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The proposed computational method using molecular dynamics
simulation investigating the structural stability and dynamics of the
molecular assembly could predict bulk crystal structures for the
rationally designed bowl-shaped n-conjugated molecules. In addi-
tion, the process of the formation of the columnar assemblies was
reproduced by our simulated annealing simulation.

Novel materials with high functionality and low environmental
load are needed to develop innovative next-generation devices
and realize a sustainable society. For example, organic crystals
are attracting much attention as metal-free carbon-based mate-
rials with unique properties such as flexibility, ferroelectricity,
the bulk photovoltaic effect (BPVE), and the chirality-induced
spin selectivity (CISS)."™ In organic crystals, the crystal struc-
ture and the physical properties are significantly influenced by
the molecular structure. Thus, the synthesis of new molecules
and X-ray crystallography are generally required for the devel-
opment of new organic materials, and these experimental
processes need time and effort. Therefore, the utilization of
computational approaches is necessary for the efficient design
of novel functional molecules.

Computational methods for crystal structure prediction
(CSP) have been developed by many researchers®® and have
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improved significantly in recent years.”” The goal of CSP is to
correctly predict an organic molecule’s crystal structure from its
chemical structure, including its polymorphism. Dispersion
corrected density functional theory (DFT) calculation is widely
used in CSP because it can provide the energies of candidate
crystal structures for a molecule with high accuracy.”™"" How-
ever, it is still difficult to establish a versatile accurate CSP
method due to molecular vibration, solvent effects, thermody-
namic effects considering energy barriers for phase transitions,
and so on."” In the case of organic materials, the properties of
an organic molecule in the crystalline state are important, but
the methods for evaluating the structural stability of the crystal-
line state are still in their infancy.

Molecular dynamics (MD) simulations can analyze the struc-
tural stability of the molecular assembly under constant tempera-
ture and pressure and investigate the dynamics at the atomic or
molecular level. However, a limited number of studies®'* have
reported on the CSP method using MD simulations thus far. Our
previous studies*>'® showed that MD simulations can be used to
investigate molecular thermal fluctuations and structural stability
in the crystal structure of organic semiconductors.

This study proposes a novel method to investigate the
stability of the bulk structures for bowl-shaped n-conjugated
molecules and to predict the crystal structures using all-atom
MD simulation. Moreover, we present the MD simulation
model and method to reproduce the assembly structure from
randomly dispersed molecules.

The simulated molecules were bowl-shaped n-conjugated mole-
cules, subphthalocyanine (SubPc) derivatives.'”'® SubPc deriva-
tives with fluorine substituted for the axial ligand and halogen
atoms substituted at three of the o-positions tend to stack uni-
directionally to form one-dimensional stacked columns.'® As these
SubPc derivatives are chiral, there can be an enantiopure system
and a racemic system in the crystal structure of the SubPc
derivatives (Fig. 1). Recently, it has been reported that the SubPc
derivatives show different crystal structures in which the arrange-
ments of neighboring columns are parallel or anti-parallel
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Fig. 1 Chemical structures of chiral subphthalocyanine (SubPc) deriva-
tives with a schematic illustration of the o-positions of SubPc.

depending on the type of halogen that is introduced and the
chirality of the system (Table S1, ESIT).*° On the other hand, the
SubPc derivative that is unsubstituted in the a-positions shows
herringbone-type assemblies with no columnar structures.>' From
the above, the crystal structures of the SubPc derivatives signifi-
cantly change depending on slight differences in their molecular
structure. Therefore, it is of great importance to gain insight into
the crystal structure of the SubPc derivatives, as they are promising
for optoelectronic applications and attract research interest as
organic polar materials.”

Firstly, MD simulations of SubPc-12H without halogen sub-
stituents were performed for both bulk structures obtained experi-
mentally and those generated virtually: herringbone, parallel
columnar and anti-parallel columnar arrangements. All-atom
MD simulations were performed using the MD program GRO-
MACS 2020.5. The simulations for each system consisting of
nearly 600 molecules were run for 50 ns at several different
temperatures between 100 K and 400 K. The details of the MD
simulation are described in the ESLT The initial structures for
the MD simulation were created using the experimental crystal
structures.’®>' To quantitatively compare the structural
stability for the simulated systems, we analyzed the energy
landscapes from MD simulation results in accordance with
previous studies™® (Fig. 2a and Table S10, ESIf). Since the
molecule exhibits the assembly structure at the low potential
energy and the high density of the energy landscape, Fig. 2a
indicates that the herringbone structure was suitable for SubPc-
12H at each temperature and it corresponds the experimental
results. Actually, the results of MD simulations suggest that the
difference in the van der Waals interaction energies for herring-
bone, parallel columnar, and anti-parallel columnar structures
contribute to the energy gain in the three simulated systems
(Table S2, ESIT).

Furthermore, the stability of the molecular assemblies was
also confirmed by thermal fluctuations of the molecules and
conformational changes of the assemblies. We have carried out
other simulations for several SubPc derivatives in a recent study’
and utilized the methods proposed in that study for the present
study. According to our previous studies,">'®*° the magnitude of
thermal fluctuations was represented by the thermal factor.
Fig. 2b shows the color-coded thermal factor distributions
obtained from the simulations for SubPc-12H. In Fig. 2b, the
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Fig. 2 (a) Energy landscape of herringbone assembly, parallel columnar
assembly, and anti-parallel columnar assembly for SubPc-12H. Plots repre-
sent 100 K (blue), 200 K (green), 300 K (orange) and 400 K (red). (b) Color-
coded thermal factor distributions (A% obtained from MD simulations of (i)
herringbone assembly, (i) parallel columnar assembly, and (iii) anti-parallel
columnar assembly for SubPc-12H. The magnitude of thermal factors is
represented by the color-coded scale bar. (c) PMF profiles of SubPc-12H,
(M)SubPc-3F(a), (P)SubPc-3Cl(a), and (M)SubPc-3Br(a) at 300 K.

colors of blue and red indicate the small fluctuation and large
fluctuation, respectively. An assembly structure in which the
distribution of the thermal factors was uniform, the large
fluctuation of atoms and the distortion packing of molecules
were not observed can be determined to be a bulk stable
structure. As shown in Fig. 2b(ii) and (iii), while the structures
of which the molecules forming parallel and anti-parallel col-
umns were distorted at higher temperatures, the herringbone
assembly structure was stable even with increasing the tempera-
ture. This is consistent with the fact that the column-type
assembly structures of SubPc-12H have not been obtained
experimentally.

In addition, to investigate why SubPc-12H does not form
columnar assemblies, unlike other systems, the free energy
analyses by the potential of mean force (PMF) during the process
of pulling away one of the SubPc derivatives forming the column
were performed. It can be seen that a higher PMF value for a
given column would indicate greater stability. According to our

This journal is © The Royal Society of Chemistry 2025
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previous study,>*”* the PMF for each system was obtained from a
series of umbrella sampling (US) simulations, and the details of
these simulations have been described in the ESI.{ It should be
noted that PMFs obtained from the simulations were large values
because the solvent was not included in the system. A compar-
ison of the calculated PMFs in SubPc-12H and other enantiomers
at 300 K revealed that the PMF in SubPc-12H was significantly
smaller than that of the other three SubPc derivatives (Fig. 2c).
This indicates that SubPc-12H has only a small energy gain by
forming columnar assembly. The lower PMF values observed at
about 0.2 A may be due to the fact that the SubPc molecules were
densely packed in the column and the intermolecular distance
along the column was shorter than that at the minimum of their
interaction energy.

For the SubPc derivatives with bromine as the substituent:
(M)SubPc-3Br(o) and rSubPc-3Br(a), the results of the energy
landscape obtained from MD simulations of bulk assemblies
was shown in Fig. 3a and Tables S4, S5, S11, and S12 (ESIt). It
was confirmed that, for the enantiopure system of SubPc-3Br(o)
which is (M)SubPc-3Br(a), the anti-parallel columnar assembly
observed in the experiments is more stable than other mole-
cular assemblies.

In rSubPc-3Br(a), it has been found that M- and P-type mole-
cules were alternately stacked in the parallel columns by the
experiment (Table S1, ESIt). As shown in Fig. 3, the results of
the energy landscape and thermal factor distributions of rSubPc-
3Br(a) showed that the alternating molecular arrangement in the
parallel columnar assembly was more stable than the other three
assembly structures not obtained by the experiments. To evaluate
the influence of the slight differences in the molecular arrange-
ment in the column on the structural stability of the molecular
assembly, we calculated the PMFs of a SubPc-3Br(cr) molecule
moving away from the single column of the following three types: a
column of (M)-SubPc-3Br(a), a column of rSubPc-3Br(a) with
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Fig. 3 (a) Energy landscapes of herringbone packing structure, parallel

columnar structure, and anti-parallel columnar structure for (M)SubPc-
3Br(a) and rSubPc-3Br(a). The plots represent the following temperatures:
100 K (blue), 200 K (green), 300 K (orange), and 400 K (red). (b) Color-
coded thermal factor distributions (A%) obtained from MD simulations for
the simulated systems of rSubPc-3Br(a) at 300 K. The magnitude of
thermal factors is represented by the color-coded scale bar.
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M- and P-type molecules alternately stacked, and a column of
rSubPc-3Br(a) with M- and P-type molecules randomly stacked.
Fig. S22 (ESIt) shows that the molecular arrangement of the
individual columns had little effect on the energetic stability of
the column formation. Therefore, the main reason why M- and P-
type molecules were alternately stacked in the column of rSubPc-
3Br(a) would not be due to the molecular interactions along the
column, but to those in two-dimensions perpendicular to the
column. It was also confirmed by MD simulations at 300 K for two
bulk systems of rSubPc-3Br(a), consisting of the columns with
alternately stacked molecules and with randomly stacked mole-
cules, respectively. In the system of the column with alternately
stacked molecules, the molecules could be densely packed
without overlapping, whereas the packing of the molecules
randomly stacked in the column of the system was more
sparsely (Fig. S18, ESIf). For rSubPc-3Br(x), the positional
ordering of M- and P-type molecules in the intercolumnar
direction was dominant in forming the parallel column struc-
ture in which these molecules were alternately stacked, with a
secondary effect of the C-H- - -Br hydrogen bonding interaction
in the intracolumnar direction.

On the other hand, in the case of (M)SubPc-3Br(a), the
columns formed by M-type SubPc-3Br(o) were parallel to realize
the dense packing and the intercolumnar C-H- - -Br hydrogen
bonding network as observed in bulk MD simulations (Fig. S19,
ESIT). The fact that the columns in which two different enan-
tiomers were alternately stacked align in anti-parallel for the
racemate while those formed by one type of enantiomer were
parallel, was observed not only for SubPc-3Br(a) but also for
SubPc-3Cl(x) (see Fig. S4, S5, S14, and S15 and Tables S6, S7,
S13, and S14, ESIY).

For rSubPc-3F(o) substituted with fluorine, MD simulations
predicted that the parallel columnar structure could be energeti-
cally and thermodynamically stable, as shown in Fig. S7 and S17
and Tables S9 and S16 (ESIt). It was also shown that there was no
significant differences of potential energy and temperature depen-
dence of the structural stability between random stacking and
alternating stacking of molecules in the column. These predictions
did not contradict with the experimental results that both
(M)SubPc-3F(a) and rSubPc-3F(o) exhibit the parallel columnar
alignment, and the order of the stacking of M- and P-type
molecules in rSubPc-3F(x) is random. Since the van der Waals
radius of F substituted with SubPc-3F(¢) is about the same as that
of H, the introduction of F did not much affect its molecular
packing. As discussed above, the alignment of neighboring col-
umns and the order of the molecular stacking in the column
depends on the molecular packing density in the two-
dimensional plane perpendicular to the column. Therefore,
the small effect of the substitution of F into SubPc on the
two-dimensional molecular packing would not induce the
antiparallel alignment of (M)SubPc-3F(x) and the alternating
stacking in the column of rSubPc-3F(a). For rSubPc-3F(a),
entropy effects may result in the formation of random mole-
cular stacking patterns in the column.

To reproduce the process of the formation of the column
and the assembly of the columns, we performed simulated
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Fig. 4 Snapshot after 20 cycles of SA simulations for (M)SubPc-3Br(a).
Three columns are shown for clarity.

annealing (SA). In order to simplify the system without solvent
effects, the initial structure was 40 molecules were randomly
dispersed in the vacuum with reference to the previous
studies.”®*® The details of the simulation conditions of the
SA process are described in the ESI.f Remarkably, the sponta-
neous formation of four anti-parallel columns was reproduced,
and the obtained structure was similar to the crystal structure of
(M)SubPc-3Br(x) (Fig. 4 and see also ESI,T Movie). This suggests
that the formation of anti-parallel columns causes significant
stabilization for enantiomers of SubPc derivatives partially
substituted with large van der Waals radii halogens. Our results
shows that the SA process using MD simulations can predict the
structure of molecular assemblies in crystals from only the
molecular structure of the target molecule. However, the parallel
columnar structure observed experimentally could not be cor-
rectly reproduced with using the present simulation method.
This is due to the lack of the two-dimensional molecular
interaction network, which could be realized by incorporating
substrates and solvents into the simulation model.

In summary, the present study shows that MD simulation
could evaluate the structural stability of bulk crystal structures
for the rationally designed SubPc derivatives. The analyses of
the atomic thermal fluctuation of the assembly structures and
the free energy of the molecule to form the column structure
quantitatively clarify the influence of the substitution of differ-
ent halogen atoms on the preference of forming the columnar
structure, the columnar orientations, and molecular order in
the column. In addition, reproducing the anti-parallel colum-
nar structure formed by randomly dispersed enantiomers
helped to understand the mechanism of their self-assembly
process. Our proposed method based on MD simulations has a
high potential to predict the existing crystal structure and will
play an important role in the development of CSP.
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