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Rationalising the difference in crystallisability of
two sulflowers using efficient in silico methods†
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Claire S. Adjiman a and Matteo Salvalaglio *b

The molecular structures of the first and second generation

sulflowers, sulflower and persulfurated coronene (PSC), are

remarkably similar: carbon ring structures decorated with sulfur

atoms, without any additional moiety. However, their

crystallisability is starkly different, with sulflower easily forming

well-characterised crystals, but with PSC only resulting in

amorphous forms, despite extensive experimental efforts. Here

this phenomenon is investigated using crystal structure

prediction (CSP) methods to generate plausible structures on the

lattice energy surface for both systems, followed by molecular

dynamics and well-tempered metadynamics to investigate their

persistence at finite temperature. Coherently with experimental

observations the sulflower experimental form emerges as

exceptionally stable under ambient conditions and persists in all

dynamic simulations. However, all PSC structures transition to

amorphous phases when subjected to a small amount of work.

While CSP methods are commonly used to identify a shortlist of

structures that a molecule could plausibly crystallise into, this

work demonstrates, for the first time, the ability of in silico

methods to predict whether a molecule can crystallise into any

structure at all.

1 Introduction

Organosulfur compounds offer applications in several
electronics industries, such as organic field effect transistors1

and semiconductors.2 The development of this field is

essential to produce new and improved functionality, which
typically takes the form of adapting the molecules involved in
the films, either through functionalising with organic groups,
or adapting the backbone of the materials.3 A change in
conjugation or aromaticity for instance, will change the
energy of the frontier orbitals, the interaction of which is
typically the source of the material's function.4 Crystallinity is
another key consideration when designing new materials in
this field, as changes in the arrangement of the molecules
relative to each other can lead to large variations in physical
properties, due to the localisation of frontier orbitals in
organic molecules.

The organic sulfur heterocycle octathio-8-circulene, or
“sulflower”, as seen in Fig. 1A, is a rare example of a
molecule comprised entirely of carbon and sulfur atoms.5 It
was feted to be a potential “electron donor in materials
science applications”, but has not been incorporated into
industry due to the difficulty of preparing thin films.

Therefore, recent studies have examined derivatives and
analogues of sulflower, such as the persulfurated coronene6

seen in Fig. 1B.
Persulfurated coronene represents a “second generation

sulflower”, with extended conjugation, and disulfide bridges,
making it a possible cathode material for lithium-sulfur
batteries, as well as opening possibilities to superconductors,
field effect transistors, and organic photo-voltaics. However,
as previously stated, the crystalline form of the material is
key to its function, and only amorphous forms of the
material have been derived to date.7

This motivated a combined theoretical and experimental
investigation into finding a crystal form of the molecule.
Initially, crystallisation was attempted via solvent and vapour
phase growth methods. Differential scanning calorimetry was
used to detect any crystallisation over a heating and cooling
cycle of a powdered sample of the molecule. When these
methods did not yield any crystalline material, 3D electron
diffraction tomography was used to detect the presence of
microcrystals in the powder. Remarkably, all aggregates
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investigated were entirely amorphous. A theoretical study was
therefore performed to probe the intermolecular interactions
of the molecule. This consisted of electrostatic potential
calculations, force-field-based interaction simulations
between clusters of up to four molecules, and DFT
calculations of the interaction potential landscape between
dimers. All methods revealed a molecule that could only form
interactions with other like molecules that were not
conducive toward crystal growth.7 This work did not however
consider the behaviour of the molecule in a periodic crystal.

Crystal structure prediction (CSP) methods seek to predict
the crystal forms a molecule can take, from as little
information as its molecular diagram,8 and were therefore
considered for investigation of these compounds. The field
has developed over the past two decades, as observed by the
increasing size, flexibility, and complexity of the targets in
the blind tests organised by the CCDC.9 Further, there have
been several examples in the literature of structures that were
predicted computationally being experimentally realised.10

Many CSP methods neglect temperature effects and rank the
structures based on the lattice energy (i.e., at 0 K).8 Low-cost
lattice dynamic models, such as the harmonic and isotropic
quasi-harmonic approximations, are therefore usually used to
estimate the free-energy at different temperatures but assume
no or little variation of the structure with temperature.
Moreover, disorder is not treated as standard, and
comparisons to amorphous phases are not made. As well as
potentially impacting the accuracy of predictions at ambient
conditions, this can lead to overprediction of the likely
polymorphs for a given molecule: due to thermal motion,
minima in the lattice energy landscape characterized by
small barriers can convert to significantly more stable
structures or melt.11–13 In support of this view, it was shown
that the ensemble of configurations explored by a single
polymorph at ambient temperature can correspond to
multiple lattice energy minima.14 For these reasons, the
equilibration of CSP generated structures at 300 K and 1 bar,
has been used as a valuable tool to reduce
overprediction.15,16

Aims

Given the extensive experimental techniques employed in
attempting to crystallise the persulfurated coronene molecule,
it is instructive to consider whether the plethora of
computational tools available to modern crystallographers
could have i) indicated that no crystal structure for this
molecule is feasible, potentially saving the experimental
effort, or ii) identify a “target” crystal structure, that is
feasible, and for which experimental efforts could be tuned,
either through templating,17 high pressure crystallisation,18

desolvation,10,19 or other methods.
With this in mind, CSP methods will be used to generate

plausible structures for the sulflower system as a test case, in
3.1, and the persulfurated coronene molecule, in section 3.1.
In section 3.2, molecular dynamics (MD) and metadynamics
will then be used to verify the persistence of putative
structures at room temperature and pressure.

2 Methods
2.1 Crystal structure prediction

The methodology adopted for CSP follows the approach
described in recent publications.9,20 In both cases, the
molecules were first geometry minimised in the gas phase at
the PBEPBE/6-311+G(d,p) level of theory using Gaussian09,21

and atomic point charges extracted. The global search was
performed using CrystalPredictor II,22 with 500 K
minimisations in the 61 most common space groups,
treating the molecules as rigid and fixed to their gas phase
conformations. Dispersion–repulsion contributions towards
the lattice energy were estimated by using a Buckingham exp-
6 function with the potential parameters for carbon23 and
sulphur24 from the FIT set of Williams and co-workers.
Structures within 20 kJ mol−1 of the global minimum were
clustered using the CSD Python API25 to compute RMSD15

values.26 If two structures were found to have an RMSD15 less
than 0.3 Å, a lattice energy difference of less than 0.2 kJ
mol−1 and a density difference of less than 1.0 kg m−3, the
higher-energy structure was eliminated. Following analysis

Fig. 1 The sulflower (A) and persulfurated coronene (B) molecular diagrams. Blue and yellow spheres represent carbon and sulfur atoms
respectively.
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and clustering, DMACRYS27 was used to refine the 1000
lowest energy structures in each investigation, at the same
level of theory, before a second clustering step using the
same settings. The lattice energies reported in the landscapes
are given per formula unit. The set of structures generated
are referred to as the CSP_0 sets.

2.2 Finite temperature reduction

The 20 lowest energy structures of the two CSP_0 sets were
subjected to the finite-temperature reduction described in
ref. 15 and 16. The 20 structures represent approximately the
5 kJ mol−1 lowest energy structures in both systems, and
include a diversity of structures and all the local
intermolecular environment discussed in section 3.2. The
structures allow an investigation into the crystallisability
propensity of the two molecules, and demonstrate this with a
minimal computational effort. A larger set could be
investigated with finite temperature methods, or at least all
structures within the typical polymorphic range of 10 kJ
mol−1,28 to increase the confidence that no other structures
can be observed.

The limitations of classical forcefields, especially related
to the use of point charges, make the choice of the forcefield
a crucial step in MD simulations and can pose a risk in terms
of both accuracy in evaluating the relative energies and
behaviour of structures at finite-temperature. Within this
work, the general Amber force field29 (GAFF) was used to
describe both molecules as it well replicates the CSP_0 lattice
energies. Moreover, the experimental form I of sulflower did
not exhibit any major distortion after equilibration at 300 K
and 1 bar. Atom types were assigned with the AmberTools
suite30 and point charges with the AM1-BCC model.31

Simulations were performed with the Gromacs MD
package32,33 which requires atoms coordinate files to be
written in the order specified in the forcefield.

The atom's index is then rearranged by transforming
molecules in graphs and applying the VF2 graph match
algorithms34 available in the python library NetworkX.35

Finally, in order to see possible transitions or formation of
orientational disorder in a relative small computational time,
for each crystal, a supercell of at least 200 molecules was
generated. The simulation boxes were chosen to have a nearly
cubic shape, with each cell edge around 4.5 nm.

Atom positions were optimized using the steepest descent
algorithm. Neighbour lists were updated every 10 steps using
the Verlet cutoff scheme. Electrostatic and van der Waals
interactions were calculated using a cutoff of 1.0 nm, while
long-range interactions were treated with the smooth particle
mesh Ewald (PME)32 and Lennard-Jones PME.36 After a first
atom position optimization, LAMMPS was used to relax the
cell parameters (a feature not available in Gromacs), using
InterMol37 to convert the molecular forcefield. A second
energy minimization with Gromacs was performed to take
into account differences between the two packages37 and the
lattice energies recorded.

The equilibration at finite temperature and pressure
consists in a 3 ns simulation in the canonical ensemble at
300 K was performed, followed by a 6 ns run in the
isothermal–isobaric ensemble at 300 K and 1 bar. The
temperature was controlled with the Bussi–Donadio–
Parrinello thermostat38 and simulations were performed
using a 2 fs timestep. The systems were equilibrated at 1 bar
for the first 3 ns using the Berendsen anisotropic barostat39

and then switched to the Parrinello–Rahman barostat40 and a
1 fs timestep for the following 3 ns.

Originally a set of probabilistic structural fingerprints based
on the relative position (in the form of the radial distribution
function), relative orientation and possible conformations, were
used to identify the differences between crystals.15 These are
able to handle molecular motion and supercells of large
dimensions. Being dominated by the strong anisotropic packing
of both PSC and sulflower, the radial pair distribution function
of the molecules' centres of mass is nearly identical for all the
structures within their respective set. Therefore, it cannot be
directly used as part of the structure fingerprint. The main
feature that distinguishes different crystal packings is the
relative orientation of the columns. This is taken as the angle, θ,
between the normal vectors of the planes of each pair of
molecules. In order to distinguish the relative orientation of
molecules belonging to the same column from the first nearest-
neighbour (NN) ones or second NN ones and so on, a two-
dimensional distribution of the relative orientation between
each pair of molecules and radial distribution function was
used for the clustering, as shown in Fig. 2. In the distribution
generation, the simulation box surrounded by 26 translated
images was used, and a distance cutoff of 4 nm to account for
the periodic boundary conditions was applied. A quantitative
comparison between two distributions, pi and pj, is performed
by calculating the Hellinger distance, Hij, as:

Hij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −BC pi; pj

� �r
(1)

where BC(pi,pj) is the Bhattacharyya coefficient, in this case
defined as:

BC pi; pj
� �

¼
ðð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pi r; θð Þpj r; θð Þ
q

drdθ (2)

By calculating Hij for each pair of structures, i and j, the distance
matrix, Δ, was obtained. This was used as input for the density
peaks clustering (DPC) algorithm41 to identify possible
structures that coalesce to the same free energy minima. In each
group, the structure with the lowest potential energy was
selected as cluster center.

Well tempered metadynamics (WTMD) simulations42 were
performed on the cluster centres to sample possible slow
transitions. This introduces a repulsive history-dependent bias
potential that acts in a reduced variables space, called the
collective variables (CV) space, and helps the system to escape
from its initial free energy minima. In this context, the choice of
the CVs is limited to those that do not favour any specific
pathway while being enough computationally efficient to allow
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several WTMD simulations to be computed in reasonable time.
Both PSC and sulflower display a very anisotropic resistance to
stress. When the system is compressed in a direction parallel to
the stacked columnar packings of molecules, the cell does not
tend to fluctuate in size and shape. To efficiently enhances the
anisotropic distortion of the crystal supercells, while
maintaining the generality and computational efficiency
conditions, we used the off-diagonal elements of the simulation
box as CVs. The bias potential is updated every 1 ps with
Gaussians characterized by an initial height of 2 kJ mol−1 and a
width of 0.1 nm for each CV. Simulations are carried on until a
work per molecule equal to 3.0 kJ mol−1 has been performed on
the cell. Following the procedure in ref. 16, to identify phase
transitions along the trajectories, we monitored the distance
RMSD43 with respect to the initial structure. In addition, to
automatically detect transitions between similar geometries not
captured by the distance RMSD, we performed a cluster analysis
every 0.5 kJ mol−1 of work. Finally, structures were ranked
according to their persistence, quantified as proportional to the
work required to induce a transition away from the initial
structure.

3 Results
3.1 Crystal structure prediction

Sulflower. As a test case, for CSP methods on large, sulphur
decorated organic cyclic molecules, sulflower was investigated,
with the methodology outlined in section 2.1. The known
experimental form was identified as the 5th lowest energy
structure, <1.0 kJ mol−1 from the global minimum. The root
mean squared deviation of a cluster of 15 molecules (RMSD15)
from the known experimental structure (CSD Refcode:
CEWGOB), as measured by the Mercury program is 0.56 Å,
whilst the maximum deviation in cell parameters is 6.5%; (b is
16.529 Å in the experimental structure and 17.6106 Å in the
predicted structure), which indicates a good if not exceptional

agreement with experimental data. The polymorphic landscape
is given in Fig. 3A.

Persulfurated coronene. Given the relative success of the
sulflower investigation, it was decided to investigate the difficult
to crystallise persulfurated coronene. The polymorphic
landscape is given in Fig. 3B. The structures predicted to be
viable in the CSP investigation all share the face stacking
morphology predicted by the previous study,7 using dimers. The
CSP study thus indicates there are structures that the molecule
could crystallise into, which are minima on the lattice energy
surface. A recent investigation into the rugosity of crystal
structure's surfaces demonstrated a remarkable relationship
between the roughness of a surface, and the “difficulty” in
realising the crystal experimentally.44 In short: smoother crystals
have lower surface energies, and are therefore easier to nucleate,
so thermodynamically favoured lattices with rougher surfaces
may in fact be more difficult to form, in favour of smoother
ones.45 The normalised crystal rugosity is a simple value to
calculate, (<5 minutes to produce rugosity values for both
landscapes using a script from the Cruz-Cabeza group45 that
makes use of the CSD python API25) and the landscapes are
redrawn in Fig. 4, with the x-axis the normalised crystal rugosity
value. Whilst it is evident that the sulflower experimental form
is one of the most stable predicted structures, as well as being
one of the most easily crystallisable (having a low rugosity
value), the majority of the most stable persulfurated coronene
structures should also be easily crystallisable, so the inability to
form a stable crystal structure is not readily explained by the
kinetics of forming viable nuclei. Investigations at >0 K
temperature are therefore required to discern if any of the
predicted structures remain stable at realistic conditions.

3.2 Finite-temperature reduction

The method described in section 3.2 is applied to the 20
lowest energy structures for both molecules. In both systems,
GAFF tends to overestimate the lattice energy differences

Fig. 2 Fingerprint generation for the experimental structure of sulflower. For each molecule, the center of mass was calculated, and the normal
to the plane defined, by three atoms of the planar molecule. Distances between centers of mass and angles between normal planes were then
used to generate the fingerprint of the structure. For simplicity, a supercell of 72 molecules is shown here, but typical simulation boxes contain
more than 200 molecules.
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between states, affecting the structure ranking. Form I goes
from being the 5th most stable crystal structure in the CSP_0
lattice energy landscape to the 8th using GAFF. On the other
hand, the persulfurated coronene global minimum in the
CSP_0 landscape remains the most stable structure also
using GAFF. In plot 7, in the ESI,† we expand the GAFF
energy minimisation to the two entire CSP sets, showing on
average a good agreement between the two energy models.
The only exception arises in the sulflower set, where
structures with edge–face interactions7 exhibit particularly
low energies using GAFF when compared to the energies
from DMACRYS.

When equilibrating the sulflower and PSC systems at 300
K and 1 bar, some structures develop orientational disorder
or stacking defects. In these cases we noted that while the
columns of parallel stacked molecules are preserved, their
relative orientation and position can vary significantly,
adopting disordered configurations. The presence of defects

in the packing of columnar arrangements of monomers, is
reflected in the probabilistic fingerprints, which display a
variability along the angle θ axis. Orientational disorder is
particularly evident in structures S13 and S15 (shown in
Fig. 5 in comparison with the crystalline form I of sulflower)
where no dominant orientation is present. In the ESI,† we
show the fingerprints for all the structures in the two sets, in
Fig. S1.† Structures with disorder were removed from further
analysis, while the fingerprints of the remaining ones were
used for the clustering analysis. This resulted in 13 unique
crystal configurations for sulflower and 11 for the
persulfurated coronene. Only the cluster centres are
considered for the metadynamics step. At regular intervals of
applied work, we performed a clustering analysis to identify
possible transitions. Upon sampling enhanced structural
fluctuations with metadynamics all PSC crystal cells resulted
in disordered structures, with the global minimum emerging
as the most persistent. This observation indeed suggests that

Fig. 4 Lattice energy landscapes of sulflower (A) and persulfurated coronene (B), against rugosity.

Fig. 3 Lattice energy landscapes of sulflower (A) and persulfurated coronene (B).
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the low persistence of local minima in the lattice energy
landscape is responsible for the low crystallisability of PSC
observed experimentally at normal temperatures and
pressures. On the other hand, sulflower, which can be
routinely crystallised, displays a radically different behaviour.
For sulflower, in fact, upon analysing the trajectories
obtained from metadynamics, we noted that 7 of the 20
structures are persistent throughout the analysis, and do not
melt. In Fig. 6A, these occupy lower energies areas (in blue)
with respect to the disordered states (in red). On the other
hand, PSC crystalline and disordered states overlap in energy
and density, as shown in Fig. 6B. Among the seven surviving
structures of sulflower, we can find the experimentally known
form I, which is nevertheless slightly distorted as a
consequence of the compression of the simulation box along
the cell vector b.

The CV choice was crucial in trying to destabilise the
different structures. An initial attempt was pursued using
density and potential energy as CVs, in line with the previous
studies in ref. 15 and 16. However, enhancing density
fluctuations mainly induces the exploration of states that are
isotropically compressed or expanded with respect to the
starting crystal cell, making it a sub-optimal setup for both
PSC and sulflower as they display an anisotropic resistance to
stress. The off-diagonal elements of the simulation box were
found to be a particularly effective set of CVs for such
systems. In Tables 2 and 3, we summarise the results
obtained for sulflower and PSC, respectively.

Most of the sulflower and all of the PSC structures are
dominated by π–π (or face–face) interactions. Three sulflower
structures (S2, S14 and S16), exhibit S–π (or edge–face)
interactions which have a θ angle around 90°. This local

Fig. 5 Comparison between the crystalline form I (A) and structure S15 (B) which develops orientational disorder. The fingerprints highlight these
two states by showing well-defined peaks around 0° and 45° in the first case and an almost uniform distribution in the second one.

Fig. 6 Potential energies and densities sampled in all the WTMD trajectories of sulflower (A) and PSC (B) sets. Each point corresponds to a single
frame of the trajectory and is coloured based on the distance RMSD. A blue dot represents a state which maintains its initial geometry, while a red
one indicates that a transition has occurred, usually to a disordered structure. These are located at higher energies with respect to ordered
structures in the case of sulflower while no clear distinction between ordered and disordered states is present for PSC.
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dimer configuration appears to be particularly stable
according to simulations with the GAFF forcefield, as the two
lowest energy crystal structures feature this packing. The
random relative orientation that all structures of PSC assume
during WTmetaD implies that intercolumnar interactions are
relatively weak, and indicates that PSC is indeed prone to
convert to amorphous states by losing the ordered packing of
columnar arrangement typical of large conjugated molecules.
These observations agree with the study in ref. 7, in which
DFT calculations at the B3LYP/6-31G(d,p) level have been
performed on both PSC and sulflower dimers. This shows
that while the edge–face and face–face configurations in the
sulflower molecule are almost energetically equivalent, π–π

interactions in the PSC are 5 times stronger than the S–π
ones.

Computational cost. The breakdown of computational
effort is given in Table 1, with jobs typically using AMD EPYC

7742 64-Core Processor or Intel(R) Xeon(R) CPU E5-2620 0 @
2.00GHz Processors. Although only 20 CSP_0 structures were
treated with finite temperature reduction methods, the total
computational expenditure is remarkably small, with the cost
of generating CSP_0 structures roughly half the total in either
investigation. Therefore, given the critical extra information
that can be garnered using finite temperature reduction
methods, it is recommended for use with common CSP
practise, particularly in cases where crystallisability is likely
to be low.

4 Conclusions

Two sulfur decorated carbon ring systems were investigated
using CSP with metadynamics extensions: the sulflower and
persulfurated coronene systems. Sulflower was known to
crystallise, whilst extensive experimental effort had resulted
only in amorphous forms of the persulfurated coronene.
Molecular dynamics and metadynamics allows the
investigation of thermal effects on the CSP sets and in this
investigation they were used to remove 13 of the 20 lowest
energy sulflower structures identified by CSP as “significantly
disordered” under a small amount (kBT at ambient
conditions) of work, whilst the experimental form and 6
others are stable enough to be considered potential crystal
forms of this molecule. However, all of the 20 lowest energy
persulfurated coronene structures converted to disordered
systems under small amounts of work, indicating that the
crystallisation of any form of this molecule would be
impossible. Our study demonstrates that the combination of
CSP and metadynamics could be used to eliminate never-
observed polymorphs from CSP landscapes and, importantly,
to predict whether a molecule is likely to be crystallisable at

Table 1 Approximate computational cost of each stage in each
investigation

Stage
Sulflower CPU cost
(CPUHr)

PSC CPU cost
(CPUHr)

Gas phase
minimisation

300 65

Global search 720 2100
Analysis and
clustering

80 80

Multipole
refinement

4 8

GAFF energy
minimisation

12 8

Equilibration 615 630
Metadynamics 1200 280
Total 2931 3171

Table 2 The energies of the sulflower structures at different steps. The relative energies are expressed in kJ mol−1; in the CSP_0 and energy
minimization (EM) with GAFF steps these are lattice energies, while in the NVT and NPT steps they are an average of the potential energy difference
between a molecule in the crystal and a molecule in vacuum. Structures are ordered based on the work required to transform them during
metadynamics. Structure S20 converts to the S14 geometry in the first steps of metadynamics and no estimation of W was possible

IDs CSP_0 kJ mol−1 EM kJ mol−1 NVT kJ mol−1 NPT kJ mol−1 W kJ mol−1 Resulting state

Form I 0.76 7.09 7.01 10.22 >kBT Stable
S2 0.08 5.43 5.65 0.00 >kBT Stable
S9 1.60 0.59 0.29 5.18 >kBT Stable
S14 2.36 9.85 9.38 0.57 >kBT Stable
S16 2.56 2.35 2.42 1.01 >kBT Stable
S18 2.77 12.18 11.72 6.60 >kBT Stable
S19 2.80 9.93 9.39 9.16 >kBT Stable
S1 0.00 5.67 5.70 10.95 1.88 Disordered
S8 1.40 8.72 8.61 12.51 1.50 Disordered
S12 2.14 8.29 8.09 13.10 0.79 Disordered
S10 1.68 7.41 7.25 9.94 0.74 Form I
S17 2.72 10.51 10.43 10.33 0.46 S14
S20 2.85 10.01 9.72 4.85 0.00 S14
S11 1.70 0.00 0.00 0.61 — S14
S4 0.40 4.94 4.82 6.60 — S18
S7 1.30 9.00 8.86 6.64 — S18
S3 0.18 8.55 8.50 9.04 — S19
S6 0.90 5.59 5.69 9.05 — S19
S13 2.30 10.14 9.34 — — Disordered
S15 2.48 8.56 8.47 — — Disordered
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all. This approach could for instance complement recent
studies that have computationally screened functionalised
helicenes as potential organic semiconductors using CSP
methods on candidates46 with great success; it is proposed
that future sulfur heterocycle fine chemical candidates are
screened for viable crystal structures using the techniques
demonstrated in this article.

5 Data access statement

Data supporting this study are openly available from https://
Zenodo.org at DOI https://doi.org/10.5281/zenodo.6656726.
The PLUMED input files are also accessible via PLUMED-
NEST (https://www.plumed-nest.org), the public repository
for the PLUMED consortium,47 using the project ID:
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