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S1 Computational Details

S1.1 Crystal Structure Generation and Optimisation

CSP was performed using the Global Lattice Energy Explorer (GLEE) package,[1] which uses quasi-

random sampling of crystal packing variables to generate trial crystal structures uniformly distributed

across the lattice energy landscape, followed by rigid-molecule lattice energy minimisation using an

anisotropic atom-atom intermolecular force field. All resulting local energy minima are treated as possible

crystal structures of the molecule.

For a given molecular conformer, we generate quasi-random crystal packings using a Sobol low-

discrepancy sequence to sample molecular positions and orientations, and unit cell lengths and angles

(subject to space group symmetry constraints). Successful trial structures are those that satisfy simple

geometric requirements of avoiding overlap between atomic van der Waals’ radii while maintaining rea-

sonably dense packing (i.e. limiting the volume of the unit cell as a multiple of the molecular van der

Waals’ volume, Vcell ≤ 2.5 × Z × Vmolecule, where Z is the number of molecules in the unit cell).

Space group symmetry is used to reduce the dimensionality of the search space, so that only the

position and orientation of molecules in the asymmetric unit are sampled, with all other molecules in the

unit cell generated by symmetry. In this study, we restrict ourselves to generating crystal structures with

one independent molecule in the asymmetric unit (Z ′ = 1). We sampled the 26 most commonly observed

space groups for organic molecular crystals, listed in Table S1. These space groups cover over 99.4% of

Z ′ ≤ 1 structures in the CSD.

A very small minority of molecules in our set (9 out of 1007) crystallise in uncommon symmetries

whose Z ′ = 1 equivalent structures would not be found in the 26 most common space groups. We elected

to run additional, ad hoc sampling for these molecules only in the space groups that (in conjunction with

an asymmetric unit of Z ′ = 1) could lead to the experimental structure. The additional space groups

and the molecules for which the additional sampling was performed are shown in Table S2.

The space groups were sampled equally, irrespective of their observed frequency in the CSD: quasi-

random structures are generated and lattice energy minimised in each space group until 10,000 successfully

energy minimised crystal structures were found (260,000 crystal structures per molecule). The CSP

process is highly parallelisable, as each crystal structure structure is independent.

Trial crystal that passed geometric checks were lattice energy-minimised in a three-stage process. Non-

electrostatic interactions (principally intermolecular dispersion and exchange-repulsion) were described

by the FIT exp − 6 force field [2, 3], supplemented by fluorine parameters from Williams and Houpt[4]

with F...X heteroatomic interaction parameters derived from combining rules applied to the parameters

for homoatomic interactions: geometric mean values are used for the pre-exponential and dispersion

parameters, and arithmetic mean for the length-scale in the exponential repulsion term.

Firstly, structures were optimised with PMIN [5] with fixed unit cell angles to avoid very acute

unit cell angles being reached during optimisation. The resulting crystal structures were re-optimised

using DMACRYS [3] with a small external pressure of 0.1 GPa to assist with convergence, allowing all

crystalline degrees of freedom (that preserve the space group symmetry) to adjust. Atomic point charge

electrostatics was used in these first two stages. Finally, the resulting structures were re-optimised in

DMACRYS, now using the full set of atomic multipoles and no external pressure to yield the final crystal

structures and their energy ranking on the landscape.

It is commonplace that multiple unique initial configurations optimise to the same local energy min-

imum. We remove these duplicates via a two-step procedure. A initial, fast identification of duplicate

crystal structures was performed by comparing simulated powder X-ray diffraction (PXRD) patterns

(generated in the PLATON package) [6] using a constrained dynamic time-warping approach we have
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employed previously [7], using strict comparison criteria to remove only near-identical structures. We then

further filter this set based on structural comparisons using the COMPACK [8] algorithm as implemented

in the CSD Python API, overlaying 30-molecule clusters of the crystal structures being compared. For ef-

ficiency, only structures within 1.0 kJ mol−1 of lattice energy and 0.05 g cm−3 in density were compared;

structures were considered duplicates if interatomic distances and angles within 30-molecule clusters

matched using distance and angle tolerances of 30% and 30◦ respectively. In both duplicate removal

steps, we choose to retain the lowest-energy representative of a group of duplicate structures.

IUCr Tables Number Short Symbol

1 P1
2 P 1̄
4 P21
5 C2
7 Pc
9 Cc
13 P2/c
14 P21/c
15 C2/c
18 P21212
19 P212121
20 C2221
29 Pca21
33 Pna21
43 Fdd2
56 Pccn
60 Pbcn
61 Pbca
76 P41
86 P42/n
88 I41/a
96 P43212
145 P32
148 R3
154 P3221
169 P61

Table S1: The list of space groups sampled in all CSPs for all molecules in our set, ordered in accordance
with their IUCr Tables number. Note that, due to our CSP workflow requiring asymmetric units of
Z ′ = 1, meaning that the appropriate space group to locate an experimental match is not necessarily the
space group assigned in the CSD (i.e. if the CSD structure has Z ′ < 1).

IUCr Tables Number Short Symbol Compounds
18 P21212 MEGNES
45 Iba2 GEYFOF, NTCHPE
92 P41212 IHEPUG, QEGSOL
110 I41cd NICREW
114 P 4̄21c CUDJIU01, CUMJOJ
122 I 4̄2d JEZZOD

Table S2: The list of uncommon space groups that were additionally sampled on an ad-hoc basis for a
small number of compounds whose experimental crystal symmetries would not be covered by the general
set in Table S1, with the list of compounds for which each space group was included (named according
to their CSD refcode).
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S1.2 Committee Neural Network Potentials

All NNPs that constituted our lattice energy correction were developed with the n2p2 package[9, 10]

and used an input of weighted atom-centred symmetry functions (ACSFs)[11, 12] with a radial cutoff

of 8.0 Å. A total of 64 radial and angular symmetry functions were used per element, with the ACSFs

determined by a CUR decomposition using the data from a large pool of ACSFs calculated on 30,000

randomly selected structures from the CSPs. The neural network architecture of the NNPs consisted

of two hidden layers containing 30 neurons each. In all cases the softplus activation function was used

in the hidden layers. The network parameters were initialised by the Nguyen-Widrow scheme and were

subsequently optimised during training by the Kalman filter method. A 90:10 train:validation split was

used throughout and the parameters from the epoch with the lowest validation energy MAE were selected

following training. For each member of the ensemble the random number generator for initialising the

parameters and splitting the dataset was independently seeded.

The full NNP-corrected CSP landscapes and the NNP model itself are available from DOI:

10.5258/SOTON/D3094.

S1.3 MACE Potentials

For computational efficiency in the geometry optimisations small MACE[13] models were trained con-

sisting of 96 channels, max L of 0, and a radial cutoff of 4.5 Å. The number of message passing layers

was set to 2 and the body-order to 4. The models were trained on total energies and forces with the

ScaleShiftMACE model type and swa strategy. A 90:10 train:validation split was employed and the pa-

rameters were optimised using the ADAM method. Geometry optimisations of CSP structures using the

MACE models were conducted through ASE[14] using the preconLBFGS optimizer and the ExpCellFilter

to allow relaxation of the cell parameters. The optimisations were continued until the max atomic force

was less than 0.005 eV Å−1.

S1.4 Lattice Energy Correction Dataset

The dataset for training the lattice energy correction consists of crystal structures sampled from the CSP

landscapes and the corresponding energy corrections between the FIT+DMA and the B86bPBE+XDM

lattice energies. The energy correction was calculated as follows

∆Elattice = EB86bPBE+XDM
lattice − EFIT+DMA

lattice (1)

Where the B86bPBE+XDM lattice energies are calculated by removing the isolated molecular energy

of all N molecules in the unit cell from the total crystal energy,

EB86bPBE+XDM
lattice = EB86bPBE+XDM

total −
N∑

EB86bPBE+XDM
molecule,i (2)

In all cases the B86bPBE+XDM calculations were conducted using the FHI-aims code[15–17] with a

tight basis set of numeric atom-centred orbitals and total energy and force convergence criteria of 10−6

eV and 10−4 eV/Å, respectively. For the total energy calculations of crystal structures a k-point grid

with spacing of 0.05 Å−1 was used.

The initial dataset was created by randomly sampling 10 structures from each CSP landscape with

relative energy less than 8.0 kJ mol-1. In cases where 10 structures could not be sampled (due to there

being less than 10 structures with relative energies less than 8.0 kJ mol-1), all the low energy structures

were selected. As stated in the main text this initial dataset was partitioned into a training set, an

in-domain test set, and an extrapolation test set. The training and test set contained structures for 891
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compounds while the extrapolation set contained all the sampled structures for 143 compounds. It should

be noted that the datasets for the ML potential contains 23 compounds not present in the CSP results.

This is because these were molecules selected for which the known crystal structures could not have been

matched given our CSP assumptions (limits on space group and Z’); we include them in NNP training

as their landscapes represent plausible Z’=1 structures of molecules observed to crystallise in the CSD

that satisfy our other chemical criteria.

An initial committee of 8 NNPs was trained, and thereafter, we performed two iterations of active

learning on the remaining low energy structures of the training compounds. This involved selecting

the 500 highest uncertainty structures at each iteration and adding them to the training dataset before

retraining the model to update the uncertainties. Using query-by-committee, the uncertainties were

estimated as the standard deviation of the energy predictions of the 8 NNPs. Notably, we converted the

energies and the standard deviations to units of kJ mol−1
√
N

−1
where N is the number of atoms in

the structure. This accounts for difference in the size of the molecules, which is not accounted for by the

conventional units of kJ mol-1 (per molecule). Overall the two iterations of active learning resulted in

an additional 1000 structures being added to the training set. The active learning was terminated after

two iterations since we found that the improvement to the errors on the test and extrapolation sets was

small and thus likely no longer affected the re-ranking of structures significantly.

To assess whether the energy cutoff was limiting the model, we conducted a third iteration of active

learning across all remaining candidates of the training compounds (i.e. without a relative energy cutoff).

However, this did not offer much improvement and even slightly reduced performance on the lowest energy

structures. Consequently, the second iteration model was used in the reported results. The learning curves

over the active learning iterations is presented in Figure S1.

The MACE re-optimised CSP landscapes and the MACE model itself are available from DOI:

10.5258/SOTON/D3094.

S1.5 PBE+D3 Total Energy Dataset

The dataset for training MACE models used in unconstrained geometry optimisations was derived from

the entire lattice energy correction dataset. Specifically, the atom coordinates of 11,325 structures were

randomly perturbed to generate structures with greater conformational diversity. The perturbations

were conducted through the ASE python package[14] using a standard deviation of 0.03 Å. The resulting

structures were then evaluated with DFT using the PBE exchange-correlation functional and D3(BJ)[18]

dispersion correction (PBE+D3) as implemented in vasp[19–22]. For all calculations, a 600 eV cutoff

was set on the planewave basis set and a maximum k-point spacing of 0.05 Å−1 was used.

While models trained solely on rattled CSP structures are robust for unconstrained geometry opti-

misations, we have observed that the predicted relative energies can have high errors. Training a second

iteration model with a dataset augmented by structures optimised with the first iteration model can

reduce these errors significantly. Hence, we applied this here, randomly selecting 5 CSP structures per

compound with relative energies less than 8.0 kJ mol-1 and optimising them with an initial MACE model

trained on the dataset of only rattled structures. Energies and forces were evaluated for these optimised

structures with the same PBE+D3 method and combined with the previous dataset. This procedure

resulted in the second iteration dataset containing 16,271 structures. The second iteration MACE model

trained on this dataset was used in to perform the reported unconstrained geometry optimisations.
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S2 Results

S2.1 Learning Curves of ∆-ML Lattice Energy Correction
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Figure S1: The MAE (left) and RMSE (right) learning curves for the FIT+DMA+∆-ML model on the
(in-domain) test and extrapolation sets. Includes the initial random sampling iteration and 3 iterations
of active learning.

S2.2 Compound Distribution in Training Dataset
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Figure S2: The number of structures for the 30 most prominent compounds in the training set following
the initial sampling and two iterations of active learning (8950 total structures). Notably 4 out of the
top 5 are compounds containing fluorine functional groups.
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S2.3 Lattice Energy Errors
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Figure S3: Lattice energy errors of FIT+DMA for the test (left) and extrapolation (right) sets relative
to B86bPBE+XDM lattice energies.
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Figure S4: Lattice energy errors of FIT+DMA+∆-ML (iteration 3) for the test (left) and extrapolation
(right) sets relative to B86bPBE+XDM lattice energies.
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S2.4 ∆-ML Lattice Energy Corrected Experimental Structure Ranking

0.0
 - 0

.5

0.5
 - 1

.0

1.0
 - 1

.5

1.5
 - 2

.0

2.0
 - 2

.5

2.5
 - 3

.0

3.0
 - 3

.5

3.5
 - 4

.0

4.0
 - 4

.5

4.5
 - 5

.0
5.0

+

Energy Above Global Minimum, kJ mol 1

0

100

200

300

400

500

Nu
m

be
r o

f S
tru

ctu
re

s

FIT+DMA
FIT+DMA+ -ML

0.0
 - 0

.5

0.5
 - 1

.0

1.0
 - 1

.5

1.5
 - 2

.0

2.0
 - 2

.5

2.5
 - 3

.0

3.0
 - 3

.5

3.5
 - 4

.0

4.0
 - 4

.5

4.5
 - 5

.0
5.0

+

Energy Above Global Minimum, kJ mol 1

0

10

20

30

40

50

60

70

80

Nu
m

be
r o

f S
tru

ctu
re

s

FIT+DMA
FIT+DMA+ -ML

Figure S5: Distribution of the experimental structures with the two energy models in terms of energies
above the global minimum for the training compounds (above) and extrapolation compounds (below).
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Figure S6: Distribution of the experimental structures with the two energy models in terms of the number
of lower ranked structures (N lower) for the training compounds (above) and extrapolation compounds
(below).

S3 Molecular Data

Table S3 (presented at end of document for legibility) is the complete list of CSD refcodes for which

matches were sought on our CSP energy landscapes, totalling 1041 distinct crystal structures of 1007

unique molecular species. All entries have a SMILES string (generated using the CSD’s ConQuest
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software) except for 3 systems containing delocalised bonds for which a conventional SMILES string

could not be produced: BDEHAN10, DONTAB, and KOYLIT. The 6 entries which were not located on

our CSP landscapes (i.e. for which no match to experiment was found) are denoted with energy ranks,

RMSD30 values, and numerical ranks of ”None”.

This data is also available in a structured, machine-readable format (CSV file) alongside the optimised

crystal structures (as concatenated CIF files) and lattice energy rankings for each landscape (CSV files)

from DOI: 10.5258/SOTON/D3094.
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