Figure 2.  The CSD distributions of the conformation of the hydrocarbon chain in the central fragment, showing that the experimental structures 
of the 1:1 cannabinol:tetramehtylpyrazine (CT) and 2:1 cannabinol:tetramethylpyrazine (CCT) cocrystals adopted relatively rare conformations. 

A database of Local Approximate Model (LAM) points was set up, defining the torsion angles, intramolecular energy, 

and point charge model for a series of conformations.  The independent degrees of freedom were split into two 

torsion groups.  For the first the tail was analyzed, and for the second the hydroxyl group was analyzed.  For the tail, 

the angle between the pentacene and the aromatic ring was allowed to take any angle, but the next three single 

bonds were only allowed to take values between 120 and 240° (the methyl group was not considered at this stage, in 

line with the treatment of tetramethylpyrazine).  The hydroxyl angle took almost any value, apart from where there 

was a steric clash with the other aromatic ring.  See Table 2 for full details.  At each conformation, the constrained 

optimization was carried out in GAUSSIAN with the PBE0 method and 6-31G(d,p) basis set. 

Table 2.  The range of values used for the construction of LAM points for cannabinol, and the final range of the angles within the 
CrystalPredictor search. 

Angle LAM start LAM step LAM end Search range 

Torsion group 1 

Between pentane 
and aromatic ring 

200° 40° 520° 180-540° 

Other pentane 
single bonds 

140° 40° 220° 120-240° 

Torsion group 2 

Hydroxyl angle 160° 30° 430° 145-445° 

 

Point charges at each step were also calculated with the same computational method, and stored in the same 

databases. 

5.2 Search methodology 
Three separate searches with the desired tetramethylpyrazine to cannabinol stoichiometries were carried out in 

CrystalPredictor with the conformational description detailed in Section 5.1.  Repulsion-dispersion parameters were 

taken from the FIT potential.  The selected space groups were P1, P-1, P21, C2, Pc, Cm, Cc, P21/m, C2/m, P2/c, P21/c, 

C2/c, P2221, P21212, P212121, C2221, Pca21, Pmn21, Pba2, Pna21, Cmc21, Aba2, Fdd2, Iba2, Pnna, Pccn, Pbcm, Pnnm, 
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Pmmn, Pbcn, Pbca, Pnma, Cmcm, Cmca, Fddd, Ibam, P41, P43, P41212, P4/n, P42/n, I4/m, I41/a, P43212, P-421c, I-42d, 

P31, P32, R3, P-3, R-3, P3121, P3221, R3c, R-3c, P61, P63, P63/m, P213, Pa-3.  Cell lengths in the range 3-40 Å (3-50 Å for 

the 1:2 and 2:1 stoichiometries) and cell angles in the range 50-130° were generated as the starting points, and a 

minimum density of 300 kg m-3 was required before structures were passed to CrystalPredictor’s internal minimizer 

(resulting structures can have any cell shape or size and any density).  1,000,000 structures were generated in each 

stoichiometry. 

5.3 Structure refinement 

5.3.1 CrystalOptimizer 
CrystalOptimizer refinement was carried out on the crystal structures from all three searches.  The 

tetramethylpyrazine was kept rigid, and the five torsion angles treated as flexible at the search stage were 

optimized.  The flexibility of the oxygen-containing ring was also optimized. The PBE0/6-31G(d,p) level of theory was 

used to evaluate the intramolecular conformation and energy contribution, as well as for the atomic multipoles. 

Repulsion-dispersion parameters were taken from the FIT potential. 

5.4 Assessment of stoichiometry 
Equivalent searches for the single components were also undertaken.  The lowest energy structure in the 

tetramethylpyrazine search had the same cell parameters as the entry on the CSD without full atomic coordinates, 

and the second lowest energy crystal structure matched the fully characterized experimental crystal structure.  In 

the case of cannabinol, the experimental structure (CANNOL) was not found in the search.  The experimental crystal 

structure was optimized with the same computational model, and found to be significantly lower in energy than 

anything found in the search. 

The cocrystallization energy of each of the cocrystal search structures was calculated according to Equation 3.  This 

enabled comparison between the searches with different stoichiometry CmTn, with Elatt(T) taken as the global 

minimum in the single component search for tetramethylpyrazine and Elatt(C) taken as the lattice energy of CANNOL 

calculated with the same computational model. 

Equation 3.  ∆𝐸𝑐𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 =
𝐸𝑙𝑎𝑡𝑡(𝐶𝑚𝑇𝑛)−𝑛𝐸𝑙𝑎𝑡𝑡(𝑇)

𝑚
− 𝐸𝑙𝑎𝑡𝑡(𝐶) 

5.5 Degree of confidence 
Running the single component search for cannabinol highlighted that the CrystalPredictor lattice energy 

minimization step with the point charge model for the electrostatics was not suitable for the cannabinol molecule.  

Indeed, running just this lattice energy minimization on the experimental crystal structure of CANNOL led to very 

poor reproduction.  The hydroxyl angle is at the lowest energy when it is in the plane of the ring, but this 

configuration prohibits the formation of one of the hydrogen bonds in the Z’=2 structure of CANNOL.  While 

CrystalPredictor generated starting points with the hydroxyl hydrogen atom out of the plane of the ring, virtually all 

minimized search structures had this hydrogen atom in the plane of the ring, and very few hydrogen bonded 

structures were seen.  It seemed possible that this would cause problems for the cocrystal searches as well. 

5.6 Post-result analysis 
The experimental structures both had a bent aliphatic tail of cannabinol (Figure 2), and so could not have been 

generated in our search. 

6 XXXI – agrochemical 

6.1 Conformational details 
All molecular geometry optimizations and charge density calculations (for both point charge calculations and 

distributed multipole analysis) were carried out with the PBE0/6-31G(d,p) method.  The range of angles used for the 

database of LAM points is given in Table 3. 
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Table 3.  The range of values used for the construction of LAM points for XXXI, and the final range of the angles within the CrystalPredictor 
search. 

Angle LAM start LAM step LAM end Search range 

C1_S1_C8_C10 70° 40° 310° 50 to 330° 

C2_C1_S1_C8 40° 40° 320° 20 to 340° 

C7_C2_C1_S1 75° 40° 115° 55 to 135° 

 

6.2 Search methodology 
A CrystalPredictor search was carried out with the torsion angle ranges as described in Table 3.  Repulsion-dispersion 

parameters were taken from the FIT potential for C, H, N, O, with parameters for the sulfoxide group taken from 

Scheraga’s work.13  The selected space groups were P1, P-1, P21, C2, Pc, Cm, Cc, P21/m, C2/m, P2/c, P21/c, C2/c, 

P2221, P21212, P212121, C2221, Pca21, Pmn21, Pba2, Pna21, Cmc21, Aba2, Fdd2, Iba2, Pnna, Pccn, Pbcm, Pnnm, Pmmn, 

Pbcn, Pbca, Pnma, Cmcm, Cmca, Fddd, Ibam, P41, P43, P41212, P4/n, P42/n, I4/m, I41/a, P43212, P-421c, I-42d, P31, P32, 

R3, P-3, R-3, P3121, P3221, R3c, R-3c, P61, P63, P63/m, P213, Pa-3.  Cell lengths in the range 3-40 Å and cell angles in 

the range 50-130° were generated as the starting points, and a minimum density of 300 kg m-3 was required before 

structures were passed to CrystalPredictor’s internal minimizer (resulting structures can have any cell shape or size 

and any density).  1,000,000 structures were requested. 

6.3 Structure refinement 
Lattice energy minimization of all structures was carried out in CrystalOptimizer.  The degrees of freedom optimized 

were the three torsion angles of the backbone, the torsion angles defining the sulfoxide oxygen atoms, one torsion 

angle describing each methyl rotation, the two bond angles defining the sulfoxide oxygen atoms and the two bond 

angles defining the fluorine atoms on the backbone. 

Structures were compared to remove duplicates.  Structures were considered duplicates if the energy difference was 

less than 10 kJ mol-1, the difference in density was less than 0.1 g cm-3, and an RMSD15 overlay better than 0.5 Å was 

achieved. 

6.4 Degree of confidence 
This small organic molecule is the sort of size we are used to dealing with, and so should have been within our 

capabilities.  The ab initio method chosen for the conformational scans and charge density was one that we have had 

success with in the past, and the repulsion-dispersion potential, combining the parameters for sulfoxide with the FIT 

potential, has also been successful, although we have noted difficulties with the F parameters in previous studies. 

The sensitivity to the choice of repulsion-dispersion potential and the use of a polarizable continuum model to 

model intermolecular polarization was such that we had only moderate confidence in the structures. 

6.5 Post-result analysis 
Amin was successfully included as BTXXXI_df1_1 with an RMSD30 overlap of 0.315 Å, Amaj was successfully included as 

BTXXXI_df2_2 with an RMSD30 overlap of 0.856 Å, and B was successfully included as BTXXXI_df239_239 with an 

RMSD30 overlap of 0.865 Å. 

7 XXXII – big pharmaceutical 
The high degree of flexibility of this molecule meant that a flexible CrystalPredictor search was not possible.  Hence, 

the CSP method developed by Luca Iuzzolino14, 15 during his CCDC-sponsored PhD was used as the basis for our CSP. 

7.1 Conformational details 
The decision of which degrees of freedom to treat as flexible was guided by CSD analysis using the Conformer 

Generator, using the decision tree in Figure 3a (adapted from ref 14, Figure 3).  The decisions reached for each 

torsion angle within the molecule are summarized in Table 4. 
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(a) 

 

(b) 

 
Figure 3.  Decisions trees for (a) guiding the choice of flexible degrees of freedom and (b) generating conformations for CrystalPredictor 
searches. 
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Figure 4.  Numbering scheme for XXXII. 

All conformational optimizations were carried out with the PBE0 method and the 6-31G(d,p) basis set. 

Four distinct conformations with the gross conformation variables defined in Table 4 were constructed, labelled B, D, 

G and J.  (A, C, F, and H had C29_C24_C23_N5 ~0°, but this was later found to not be relevant.)  These four 

conformations were fully optimized.  The angles listed in Table 4 under “Constraints” or “Gross conformations” were 

fixed at the values in these gas phase optimizations.  All combinations of the angles listed under “Variables” in Table 

4 were generated, and these variables were also fixed.  A GAUSSIAN geometry optimization was run for 20 

iterations.  If there were steric clashes or the energy was above a threshold, the conformation was discarded.  For 

non-converged conformations with energy below this threshold, optimization was continued for a further 80 steps.  

This is summarized in the decision tree in Figure 3b.  
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Table 4.  The independent degrees of freedom considered for CrystalPredictor work for molecule XXXII. 

Torsion angle Possible values Comment 

Constraints 

C12_N3_C2_C1 Constrained to gas phase optimized (~180°)  

C13_C12_N3_C2 Constrained to gas phase optimized (~180°)  

C18_C13_C12_N3 Constrained to gas phase optimized (~180°) 0° was considered, but this was higher in energy 
since the intramolecular H-bond wasn’t present, 
yet the polar hydrogen was still sterically 
prohibited for forming inter-molecular H-bonds 

F1_C11_O3_C9 Constrained to gas phase optimized (~180°)  

H_C10_S_C6 Constrained to gas phase optimized (~60°)  

Gross conformations 

C21_N7_C20_C19 Constrained to gas phase optimized (~0°, ~180°) ~0°=B,D; ~180°=G,J 

C10_S_C6_C7 Constrained to gas phase optimized (~0°, ~180°) ~0°=B,G; ~180°=D,J 

Variables 

C20_C19_N1_C3 0°, 30°, 60°, 90°, 120°, 150°, 180°, 210°, 240°, 
270°, 300°, 330° 

 

N7_C20_C19_N1 -60°, 60°, 180°  

C26_N8_C23_C22 -60°, 60°, 180°  

C9_C4_C1_C2 0°, 30°, 60°, 90°, 120°, 150°, 180°, 210°, 240°, 
270°, 300°, 330° 

 

C11_O_C9_C4 -150°, -90°, 90°, 150°  

 

7.2 Search methodology 
For all conformations within 17 kJ mol-1 of the lowest energy conformation, CrystalPredictor searches were carried 

out.  The point charges were calculated for the original four fully-optimized conformations at the PBE0/6-31G(d,p) 

level of theory.  Repulsion-dispersion parameters were taken from the FIT potential for C, H, N, O, F, with 

parameters for sulfur taken from the Halgren potential.16  The selected space groups were P1, P-1, P21, C2, Pc, Cm, 

Cc, P21/m, C2/m, P2/c, P21/c, C2/c, P2221, P21212, P212121, C2221, Pca21, Pmn21, Pba2, Pna21, Cmc21, Aba2, Fdd2, 

Iba2, Pnna, Pccn, Pbcm, Pnnm, Pmmn, Pbcn, Pbca, Pnma, Cmcm, Cmca, Fddd, Ibam, P41, P43, P41212, P4/n, P42/n, 

I4/m, I41/a, P43212, P-421c, I-42d, P31, P32, R3, P-3, R-3, P3121, P3221, R3c, R-3c, P61, P63, P63/m, P213, Pa-3.  Cell 

lengths in the range 5-60 Å and cell angles in the range 50-130° were generated as the starting points, and a 

minimum density of 300 kg m-3 was required before structures were passed to CrystalPredictor’s internal minimizer 

(resulting structures can have any cell shape or size and any density).  At least 1,000 structures were generated for 

each conformation. 

The point charges were only calculated once in each conformational region, and used for all conformations in that 
region. This is an approximation, but a test on one conformation suggested that this would give a similar energy 
landscape if the search for each conformation could have been run to completion. 

7.3 Structure refinement 

7.3.1 DMACRYS 
For each conformation, the multipoles were extracted from the PBE0/6-31G(d,p) charge density, and the structures 

were minimized with DMACRYS, keeping the molecular conformation rigid, and using the repulsion-dispersion 

parameters described in Section 7.2. 

7.3.2 DFTB3-D3 
DFTB3-D3 was used to optimize the conformation of the molecule within the packing environment.15 

7.3.3 DMACRYS rerun 
DMACRYS was then run again, with the same method as described in Section 7.3.1 using the multipoles for the exact 

conformation of the molecule following the DFTB3-D3 refinement.  The intramolecular energy ascertained in the 

charge density calculation was used to determine the energy penalty of deforming the molecule from the gas phase 
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optimum conformation (ΔEintra). (Hence, unlike CrystalOptimizer refinement, any errors in the conformation 

introduced by the DFTB3-D3 refinement of the crystal structure would contribute to ΔEintra). 

7.4 Degree of confidence 
This molecule was highly flexible.  While we tried to cover all the applicable conformational space, it was not 

possible to run searches for every conformation.  The energy-based decision on which conformations to run 

searches on was very risky, and we were fully aware that the searches themselves were not complete as we only 

requested a handful of structures. 

Our decision to use DFTB3-D3 to optimize the crystal structures, allowing some conformational adjustment, has 

been shown to be very effective for large flexible molecules.15  The lack of reliability of the DFTB3-D3 energies meant 

that a single GAUSSIAN job was run for each structure to obtain the charge density for the multipoles and the 

intramolecular energy, with the intermolecular energy evaluated with DMACRYS.  This final energy was shown to be 

a better approximation than the DFTB3-D3 energy15 but still is not as accurate as CrystalOptimizer would have been, 

as CrystalOptimizer refines the conformation by constrained optimizations of the molecular structure. 

7.5 Post-result analysis 
Neither of the experimentally observed crystal structures were found within our searches.  In the case of Form A, all 

conformational combinations which could have matched this molecule were fully optimized, but slightly too high in 

energy to be considered for searches.  In the case of Form B, the two symmetry independent molecules differ in the 

angles at the thiomethoxy group, and so could not have come from a Z’=1 search.  Furthermore, all conformational 

combinations which could have matched these conformations were also a few kJ mol-1 too high in energy to be used 

in searches. 

8 XXXIII – organic salt 
As salts are charged, there can be very strong electrostatic fields within the crystal structure which can polarize the 

charge distribution in a very localized manner that is poorly modelled by the mol approach, even using a polarizable 

continuum model (PCM) with a dielectric constant of 11. 

8.1 Conformational details 
All molecular geometry optimizations and charge density calculations were carried out with the PBE0/6-

31+G(d,p)(PCM ε=11) method. 

The morpholinium cation was kept rigid throughout at the gas phase optimized conformation. 

The independent degrees of freedom of the sulfamethoxazole anion were split into two torsion groups: the first one 

included the three torsion angles in the middle of the molecule, and the second one included one single torsion 

linking the amine group to the phenyl ring.  For the amine group, the improper dihedral of the second hydrogen 

atom (H_N_C_H) was fixed at 135.845°, which was the value in the gas phase optimized conformation. 

Table 5.  The range of values used for the construction of LAM points for the sulfamethoxazole anion, and the final range of the angles within 
the CrystalPredictor search. 

Angle LAM start LAM step LAM end Search range 

Torsion group 1 “A” 

C_C_S_N 0° 40° 120° -20 to 140° 

C_S_N_C 40° 30° 100° 25 to 115° 

S_N_C_C -65° 40° 215° -85 to 235° 

Torsion group 1 “B” 

C_C_S_N 0° 40° 120° -20 to 140° 

C_S_N_C 145° 30° 325° 130 to 340° 

S_N_C_C -60° 40° 60° -80 to 80° 

Torsion group 1 “C” 

C_C_S_N 0° 40° 120° -20 to 140° 

C_S_N_C 135° 40° 215° 115 to 235° 
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S_N_C_C 160° 40° 200° 140 to 220° 

Torsion group 2 “a” 

Amine hydrogen -10° 40° 70° -30 to 90° 

Torsion group 2 “b” 

Amine hydrogen 170° 40° 250° 150 to 270° 

Point charges were calculated for the molecule with the same ab initio method. 

8.2 Search methodology 
Six separate searches with one morpholinium cation and each of the combinations of the two torsion groups (see 

Table 5) of the sulfamethoxazole anion were carried out in CrystalPredictor.  Repulsion-dispersion parameters were 

taken from the FIT potential, with parameters for the sulfoxide group taken from Scheraga’s work.13  The selected 

space groups were P1, P-1, P21, C2, Pc, Cm, Cc, P21/m, C2/m, P2/c, P21/c, C2/c, P2221, P21212, P212121, C2221, Pca21, 

Pmn21, Pba2, Pna21, Cmc21, Aba2, Fdd2, Iba2, Pnna, Pccn, Pbcm, Pnnm, Pmmn, Pbcn, Pbca, Pnma, Cmcm, Cmca, 

Fddd, Ibam, P41, P43, P41212, P4/n, P42/n, I4/m, I41/a, P43212, P-421c, I-42d, P31, P32, R3, P-3, R-3, P3121, P3221, R3c, 

R-3c, P61, P63, P63/m, P213, Pa-3.  Cell lengths in the range 3-40 Å and cell angles in the range 50-130° were 

generated as the starting points, and a minimum density of 300 kg m-3 was required before structures were passed 

to CrystalPredictor’s internal minimizer (resulting structures can have any cell shape or size and any density).  

500,000 structures were requested in each of Aa, Ab, Ba and Bb, and 250,000 structures were requested in each of 

Ca and Cb. 

CrystalPredictor’s internal clustering algorithm and an in-house Clustering algorithm were both run to remove 

duplicate structures. 

8.3 Structure refinement 
The 2,000 unique lowest energy crystal structures for each search were taken forward to the next stage.  Lattice 

energy minimization of all structures was carried out in CrystalOptimizer.  The morpholinium cation was kept rigid, 

and the degrees of freedom optimized for the sulfamethoxazole anion were the three angles of Torsion group 1 (see 

Table 5), the torsion angles defining the sulfoxide oxygen atoms, the torsion angles defining the amine hydrogen 

atoms, one torsion angle describing the methyl rotation, the two bond angles within the linking group, the two bond 

angles defining the sulfoxide oxygen atoms and the two bond angles defining the amine hydrogen atoms.  With the 

exception of the torsion angle to define the methyl rotation, gradients of the multipoles were also calculated for all 

degrees of freedom; this increases computational cost at each step but stops the optimization taking the wrong 

trajectory.  Past experience led us to include torsion angles within fairly rigid (e.g. -conjugated) rings at points 

adjacent to large functional groups.  Four such degrees of freedom were included, although amine and methyl 

groups are not usually considered large. 

Only two iterations of CrystalOptimizer were run, so only a handful of structures were fully optimized.  However, 

comparing the energy ranking after two CrystalOptimizer steps and that after full convergence (carried out for a few 

structures) found that most of the change in energy was from applying the different computational model rather 

than actual optimization of the structures, and this was deemed sufficient to get the best energy ranking in the 

available time. 

Structures were compared to remove duplicates.  Structures were considered duplicates if an RMSD30 overlay of < 

0.3 Å was achieved. 

8.4 Degree of confidence 
Charged species in CSP give rise to a different set of challenges from neutral molecules.  The ab initio calculations on 

them are not representative, since the in vacuo calculations have to contain just one ion. To deal with this, we used a 

basis set with diffuse functions and a polarizable continuum for all our ab initio work. 

The conformational space covered and the extent of the search both appear complete, so we have high confidence 

in them.  We also feel that the energy model for the structure refinement was a good one (with the caveats from the 

previous paragraph), even though we didn’t have time to fully refine all structures. 
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8.5 Post-result analysis 
This search was successful, in that both experimental crystal structures were generated, low in energy.  Form A 

matched XXXIII_dfBa282_Ba282 with RMSD30 = 0.359 Å and Form B matched XXXIII_dfAa686_Aa686 with RMSD30 = 

0.269 Å. 
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Methodology: 

For each molecular crystal target, the structure candidates are generated by the 

rigid-SSW method as implemented in LASP software[1, 2], where the potential energy 

surface (PES) of each target is represented by the generalized amber force field (GAFF) 

[3]. The rigid-SSW method is an extension of the original stochastic surface walking 

(SSW) method by applying rigidbody constrains to atomic groups of molecules to 

reduce the degrees of freedom during configurational change. The original SSW 

method[4, 5] is a general-purpose PES exploration method that was firstly developed in 

2013. The method has an automated PES climbing mechanism to manipulate an image 

on the PES from a minimum to a high energy configuration by adding a serial of bias 

potential along a random mode direction. The high energy image as a local minimum 

on the bias-potential-modified PES is then optimized to a new minimum on the 

unbiased PES. A structure selection module based on Metropolis Monte Carlo 

algorithm is applied to decide whether to accept the new minimum. By repeating the 

procedure, one can explore the whole PES and identify new structures unbiasedly. In 

the original SSW method for the crystal structure prediction, e.g. n atoms in a unit cell, 

the 3n-dimensional atomic mode is combined with a 9-dimensional lattice mode 

perturbing the lattice parameters, where the translation and rotation of the entire 

structure is removed. By applying rigid constraints, the bond and angles within a 

molecule are fixed. Then only the translational and rotational movements of the entire 

molecule, and internal rotational degrees of freedom within molecules are considered 

during structure exploration with no further symmetry constrains. For each target, we 

performed 50 parallel rigid-SSW runs with different randomly generated starting 

configurations. A maximum number of 105 minima are visited for each run. The number 

of molecules that considered in the unit cell is 4 for targets XXVII to XXXII and 8 (1:1) 

for XXXIII.  

All the minima of non-P1 space group are collected after rigid-SSW exploration. 

A Steinhardt-type order parameter is used for clustering the candidates. The distinct 

candidates are then optimized by an active-learning neural network potential model[6-

8] as implemented in LASP software to select the best 1500 minima, where the best 300 

minima are finally refined by using DFT computation with the vdW-DF2 functional[9] 



as implemented in Vienna ab initio simulation package (VASP) software[10, 11]. A plane 

wave basis set cutoff energy of 600 eV was used, and Brillouin zone integrations were 

performed on a Monkhorst-Pack grid with a k-point spacing of approximately 0.05 Å−1. 

All the optimization is performed by Quasi-Newton BFGS method.  
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I. METHODOLOGY

All the monomers in the 7th blind test (7BT) of crystal structure predictions (CSPs) included
flexible monomers, i.e., monomers with soft degrees of freedom. CSPs for such systems require in
general the knowledge of both the intermonomer and intramonomer force fields (FFs) [also called
potential energy surfaces (PESs)]. Efficient strategies, available in the autoPES code, have been
developed by the University of Delaware group for generation of rigid-monomer intermonomer FFs
fully from first principles [1–3]. Such aiFFs, where ‘ai’ stands for ab initio, can be generated for
dimers of monomers of the size appearing in 7BT. Also, an efficient and accurate CSP method,
based on such aiFFs and called aiFF@CSPs [4], was under advanced development during 7BT.
The most recent version of the autoPES codes does allow the development of full-dimensional FFs
(including both intermonomer and intramonomer components). However, this method would be
too expensive to apply to the 7BT molecules mainly due to the dimensionality curse: all rigid-
monomer PESs are at the most 6-dimensional (6D), whereas flexible-monomer intramonomer FFs
are 3N − 6-dimensional for dimers with N atoms. Thus, to perform 7BT CSPs, we used rigid-
monomer aiFFs and to account for monomer flexibility, we used two strategies. For monomers with
limited flexibility, we assumed that the geometry of a monomer in a crystal corresponds to one of
the local minima on the electronic potential energy surface of the gas-phase monomer. Thus, such
monomer is one of the conformational isomers, or conformers, of this molecule. For more flexible
monomers, we used empirical intramonomer FFs. Although we did realize that reliability of these
FFs for monomers of the type included in 7BT is limited, there were no other options within the
time limits of the stage 1 of 7BT. The work on individual 7BT targets was performed by subsets
of the authors, see Table I.

TABLE I: Summary of authors (represented by their initials) who worked on each system: a
check-mark signifies that an author contributed in the submission for that system.

System RMB EJC RH OI AJ JWM RN RP AR JR HS KS MET LVM

XXVII ✓ ✓ ✓ ✓
XXVIII ✓ ✓ ✓ ✓
XXIX ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
XXX ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
XXXI ✓ ✓ ✓ ✓ ✓ ✓
XXXII ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
XXXIII ✓ ✓ ✓ ✓ ✓ ✓ ✓

The general protocol of our CSPs in 7BT included searches for approximate geometries of
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conformers followed by optimizations of conformers’ geometries, generation of intermolecular aiFFs,
and using the conformer(s), aiFFs, and possibly intramolecular empirical FFs (for flexible-monomer
searches) in CSPs. A summary of methods used for individual targets is presented in Table II.

The conformer searches started with building 3D structures from the 2D structural formulas
provided by the Cambridge Crystallographic Data Centre (CCDC). The 3D structure was opti-
mized using an empirical FF to achieve the initial approximation to bond lengths and angles.
Next, a number of plausible monomer conformations were generated by varying the soft degrees
of freedom; specific details for each system are available in their respective sections. In this step,
programs such as Avogadro [5], Baloon [6], conformer generator [7] (a part of Mercury [8]), Con-
formator [9], and PLUMED [10, 11] were used. The structures obtained in this way were then
optimized using ab initio methods (except for one case) and ranked energetically. In most cases,
we used various density-functional theory (DFT) variants supplemented by dispersion corrections
(DFT+D). Depending on the system, either the equilibrium monomer, i.e., the configuration of
the global minimum, and/or higher-energy conformers, corresponding to local minima within a few
kcal/mol of the global minimum, was/were selected to generate aiFFs. These conformers were also
utilized in CSP searches performed with rigid monomers (for targets XXVII, XXVIII, XXIX, and
XXXI), using in some cases several conformers and mixtures of conformers. The remaining targets
(XXX, XXXII, and XXXIII) have monomers that are too flexible for the conformer-based approach
to work (although for target XXX we applied rigid-monomer CSPs as well). For these targets,
we performed flexible-monomer CSPs using empirical intramolecular FFs such as OPLS [12] or
GAFF [13]. Once a set of polymorphs was generated with a flexible-monomer FF, the monomer
energies were computed with an ab initio method and used to determine monomer-deformation
penalties in lattice energies, leading to our final rankings. In flexible-monomer simulations, we used
intermolecular aiFFs developed using rigid monomers (possibly several conformers simultaneously),
which is possible due to the functional form of our aiFFs, as discussed below.

Intermolecular aiFFs were developed using the autoPES program [1, 2] which generates sets of
dimer configurations (grid points), submits all required ab initio calculations, extracts the results
from the outputs, and fits these results with analytic functions. For the ab initio calculations,
either perturbation theory or the supermolecular method was applied. For four systems, we used
symmetry-adapted perturbation theory (SAPT) [14] based on a DFT description of the monomers,
SAPT(DFT) [15], implemented in the SAPT2020 [3, 16] package, using ORCA-4.2.1 [17, 18] for
monomer DFT calculations. The intermolecular energies included also the so-called δEHF

int correc-
tion which is the difference between the supermolecular Hartree-Fock (HF) interaction energy and
the sum of SAPT terms that are included in the former energy (in this case, SAPT based on HF de-
scription of the monomers, SAPT(HF), was used). The aug-cc-pVDZ basis sets [19, 20] were used
in these calculations unless noted otherwise. They were applied in the so-called monomer-centered
plus basis set form (MC+BS) [21] where a given monomer basis set includes all functions cen-
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TABLE II: Summary of methodologies used. See text for acronyms. All CSPs used the UPACK
package. All intermonomer FFs included SAPT(DFT) asymptotics.

System monomer geometry intermonomer FF intramonomer FF CSP type
XXVII Avogadro/DFT+D DFT+D none rigid monomer,

equilibrium conformer
XXVIII Baloon/DFT+D DFT+D none rigid monomer,

equilibrium conformer
XXIX Mercury/DFT SAPT(DFT)/CCfC none rigid monomer,

2 conformers
XXX Mercury/DFT+D SAPT(DFT)/CCfC OPLS rigid/flexible monomer
XXXI Conformator SAPT(DFT) none rigid monomer,

DFT+D 10 conformers
XXXII Avogadro/PLUMED DFT+D GAFF flexible monomer
XXXIII Mercury/DFT+D SAPT(DFT) GAFF flexible monomer

tered on this monomer plus the isotropic part of the basis set of the interacting partner (farbond),
following the default approach in the autoPES software [1, 2] for developing potential energy sur-
faces. In some cases, MC+BSs included also a set of midbond functions located half-way between
monomers: in all cases it was the 3s3p2d2f set that is the default of autoPES.

The supermolecular approach was used for three systems. The counterpoise-corrected inter-
molecular energies were calculated using the PBE0 [22, 23] DFT functional plus the D3 dispersion
correction [24]. The use of the counterpoise method implies that monomer energies were com-
puted in the dimer-center basis set (DCBS). Midbond functions were not used in supermolecular
calculations. Unless noted otherwise, the aug-cc-pVDZ basis set [19, 20] was used.

Using the autoPES program [1, 2], the intermolecular interaction energies were fitted to the
following functional form:

V = Velst +Vexp +V (2)
asymp =

∑

a∈A,b∈B

uab(rab) =
∑

a∈A,b∈B

[
uelst,ab(rab) + uexp,ab(rab) + u

(2)
asymp,ab(rab)

]
(1)

where a (b) goes over the set of atoms in monomer A (B) and rab is the distance between atoms a
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and b. The atom-atom functions are of the form:

uelst,ab(rab) =f1(δab
1 , rab)

qaqb

rab

,

uexp,ab(rab) =
[
1 +

k∑

i=1
aab

i (rab)i

]
eαab−βabrab + Aab

12
(rab)12 ,

u
(2)
asymp,ab(rab) = −

∑

n=6,8
fn(δab

n , rab)
Cab

n

(rab)n
, (2)

where qa, qb, aab
i , αab, βab, Aab

12, Cab
n , and δab

n are adjustable parameters and fn are the Tang-
Toennies damping functions [25]

fn(δ, r) = 1 − e−δr
n∑

m=0

(δr)m

m! . (3)

Unless stated otherwise, the fit functional form used the second order polynomial and included only
the lowest induction+dispersion term, Cab

6 /r6
ab. This term and the Coulomb term were damped in

all fits. We first fitted the charges qa, qb, and the Cab
n coefficients to a set of interaction energies

calculated using asymptotic theory consistent with SAPT(DFT), as implemented in SAPT2020
[3, 16]. These parameters were kept fixed during the subsequent stages of the fitting process.
The ab intio distributed asymptotic (aiDA) expansion of Refs. 26 and 27 was employed since it is
currently computationally more efficient than the center-of-mass based expansion [1]. In the next
stage, parameters aab

i , αab, βab, Aab
12, and δab

n were fitted to dimer ab initio interaction energies,
Eint, computed on a set of grid points encompasing intermediate- and short-range intermolecular
separations (collectively called close-range grid points). If the interaction energies were computed
using SAPT(DFT), the damping parameters δab

1 were fitted separately to the electrostatic energies
and the δab

6 parameters to the sum of induction and dispersion energies plus their exchange coun-
terparts. For all supermolecular calculations, these parameters were fitted together with the other
close-range parameters. The process of generating grid points is iterative and guided by the values
of interaction energies in different regions of configuration space. In the first aiFF development
step, the OPLS-AA [12] FF was used to get the first approximation of the PES needed for this
guidance. Subsequently, intermediate versions of the aiFF were used. In the fitting process, the
grid-points with negative interaction energies, Eint, had larger weights than points with positive
Eint (see Refs. 1 and 2 for details of the weighting function). For the convergence test, the total
set of grid points was divided into a test (30%) and a training set (70%). The fit was considered
converged when the root mean square error (RMSE) of the test data was less than 1.2×RMSE of
the training data, and the fit did not contain “holes”, i.e., nonphysical low-energy regions at small
intermonomer separations. If holes were detected, an iterative procedure was performed consisting
in adding grid points in the regions of holes and refitting the PES.

5



The aiFFs were developed using only rigid monomers in the training set. In some cases, several
conformers were included. The fit form was always the one defined by Eqs. (1)–(3), which does
not include any information about the monomer geometry. Consequently, grid points computed
for monomers with several geometries can be used in the fitting process. More importantly, this
allows us to compute interaction energies from the fit for arbitrary monomer geometries, resulting
in a “flexibilized” aiFF. Such flexibilized aiFFs were used in CSPs with monomer conformations
different from the global gas-phase minimum, and, in particular, in CSPs with flexible monomers.

One should mention here that autoPES [2] allows the development of flexible-monomer PESs
including only selected monomer’s degrees of freedom. For the 7BT targets containing up to 3
soft degrees of freedom per monomer, the corresponding surfaces would have contained up to 12
degrees of freedom in total. These PESs would allow flexible-monomer CSPs entirely from first
principles. However, the required computational resources were too large to try such an approach
within the time constraints of the 7BT.

For certain targets, the first generation aiFFs were improved by incorporating some nearest
neighbor dimer configurations extracted from 5×5×5 supercells of the top ranking polymorphs
obtained in CSPs with the initial version of this aiFF into the training set, followed by a refit.
This so-called clusters cut from crystals (CCfC) approach was developed in Ref. 28. Although
the raw RMSE improvements of the refitted aiFFs were generally small, the addition of dimer
configurations from the top-ranking polymorphs improves the aiFFs in the regions relevant to
crystals.

For CSPs, we used a locally modified version of UPACK [29]. This modification [4] extends the
set of functional forms for the site-site functions available in UPACK [the Buckingham plus charges
(exp-6+q) or Lennard-Jones plus charges (LJ+q or 12-6-1) potentials] to the more involved forms
represented by Eq. (2). In the rigid-monomer UPACK CSP protocol, 20 polymorphs per space
group are initially generated in an unconstrained way. The largest density polymorph encountered
is used to constrain the coordinate space in the subsequent step (so-called packing step) that
generates a large number of crystal structures applying a quasi-random approach: 5000 structures
per space group are generated by default. That is, a monomer in the fixed geometry of one of
its conformers is placed in random positions and orientations within the space group constraints.
We always searched in at least the following 13 space groups, which are the default in UPACK
(unless noted otherwise): P1, P 1̄, P21, C2, Pc, Cc, P21/c, C2/c, P212121, Pca21, Pna21, Pbcn,
and Pbca with the number of molecules in the asymmetric unit Z ′ = 1 in most cases (‘pack12’
program of UPACK). To increase sampling in space group 14, searches were sometimes performed
in the non-standard settings P21/n and P21/a using the same random seed as for other space
groups rather than starting searches with multiple seeds. The polymorphs generated were first
roughly optimized using an empirical FF with generic LJ parameters (taken from OPLS-AA [12]
in most cases) and SAPT charges or the restrained electrostatic potential (RESP) charges [30] for
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the Coulomb part of the 12-6-1 potential. Duplicates (identical crystals to within some threshold)
generated in this process were removed by subjecting the resulting list to clustering [31] (‘dist’
program of UPACK). Subsequently, the polymorphs from the reduced set were subjected to tight
optimizations using aiFFs (‘pack3’ program of UPACK), which was followed by clustering to arrive
at the final CSP lists.

In addition to UPACK structure generation codes, we used the Extended Variables Coupled
to Crystal Polymorph Modified Replica Exchange (EVCCPMRE) method [32]. Unlike a conven-
tional replica exchange, the EVCCPMRE approach performs exchanges between replicas of EV’s,
including molecular centers, orientations, and torsional angles, that are harmonically coupled to
a crystal polymorph generator. For the latter, the EVCCPMRE codes used a modified version of
UPACK. Each EV reference system propagates via both EV exchanges between temperature baths
and canonical sampling moves using Metropolis-type Monte Carlo (MC) updates. The reference
system framework was also implemented with a history-dependent biasing to further enhance sam-
pling. A more detailed description of the method including a case study of the ensemble properties
will be provided in a forthcoming publication [32].

All the targets in 7BT include monomers with soft degrees of freedom (highly-flexible monomers)
and should be investigated using flexible-monomer FFs. As already stated, we used two strategies
to deal with monomer flexibility. For targets with the largest number of soft degrees of freedom, we
did perform flexible-monomer CSPs using flexibilized intermonomer aiFFs and generic empirical
intramonomer FFs. We used UPACK in these calculations in a similar way as in the rigid-monomer
case, except, of course, that the intramolecular degrees of freedom are probed both in the packing
and optimization steps. For less flexible monomers, we decided that the computationally more
efficient strategy based on rigid-monomer CSPs for seclected conformers should work, i.e., we
selected k consecutive lowest-energy conformers and performed k independent rigid-monomer CSPs
using flexibilized intermonomer aiFFs. Results of all such CSPs were used to form a list of structures
ordered by lattice energies which included monomer-deformation penalties.

The successful predictions of the experimental crystal were gauged by the root-mean-square
deviation (RMSD) between the positions of atoms in a predicted polymorph and those in the
experimental one, always neglecting hydrogen atoms. RMSD involving n monomers, in most cases
n = 30, is indicated by RMSDn. The RMSDs are calculated after overlapping the two crystals
to minimize the RMSD using the Mercury software [8]. We assumed tolerances on differences of
positions and angles of individual atoms in the two polymorphs up to 35% and 35◦, respectively,
unless stated otherwise.

For all targets, we have performed an analysis of our procedures, described in the “post-
submission” sections. In all cases, we used the same FFs that had been used to generate the
submitted structures in stage 1.
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II. TARGET XXVII

Target XXVII is a large molecule containing 100 atoms. It consists of a rigid polyaromatic pen-
tacene core with two triisopropylsilane (TIPS) groups connected to it via a nearly linear −C≡C−
link. The participants were requested to submit 1500 polymorphs without any ranking.

A. Conformer search and optimization

We obtained an initial 3D monomer geometry with the Avogadro software [5] by building a
very approximate 3D model from the CCDC skeletal 2D formula and then optimizing this 3D
structure using the conjugate gradients algorithm with the MMFF94 [33, 34] empirical FF. A
genetic algorithm (GA) [35] with the default Avogadro parameters was then applied to generate
a number of conformers from the optimized 3D monomer. Rotatable bonds were assigned by
Avogadro automatically. Ten structures with the lowest MMFF94 energies were subsequently
optimized using the conjugated gradients method with the PBE0 functional [23] supplemented by
the D3(BJ) dispersion function [36] [PBE0+D3(BJ)]. Orca-4.2.1 electronic structure code [18] was
used for this optimization with the def2-SVP [37] and def2-ECP [38] (for iodine only) basis sets.

B. Details of potential energy surface development

We created a 6D rigid-monomer PES using the global minimum monomer’s geometry and the
autoPES package [1, 2]. Equations (1)–(3) show the functional form of the fit. The general
procedure is explained in Sec. I. The aiFF parameters for approximately symmetry-equivalent
atoms, shown in Fig. 1, have the same values. The symmetry-equivalent atoms were selected
following the OPLS-AA parametrization determined by LigParGen [39], making equivalent those
atoms whose partial charges and van der Waals parameters vary by less than 0.1. In the aiFF
development, we first fitted the charges, C6, and C8 parameters in Eq. (2) to 12,000 long-range grid
points generated randomly. The long-range interaction energies for these dimers were calculated
by asymptotic perturbation theory consistent with SAPT(DFT), implemented in the SAPT2020
codes [3, 16] using de Oliviera’s et al. ADZP all-electron basis set [40] for iodines and the def2-
TZVP basis set [37] for other elements. These parameters were then frozen in the fitting of the total
PES to a set of close-range grid points (configurations with the center of mass distances between
monomers, R, distributed around radial van der Waals minima). We calculated the interaction
energies at these grid points with PBE0+D3(BJ) in the def2-TZVPP [37] basis sets using the
Orca package. The counterpoise correction was applied to remove the basis set superposition
error. Since the interaction energies of close-range and long-range dimers were calculated with
different methods, we tested the differences between these approaches (i.e., the difference between
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the supermolecular interaction energy from PBE0+D3(BJ)/def2-TZVPP and that given by the
sum of asymptotic components of aiFF, both interaction energies computed for exactly the same
geometry of the dimer) at a long-range separation between centers of mass of monomers equal to
16 Å (about three times larger than the van der Waals equilibrium distance of 5.4 Å), keeping the
same orientation of monomers as in the minimum. The discrepancy relative to the supermolecular
interaction energy turned out to be about 6%. Since this difference results both from inadequacies
of PBE0+D3(BJ) in the asymptotic region and from inaccuracies of the fit, its magnitude appears
reasonable. The finite-range set consisted of 12,266 grid points. The RMSE for points with Eint < 0
is 0.69 kcal/mol. It took around 8 hours of wall time to calculate the interaction energy for one
dimer on 16 cores of the AMD EPYC 7502 2500 MHz processor, while the other steps of our
protocol are timewise negligible in comparison.

C. Crystal Structure Predictions

Only the monomer in the global minimum geometry was used in rigid-monomer CSPs. The
UPACK CSP protocol described in Sec. I was applied with default parameters, except that we
included also the groups P21/a and P21/n. Given the size of the monomer, the cell dimensions
were limited in the search to lay between 10 Å and 70 Å. The OPLS-AA FF [12] was used in
the loose optimizations and aiFF was used in the tight optimizations. After one more round of
clustering, a set of 1500 polymorphs ordered by lattice energy was generated and submitted to
CCDC.

D. Results

After the submission deadline, it was found by CCDC that in addition to the previously known
form A, there exists also a form B polymorph. However, the crystal structure of form B could not
be determined, see the main text. It was also found that rotations of the TIPS groups around
the links lead to disorder in crystals of form A. Due to the disorder issues, the evaluations of the
submissions were performed using the standard approach (all non-hydrogen atoms) with RMSD20

and also using only the pentacene “core” (i.e., excluding the disordered isopropyl groups) match
with RMSD30. In the list of 1500 crystals submitted by us, none satisfied the criteria set by
CCDC. In the standard comparison, none of our polymorphs had 20 molecules matching within
the 25%/25◦ tolerances, one of the criteria used by CCDC for target XXVII. The best match with
these tolerances had 6 matching molecules and RMSD6 = 3.7 Å. Our list did include the structure
ranked #749 by lattice energy with 30 molecules matching the molecules in the 90 K experimental
crystal using the core-only comparison (with 30%/30◦ tolerances). However, this structure has
RMSD30 of 2.05 Å, beyond the CCDC criteria of 1 Å.
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FIG. 1: Global minimum conformer of target XXVII. Atoms that have identical PES parameters
are labeled with the same numeral. All methyl group hydrogens have atom type H6 in the top
TIPS and H8 in the bottom TIPS, while the non-methyl hydrogens in the isopropyl groups are
classified as type H7.
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E. Post-submission analysis

The main reason our predictions were not better was that we performed rigid-monomer CSPs
only for the global minimum conformer. This conformer has RMSD of 0.71 Å relative to the
monomer from the 90 K experimental crystal. Thus, a major part of the allowed discrepancy is
taken already by the discrepancy between monomers. In the post-submission work, we performed
rigid-monomer CSPs using the conformer of rank 7, which has the smallest RMSD relative to the
experimental monomer, amounting to 0.60 Å. This conformer’s energy is 2 kcal/mol above the
global minimum monomer energy. Despite this still fairly large RMSD, CSPs with this conformer
resulted in a match with RMSD30 = 0.98 Å (tolerances 30%/30◦, including only core non-hydrogen
atoms), which would have been a success in the test. The rank of this polymorph is 45, acceptable
for a system that large. Thus, the method consisting in performing a set of rigid-monomer CSPs
for each low-energy conformer works reasonably well for target XXVII, we just did not have enough
time to consider conformers beyond the minimum-energy one.

The reason for the fairly large RMSDs between the conformers and the experimental monomer
is that the global minimum conformer shown in Fig. 1 has the C6-C12-C13-Si bonds nearly linear,
with the C12-C13-Si bond angle of 177◦ (with the same value for the other TIPS group). Thus, the
Si atom lies almost in the plane of the rings and the isopropyl groups are approximately symmetric
with respect to the rings. As it can be seen from the figure of the experimental crystal structure in
the main paper, such maximally extended TIPS groups cause steric hindrance. This hindrance can
be reduced if one of the TIPS groups bends off-plane. Indeed, in the experimental monomer the
C12-C13-Si bond angle is 170◦ (176◦ for the other TIPS group) and the C6-C12-C13-Si dihedral
angles is 45◦ (22◦).

III. TARGET XXVIII

Target’s XXVIII monomer includes 53 atoms. It contains a central Cu atom bound to two Cl
atoms and two N-H groups. The latter groups are connected via double bonds to carbon atoms
which are then connected to two phenyl groups each. Rotations about Cu-N bonds constitute very
soft coordinates, and the total number of flexible degrees of freedom is 8. Due to an unpaired
electron on Cu, XXVIII is an open-shell system. No information other than the 2D structure was
provided and the participants were asked to submit a list of 1500 unranked plymorphs. While the
crystal structure of XXVIII was coincidentally published during 7BT by an external group, this
information was not used in our process.
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A. Conformer search and optimization

The 2D structure supplied by CCDC was the input to the Balloon package [6]. The initial 3D
geometries of monomers were generated using the distance geometry method [41]. This method
utilizes a collection of atom-atom distance ranges, commonly referred to as “bounds”. If a set of all
atom-atom distances in a molecule is selected within these bounds, a unique monomer geometry
is defined. All possible geometries generated in this way on a reasonably dense grid should include
monomer geometries fairly close to the conformer geometries (i.e., geometries of minima on the
monomer’s energy surface). The set of monomer geometries from the distance geometry method
was subject to geometric modifications using GA [35]. These modifications include, in general,
variations of the angles of rotation around flexible bonds, the stereochemistry of double bonds and
tetrahedral chiral centers, as well as the conformations of nonaromatic rings. Finally, geometry of
each of the monomers produced by GA was optimized by minimizing its energy computed using
the MMFF94 force field [33, 34]. This step also removes duplicates since they converge to the
same structure. Also, the structures whose energies were greater than a preset value from the
set’s lowest energy were eliminated. In this way, eight unique conformers were generated. All
these conformers were further optimized using the unrestricted (due to the open-shell character of
XXVIII) PBE+D3(BJ) method [22, 24] implemented in the ORCA-4.2.1 package [17, 18]. The use
of dispersion-corrected functionals is important for monomers as large as that of target XXVIII.
The aug-cc-pVTZ [19, 20] basis set was used in this geometry optimization. The global-minimum
conformer is shown in Fig. 2.

FIG. 2: Global-minimum conformer of target XXVIII.
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B. Details of potential energy surface development

For the generation of the aiFF with autoPES [1, 2], we used the global-minimum conformer. A
general description of the fitting process is given in Sec. I. The interaction energies were calculated
in the supermolecular way with the counterpoise correction using PBE0+D3(BJ) [22–24] with the
cc-pVTZ basis set. As in the optimization of the monomer geometry, we used the unrestricted
Kohn-Sham method to take into account the open-shell character of monomer XXVIII. However,
the asymptotic programs that are used in autoPES for long-range fitting work only for closed-
shell molecules. The only practical way around this problem was to replace in the asymptotic
calculations the copper atom with the zinc atom, while keeping the same geometry as in the Cu-
containing molecule. To find how well this approximation works, the interaction energy curves for
various ab initio methods were compared and it was found that this replacement of Cu with Zn led
to errors of about 6-7% in the long-range region, i.e., at the distances between monomers’ centers
of mass equal to about 2.5–3 times the van der Waals minimum distance, justifying our procedure.
The training set of interaction energies was fitted by the functional form of the potential given in
Eq. (1). The polynomial term in the site-site function of Eq. (2) was expanded to second order and
the 1/r12

ab term was included in order to achieve the correct behavior of the potential at very close
range. In the asymptotic part of Eq. (2), only the Coulomb and the Cab

6 /r6
ab terms were included.

The atom-atom parameters in Eq. (1) for (approximately) symmetry-equivalent atoms were set to
be equal, see Fig. 2, which reduced the number of atom types from 53 to 21. The RMSE of the
fit for Eint < 0 was 0.42 kcal/mol. Such a value is typical of molecules of this size and the relative
error with respect to the interaction energy of the global minimum was only 1.9%. The number of
grid points (Ngrid) used was 6328 and the total number of free parameters (NFP) was 504. Thus,
the ratio Ngrid/NFP was 12.6.

C. Crystal Structure Predictions

The CSP protocol for system XXVIII followed the description in Sec. I with all parameters used
at their default values, except that we included also the groups P21/a and P21/n. These CSPs
assumed rigid monomers at the minimum-energy conformation.

D. Results

In our submitted list of 1500 polymorphs, no structure with RMSD30 below 1.0 Å relative
to the experimental crystal was found. The closest prediction matched only 4 molecules with
RMSD4 = 2.1 Å. Such a performance was due to our use of only the global-minimum conformer
in the PES generation and in the CSPs. This conformer has an RMSD of 2.1 Å relative to the
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experimental monomer, and therefore it was impossible to meet the criterion of 1.0 Å set by CCDC
already at the monomer level.

E. Post-submission analysis

If not the time constraints, we would have performed CSPs with all 8 low-energy conformers
that we found. However, even if we had done this, it would be difficult to find the experimental
structure to within the 7BT accuracy thresholds. The reason is that our conformers’ lowest RMSD
relative to the experimental monomer is 0.8 Å (for conformer 2 with the second-lowest energy),
very close to the criterion of 1.0 Å for the crystal. CSPs performed with this conformer found
only 8 matching molecules within the standard tolerances, and RMSD8 was equal to 1.19 Å. At
this point, it looked like this system, which has 8 soft degrees of freedom, may be too flexible for
the conformer-based procedure we used, i.e., the monomers undergo too significant deformations
relative to their gas-phase conformer geometries due to the forces exerted by the other crystal
molecules.

To investigate this issue further, we performed CSPs using the rationalized experimental
monomer geometry. First, the X–H bonds of the experimental structure, where X is any atom
bound to hydrogen, were optimized using the PBE+D3(BJ) method with the aug-cc-pVTZ basis
set. This step was necessary since the positions of hydrogen atoms in experimental structures
have very large uncertainties. Next, we performed the CSP procedure with such monomer. The
experimental polymorph was found at rank 1 with an RMSD30 of 0.184 Å, indicating that the
quality of the intermolecular aiFF is sufficient for CSPs (this is also confirmed by the performance
of our group in stage 2, where we identified the experimental polymorph as rank 1 on the list of
structures provided by CCDC).

Thus, the main question became why none of the conformers is closer to the experimental
monomer. To check if we have not missed a conformer, we performed full optimization of the
experimental conformer and it ended in conformer 2. In fact, the two geometries are quite similar
despite the large RMSD. The experimental monomer has inversion symmetry, while the geometry
of conformer 2 is distorted due to Jahn-Teller effect. We have then built a monomer from conformer
2 in such a way that we took half of this monomer and obtained the other half by the inversion
symmetry operation. The RMSD of this monomer with respect to the experimental one is only
0.137 Å, and it is only 1.4 kcal/mol above conformer 2. Thus, the monomers in the crystal tunnel
between conformer 2 and its symmetric equivalent, so that the experiment may measure the average
geometric position. Note that while we found this by comparing the ab initio optimized and
experimental monomers, one could predict a priori that the experimental monomer will have this
kind of structure. Another possible explanation is that the electromagnetic field on the monomer
due to other monomers in the crystal results in breaking the degeneracy of monomer’s wave function
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without the Jahn-Teller deformation. We have performed CSPs with the centrosymmetric ab initio
monomer and they resulted in the experimental-like crystal at rank 1 with RMSD30 = 0.292.
Thus, target XXVIII actually does belong to the group of crystals that can be investigated by the
conformer-based protocol, provided that symmetric structures close to conformers are considered.

IV. TARGET XXIX

The target XXIX monomer has 20 atoms and 4 soft degrees of freedom. However, only 2 of
them have to be considered since the rotation of the methyl group has a minor impact on CSPs and
the amino group forms an internal hydrogen bond in all low-energy conformers. A low-resolution
powder X-ray diffraction (PXRD) pattern graph of the experimental crystal structure was provided
by the CCDC. In addition to submitting 1500 unranked structures, participants were also asked
to submit a ranked list of 10 structures matched to the PXRD pattern. Target XXIX was not a
part of the stage 2 of 7BT.

A. Conformer search and optimization

The Avogadro package [5] was used for building a 3D structure from the 2D one provided by
the organizers. A preliminary minimization of this structure was performed with the universal
force field (UFF) [42]. This 3D structure was used as the starting point in the conformer generator
program [7], which is a part of Mercury [8], to generate additional conformers. We selected two
of these conformations (the remaining ones where much higher in energy or differed only by small
rotations of the methyl group) and optimized them using the PBE0 functional and the aug-cc-pVTZ
basis set [19] in ORCA-4.2.1. A local minimum conformer was found within about 2.8 kcal/mol
above the global minimum one (shown in Fig. 3). Hence, both conformations were assumed to be
relevant for CSPs. The global minimum conformer has an intramolecular hydrogen bond between
the amine hydrogen and carboxylic oxygen, whereas the local minimum one has an intramolecular
hydrogen bond between the amine hydrogen and the ester oxygen atom.

B. Details of potential energy surfaces

The aiFFs for the target XXIX dimer were developed using SAPT(DFT) and the aug-cc-VDZ
basis set in the MC+BS form with midbond functions. Both conformers described above (hereafter,
the global and local minima conformers will be called A and B, respectively) and their combinations
were used, i.e., we developed 3 PESs AA, BB, and AB. A set of 6212, 6705, and 14,293 dimer
configurations, respectively, was used for training these PESs. The PESs have RMSEs of 0.14, 0.15,
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FIG. 3: Global-minimum and lowest local-minimum conformers of target XXIX. For this
monomer, each atom had a distinct set of parameters.

and 0.15 kcal/mol on the 5039, 4808, and 10,153 dimer configurations in the negative interaction
energy region, respectively.

After CSPs were performed using the first generation of the potentials AA and BB, the top 20
generated polymorphs ranked by lattice energies were selected for extracting dimers and improving
the PESs using the CCfC procedure of Ref. 28 (see Sec. I). The potentials were then refitted using
253 and 252 additional dimers extracted from AA and BB CSPs, respectively. These new potentials
are labeled AA and BB. Due to time constraints, the CCfC procedure was not complete: CCfC
iterations have to be performed until the CSPs rankings do not change between two consecutive
iterations [28], while we performed only one iteration. The RMSEs of these PESs were the same as
of the corresponding initial fits. Also due to time constraints, we were not able to perform CCfC for
the AB aiFF. AA, BB, and AB FFs were used in the final CSPs. All PESs should be hole-free for
all practical purposes (i.e., the remaining holes should be behind high energy barriers). However,
since the CCfC were incomplete or not performed, the relative energies of some local minima may
be less accurate than the RMSEs indicate.

C. Crystal Structure Predictions

Using the optimized geometries of the two conformers (A and B) and the aiFFs (AA, BB, and
AB), rigid-monomer UPACK CSPs were performed in 20 space groups: the 13 default ones plus
P222, P2221, P21212, C2221, Pba2, Iba2, and Pccn (also the variants of P21/c were used), with
Z ′ = 1, 2, 3, and 4. In addition to searching pure crystals of each conformer, a subcategory of
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searches included mixing of A and B conformers in ratios 1:1, 2:1, 1:2, 2:2, 3:1, and 1:3. All searches
used only rigid monomers. To rank the structures, the intermolecular energy contributions from
the SAPT(DFT) potential were combined with a conformer energy penalty of 3.1 kcal/mol from
the isolated molecule DFT calculations for each instance of the higher energy conformer in the
structure (this number is slightly different from that reported in Sec. IV A since it was inadvertently
computed in a different basis set). The 1500 lowest energy structures were submitted.

FIG. 4: Energy vs. KLD Pareto-chart for the mixed conformer 2:1 (Z ′ = 3) search in P21/n.
Structures below the threshold (filter 2) are selected for further unit cell parameter optimization.

The set of all polymorph candidates obtained from UPACK’s CSPs was then processed using
a semi-automated ‘PXRD-based’ screening procedure which allowed consideration of both the
energetic ranking as well as the quality of the fit between simulated and provided PXRD. This
screening procedure involved several stages detailed herein. Individual batches of structures were
organized based on Z ′, conformer type, conformer ratio, and space group used in UPACK’s CSPs.
A batch-wise energy cutoff was used so that the PXRDs were calculated for a manageable set of
<3000 structures per batch. Because the observed PXRD information was provided as a raster
image, a separate treatment with image processing tools [43] was necessary to reconstruct the
peaks using a Gaussian kernel and performing a background subtraction so that the observed
PXRD intensities were represented as functions of 2θ angle. The PXRD similarity measures,
S12 [44] and Kullback-Leibler’s divergence (KLD) [45], were calculated for each structure using
the observed intensities. Screening based on these similarity measures selected a few hundred
candidate structures per batch. Then, an ‘Energy vs. KLD Pareto-chart’ [46] protocol was used to
reduce the number of possible candidates to 30 per batch (see Fig. 4). These structures were then
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subjected to a cell parameter optimization procedure to minimize a cost function based on S12
and KLD. This optimization is a generalized least-squares fitting in which FF interaction energies
are initially used only to hold monomers in place while the cost function is the KLD. After each
iteration, however, monomers’ positions within the unit cell are lattice-energy minimized keeping
the unit cell fixed. The post-fitting value of the cost function is used to identify a possible match
to the observed PXRD. From all random searches, the best candidate was a mixed conformer, with
an A:B ratio of 2:1 (Z ′ = 3) in P21/n (see Fig. 5), ultimately submitted as the rank #4 candidate
on the 10 ranked structures list.

FIG. 5: Visual comparison of PXRD related to the rank #4 structure submission. Patterns are
as follows: A: background-corrected reconstruction of raw observed data; B: reconstruction of the
raw observed data; C: calculated from the submitted structure (after unit cell parameter
optimization); D: calculated from structure as generated (before the unit cell parameter
optimization).

This rank #4 structure was used as the starting point for additional work to identify matching
candidates. Extended variable (EV) coordinates taken from this structure were used as seeding
coordinates for structure searches performed with the EVCCPMRE algorithm [32]. This gave
another candidate in space group P21 which was submitted as rank #2. The structures for the
rank #1, #3, #5, #6, and #7 were constructed manually, optimized with the aiFF potential,
and finally subjected to unit cell optimization using the PXRD cost function described above.
Structures for rank #8, #9, and #10 were other candidates from the optimization of the cell
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parameters to maximize the PXRD overlap that had low cost-function values. Although the 10
ranked submitted polymorphs were using both the cost functions and the lattice energy, all of
them have lattice energies near that of the minimum-energy structure.

D. Results

The analysis of our CSPs performed by the CCDC on the 1500 submitted structures has been
reported as resulting in no matches. This is partly due to changes in the criteria of what constitutes
a match. In fact, polymorph #937 on the submitted list is a pure conformer A crystal (as is the
experimental crystal built of monomers nearly identical to conformer A) with Z ′ = 3, 27 matching
molecules, and RMSD27 = 0.197 Å relative to the experimental crystal (with the distance and
angle tolerances of 35% and 35◦, respectively). These results show that our aiFFs and the CSP
protocol provide reliable predictions. However, the RMSD20 criterion used in previous blind tests
was changed by CCDC to RMSD30 at the stage of evaluating the submissions and therefore this
polymorph has not been considered a success despite being a pretty good match of the experimental
one, in particular due to its very small RMSD. We should state, however, that despite the good
match, the space groups of the two polymorphs were different: Pbcn for #937 and P21/c for the
experimental crystal.

While structure #937 was the closest to the experimental one by the RMSD20 criterion, our
analysis indicates that polymorphs close to the experimental crystal were also found at ranks
66, 75, 303, 367, and 459 in Z ′ = 2 with RMSD20 = 0.285, 0.268, 0.243, 0.243, and 0.281 Å,
respectively. None of these polymorphs matches with 30 molecules, but the highest numbers of
matched molecules are close to 30. The RMSD values (number of matching molecules) are as
follows: 0.328 (27), 0.298 (27), 0.295 (28), 0.291 (28), 0.336 Å (28), respectively.

Obviously, there were no matches in our submission of the 10 ranked structures. Among the
structures submitted on this list, the structures with ranks #1–7, all with Z ′ = 3, are a family
of structurally similar polymorphs that reasonably closely resemble the experimental structure,
as they have RMSD values (number of matching molecules) of 0.284 (17), 0.283 (17), 0.266 (19),
0.382 (18), 0.595 (19), 0.595 (19), 0.711 Å (19), respectively (with 35% distance and 35◦ angle
tolerances). Although the number of matching molecules is smaller than in the case of UPACK-
only CSP results presented above, the PXRD/EVCCPMRE predctions are significant due to the
fact that these polymorphs are ranked high.

E. Post-submission analysis

The overlap of conformer A with the experimental monomer is perfect, with RMSD below
0.001 Å (for conformer B, the RMSD is 1.1 Å). Thus, in hindsight, monomer flexibility was not an
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issue for target XXIX, i.e., rigid-monomer CSPs using only monomers in the conformer A geometry
and Z ′ = 1 − 4 should give as good predictions as flexible-monomer CSPs.

While the match of the structure #937 with experiment was reasonably good, its energy ranking
(not considered by CCDC in the evaluation of the 1500 structures in submission 1) was not. Using
a similar methodology, the rankings of experimental-like crystals in Ref. [4] obtained using only
aiFFs were 16 or better, most at rank 1. To check our procedure, we repeated UPACK CSPs
considering only homogeneous crystals, both for conformer A and B, in Z ′ = 1, 2, and 3. The
results of these CSPs were combined and ranked by lattice energies which in the case of crystals
made of conformer B included the monomer deformation penalty. This combined list included a
pure conformer-A polymorph which is a good match to the experimental polymorph at rank 10 in
Z ′ = 2 with 28 matching molecules and RMSD28 = 0.352 Å. Both polymorphs belong to the P21/c

space group. Although the predicted Z ′ value is different from that of the experimental crystal
and the number of matching molecules is still below 30, this reasonably high lattice-energy ranking
might suggest that some kind of mistake could have been made when sorting the structures for
the submission. The other possibility is that the AB PES included a number of local minima
with energies too large in magnitude, but only by a couple of kcal/mol. Such regions are mostly
not detected by the hole removing procedure of autoPES. If such a potential is used in CSPs,
polymorphs probing these local minima may have low lattice energies despite not resembling the
experimental crystal. This can happen even if a given aiFF is very accurate in the regions of
all minima relevant for predicting correct crystal structures, so that it can achieve a good match
with the experimental structure, but this match can be far on the lattice-energy list. The CCfC
protocol is actually aimed at removing this problem, but due to time restrictions we were not able
to perform it for the AB PES and we made only one iteration for AA and BB. In the submission,
the list included both pure and mixed-conformer crystals and it is possible that some of the latter
had too low lattice energies due to the issue described here. In the post-submission CSPs, we
included only pure crystals.

Another question that we considered in the post-submission analysis is why the PXRD/EVCCP-
MRE refinement of the structures predicted by UPACK resulted in a reduced number of matching
molecules. While we do not have an answer to this question, we acknowledge that challenges
arise for any actionable re-purposing of information from near-miss structures to obtain a correct
experimental structure. Future efforts involving a combination of EVCCPMC [32] and crystal
adiabatic free energy dynamics CAFED [47] may answer these challenges.

As a part of the post-analysis, we have investigated further recycling of structural information
from near-miss structures within the EVCCPMC framework. By “near-miss” (which could also
be called near-hit), we label structures that are false positive, i.e., are not clear negatives, but are
not exactly the correct structures that needed to be identified. In particular, when we have taken
the EV directly from the experimental structure and used to seed the EVCCPMC algorithm, the
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experimental structure was generated with a single EVCCPMC step. Remarkably, if a particular
near-miss EV is used as a seed, then only a small number of EVCCPMC steps are required to
generate structures with similarity scores as high as 29/30 molecules (RMSD29 = 0.167 Å). These
results suggest that a screening procedure that incorporates PXRD similarity measurements is
useful.

V. TARGET XXX

Target XXX was a cocrystal consisting of a small, essentially rigid monomer T (tetram-
etylpyrazine) with 18 atoms and a large monomer C (cannabinol) with 49 atoms. Monomer C
has an essentially rigid main body and a very flexible pentane appendage. In addition to the 2D
structures of the monomers, CCDC provided information that possible stoichiometries C:T are 1:1,
2:1, 1:2, of which two have been observed. The participants were asked to submit 1500 unranked
structures, 100 ranked structures, and a prediction of actual stoichiometries. Target XXX was not
included in stage 2 of 7BT.

A. Conformer search and optimization

The conformer search protocol for system XXX follows the same steps as that of system XXIX.
The top 20 conformations of C generated by the conformer generator and a single conformation of
T were optimized using PBE0 plus D3 and the aug-cc-pVTZ basis set in ORCA-4.2.1. The four
lowest-energy conformations of C were selected as possible candidates for CSPs. These conforma-
tions are within 1 kcal/mol of the global minimum, but geometrically they are quite different due
to the orientation of the pentane appendage with respect to the rest of the molecule. Ultimately,
due to time limitations, the lowest-energy local minimum, which is only 0.25 kcal/mol above the
global minimum, was used for CSPs. The global minimum was deemed unlikely to create opti-
mal crystal packing since the pentane tail is not in the same plane as the aromatic rings. The
conformers used in the aiFF development are shown in Fig. 6.

B. Details of potential energy surfaces

Four aiFFs (TT, TT, CC, and TC) were developed using rigid monomers and applying
SAPT(DFT) with the aug-cc-pVDZ basis set in the MC+BS form with midbond functions. A set
of 672, 5471, and 2463 dimer configurations was used for training the potentials of TT, CC, and
TC, respectively. The converged aiFFs of TT and TC have an RMSE of 0.16 and 0.39 kcal/mol
on the 553 and 1701 dimer configurations in the negative interaction energy region, respectively.
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FIG. 6: Conformers of target XXX used in CSPs.

Both fits were converged and hole-free. Next, we improved the TT aiFF by adding 224 dimers
extracted from the top 20 crystals of the homogeneous T CSP using the CCfC procedure of Ref. 28,
obtaining the TT fit with RMSE of 0.17 kcal/mol on the 769 dimer configurations with negative
interaction energies. The accuracy of the two fits could be validated since the experimental crystal
structure of monomer T is known. The CCfC procedure led to a significant improvement in the
ranking of experimental-like crystal structures of T, i.e., from rank 34 (RMSD20 = 0.161 Å) for
the TT FF to rank 4 (RMSD20 = 0.216 Å) for the TT FF. The latter aiFF was used in CSPs.
Due to time limitations, we were not able to perform CCfC refinements for the fits TC and CC.
In fact, we were not able to fully converge the CC aiFF, which, as a consquence, contained some
holes. This fit has an RMSE of 0.47 kcal/mol on a set of 2885 dimer configurations in the negative
interaction energy region.
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C. Crystal Structure Predictions

For each stoichiometry (1:1, 1:2, and 2:1), the UPACK program suite [4, 29] was used to generate
3000-8000 random structures for both flexible and rigid monomers in each of the 13 common space
groups (UPACK’s default). In the latter case, the conformers from Sec. V A were used. After the
structures were generated, we used a somewhat different protocol for structure optimization than
in other UPACK searches. This protocol consisted of three consecutive steps: (i) using the OPLS-
AA force field [12, 48] with aiFF partial charges for both the intermolecular and intramolecular
interactions, we performed both flexible-monomer and rigid-monomer crude optimizations that
started from the corresponding randomly-generated structures; (ii) using the output from the
previous step (reduced by removal of duplicates), a second flexible-monomer minimization with a
larger cutoff (18 Å) was performed with the same OPLS-AA force field (this means that monomers
treated as rigid so far were allowed to flex; also, in this step only, we used UPACK’s option of
imposing pressure with P = 1 bar); (iii) on the reduced output from step (ii), final rigid-molecule
minimizations with the aiFFS were performed. While the last minimization step assumed rigid
monomers, in general each of the monomers had a different geometry. The polymorphs generated
in each of the three types of searches were ordered by their lattice energies including monomer
deformation penalties relative to the minimum-energy monomer in the intramonomer force field
used. Also, in rigid-monomer searches, monomer energies have to be taken into account since we
consider cocrystals with different stoichiometries. The lattice-energy orderings were used to limit
the number of polymorphs passed from one step to another.

Low-energy structures identified from all these random searches were subsequently used as
seed structures for performing both rigid-monomer and flexible-monomer searches with the EVC-
CPMRE [32] method. EVCCPMRE searches were performed using OPLS-AA with charge as-
signments from the aiFF. A minimum of 3 cycles of EVCCPMRE were performed for each set
of stoichiometries generating 400 structures per space group per cycle. As new global minimum
energy structures were identified across all space groups, the structural information was recycled
as seed EV’s for each successive search cycle. This approach was successful in identifying global
minima that are deeper than and have different geometries from those generated by UPACK, as
well as many low-energy and high-density structures that were not produced by UPACK. The
EVCCPMRE-generated structures were reoptimized keeping monomers rigid in their geometries
from the EVCCPMRE generation and using the aiFF for intermonomer interactions. After adding
proper monomer deformation penalties, a single list of 1500 structures was formed, with the struc-
tures ordered by lattice energies. This list, as well as its subset of 100 top-ranked polymorphs, were
submitted. Our search included three possible stoichiometries, but our list of submitted structures
included only 1:1 and 2:1 C:T stoichiometries, as this was our stoichiometry prediction.
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D. Results

Two polymorphs of the target XXX cocrystal are known. Form A has stoichiometry C:T = 2:1
and exhibits crystallographic disorder in the appendage, leading to forms Amaj and Amin. Form
B has stoichiometry 1:1. Thus, our stoichiometry prediction was correct. However, none of the
polymorphs on our list was close enough to any of the experimental polymorphs to constitute a
successful prediction according to the CCDC criteria.

E. Post-submission analysis

We first analyzed the similarity of the conformers used to develop the aiFFs to the monomers in
the experimental polymorphs. The lowest-energy conformer of tetrametylpyrazine matched very
well with monomers in all forms of the XXX cocrystal: the RMSD was 0.017/0.051 Å for the
A/B forms. The ab initio conformer of cannabinol used in the aiFF developments (conformer 2,
the lowest local-minimum monomer) is significantly different from the cannabinol monomer in the
experimental polymorph B, as depicted in Fig. 7a, with an RMSD of 1.219 Å. However, most of the
differences come from the pentane appendage (this is better visible better if the rings are aligned).
The same conformer matches fairly closely with the monomer in the experimental polymorph Amaj,
see Fig. 7b: the monomer overlap RMSD is 0.421 Å. Again, the majority of the deviation is coming

(a) Polymorph B, 1:1 stoichiometry (b) Polymorph Amaj, C:T = 2:1 stoichiometry

FIG. 7: Overlap of the ab initio conformer of C (the first local-minimum monomer) (green) with
the experimental monomers from polymorphs (a) B and (b) Amaj for target XXX.

from the two terminal carbons of the pentane appendage, which are situated 0.806 and 1.591 Å
away from the equivalent carbon atoms in the experimental monomer. Thus, the conformers used
in the development of aiFFs were reasonably close to experimental monomers.

However, in our set of conformers of cannabinol, there are closer matches than those for con-
former 2, with RMSDs of 0.845 and 0.372 Å, respectively. Thus, one may hope that conformer-
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based rigid-monomer CSPs could be successful for target XXX. To check this, we carried out such
CSPs with conformer 2 as a part of the post-submission analysis. The best prediction was for
the Amaj form with rank 23 and RMSD6 = 2.7 Å. However, the most likely reasons for this poor
match are the shortcomings of the CC aiFF discussed above, so at this point we cannot answer the
question concerning suitability of conformer-based CSPs for target XXX. Similarly, we are unable
to assess the adequacy the OPLS-AA representation of intramonomer interactions in target XXX.

VI. TARGET XXXI

Target XXXI monomer contains 32 atoms. It includes two rings connected by an -SO2-CF2-
bridge. The monomer has three relevant soft degrees of freedom (the two methyl groups are also
rotatable, but these rotations have only a minor effect on crystal structures). The participants
were informed that two polymorphs of the crystal are known and were requested to submit 1,500
unranked structures.

A. Conformer search and optimization

We used Avogadro [5] to create a 3D structure of the monomer from the 2D chemical dia-
gram provided by CCDC and then applied UFF [42] to carry out a preliminary minimization of
the monomer. These two steps were conducted to supply a reasonable initial monomer geometry
to the Conformator program [9]. Conformator constructs ensembles of monomers with differ-
ent geometries utilizing a collection of typical torsion angle data from the Cambridge Structural
Database [49], and then ranks conformations using the empirical FFs from Refs. 50 and 51. With
the maximum number of conformers set to 20, the ‘Best’ option was utilized. The 10 lowest energy
conformers were selected and optimized using the ORCA-4.2.1 [17, 18] package with the PBE [22]
functional plus the D3(BJ) dispersion correction [24] approach and the aug-cc-pVTZ [19] basis
set. The set included two pairs of optical isomers and all conformers were within an energy range
of 3.5 kcal/mol above the global minimum. For the development of the PES, we only used the
global-minimum conformer. Other conformers were used in the crystal structure predictions and
analyzed in the post-submission part.

B. Details of potential energy surface

The PES for the dimer of monomer XXXI was generated with autoPES [1, 2] utilizing
SAPT(DFT) [15] with monomers described by the PBE [22] functional and the aug-cc-pVDZ [19]
basis set in the MC+BS form with midbond functions. The atom-atom functional form of the
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FIG. 8: Global-minimum conformer of target XXXI.

PES is given by Eq. (1). For details of the fitting process, see Sec. I. As stated above, only the
global-minimum conformer was used in the development of the rigid-monomer PES. Atoms with
approximately symmetric environments in the monomer were regarded as equivalent, reducing the
number of atom types from 32 to 18 (see Fig. 8) and, respectively, the required number of free
parameters in the fitting of the PES. The polynomial term in the atom-atom function of Eq. (2)
was truncated at the second order and the 1/r12

ab term was included. In the asymptotic part, only
the Coulomb term and the n = 6 induction-dispersion term were included. A set of 10,672 dimer
configurations in the close range and 12,000 in the long range was used for fitting the PES. The
converged aiFF has an RMSE of 0.16 kcal/mol on the 6605 dimer configurations in the Eint < 0
region. The total number of parameters (NFP) was 378 and the ratio of the total number of the
grid points to the number of free parameters, Ngrid/NFP, was 28. The number of detected minima
in the PES was Nmin = 92.

C. Crystal Structure Predictions

All CSPs for target XXXI were performed with rigid-monomer searches using the UPACK
program suite [4, 29]. For each of the 10 lowest-energy conformers (including optical isomers),
5000 structures were generated with a random search for Z ′ = 1 in each of the 13 most common
space groups (the default of UPACK). The generalized AMBER force field (GAFF) [13] was used
in the first optimization step. The parameters of GAFF were determined with the Antechamber
program package provided by AmberTools20 [52] except for the partial charges which were obtained
for each conformer separately using the RESP approach [30] and the electron density computed
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using Gaussian16 [53] with the aug-cc-pVTZ basis set and the PBE+D3(BJ) functional. Crystal
structure searches were performed for each of the rigid-molecule conformers separately. The initial
minimization was followed by a refinement step employing the aiFF. As stated above, this fit was
developed with a training database containing only the global minimum conformer, but was used
here in its flexibilized form for other conformers. For the final ranking, a conformer energy penalty,
corresponding to the ab initio energy difference between the different conformers relative to the
global energy minimum as determined in section VI A, was added to the intermolecular energy of
each structure to obtain the lattice energy.

D. Results

While the 7BT information provided by CCDC specified that there are two known polymorphs of
the crystal of monomer XXXI, it turned out that one of these polymorphs included crystallographic
disorder involving the fluorine atoms, leading to polymorphs Amaj and Amin. The other polymorph
is denoted by B (there exists also polymorph C, but it has a structure with voids and was not
expected to be found in CSPs). Within our 1,500 submitted structures, the structure with rank
1192 was identified by CCDC as a match to the experimental structure Amin with an RMSD30 of
0.857 Å.

E. Post-submission analysis

We first analyzed the conformers generated by us by comparisons with the experimental
monomers. The global minimum conformer is far from any experimental monomer, with the
smallest RMSD of 1.81 Å (relative to the monomer from the Amin polymorph). This is due to its
fairly ‘closed’ structure, see Fig. 8. Conformers 2 and 4, with ‘open’ structures, are much closer
to experimental monomers. Conformer 4 matches the monomers from experimental structures
B, Amaj, and C with RMSD of 0.16, 0.31, and 0.37 Å, respectively. Conformer 2 matches the
monomer from Amin with RMSD of 0.277 Å. This relation of conformers 2 and 4 to the monomers
from Amin and Amaj, respectively, is expected since the two conformers and the disordered forms
differ by the rotation around the S1-C5 axis (Fig. 8). Since conformers 2 and 4 have small RMSDs
compared to the CCDC acceptance criteria for the crystals, our method of rigid-monomer searches
with low-energy conformers should work reasonably well for target XXXI.

To investigate why our method did not result in more matches, and also why the only match
was so high in rank (ranking was not required by CCDC, but our list was ranked), we repeated
the CSPs replacing GAFF by OPLS-AA with aiFF charges in the crude optimization stage and
using the same aiFF for the final optimizations as in the submission CSPs. First, we performed
CSPs using the rationalized monomer from the Amin polymorph. The rationalization consisted in
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optimizing the X-H bonds using the PBE+D3(BJ) approach and the aug-cc-pVTZ basis set (this
step is needed due to the approximate locations of hydrogen atoms in experimental structures).
These CSPs resulted in the experimental structure ranked as number 2 with an RMSD30 of 0.204
Å. We then repeated the procedures with conformer 2 (the closest match to the monomer from
Amin) and got a match to the Amin crystal with RMSD30 of 0.963 Å at rank 5, a satisfactory
prediction. The same procedures were repeated with the rationalized form of the monomer from
structure B, leading to the prediction of the form B crystal at rank 4 with RMSD30 of 0.241 Å.
Also the crystal Amaj was predicted at rank 2 with RMSD30 of 0.666 Å. Analogous CSPs with
conformer 4 gave Amaj at rank 3 with RMSD30 of 0.630 Å and B at rank 24 with RMSD30 of 0.361
Å. It remains unclear why these structures were not found in our original CSP search.

VII. TARGET XXXII

The target XXXII monomer contained 76 atoms and 11 soft torsional degrees of freedom (not
counting the methyl group). CCDC provided information that eight polymorphs of this crystal
are known. Participants were asked to submit 1,500 unranked structures.

A. Conformer search and optimization

The Avogadro package [5] was used to create an initial 3D structure of target XXXII from the
2D chemical diagram provided by CCDC. This structure was first optimized using GAFF [13] to
obtain realistic bond lengths and angles and then used as the starting point in the genetic algorithm
implemented in Avogadro to generate a set of plausible conformers. Two types of searches were
performed, one energy-based (using GAFF) and the other using the structural RMSD diversity
to score conformers. The energies of the monomers from the latter search were then computed
using GAFF. No optimizations were performed at an ab initio level since it was clear that due to
the highly flexible character of monomer XXXII, the monomer geometries generated in flexible-
monomer CSPs will be significantly different from that of the ab initio equilibrium conformer.

To make sure that monomers with reasonable geometries are used as starting structures in CSPs,
a separate procedure was performed to screen for low-energy conformers. To this end, gas phase
unified free-energy dynamics (UFED) [54–56] simulations were performed using the LAMMPS
package [57] combined with the PLUMED package [10, 11]. GAFF with AM1-BCC partial charges
[58] was selected as the force field. The UFED scheme was used in order to enhance molecular
dynamics (MD) sampling of specified torsional motions. Initial equilibration was performed using
a simulated annealing scheme which gave the ‘closed’ conformer (indexed as the 0 ps simulation
time marker, see Fig. 9). Driven dynamics with different combinations of the eleven monomer
XXXII torsion angles was explored using UFED and any significant conformational mobility was
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tracked by comparing the distributions of the torsion angles. The results of these trials revealed
that only three out of the eleven torsions required enhanced sampling in order to capture the
conformational changes deemed relevant. Most significant was a transition involving a closed and
‘open’ (flat) configurations of the molecule: the open configuration is the transition state between
two more stable closed states (see Fig. 9). This opening and closing was not observed in UFED
simulations where all eleven torsion angles were driven, with simulated annealing or with standard
MD.

FIG. 9: Pathway of target molecule XXXII opening and closing transition observed in gas phase
UFED simulations. The top images represent closed states. An open state at 35 ps (bottom)
represents the transition state configuration between the two closed states (0 ps and 62 ps).
Yellow arrows are used to indicate important angles that were driven.
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B. Details of potential energy surface

The lowest-energy conformer found in the Avogadro search was used in the autoPES package
[1, 2] to develop a 6-dimensional (rigid-monomer) PES. Due to the size of the system, we decided
to use the supermolecular PBE0+D3(BJ) approach [23, 24] with the def2-TZVP [37] basis set and
the counterpoise correction. SAPT(DFT) calculations would have been possible but would limit
the number of grid points. The ab initio interaction energies were fitted by the atom-atom analytic
function of Eq. (1). The polynomial term was truncated at the second order in the expression of
Eq. (2) and the strongly repulsive term (1/r12

ab) was used. Only the Cab
6 /r6

ab terms were included in
Eq. (2). We limited the number of independent atom types by treating chemically-similar atoms
as equivalent, i.e., having the same parameters (see Fig. 10 for the equivalences). This procedure
reduced the number of sites from 76 to 20 and, hence, the number of free parameters in the
fit. The long-range component of the potential was obtained with asymptotic perturbation theory
consistent with SAPT(DFT) using SAPT2020 codes [3, 16] with the same functional and basis sets
for the monomers as in the close-range calculations, assuring a smooth transition. After fitting,
the RMSE for Eint < 0 was 0.48 kcal/mol. Such RMSE is reasonable for molecules of this size,
and the ratio of RMSE to the magnitude of the global minimum energy is only 1.6%. The total
number of grid points Ngrid used was 13,852, and the total number of free parameters NFP was
460, yielding Ngrid/NFP = 30.1.

FIG. 10: Equivalences of atomic sites for monomer XXXII.
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C. Crystal Structure Predictions

All CSPs for target XXXII used flexible monomers (unless noted otherwise). GAFF was applied
as the all-dimensional FF (inter- and intramonomer) in the initial stages of the UPACK search.
In the structure-refinement step, aiFF was applied for intermolecular and GAFF for intramolec-
ular interactions, respectively. An initial set of 1000 structures per space group (Z ′ = 1) was
generated using the quasi-random search scheme of UPACK [29] within 15 space groups: the 13
UPACK default ones plus P21/a and P21/n. While the structures resulting from these random
searches were retained, the majority of structures were generated using the EVCCPMRE algorithm
[32]. Configurations identified from UFED monomer studies, as well as low-energy structures from
the quasi-random UPACK searches were all useful as EVs seed for the EVCCPMRE algorithm.
Because of the large number of torsional degrees of freedom, the XXXII target molecule was
ideal to test flexible-molecule EVCCPMRE structure generation. EVCCPMRE was attempted
for approximately 100 sets of 1000 structures per space group over 15 space groups which yielded
approximately 60,000 raw structures. Feedback of EV structural information from new identified
global minima into the EVCCPMRE algorithm was also performed. The results of separate col-
lections of the EVCCPMRE generated structures over the selected space groups truncated the
pool to 15,000 raw structures (1000 per space group). An analysis of these results shows that
EVCCPMRE yielded a more stable global minimum, as well as better overall coverage of low
energy structures in comparison to the equivalent collection of structures generated using the
quasi-random method. The EVCCPMRE generated structures were appended to the candidates
predicted from quasi-random UPACK searches and screened for duplicates. Unreasonably high
energy structures were eliminated, yielding an intermediate data pool of over 44,000 structures
which were then re-optimized (assuming rigid monomers) using the aiFF described above. For
the ranking, intermolecular lattice energy contributions from the aiFF were combined with the
corresponding GAFF intramolecular component.

D. Results

When experimental crystals were revealed, it turned out that out of the 8 known polymorphs,
only 2 have known crystal structures. Form A exhibits disorder (forms Amaj and Amin) and there
are some issues with form B, see the main text. Also, form B is Z ′ = 2, which makes searches
difficult for such a large and flexible monomer. None of these three polymorphs were found, within
the acceptance criteria, on our list of structures submitted to CCDC. The best matches that we
could find were including only 6 monomers rather than the required 30, with RMSD6 = 1.62, 2.85,
and 3.28 Å for forms B (low temperature), Amaj, and Amin, respectively, with the corresponding
rankings of 543, 418, and 418.
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FIG. 11: Overlay of the form B room temperature experimental structure (green) of target
XXXII with the GAFF/AM1-BCC optimized structure (red).

E. Post-submission analysis

The configuration of the molecule in the room temperature experimental form B was ‘flat’ which
was identified as a high energy transition state from the vapor phase UFED simulations. When
the initial ranking was performed using GAFF, the monomer in the rank #1 structure was also
flat. We have compared the monomers on our submitted lists with those from the experimental
structures and found the lowest RMSDs between the monomers equal to 0.65 (for #87), 0.87 (for
#528), and 0.81 (for #225) Å for forms B, Amaj, and Amin, respectively. These RMSD are actually
reasonably small considering that only the empirical GAFF was used to describe intramonomer
interactions. This is not surprising for the monomer of target XXXII since this molecule is fairly
similar to molecules of the type used in parametrizations of GAFF.

In order to evaluate the quality of our FFs, we performed a lattice-energy optimization with UP-
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ACK starting from the experimental form B (space group P21/c, room temperature). First we used
GAFF for both the inter- and intramonomer interactions. This CSP resulted in a packed structure
and unit cell that was similar to the experimental one, however, the quantitative molecular geom-
etry was fairly different: similarity between the experimental and GAFF optimized structures was
only 13/30 molecules and RMSD13 = 0.581 Å. (GAFF lattice energy is −547.170 kJ/mol, which
gives a relative ranking #163 within the intermediate structure pool of EVCCPMRE/GAFF gen-
erated structures). The overlap of these structures is shown in Fig. 11. While this match is still
below CCDC criteria, it is significantly better than any match on the submitted list. Thus, possible
inadequacies of GAFF cannot explain the latter results. One explanation could be that our search
protocol was unable to find a crystal structure reasonably similar to form B. Another explanation
could be that the final optimizations with aiFF made the structures worse. To check the latter, we
performed a rigid-monomer reoptimization of the GAFF-optimized form B using the aiFF. This
changed the structure insignificantly: RMSD30 = 0.087 Å with respect to the GAFF-optimized
structure. (Interestingly, the rank was better: the lattice energy was −289.855 kJ/mol from aiFF
combined with −220.883 kJ/mol GAFF-based intramolecular component to give −510.738 kJ/mol,
which is a relative rank of #69 within the submitted structures. Note that the two ranks discussed
above cannot be compared). Thus, the aiFF quality is not the reason for the poor predictions.

VIII. TARGET XXXIII

Target XXXIII was a cocrystal consisting of a smaller rigid positive ion of morpholine (16
atoms) that will be denoted by M and a larger negative ion of sulfamethoxazole (27 atoms) that
will be denoted by S. The latter has three relevant flexible degrees of freedom. The approximate
locations of charges were provided: on N in M and on the bridge N in S. The participants were told
that two polymorphs of this system are known and were asked to provide a list of 1500 unranked
structures.

A. Conformer search and optimization

The conformer search protocol for system XXXIII followed the same steps as that for system
XXIX. The top 20 conformations of S and a single conformation of M generated by the conformer
generator were optimized using PBE0 plus the D3 dispersion correction and the aug-cc-pVTZ basis
set with ORCA-4.2.1. The three lowest-energy conformations are within 2 kcal/mol of the global
minimum. The global-minimum conformers are shown in Fig. 12.

Since the developments of aiFFs and the initial CSPs were executed in parallel, another search
for conformers was performed in the CSP thread in order to construct starting structures and to
assign partial charges. The search initially took the conformations from the existing crystal struc-

33



tures of the sulfamethoxazole salts within the CSD structural database [49], refcode: COKROJ
and DARNUI. Subsequently, each conformation was optimized using the HF method in the 3-21G*
basis set [59–62] followed by a Møller-Plesset second-order (MP2) perturbation theory optimiza-
tion in the 6-31G* basis set [59–62]. The Gaussian16 package [53] was used. For the morpholine
cation, the chair and boat conformers were constructed using the Avogadro software [5] and then
optimized in the same way. At the MP2/6-31G* level, the chair conformation is more stable than
the boat conformation by over 4 kcal/mol.

B. Details of intermolecular potential energy surface

We developed three rigid-monomer intermonomer PESs: MM, SS, and MS. In all cases, only
the global minimum conformers were used. Sets of 4500, 10,000, and 13,879 dimer configurations,
respectively, were used for training the potentials. The interaction energies were computed with
SAPT(DFT)/aug-cc-pVDZ in the MC+BS form with midbond functions. The converged MS
aiFF has the RMSE of 1.52 kcal/mol on the 8715 dimer configurations in the region of Eint < 0.
The global minimum of MS has an interaction energy of −108.2 kcal/mol and the magnitude of
interaction energies at the local minima are of the order of 100 kcal/mol, therefore the ratio of
RMSE to the magnitude of the ab initio energy is less than 1.5% at the global minimum and
less than 2% for other relevant dimer configurations in the Eint < 0 region. For MM and SS,
the potential energy is repulsive everywhere (since they are identically charged monomers). The
RMSEs on all points for MM and SS aiFFs are 2.27 kcal/mol and hundreds of kcal/mol, respectively.
The reason for the very large RMSEs in the latter case will be discussed below.

C. Crystal Structure Predictions

During the first stages of flexible CSP searches, the GAFF force field [13] was used for both
intermolecular and intramolecular interactions. The GAFF parameters were assigned using the
Antechamber software as implemented in AmberTools20 [52]. Partial atomic point charges for
this search were determined for both the anion and cation using the RESP charge assignment
scheme with HF/3-21G*//MP2/6-31G* [60–62] in Gaussian16 [53]. For charge assignment for
the sulfamethoxazole anion, both MP2-optimized conformations discussed above were used with
Boltzmann weights at 298 K. The chair conformation was used to assign charges for the morpholine
cation.

Using the GAFF intramolecular and intermolecular parameters, initial flexible-monomer CSPs
were performed using the UPACK program [29] for both Z ′ = 1 and Z ′ = 2 (Z ′ = 1 here
denotes an asymmetric unit containing one cations and one anion), where 30,000 random structures
were generated in each of the 13 UPACK-default space groups. In contrast to other flexible-
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FIG. 12: Global-minimum conformers of target XXXIII.
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monomer searches, we used here the capability of UPACK to perform searches using only selected
intramonomer degrees of freedom: for the sulfamethoxazole anion, only the three flexible torsions
in the bridge were randomly sampled during the search, while the morpholine cation was rigid in
its chair conformation. The generated structures were then clustered using the ‘rundist’ package,
as implemented in UPACK [31]. This package utilizes the radial distribution function of each atom
in the asymmetric unit cell as the clustering criterion. A cutoff tolerance of 0.25 Å was used for
the first round of clustering during the initial structure search, and 0.05 Å was used for the second
round of clustering.

The structures resulting from the GAFF-based flexible-monomer search were then subjected to
tight optimizations with rigid monomers using aiFFs. In general, in each of these structures, the
geometries of monomers were different. Thus, aiFF was used in its flexibilized form.

Since the monomers in the rigid-monomer optimizations were all different, energy from in-
tramolecular contributions has to be added for proper ranking. To address this, single-point en-
ergies of the isolated crystal monomers for the top 3000 structures were computed using PBE0/6-
31G** with D3 dispersion corrections using Gaussian16, and the relative conformational energies
were added to the aiFF intermolecular energies to get the total crystal lattice energy. The list of
1,500 polymorphs from this ranking was submitted to CCDC.

D. Results

There were no matches between polymorphs on our list and the two experimental polymorphs,
forms A and B (one may note that form A, which was initially crystallized before the announcement
of 7BT, could not be crystallized in subsequent experiments, a case of a disappearing polymorph,
see the main text). This poor performance is due to the quality of the SS PES, see below.

E. Post submission analysis

The comparison of the ab initio optimized conformers with the experimental monomers shows
that the cations are essentially identical with RMSDs of 0.016 (0.015) Å for polymorphs A (B).
For the four consecutive energy-ordered anion conformers, the RMSDs are 0.092 (1.026), 1.355
(0.854), 1.079 (0.273), and 0.875 (1.052) Å. Thus, target XXXIII is an example of a crystal with
flexible monomers for which reliable predictions are possible with a conformer-based CSP method.
Unfortunately, our predictions failed due to the poor quality of the SS PES resulting from a flaw
in autoPES: our post submission analysis found that the SS aiFF had ‘holes’. This was due to
the fact that the case of two identically charged monomers was overlooked in the design of the
grid generation and hole-search algorithms of autoPES. In the former algorithm, the density of
grid points decreases as the interaction energy increases, which for purely repulsive same-charge-
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monomer surfaces resulted in insufficient density of grid points at separations important for crystal
structures. The latter algorithm assumes that there are radial minima on the scans of a PES for
fixed mutual orientations of monomers. Since there are no such minima on same-charge-monomer
surfaces, the algorithm was not working properly and in particular was not reporting the presence
of holes. This presence was actually indicated by the very large RMSE for all grid points, but this
sometimes is the case for accurate PESs if a significant number of grid points is generated at very
short intermonomer separations (with closest-contact atoms separated by distances well below the
sum of their van der Waals radii). For the stage 2 of 7BT, the problem was rectified by refitting
the SS aiFF, properly taking its same-charges characteristics into account.
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Supplementary Information 

Group 28 

 

 1, Structure Generation 

 We generated 100000 structures by randomly picking space groups from the given list. 

 The structures were either randomly generated from the scratch or from the mutation of  

 the parent structures (through PyXtal v0.3.5).  

 

 2, Optimization and Ranking 

 For each structure, we first optimize its geometry with the GAFF force field through  

 the CHARMM software, and then refine the energy ranking based on DFTB+  through the  

 ASE software. No DFT energy correction was considered due to high computational cost. 

 

 3. Selection 

 At the final stage of structure selection, we use the PyMatgen StructureMatcher utility 

 to detect the duplicate structures after the removal of hydrogen. The tolerance values 

 are 0.3 Angstrom for site, 0.2 for fractional coordinates, 5 degree for cell angles. 

 

 For target XXVII submission 1, we considered 1500 structures based on energy ranking 

 For target XXIX submission 1, we considered 199 structures based on energy ranking 

 For target XXIX submission 2, we considered 10 structures based on PXRD match from the list of 

submission 1 

 For target XXXI submission 1, we considered 1500 structures based on energy ranking 

 For target XXXII submission 1, we considered 1495 structures based on energy ranking 

 For target XXXIIII submission 1, we considered 1453 structures based on energy ranking 

 

 

 Computational Hardware 

 In-house workstation with 64 cores (Intel(R) Xeon(R) CPU E5-2697A v4 @ 2.60GHz)  


