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Abstract

The self-assembly and structure of nanoparticles containing curved polycyclic
aromatic hydrocarbon molecules (cPAHs) are investigated using molecular mod-
elling. These polar fullerene-like molecules are receiving increased attention re-
cently due to the steric and electronic properties caused by the inclusion of five-
membered ring(s) within their hexagonal lattice. In this work, the curPAHIP poten-
tial is extended to describe the interactions between large cPAHs. It is then used
within molecular dynamics simulations to produce nanoparticles containing cPAHs.
Structural and energetic metrics, including diameter, density, intermolecular spacing,
coordination number, alignment angle, radial distance, and energy value, are used
to analyse systems containing cPAHs of different sizes and ratios, and containing
flat PAHs or ions. Homogeneous cPAH particles are more tightly packed than their
flat PAH counterparts, with large cPAHs displaying stacked columnar configurations
absent in nanoparticles containing small cPAHs. Mixing cPAHs of different sizes
disrupts the ordered mesophase and forms a core-shell structure in which the larger
molecules make up the core and the smaller molecules comprise the shell, although
this partitioning is less distinct compared to flat PAHs. In addition, the presence
of flat PAHs and ions within cPAH nanoparticles promotes distinct arrangements
dominated by weak dispersive interactions and strong electrostatic interactions, re-
spectively.

How does

curvature 

impact

self-assembly?

flat aromatics curved aromatics

Highlights:

• Self-assembly is primarily dependent on cPAH size rather than particle size

• Different cPAH sizes disrupt mesophase formation and arrange in a core-shell par-
ticle

• Systems containing cPAHs and fPAHs self-assemble into janus particles

• Cations promote or disrupt particle structure depending on the constituent cPAH
size
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1 Introduction

Curved carbon structures are found in many materials including porous carbons, glassy
carbons, activated carbons [31, 49, 50], and combustion carbons [47]. For example, high
resolution transmission electron microscopy of energy-relevant carbon materials such as
coke and soot shows that a significant proportion (63% for young particles, 28-49% for
mature carbons) of the constituent molecules are curved [47, 81, 86]. This curvature is
predominantly caused by the presence of non-hexagonal rings, such as pentagons, within a
hexagonal lattice [48]. The resulting molecules, known as curved polycyclic aromatic hy-
drocarbons (cPAHs), have steric and electronic properties not present in defect-free carbon
materials containing hexagonal structures only (flat polycyclic aromatic hydrocarbons,
fPAHs). In particular, the curvature redistributes electronic charge in the π-cloud and
causes the molecules to possess a dipole moment due to the flexoelectric effect [46]. This
allows curved molecules to interact in long-range electrostatic interactions not present in
systems containing planar carbon molecules, while still retaining aromaticity and showing
considerable electron delocalisation [22, 27].

These qualities cause the presence of curved aromatic molecules to influence material
structure and properties. Curved molecules increase material porosity [31] and facilitate
stronger adsorbate-adsorbent interactions [46] which, combined with high polarisability
and high surface area, provide enhanced adsorption important for applications such as
carbon sequestration, gas storage, and separation [66]. Curved aromatics also possess a
combination of properties, including surface charge stabilisation, high charge mobility,
significant dipole moment, and small band gap [52] that make them excellent candidates
for applications such as optoelectronic devices, organic semiconductors, liquid crystals,
electrodes, imaging probes, and batteries [61]. For example, integrating corannulene in-
side insulating porous scaffolds allows electronic properties to be tuned and results in
a 10,000-fold conductivity enhancement [60]. Flame-formed carbon nanoparticles show
quantum dot behaviour [44]; quantum dots have shown great promise in bioimaging as
well as photovoltaic and light emitting applications due to their tunability, biocompatibil-
ity, luminosity, and solubility [85].

Accurately describing and characterising the self-assembly and nanostructure of curved
carbon materials is of interest to processes producing these desirable materials and also
more broadly since curvature is easily integrated even when unintended. Many ubiqui-
tous materials, such as combustion-produced pollutants [47], interstellar medium [45],
and graphite synthesised from mesophase pitch, are only fully characterised when the in-
fluence of curvature is understood. In particular, the degree of molecular alignment to
form columnar or stacked structures plays a significant role in the mechanical and elec-
tronic properties of materials, such as high electron transport characteristics desirable for
organic electron devices [80] and the generation of graphisiting material. Previous work
shows that fPAHs assemble in a nanocluster with good molecular alignment, forming an
ordered mesophase [7, 17]. In contrast, the presence of curved molecules appears to con-
tribute to a low degree of molecular ordering in a material [86] and prevent graphitisation
of carbonised material by disrupting the formation of the mesophase [2], but to date no
direct evidence has been provided for this.

Previous work on the structure and properties of materials containing polycyclic aro-
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matic hydrocarbons has focused on fPAHs [18, 28, 32, 58], with less attention given to
cPAHs. Electronic structure calculations show that there are significant interactions be-
tween nested concave-to-convex homogeneous cPAH dimers [13, 73] and, as with fPAHs,
cPAH interactions are dominated by π-π dispersion interactions with weaker contribu-
tions from CH-π electrostatic interactions. That being said, electrostatics are more signif-
icant for cPAH interactions compared to non-polar fPAHs due to their permanent dipole
moments [13, 37]. Different degrees of curvature result in increased or decreased cPAH
dimer strengths, depending on the interplay of geometry and electrostatic effects. Curva-
ture is able to increase interaction strength by decreasing C-C distances for increased
dispersion interactions [41] but very curved molecules can also experience increased
steric hindrance [48, 73] and increased exchange-repulsion that serve to destabilise the
dimer [41, 73].

X-ray crystallography and density functional theory calculations have shown that the
crystal structure of cPAH systems are determined by an interplay of electrostatic and
dispersive forces, but predicting the packed structure of cPAHs is not straightforward.
A molecule’s dipole moment and molecule bowl depth are identified as significant fac-
tors, but do not have clear threshold values that guarantee particular molecular arrange-
ments [24]. In addition, the size [25, 82], curvature [11, 56, 63], rigidity [74, 80], func-
tionalisation [65], and atomic composition [35] of cPAHs are known to influence their
ability to form columnar stacks in solid state. These systems often show large π-π over-
lap and staggered stacked interactions to produce extended π networks enhanced by CH-π
interactions.

Preliminary work of larger molecular systems suggests that the self-assembly of homo-
geneous cPAH clusters is significantly different from similarly sized fPAH clusters [9],
which may be due to the ability of polar cPAHs to engage in electrostatic interactions.
Computational studies show that the binding energies between fPAHs of different sizes
are weaker than those within a homogeneous system containing one molecule size [58].
This heterogeneity decreases the stability of a nanoparticle containing different molecule
sizes and leads to a distinct partitioning in which the larger molecules formed the clus-
ter core and the smaller molecules resided in the outer shell [7]. The extent to which
this nanostructure is also seen within cPAH systems has not yet been investigated, but
dimer calculations suggest that bowl complementarity may produce different behaviour
by enhancing the stability of heterogeoneous cPAHs clusters [13]. Previous work has also
characterised the first solvation shells of fPAHs around an alkali-metal ion [4, 9, 16], but
this has not been well-explored for cPAHs, which would likely self-assemble differently
due to their polarity. It is therefore of great interest to understand how the fundamen-
tal interaction differences in shape and binding behaviour between fPAHs and cPAHs
may influence their self-assembly in homogeneous and heterogeneous nanoparticles. To
date, detailed studies of cPAHs have primarily included electronic structure calculations
or crystal structure experiments, as described above, neither of which provide informa-
tion about intermolecular dynamics and particle nanostructure. Previous work looking at
systems containing cPAHs and fPAHs show the effect of structure on porosity and ad-
sorption [21, 84], but do not evaluate the system dynamics that are crucial to understand
self-assembly and structural properties. In addition, most work does not include the flex-
oelectric effects so long-range dipole-dipole electrostatic interactions are not included.
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The purpose of this work is to explore the self-assembly and internal nanostructure of
clusters containing cPAHs, with the aim of answering the following questions relevant
to carbon scientists: What is the energy and structure of cPAH nanoparticle systems and
how do these differ from systems containing fPAHs? What is the influence of particle
size, molecule size and proportion, and presence of ions or fPAHs? We address these
by extending a force field parameterised for cPAH systems and using it within molecular
dynamics simulations to provide a detailed assessment of cPAH cluster self-assembly.

2 Methods

2.1 Systems

To thoroughly evaluate the self-assembly of nanoparticles containing cPAHs, three differ-
ent molecule types with different sizes and degrees of curvature are considered: a small
fPAH containing seven hexagonal rings (coronene, C24H12), the smallest cPAH, which
contains one central pentagonal ring with five surrounding hexagonal rings (corannulene,
C20H10), and a larger cPAH containing two embedded pentagonal rings based on HRTEM
analysis of early soot nanoparticles [47] (C42H14), all shown in Figure 3. The notation Xy

is used to describe the clusters studied, where X values refer to the molecule type(s) and y
gives the number of each type of molecule within the cluster. The molecule species con-
sidered in this work are referenced using the following letters: corannulene is indicated
as A, C42H14 as B, coronene as C, circumcoronene (fPAH C54H18) as D, and potassium
cation as K. For example, A50B50 indicates a cluster containing 100 molecules, made up
of 50 corannulene and 50 C42H14 molecules.

The influence of particle size, molecule size, molecule curvature, molecule ratio and ion
interactions are evaluated by considering 17 different clusters. Homogeneous clusters
containing 25, 50, 100 and 200 of A and clusters containing 25, 50 and 100 of B are stud-
ied to provide information across molecule and cluster sizes. A series of heterogeneous
clusters each containing 40 molecules of different sizes and proportions (A and B in pro-
portions of 30:10, 20:20 and 10:30 are studied) allows evaluation of heterogeneity effects.
In addition, a heterogeneous cluster containing 50 A and 50 B addresses heterogeneous
cluster size effects. Clusters containing 20 A and 20 C provide insight into the interactions
between cPAHs and fPAHs, and clusters containing 40 A or B with one or two potassium
cations allow investigation into the self-assembly of ion-containing clusters. Snapshot im-
ages of each cluster considered in this work are shown in Figure 3. We should note that in
this work, the terms (nano)particle and cluster are effectively synonymous: a nanoparticle
is a cluster of molecules.

2.2 Force field development

Before any simulations can be conducted, the suitability of an intermolecular potential
must be thoroughly evaluated. The isoPAHAP potential is an all-atom isotropic inter-
molecular description developed for fPAHs [77]. It was developed using high accuracy
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benchmark quantum calculations and has been used in dynamic and stochastic simulations
of fPAH systems [8, 28, 53, 78]. This potential uses fixed atom-centred charges, which
are suitable for fPAHs where electrostatic interactions arise principally from the terminal
groups. It is not able to capture local dipole moments located at strained internal carbon
sites within cPAHs. Therefore we recently developed a new atomic potential for cPAHs,
called the curPAHIP potential [9]. The curPAHIP potential models the increased polar-
ity of cPAHs using a modified molecule description with off-site point charges located
above the pentagonal carbon atoms and optimised potential parameters parameterised to
SAPT(DFT) energies.

Previous work introducing the curPAHIP potential included the cPAH A only. In this
work, we extend the molecular description to include the larger cPAH B and assess the
suitability of the curPAHIP potential for the new systems. Following the parameterisation
method developed for A in Bowal et al. [9], the geometry of B is minimised and massless
charges are added 0.052 nm above each of the pentagonal carbon atoms to match the cal-
culated dipole moment of 5.28 debye [47]. The resulting atomic coordinates and charges
of the minimised B monomer (as well as A) are provided in Supplementary Information
section A.1.

The binding energies of cPAH dimers are calculated to assess the suitability of curPAHIP
in describing systems containing larger cPAHs. Density functional theory (DFT) calcula-
tions performed with the Gaussian 16 software [26] are used to determine the geometry
of cPAH monomers and geometries and energies of cPAH dimers using a methodology
similar to that used by Martin et al. [48] (see Supplementary Information section A.2 for
details). Binding energies are shown for four dimers in Figure 1, compared with inter-
molecular potential curves calculated using the software ORIENT [71]. The energy com-
puted with the isoPAHAP potential is included to highlight the behaviour of a potential,
developed for fPAHs, that does not include the enhanced electrostatics and dispersion due
to the flexoelectric effect and increased polarisability, respectively, and in all cases the
isoPAHAP potential significantly underestimates the binding energy and overestimates
the equilibrium dimer distance. The curPAHIP potential agrees well with the DFT and
SAPT(DFT) results for the A dimer, see Figure 1(a). This is expected since these ab ini-
tio values were used in the parameterisation of the curPAHIP potential [9]. Figure 1(b)
shows that the curPAHIP potential can be extended to cPAH molecules larger than A,
since there is good agreement (within 5% of the dispersion-corrected DFT energies) for
the larger B. In contrast, the isoPAHAP gives a minimum energy value that is 31% smaller
than the DFT calculations. The energies of heterogeneous dimers, containing one A and
one B, are also well captured by the curPAHIP potential, as seen in Figure 1(c) and (d).
The repulsive branch of the curPAHIP potential is slightly shifted to smaller distances
than the DFT values in some cases, which is acceptable since the repulsive branch still
possesses the same mathematical form that has been found to produce appropriate cluster
morphologies [53].

Comparing the DFT and curPAHIP potential results provides insight into the potential
error in structural metrics of molecule arrangements calculated using the curPAHIP po-
tential. The A dimer shows no significant deviation between the methods, which is ex-
pected since these molecule were used in the parameterisation of the potential. For dimers
containing B, there is a slight overall shift of around 0.02 nm between the curPAHIP po-
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tential energies and those calculated using DFT, which provides an estimate of the error
in the intermolecular spacings determined in simulations using the cPAH intermolecular
potential.
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Figure 1: Interaction energy versus separation distance for cPAH dimers determined
from SAPT(DFT) calculations [13], DFT calculations, the curPAHIP poten-
tial, and the isoPAHAP potential. The dimers are as follows: (a) two A, (b) two
B, (c) and (d) one A and one B each.

Figure 1 focuses on sandwich type interactions between cPAH dimers although the nested
dimer with the smaller A on the concave side of the larger B (Figure 1(c)) shows some
T-shaped interaction. The ability of these intermolecular potentials to capture CH-π in-
teractions is further explored with the T-shaped dimers of A and the fPAH C in Figure 2.
We see that these interactions are weaker than their sandwich counterparts but there is
good agreement between the potentials and the electronic structure calculations. The A
dimer in which the molecules interact at the convex surface (Figure 2(a)) shows the same
behaviour as the C T-shaped dimer. In addition, the isoPAHAP and curPAHIP potentials
show similar trends (within 7% of each other) for all T-shaped dimers. This suggests
that the increased interaction strengths and decreased binding distances observed for the
dimer in which the molecules interact at the concave surface (Figure 2(b)) compared to
the dimer involving interactions at the convex surface (Figure 2(a)) are due to sterically-
enhanced dispersion rather than enhanced electrostatic interactions from the flexoelectric
dipole. Importantly, we see that the T-shaped A dimer at the concave surface is stronger
by 10 kJ/mol (over 30% enhancement) than the T-shaped interaction of fPAH C. This
enhanced interaction allows T-shaped interactions to be energetically favoured over sand-
wich interactions when many corannulene molecules are considered, such as in a cluster
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or bulk system.
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Figure 2: Interaction energy versus separation distance for cPAH and fPAH dimers in T-
shaped configurations determined from QCISD(T) calculations [36], DFT cal-
culations, the curPAHIP potential and the isoPAHAP potential. Square brack-
ets indicate the corresponding molecule types for each calculation method. The
T-shaped dimer interactions with (a) the convex surface and (b) the concave
surface of A are compared with the T-shaped C dimer, which is pictured in the
dotted inset.

Further details on the isoPAHAP and curPAHIP potential form and parameters are found
in Supplementary Information section A.3. For simulations considering both fPAHs and
cPAHs in a single cluster, the curPAHIP potential was used to describe the mixed molecule
interactions and simulations. Using the isoPAHAP potential to describe these interactions
showed very similar results.

2.3 Molecular dynamics

Cluster configurations are produced using a multi-step molecular dynamics simulation
process. Clusters are initialised in a mixed configuration, with molecules randomly placed
within a large spherical volume using the PACKMOL software [51]. Excess energy is
removed by an energy minimisation step using the steepest descent algorithm, followed
by the low-memory Broyden-Fletcher-Goldfarb-Shanno method [12].

Replica Exchange Molecular Dynamics (REMD) simulations are used to rapidly pro-
duce equilibrated cluster systems. Modelled after Monte Carlo parallel tempering [33],
REMD is an advanced form of molecular dynamics that involves evaluating simultaneous
isothermal systems, called replicas, across a temperature range [72]. At regular intervals
throughout the simulation, neighbouring replicas are able to exchange spatial information
based on a Boltzmann-weighted temperature dependent probability. This method allows
efficient and rapid sampling of the potential energy landscape of the system since low en-
ergy replicas are able to explore new configurations generated by higher energy replicas.

In this work, REMD simulations are conducted for 3 ns. A large temperature range is
selected to include solid-like and liquid-like particle morphologies. For clusters contain-
ing only A, only B, A and B, and A and C this corresponds to temperature ranges of
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200–800 K, 400–1600 K, 200–1600 K and 200–800 K, respectively. These require be-
tween 27 and 84 REMD replicas to maintain an acceptable replica exchange acceptance.
Further information detailing the replica temperature selection and an assessment of ef-
fectiveness is given in Supplementary Information section A.4. As described in detail in
similar work [7], a flat-bottomed spherical position potential is applied within the REMD
simulations to address complete evaporation of small molecules from the cluster at high
temperatures. Individual 1 ns simulations using classical molecular dynamics (MD) are
then conducted at each desired temperature from the final REMD configurations. No
position potential is implemented for these post-REMD MD simulations.

In the REMD and MD simulations the NVT ensemble, where a constant number of atoms,
system volume and temperature are maintained, is sampled using a chain of 10 Nosé-
Hoover thermostats for temperature control. A velocity Verlet integrator [79] is used to
advance the configuration in 1 fs time steps and all simulations are conducted in vacuo
without periodic boundary conditions. Intramolecular forces are determined using the
OPLS-AA force field [39] for molecular bonds, angles, dihedral and improper dihedral
angles. The curPAHIP intermolecular potential [9] is used to describe interactions be-
tween cPAHs and intermolecular cut-offs are set to 3.0 nm. All minimisation, REMD
and MD simulations are conducted using GROMACS 5.1.4 [1]. Purpose-made scripts are
used to the process the output and the software VMD [34] provides visualisations.

2.4 Structural analyses

A number of different metrics, including density, intermolecular spacing, coordination
number, alignment angle and radial distance, are used to evaluate system structural prop-
erties. All metrics are averaged over the final 500 ps of the post-REMD MD simulation of
the lowest temperature replica (i.e. 3.5–4.0 ns of total simulation time) using a timestep
of 1 ps. Many calculations require the identification of near neighbours for each molecule
within the system. For this, molecules are considered neighbouring if their centres of
mass are within the cut-off radius R for at least half of the 500 ps production period. Un-
less otherwise stated, values of R are selected to allow > 85% of molecules to have at
least one identified neighbour. This results in cut-off radii of RA = 0.7 nm, RB = 0.5 nm,
and RC = 0.5 nm for PAH molecules A, B and C, respectively. The sensitivity of the
cut-off values on calculated cluster properties is discussed in Supplementary Information
section A.5.

Diameter and density values are determined using the solvent-excluded surface of the
cluster calculated using a rolling sphere algorithm [64], as in previous work of fPAH clus-
ters [10, 15]. This provides values that are more accurate than commonly used spherical
approximations since they are directly calculated from the three-dimensional surfaces.
Molecular alignment angles are calculated to provide information on the relative config-
urations of neighbouring molecules within the clusters studied. An alignment angle is
defined as the angle between normal vectors to the central rings (for A this is the pen-
tagonal ring and for B this is the central hexagonal ring) of the neighbouring cPAHs
considered. Supplementary Information Figure A2 provides a schematic of the align-
ment angle between two neighbouring A molecules. A quantitative measure of the degree
of stacking order in the molecular structures is provided through the use of coordination
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numbers (CNs), calculated as the number of near neighbours averaged over each molecule
type. To consider only π-π stacking interactions within this metric, different values of the
cut-off R are selected such that sandwich-type stacked interactions between molecules
are included in the calculations but molecules more than one layer away are excluded.
Equilibrium dimer distances, at which their intermolecular energy is minimised, provide
the cut-off values of RA = 0.4 nm and RB = 0.5 nm used in calculating the coordination
numbers. Radial distance, r, is defined as the distance between a molecule type and the
cluster centre averaged over all atoms and provides insight into the spatial partitioning of
molecule types within a cluster, particularly useful for understanding the self-assembly of
heterogeneous systems. Further information on the calculation of the radial distances and
coordination numbers is provided in Supplementary Information section A.6.

3 Results and Discussion

Figure 3 shows all of the low energy cluster geometries and Table 1 provides a summary
table containing the corresponding structural metrics. The discussion of these results will
be structured around questions in materials and combustion science including:

• Do cPAHs self-assemble into an ordered phase? cPAHs clusters are analysed to
explore the impact curvature has on the development of an ordered mesophase.

• What is the internal nanostructure of cPAH particles? cPAH clusters are eval-
uated with additional metrics (densities, radial distances and energetics) to explore
properties particularly relevant to combustion-generated nanoparticle pollutants and
nanoparticle synthesis.

• How do complex cPAH particles self-assemble? Clusters containing cPAHs with
fPAHs or ions are structurally and energetically analysed to provide insights into
real-world systems such as janus nanoparticles, battery materials and combustion-
generated nanoparticles.

3.1 How do cPAHs self-assemble?

As mentioned, mesophase formation (the molecular alignment of aromatic molecules)
is critical for graphitisation. The intermolecular spacing, coordination number and align-
ment angle values of molecules within homogeneous and heterogeneous clusters of cPAHs
will be compared with similar clusters of fPAHs and experimental systems to provide in-
sights into this question regarding cPAH self-assembly.

Average intermolecular spacing is an important experimental quantity when tracking the
formation of a mesophase and subsequent graphitisation as well as the presence of curva-
ture in combustion carbons [6]. The homogeneous cPAH clusters evaluated in this work
have intermolecular spacings that do not change significantly with cluster size but depend
strongly on the constituent molecule size. Clusters containing A possess an average in-
termolecular spacing of 0.59 nm while clusters containing B have an average spacing of
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Figure 3: Visualisations of the corannulene molecule (A, coloured green), C42H14
molecule (B, coloured purple), coronene molecule (C, coloured orange) and
potassium cation (K, coloured grey), and clusters studied in this work. Ion-
containing clusters are shaded to emphasise the solvation shell surrounding
the ion(s).
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Table 1: Cluster diameter, density, intermolecular energy, average intermolecular spac-
ing, average coordination number (CN), and radial distance (r) of molecules A,
B, and C for all clusters studied in this work.

Cluster Diameter Density Energy Spacing CN rA rB rC

(nm) (g/cm3) (kJ/mol molecule) (nm) (-) (nm) (nm) (nm)

A25 2.36 1.50 -75 0.59 0.01 0.91 – –
A40 2.77 1.49 -82 0.59 0.02 1.07 – –
A50 3.00 1.47 -84 0.60 0.01 1.14 – –
A100 3.79 1.45 -92 0.59 0.00 1.46 – –
A200 4.79 1.45 -97 0.60 0.01 1.85 – –
B25 2.96 1.59 -144 0.44 1.57 – 1.27 –
B40 3.49 1.55 -152 0.45 1.58 – 1.45 –
B50 3.76 1.55 -157 0.45 1.43 – 1.49 –
B100 4.77 1.52 -165 0.45 1.36 – 1.92 –
A10B30 3.31 1.58 -147 0.44 1.04 1.53 1.30 –
A20B20 3.16 1.55 -125 0.44 0.92 1.31 1.20 –
A50B50 4.31 1.52 -135 0.51 0.70 1.85 1.49 –
A30B10 2.98 1.52 -103 0.54 0.74 1.21 1.04 –
A20C20 2.88 1.46 -80 0.43 0.74 1.18 – 1.21
A40K1 2.78 1.49 -88 0.61 0.10 1.06 – –
A40K2 2.79 1.48 -94 0.58 0.20 1.05 – –
B40K1 3.50 1.54 -149 0.46 1.21 – 1.35 –

0.45 nm. This shows that the spacings within homogeneous clusters are controlled by
the molecular composition of the cluster rather than the number of molecules in a cluster.
Intuitively, one would expect the intermolecular spacing to increase with molecule curva-
ture due to steric effects that prevent the molecules from interacting closely, however the
opposite trend is observed. This suggests that these two cPAH molecule types configure
in different arrangements that are not controlled solely by steric effects.

To provide a comparison to reference molecule arrangements, the spacings of cPAH
dimers using electronic structure calculations from Figure 1 are (a) 0.36 nm, (b) 0.42 nm,
(c), 0.44 nm, and (d) 0.46 nm. This shows that the average spacing of A within a homo-
geneous cluster is significantly larger than that of its sandwich dimer. The average inter-
molecular spacing within a single layer of the A crystal structure characterised by X-ray
crystallography is 0.57 nm, suggesting the cluster structure of A likely possesses signif-
icant contributions from CH-π interactions, in which the more positive region at the rim
of one molecule is almost perpendicular to the negative region and the bottom of another
molecule in a T-shaped configuration, rather than tight sandwich interactions. Further
information on the A crystal structure is provided in Supplementary Information section
in the context of providing verification of our analysis calculations A.7. In contrast, the
average intermolecular spacing of a B cluster is similar to that of its sandwich dimer and
similar to the spacing found in crystal structures of similarly curved indenocorannulene
species (0.34–0.37 nm [24]). The intermolecular spacings within clusters containing B
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do not change readily with the cut-off distance used, indicating that B have distinct near
neighbours, for example in a highly stacked configuration. In contrast, A spacings are
strongly correlated to the cut-off distance selected, suggesting that the molecules are not
arranged in structured stacked layers. Intermolecular spacings are reported for a number
of cut-off distances in Supplementary Information Table A3.

The intermolecular spacings within heterogeneous cPAH clusters suggest that both the
molecular ratio and cluster size play a role in the average spacing. This is investigated
further in Table 2, which breaks down the average results by considering the molecule
type contributions to the intermolecular spacing. The interactions between molecules of
the same type maintain spacings similar to those in the homogeneous clusters, so that the
spacings between A are larger than those between B. As in the homogeneous clusters, the
B-B spacings are similar to that of a minimised B dimer and reasonably uniform across
all heterogeneous clusters. Cluster size does not influence the A-A spacing, however the
proportion of A plays a role. The mixed molecule interactions have similar spacings to
those of the larger cPAH suggesting that B promotes the close stacking behaviour of π-
π interactions with A. This is more pronounced in clusters with a higher proportion of
B compared to A and is also cluster-size dependent. The differences between average
spacings for the heterogeneous clusters (for example comparing A20B20 and A50B50) are
therefore observed to be largely due to the number of neighbouring A or B within each
cluster rather than the molecule type intermolecular spacings. This molecule type be-
haviour is likely due to the difference in curvature between these two cPAHs rather than
the molecule sizes alone, since fPAH clusters containing a disparity of molecule sizes do
not possess these differences (for example, a cluster containing 16 molecules each of the
fPAHs C and D has an average spacing of 0.42 nm, with C-C spacings of 0.43 nm, C-D
of 0.40 nm, and D-D of 0.41 nm [7]),

Table 2: Intermolecular spacings within heterogeneous clusters, considering average dis-
tances between molecule types A and B.

Cluster B-B B-A A-A
A10B30 0.43 0.43 0.53
A20B20 0.43 0.41 0.61
A30B10 0.44 0.48 0.58
A50B50 0.44 0.47 0.60

These cPAH cluster intermolecular spacings are higher than those of systems contain-
ing planar carbons. For example, a cluster containing 100 fPAH C molecules [17] has
an average intermolecular spacing of 0.43 nm while the cPAH clusters containing 100
molecules possess spacings between 0.45–0.59 nm. This is especially true for heteroge-
neous clusters, predominantly due to the fact that different fPAH molecule sizes possess
similar spacing values unlike the cPAHs here. In flame-produced soot particles, the inter-
molecular spacings measured using high resolution transmission electron microscopy are
between 0.38 and 0.48 nm, depending on the particle maturity [3, 6]. This range is similar
to the values within found homogeneous and heterogeneous clusters containing B. These
results suggest that clusters containing a significant proportion of A are not complete rep-
resentations of these experimental systems.
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Coordination number values (CNs) provide information on the extent of stacking inter-
actions, which can help explain the intermolecular spacing results by identifying near
neighbour patterns. In particular, this metric shows whether T-shaped interactions (in
which molecules do not possess any near neighbours) or sandwich interactions (in which
each molecule has one or two near neighbours) dominate. The homogeneous A clusters
show an average CN of 0.01 ± 0.01, indicating predominantly T-shaped interactions,
while the B clusters possess a CN of 1.48 ± 0.09, suggesting that they self-assemble
with sandwich interactions. As seen in the cluster snapshots, B interact closely such
that each molecular bowl inserts into the concave surface of its neighbour, allowing each
molecule to possess on average more than one near neighbour in a stacked configuration.
This is very similar to the arrangements of fPAH within clusters (for example, C100 has
an average CN of 1.6 [18]) and cPAH hybrids that form tight stacks [23]. In contrast,
A do not have near neighbours within stacking distance and the molecular bowls do not
pack tightly within each other. As discussed by Liu et al. [44], molecular stacking is an
important factor for the band gap of a PAH nanoparticle.

To further examine the influence of compositional heterogeneity, we compare CNs across
different clusters each containing 40 cPAH molecules in Figure 4. The molecule-specific
CNs within these heterogeneous clusters align with those calculated for homogeneous
clusters. The B within all clusters have CNs above 1, indicating that on average these
molecules have more than one near neighbour in a stacked arrangement. In contrast, all
A have CNs significantly below 1, which shows that these molecules do not arrange in
close stacks. This suggests that the formation of an ordered phase is more likely with
larger cPAHs compared to small species such as A. This molecule type difference, where
smaller molecules possess lower CNs than larger molecules within a cluster, is also seen
in fPAHs (for example, CNs of 2.00 and 1.25 for the C and D, respectively, within a
C16D16 cluster) and is linked to the presence of smaller PAHs on the cluster surface (often
by capping the ends of molecule stacks) compared to the bulk-residing larger PAHs. The
CNs for both cPAH sizes follow the trend A40 < A30B10 < A20B20 < A10B30 (shown with
a solid arrow), illustrating that the addition of B into A clusters increases the degree of
order and stacking.

We also are interested in which molecule types are present as near neighbours within these
heterogeneous systems. We find that the CNs of A have no contribution from A, meaning
that all A stacking interactions come from neighbouring B. The majority of B stacking
interactions come from other B, however some of the interactions are with A in propor-
tion to the molecular ratios within the cluster, shown as insets with horizontal lines in
Figure 4. This highlights that the smaller cPAH A interacts most strongly in the concave
surface of the larger cPAH B, in agreement with calculated DFT dimer energies and our
previous suggestion that interactions between bowl-complementing heterogeneous cPAH
dimers could remove the strict steric constraints limiting the interaction strengths of ho-
mogeneous cPAHs [48].

Figure 5 presents histograms of the molecular alignment angles, illustrating the relative
configurations of neighbouring molecules within the homogeneous clusters studied. It is
again immediately clear that the two molecule sizes behave differently but these trends
are consistent across all cluster sizes considered (additional cluster size plots can be seen
in Figures 6, A1 and A3). The systems containing B (in the top row) show a single
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Figure 4: Molecule type coordination number values for clusters containing 40 PAHs.

significant peak around 20◦. This suggests that nearly all of the molecules interact in a
tilted stack formation, forming one dimensional columns in which the molecule bowls
possess a concave-to-convex alignment with dipole moment vectors nearly aligned. This
small alignment angle provides significant π-π overlap that, within columnar structures,
is identified as a feature of materials with good performance in organic electronic de-
vices. This dominant alignment angle is the same as that observed between a minimised
B dimer (shown as a dashed vertical line), indicating that this is a stable arrangement.
Similar self-assembled structures are observed in crystals containing indenocorannulene
molecules [24] and other highly curved cPAHs that form polar crystals with strong pho-
toluminescence [20]. Neighbouring columnar stacks of B have opposite bowl directions
and weak CH-π interactions provide little interaction between columns. Interestingly, the
columns show significant tilting at their ends such that parallel columns curve to be nearly
continuous, which is not a feature of crystal structures and likely influences cluster surface
properties. fPAH clusters, such as the representative C100 shown in Figure 5, show even
sharper angle peaks, suggesting a strong mesophase formation. However, these peaks are
centred around 0◦ and 180◦, which both correspond to aligned molecular planes (since
the alignment angle calculation uses a normal vector). The variance in the fPAH align-
ment angles are likely from shifted interacting molecular planes as well as small tilting
angles. This π-π stacking arrangement combines with CH-π interactions to produce a
herringbone-like structure within both clusters and bulk crystal fPAHs [42], without the
column curving present in cPAH clusters.

In contrast, clusters containing A (bottom row of Figure 5) show a dominant but broad
peak around 45◦, with smaller wide peaks around 130◦ and 170◦. This agrees with pre-
vious work that shows A do not pack with any long-range order [30, 40, 57, 67, 80] (the
angles found in the crystal structure are shown as vertical dashed lines), with some CH-
π interactions but limited π-π interactions. As seen in the dimer energies, the molecule
shapes enhance the interaction energy of T-shaped dimers in these small cPAHs so that, in
contrast to the preferred stacked structure of fPAHs, this configuration becomes favoured
for extended systems. It is interesting that this bulk molecular arrangement is observed
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even within the small nanocluster systems examined here. The method constraints of this
work highlight that this structure is not due to the rapid bowl inversion dynamics or in-
duced polarities within the system but instead to the molecule size, shape and electrostatic
properties.
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Figure 5: Alignment angle distributions for homogeneous B and A clusters across dif-
ferent cluster sizes, with values for a fPAH cluster containing C included for
comparison. Vertical dashed lines provide the angles found in the crystal struc-
ture (for A) and minimised dimer (for B).

Given that the two molecule types self-assemble with different alignment angles, we ex-
plore how mixing these molecules influences the alignment angle distributions. Figure 6
(second row) shows heterogeneous clusters each containing 40 molecules alongside the
corresponding homogeneous clusters (third row). Additional results from larger clusters
are found in Supplementary Information Figure A3. In all heterogeneous clusters, the
individual molecule alignment peaks align reasonably well with those seen in the homo-
geneous clusters, A crystal structure and B dimer, with the majority of B around 20◦ and
many A around 45◦. There is an additional small B peak around 45◦, indicating some
deviations from columnar stacking that align with the dominant arrangement of A. This is
more pronounced in clusters containing≥50% A, suggesting that A molecules are located
within B columns. The molecule proportions also influence A angles, with shifts towards
lower angles and reduced values around 130◦. The A30B10 cluster shows a distribution
similar to that of the homogeneous A cluster, although the peaks are much broader. As
the proportion of B increases their influence is felt on A so that in the cluster containing
equal ratios of both molecules (A20B20), the A peak at 45◦ is spread out towards 0◦ and
the former 135◦ peak is pushed towards 170◦. In the cluster containing 75% B (A10B30),
the largest angle peak for A aligns with that of B at 20◦. This indicates that A are stacking
in a similar fashion to B, which can be seen in the corresponding cluster snapshot (Fig-
ure 3) where A predominantly interact individually at the ends of B stacks, fitting in the
concave or convex surfaces. Although similar molecule size interactions are observed in
heterogeneous fPAH clusters, these planar aromatics do not self-assemble with different
alignments depending on molecule size and thus heterogeneous clusters show the same

16



highly aligned columnar stacking behaviour as homogeneous clusters, for example shown
in the C16D16 cluster in Figure 6 (top row).

B40
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+K
+

A20B20 A30B10
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A40

Figure 6: Alignment angle distributions for A and B clusters containing 40 molecules.
The third row shows the homogeneous clusters, with red arrows showing
the heterogeneous clusters (second row) and curved arrows indicating ion-
containing clusters (bottom row). Angle distributions for a heterogeneous fPAH
cluster (top row) obtained from Bowal et al. [7] is provided for comparison (C
coloured orange, D coloured blue).

This detailed evaluation of intermolecular spacing, CNs and alignment angles shows that
the self-assembly of cPAHs depends strongly on their molecular geometry and not the
cluster size. Strong CH-π attractions between molecule rims and bowl centres control the
arrangement of A while dipole-dipole attractions and dispersion interactions control the
nanostructure of B clusters. This molecule size dependent structure is observed within
the crystal structures of cPAHs and also influences the behaviour of heterogeneous sys-
tems. Systems containing B show high CNs and low alignment angles, suggesting good
molecular alignment similar to clusters of fPAHs. However, cPAH clusters containing
even small proportions of A disrupt mesophase formation.
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3.2 What is the internal structure of cPAH nanoparticles?

Characterising the internal nanostructure of cPAH clusters provides valuable information
relevant to the formation and composition of combustion-generated nanoparticles as well
as the design of nanoparticles for optoelectronic applications. In this section we will dis-
cuss cluster densities and energies and will use radial distances to consider the partitioning
behaviour of clusters containing different ratios of molecule sizes.

Cluster diameters and densities, reported in Table 1, show that cPAHs form tightly packed
clusters. Homogeneous B clusters possess densities of 1.52–1.59 g/cm3, which is com-
parable to mature graphitised soot particles (1.50–2.08 g/cm3 [38]) although still signif-
icantly lower than graphite (2.09–2.23 g/cm3). Cluster densities for A are between 1.45
and 1.50 g/cm3, higher than that of the A crystal structure (1.36 g/cm3 [57]) and compara-
bly sized fPAH clusters (1.39–1.46 g/cm3 [18]) but still within the range ascribed to young
soot particles (1.12–1.50 g/cm3 [14, 76]). All cluster densities decrease with increasing
cluster size, although this effect is muted for cPAH clusters compared to their fPAH coun-
terparts. The diameter and density values of heterogeneous cPAH clusters are consistent
with simple mixing averages of the analogous homogeneous cPAH clusters, suggesting
that heterogeneity does not cause a dramatic change in the overall cluster shape and pack-
ing.

We are particularly interested in whether cPAHs show the same core-shell partitioning
seen in fPAH systems, where the cluster core consists of the larger fPAHs and the shell
contains the smaller fPAHs, which has been suggested to explain the core-shell nanos-
tructure seen in young combustion carbons [7]. Average radial distances between each
molecule type and the cluster centre are calculated to provide an indication of the molecule
type positioning within each cluster, tabulated in Table 1. For the homogeneous cases, the
two molecule types show similar relative average radial distances at 77–85% of the total
cluster radius, similar to the fPAH clusters (for example, C100 has a value of 77% [18]).
However, in all clusters containing two molecule types A possess larger average radial
distances (located within 80–90% of the total cluster radius) than B (70–80% of the clus-
ter radius). This is indicative of a core-shell structure in which the larger molecules reside
in the cluster core, as seen in fPAH clusters (for example, the average radial distances of
C and D are 89% and 65% of the cluster radius, respectively, for C16D16 [7]).

Although the average radial distances show a core-shell partitioning of molecule sizes, the
distribution of radial distances shows that this radial separation is less distinct for clusters
containing cPAHs compared to similar fPAH clusters. Figure 7 shows that there is signif-
icant mixing of the molecule types within the cPAH clusters and molecules of both types
are present near the cluster centre, regardless of cluster size or molecular ratio. This core-
shell structure confirms that like fPAH clusters, cPAH clusters show the inverse molecular
arrangement compared to that observed experimentally for mature combustion particu-
lates [6], indicating that the core-shell nanostructure arises from carbonisation rather than
physical partitioning of different sized PAHs.

We previously explored the contribution of flexoelectrically polarised aromatics to soot
formation [47] and it follows that long-range dipole-dipole interactions between cPAHs
may allow cPAH clusters to possess increased stability compared to fPAHs. This would
be of particular interest to contexts in which stable PAH nanoparticles are present, such

18



r (nm) r (nm)
0 1 2 3

1

2

1 2 3

0

1

2
A30B10 A10B30

A20B20 C16D16
D

C

F
re

q
u

en
cy

 (
-)

B

A

Figure 7: Normalised atomic radial distance distributions for heterogeneous PAH clus-
ters. The fPAH cluster C16D16 is obtained from Bowal et al. [7].

as combustion and interstellar medium. To address this hypothesis, we present inter-
molecular energies as a function of mass for cPAH and fPAH clusters, shown in Figure 8.
The energies are shown per atom in the system in order to facilitate direct comparison
between systems of different cluster and molecule sizes. It is clear that in all cases the
energy decreases with increasing cluster mass. Homogeneous clusters containing fPAHs
(all coloured similarly here to allow for ease in reading), taken from Chen et al. [18, 19],
show relatively consistent energy trends across molecule sizes from pyrene to circum-
coronene, with heterogeneous clusters, taken from Bowal et al. [7], generally at lower
energies. Clusters containing cPAHs tend to have lower energies than fPAHs, as predicted
based on their increased electrostatic attraction, although this is dependent on cPAH clus-
ter composition. Homogeneous clusters containing B show energies similar to those of
heterogeneous fPAH clusters and A clusters possess lower mass-weighted energies. All
cPAH clusters show significantly lower energies than the corresponding cPAH dimer in-
teractions, which possess energies of −0.93 to −1.28 kJ/mol atom. For reference, the
experimental binding energy of graphite is −3.4 kJ/mol atom with a large range from
−2.4 to −4.8 kJ/mol atom [5].

The effect of heterogeneity in cPAH clusters shows a distinct effect of molecular ratio:
an increased proportion of B in the cluster decreases the energy. When there are equal
numbers of both molecules, the heterogeneous cluster energies reflect those of homoge-
neous A clusters across cluster sizes. However, changing the molecule proportions affects
the cluster energies significantly in that A30B10 possesses a high energy while A10B30 has
a significantly low energy, producing the highest and lowest energy clusters of all the
cPAH clusters evaluated. This suggests that in all heterogeneous cases the presence of B
increases cluster stability if its composition is above 50%.

These energy trends are in agreement with the structural metrics discussed previously, so
that a higher degree of order within the heterogeneous cPAH clusters (increased stack for-
mation as quantified by CNs, for example) corresponds to a greater interaction strength.
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This highlights that the stacking of A within the bowls of B decreases the cluster inter-
molecular energy until a proportion (>50% A) at which the presence of A disrupts B
stacking by inserting within columns instead of only residing between or at the ends of
columns, thereby destabilising the cluster. These stable cPAH particles may present a po-
tential nanostructure of soot particles but the enhanced cPAH-cPAH interactions are not
sufficient to explain their rapid formation in flames.

3.3 How do complex cPAH systems self-assemble?

Many practical applications involve systems that contain many molecule types. Of par-
ticular interest to combustion and materials scientists are cPAH systems that also contain
fPAHs or ions. We investigate relevant representative clusters using all of the metrics
previously discussed to show the influence of different molecule curvatures and ion inter-
actions within cPAH systems.
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3.3.1 Particles containing cPAHs and fPAHs

To evaluate the self-assembly of clusters containing curved and flat PAHs, we consider
A20C20. As seen in Figure 3, this cluster shows a distinct partitioning of the molecule
types in a janus configuration, in contrast to the mixed arrangement seen in homoge-
neous clusters and the core-shell structure seen in heterogeneous clusters containing either
fPAHs or cPAHs. The average intermolecular spacing of 0.43 nm (Table 1) comes almost
entirely from neighbouring C and matches the spacing calculated for a homogeneous C
cluster [17]. This suggests that the fPAH molecules orient in a stacked configuration,
but the constituent cPAHs do not. This is highlighted in a detailed CN evaluation which
shows constituent C have a CN of approximately 1.5 while A have no near neighbours
within a stacked configuration cut-off radius (CN of 0.0), shown in Figure 4. These struc-
tural values agree with the respective homogeneous C and A clusters, as do the molecular
alignment angles (see Supplementary Information Figure A4). The distinct types of local
ordering cause the mixed fPAH and cPAH cluster to produce a janus particle with two
different halves, highlighted by similar molecule type radial distances (see Table 1). This
cluster containing both curved and flat PAHs has an energy similar to that of homogeneous
cPAH clusters, indicating that the mixing of molecule types does not enhance molecule
interaction energy and instead it remains similar to that of the weaker component.

Dispersive and electrostatic interactions dominate the attractive forces between homoge-
neous interactions of fPAHs and cPAHs. However, this mixed molecule system is hin-
dered by sterics and mismatched polarities and thus produces weaker interactions and
a relatively low density. In this way the stronger interactions between like molecules
contribute to a particle system in which the two molecule types are immiscible. Many
material systems, such as coal and soot particles, are seen experimentally to possess both
curved and flat aromatics. These results suggest that when molecule type separation is
not observed in such systems, self-assembly through physical interactions does not con-
trol the molecular structure. For example, covalent bonding between fPAHs and cPAHs
may explain why soot particles do not form janus particles [54, 55]. These results are
also of interest in developing janus colloidal systems where interesting flow dynamics
and self-assembly are predicted [62, 83].

3.3.2 Particles containing cPAHs and ion(s)

We further explore the influence of heterogeneity by considering clusters containing 40
molecules (A or B) and one or two potassium cations. These systems can be directly
compared to homogeneous systems of the same size. Potassium ions are selected be-
cause they are known to interact with cPAHs in systems of interest [68] and, importantly,
because the intermolecular interactions between K+ and cPAHs have already been param-
eterised within the curPAHIP potential [9]. As seen in Table 1, the inclusion of ion(s)
within the cPAH clusters appears to increase the cluster diameter, and thus decrease the
cluster density, slightly.

The cation(s) seems to have an effect on molecular arrangement that depends on the con-
stituent cPAH size. The average CN of the B cluster decreases with the addition of K+

(shown by a dotted arrow in Figure 4), suggesting a disruption of the highly stacked or-
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dering in agreement with an increased intermolecular spacing. Conversely, the A clusters
show increased ordering with a higher CN (dashed arrow in Figure 4) and decreased spac-
ing. This effect increases with the addition of a second cation suggesting that the cation
influence is additive, although the CNs are still lower than those of the B clusters. The
addition of a potassium cation(s) also results in decreased average radial distances for
both molecule types, so that average molecular distance values are around 75% of the to-
tal cluster radius. In agreement with these structural metrics, the presence of cation(s) in
the cluster has opposite effects on cluster energies: B clusters with K+ show an increased
energy, while clusters with A containing K+ showed a decreased energy in proportion
with the number of ions. These differences are shown with black arrows in Figure 8,
again showing that the presence of an ion(s) influences molecular interactions and cluster
structure in different ways depending on the molecule size.

The majority of B within an ion-containing cluster remain in tilted stacks with the align-
ment angle distribution, seen in Figure 6 (bottom row), showing a dominant peak at 20◦.
Unlike the homogeneous B cluster, however, additional angles are present around 55◦

and 135◦. This shows that the addition of a cation causes some disruption to the stacked
structure otherwise seen in homogeneous or heterogeneous clusters containing B. This is
visible in the cluster image in Figure 3, which shows that the B40K1 possesses more short
stacks compared to the long columnar structure of B40. The alignment angle distributions
of A clusters containing K+ are significantly different than the homogeneous and hetero-
geneous cases as well as the crystal structure, with a broadening and splitting of the 45◦

peak, shift and increase of a peak around 110◦, and disappearance of high angles above
140◦.

These quantitative differences suggest that the addition of a cation promotes stacking
within the A cluster and disrupts the existing stacking within the B cluster. This can be
observed in the cluster visualisations in Figure 3, which highlight the atoms immediately
around the cation(s). All clusters show a solvation shell of four molecules around each
cation with the cPAH electron-rich convex surfaces facing towards the cation(s). cPAHs
form a tetrahedral-like formation, called a "flower“ motif in Bowal et al. [9], compared to
the staggered triangular "propeller“ motif adopted by fPAHs around a cation [4]. Steric
effects allow this motif to serve as a seed for the A structure while disrupting the long
stacks otherwise present in B clusters. This indicates that the self-assembly behaviour
around cations depends on the cPAHs considered and so the addition of cations does not
always increase molecular alignment and stability in large homogeneous clusters. These
results also support the idea that a small cluster of 1–5 cPAH can be stabilised as an ionic
nuclei that could contribute to other mechanisms for soot nanoparticle formation [47].

4 Conclusions

Curved carbons are ubiquitous; understanding such systems holds great promise in many
systems and applications such as pollution reduction, novel nanocarbon materials, and
sensors. This work provides a first detailed exploration of the self-assembly of particles
containing cPAHs, examining their nanostructure in homogeneous clusters containing one
molecule type only, heterogeneous clusters containing different cPAH sizes and ratios, and
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complex cPAH clusters containing fPAHs or cations. We extend the previously developed
curPAHIP potential to capture the interactions between large cPAHs and mixed cPAH sys-
tems and allow the simulations necessary for this analysis. This work centres around three
questions in materials and combustion science seeking to understand the ability of cPAHs
to self-assemble into an ordered phase, the characteristics of the internal nanostructure of
cPAH nanoparticles, and the influence of fPAHs and ions within cPAH systems.

We find that the presence of cPAHs generally disrupts mesophase formation, although
the structures formed depend on the constituent cPAHs. Structural metrics, including
intermolecular spacing, coordination number and alignment angles show that the nanos-
tructure of homogeneous cPAH particles is dependent on molecule size but unaffected by
particle size (from 2–5 nm). B form parallel stacked columns similar to fPAHs but with a
distinct tilt in the molecular alignment angles. In contrast, A do not possess short-range
order. Both homogeneous particle systems show similarities to the crystal structures of
comparable cPAHs. Mixing of cPAH sizes influences the structure of a nanoparticle. The
addition of A to a particle containing B serves to enhance the π-π stacking and interac-
tions of A, resulting in lower energy particles. CN and energy values show that B clusters
with some added A (<50%) form stable nanoparticles arranged in molecular stacks that
have stronger intermolecular interactions than homogeneous and heterogeneous clusters
containing cPAHs and/or fPAHs. Regardless of molecular ratio, heterogeneous cPAH
particles show a core-shell type arrangement similar to the partitioning observed in fPAH
particles but less distinct due to bowl complementarity. Particles containing cPAHs and
fPAHs self-assemble into janus particles with minimal interaction between the molecule
types, suggesting that the two molecule types are not miscible and may provide nanopar-
ticles with interesting electronic properties. The addition of cations within cPAH particles
causes the formation of a solvation shell that influences the internal particle structure. A
show enhanced local order extending from the cation(s), while the stacked structure of B
is disrupted due to the cation’s presence.

This work provides a detailed evaluation of the molecular structure of cPAH-based nanopar-
ticles. The systems evaluated are not exhaustive but serve as a guide for how composi-
tion, such as molecule curvature, size, ratio, type and number, influences nanoparticle
self-assembly. This provides insight into the probable arrangement of curved aromatics
within systems of interest to both ubiquitous natural materials and those developed for
applications. Further work to thoroughly develop a fPAH-cPAH intermolecular potential
and test the effect of molecular composition should be done to further explore the forma-
tion and potential applications of semi-polar janus particles containing cPAHs and fPAHs.
In addition, future studies should examine the influence of ion charge, size and number
on these structural properties. The presence of additional atoms within cPAHs should
also be considered since the interactions between curved aromatic molecules containing
heteroatoms, such as oxygen, show increased dimer interactions that provide further elec-
trostatic stabilisation [13].
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A Supplementary Information

A.1 Molecule descriptions

Corannulene (A) geometry (x, y, z in nm) and charges, taken from Bowal et al. [9], are
provided below.

35
CORANNULENE with curPAHIP charges
C 0.103 0.064 0.085 0.020
C 0.093 -0.078 0.085 0.020
C -0.045 -0.112 0.085 0.020
C -0.121 0.008 0.085 0.020
C -0.030 0.117 0.085 0.020
C 0.205 0.129 0.022 0.177
C 0.310 0.049 -0.032 -0.201
C 0.300 -0.090 -0.032 -0.201
C 0.187 -0.156 0.022 0.177
C 0.143 -0.279 -0.032 -0.201
C 0.007 -0.313 -0.033 -0.201
C -0.090 -0.225 0.022 0.177
C -0.242 0.016 0.022 0.177
C -0.296 -0.103 -0.032 -0.201
C -0.222 -0.222 -0.032 -0.201
C -0.280 0.142 -0.031 -0.201
C -0.190 0.250 -0.031 -0.201
C -0.059 0.235 0.023 0.177
C 0.049 0.310 -0.032 -0.201
C 0.178 0.258 -0.032 -0.201
H -0.221 0.345 -0.072 0.133
H 0.031 0.408 -0.072 0.133
H 0.259 0.317 -0.073 0.133
H 0.398 0.097 -0.072 0.133
H 0.380 -0.149 -0.075 0.133
H 0.215 -0.348 -0.073 0.133
H -0.024 -0.408 -0.074 0.133
H -0.265 -0.312 -0.073 0.133
H -0.396 -0.103 -0.074 0.133
H -0.378 0.155 -0.073 0.133
X 0.103 0.064 0.132 -0.063
X 0.093 -0.078 0.132 -0.063
X -0.045 -0.113 0.132 -0.063
X -0.121 0.008 0.133 -0.063
X -0.030 0.117 0.133 -0.063

The following atomic coordinates (in nm) and charges are used in this work for the C42H14
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molecule (B).

66
2PENT15RING MOLECULE with curPAHIP charges
C -0.200 0.000 0.135 -0.309
C -0.317 0.000 0.043 0.425
C -0.365 -0.132 -0.016 -0.126
C -0.126 -0.124 0.159 0.041
C -0.126 0.124 0.158 0.041
C 0.014 0.124 0.176 0.070
C 0.093 0.000 0.174 -0.190
C 0.014 -0.125 0.177 0.070
C 0.065 -0.244 0.122 -0.117
C -0.486 -0.127 -0.098 -0.225
C -0.543 0.000 -0.139 0.010
C -0.486 0.127 -0.096 -0.225
C -0.365 0.131 -0.016 -0.126
C -0.277 0.252 -0.001 0.253
C -0.162 0.242 0.091 -0.109
C -0.044 0.318 0.073 0.039
C 0.065 0.244 0.122 -0.117
C 0.197 0.251 0.059 0.008
C 0.282 0.128 0.056 0.150
C 0.229 0.000 0.111 0.038
C -0.029 0.421 -0.031 0.157
C 0.110 0.463 -0.060 -0.365
C 0.219 0.365 -0.036 0.346
C -0.154 0.458 -0.100 -0.163
C -0.275 0.373 -0.088 -0.210
C 0.284 -0.130 0.058 0.150
C 0.198 -0.252 0.060 0.008
C 0.401 0.126 -0.034 -0.116
C 0.347 0.366 -0.109 -0.392
C 0.435 0.249 -0.107 -0.017
C 0.220 -0.365 -0.036 0.346
H -0.526 0.219 -0.137 0.128
H -0.629 0.001 -0.205 0.090
H 0.369 0.449 -0.175 0.162
H 0.127 0.540 -0.134 0.161
H -0.153 0.535 -0.176 0.116
H -0.356 0.391 -0.157 0.133
C 0.402 -0.128 -0.032 -0.116
C 0.473 0.000 -0.054 -0.115
C 0.352 -0.369 -0.100 -0.392
C 0.437 -0.250 -0.105 -0.017
C -0.278 -0.253 0.001 0.253
C -0.162 -0.243 0.092 -0.109
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C -0.044 -0.318 0.072 0.039
C -0.030 -0.418 -0.035 0.157
C 0.109 -0.458 -0.067 -0.365
C -0.280 -0.378 -0.079 -0.210
C -0.156 -0.455 -0.103 -0.163
H -0.363 -0.398 -0.146 0.133
H -0.153 -0.525 -0.186 0.116
H -0.527 -0.218 -0.140 0.128
H 0.126 -0.534 -0.142 0.161
H 0.376 -0.453 -0.165 0.162
H 0.520 -0.246 -0.173 0.104
H 0.558 -0.001 -0.121 0.129
H 0.523 0.248 -0.171 0.104
X -0.132 0.148 0.204 0.044
X -0.170 0.266 0.137 -0.107
X -0.051 0.340 0.119 0.041
X 0.060 0.267 0.169 -0.115
X 0.008 0.148 0.223 0.072
X -0.050 -0.341 0.118 0.041
X -0.169 -0.267 0.138 -0.107
X -0.132 -0.148 0.205 0.044
X 0.060 -0.267 0.168 -0.115
X 0.009 -0.148 0.223 0.072

In both molecules, the element X represents the virtual massless atoms used to describe
the flexoelectric effect, which are held above and parallel to the pentagon ring using in-
tramolecular forces.

A.2 Density Functional Theory

Density functional theory calculations are used to determine the geometry of cPAH monomers
and geometries and energies of cPAH dimers in order to assess the atomic and intermolec-
ular descriptions employed in this work. The B97-D functional [29], a hybrid functional
with an empirical dispersion correction, is used in this work. Geometry optimisations are
carried at the B97-D/6-311G(d,p) level of theory with frequency calculations to ensure
suitable minima are found, and subsequent single point calculations use B97-D/cc-pVTZ,
with basis set superposition error corrections. These functional and basis sets were se-
lected since they provide good agreement (within 4%) with benchmark CCSD(T) [37]
and SAPT(DFT) [13] calculations of small cPAH molecules. The Gaussian 16 software
is used for all DFT calculations [26].
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A.3 Intermolecular potentials

The isoPAHAP and curPAHIP potentials take the following form,

Uab = K exp [−αab (Rab−ρab)]−

[
1− exp(−βRab)

6

∑
k=0

(βRab)
k

k!

]
C6,ab

R6
ab

+
qaqb

Rab
, (A.1)

where the first term is the short-range term in the Born–Mayer form, the second term is
the dispersion term damped by the Tang-Toennies damping function [75] and the third is
the point charge electrostatic term. U denotes the interaction energy between atom a and
atom b, K sets the energy unit of this term and is taken as 0.001 hartree in this work, α is
the hardness parameter in the Born–Mayer term, Rab is the atom-atom separation where a
and b denote atomic sites within a molecule, ρab is a shape parameter, β is the damping
coefficient, C6,ab is a dispersion coefficient, and q is the atomic point charge. Further
details about the parametrisation and form of the isoPAHAP potential can be found in
Totton et al. [77].

Table A1 provides the parameters of the curPAHIP intermolecular potential.

Table A1: Parameters of curPAHIP in a.u.

Atom pair ρ α C6

C C 5.6563 1.8783 30.282
C H 4.9320 1.7560 12.604
H H 4.1187 1.4043 5.2179

β = 1.50 a.u.

The following interaction parameters are used to describe systems containing K+: σ = 9.64
and ε = 3.43×10−8 a.u. Further information on the development and parameters of the
curPAHIP potential can be found in Bowal et al. [9].

A.4 Replica Exchange Molecular Dynamics simulation parameters

Replica temperatures for REMD simulations are selected using an exponential tempera-
ture distribution

Tw = T0 exp(qw) (A.2)

where Tw refers to the temperature (in K) at replica w, T0 is the temperature (K) at replica
0 and q is a parameter which achieves the desired temperature range.

The temperature ranges are selected to encompass both solid- and liquid-like configu-
rations. These temperature ranges differ with the molecular composition of the cluster,
since constituent molecule sizes determine the temperature at which a cluster is liquid- or
solid-like. The smallest molecule present determines the lower temperature bound, with
A or C molecules at 200 K and B molecules at 400 K. Similarly the largest molecule
present determines the upper temperature bound, with A or C molecules at ≥ 800 K and
B molecules at ≥ 1600 K. The lowest and highest replica temperatures are listed for each
cluster in Table A2.
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The w and q parameters, also shown in Table A2, are selected for each cluster system
to allow satisfactory exchange between replicas (discussed further below) using these
temperature ranges.

Table A2: Replica temperature selection parameters and temperature ranges (in K) for
cPAH clusters considered in this work.

Cluster q w lowest T highest T
A25 0.054 0-26 200 ≥ 800
A40 0.050 0-29 200 ≥ 800
A50 0.040 0-35 200 ≥ 800
A100 0.025 0-59 200 ≥ 800
A200 0.017 0-86 200 ≥ 800
B25 0.045 0-32 400 ≥ 1600
B40 0.032 0-44 400 ≥ 1600
B50 0.030 0-47 400 ≥ 1600
B100 0.024 0-59 400 ≥ 1600
A20B20 0.030 0-71 200 ≥ 1600
A50B50 0.025 0-83 200 ≥ 1600
A30B10 0.036 0-59 200 ≥ 1600
A10B30 0.028 0-74 200 ≥ 1600
B40K1 0.030 0-47 400 ≥ 1600
A40K1 0.050 0-29 200 ≥ 800
A40K2 0.050 0-29 200 ≥ 1600

The effectiveness of an REMD simulation relies on the proper exchange of states be-
tween replicas so that the low temperature states are able to sample the high temperature
configurations and vice versa. Replica exchange acceptance is a good indication of the
movement between replicas and is a common indicator of simulation performance. Con-
sistent acceptance values across the replicas indicate a good temperature selection for
the system studied and an exchange acceptance of approximately 0.2 is found empirically
and theoretically to provide the best accuracy for a given computational time [43, 59]. Ex-
change acceptances for simulations conducted in this work have an average between 0.20
and 0.35 with small system ranges, which indicates robust replica exchange with a good
balance between equilibration within replicas and exchange between replicas. Replica
exchange attempts are made every 100 fs, since frequent exchanges have been shown to
increase efficiency without affecting the ensemble being sampled [69, 70].

A.5 Cut-off distance sensitivities

The selection of the cut-off distance, R, influences the calculated average intermolecular
distances, coordination numbers and alignment angles. Due to the disordered molecu-
lar arrangements of the homogeneous A clusters (that is, sandwich-type stacking is not
present), these results are the most sensitive to the selection of R.
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Figure A1 shows the alignment angle distributions for all homogeneous clusters using
four different cut-off distances. The influence of the cut-off distance is minimal in the B
clusters, which show a very high proportion of molecules with at least one near neighbour
at all cut-off distances (indicated by the inset percent values listed). At the higher cut-off
distances, a second peak corresponding to further molecule layers (i.e. not the nearest
neighbours alone) appears. The A clusters show some differences between angle distri-
butions across the cut-off distances and the percent of molecules with a near neighbour
increases dramatically between R = 0.5 nm and R = 0.6 nm. Note that for all systems, no
neighbouring molecules are found using a cut-off distance of 0.4 nm or smaller.

Table A3 presents the average intermolecular distances of homogeneous clusters as a func-
tion of the cut-off distance used in our analysis. For the A clusters, the cut-off distance
selected influences the average intermolecular distance calculated. Intuitively, an increase
in the cut-off distance produces an increase in the average intermolecular distance, since
the cut-off distance simply increases the range between ‘neighbouring’ molecules. At low
cut-off values (R = 0.5 nm and R = 0.6 nm) very few molecule pairs exist and so these
averages are not a clear picture of the true average intermolecular spacing throughout the
cluster. At R = 0.7 nm, the majority of molecules (≥ 95%) have at least one near neigh-
bour and therefore this provides the best indication of the cluster average. In contrast,
the cut-off distance does not have a large impact on the average intermolecular spacing
of homogeneous B molecules. This highlights the highly stacked configuration of these
molecules.

Table A3: Average molecular intermolecular distance, in nm, for homogeneous clusters
with varying cut-off values, R in nm, used.

Cluster
Intermolecular distance (nm)

R = 0.5 R = 0.6 R = 0.7 R = 0.8
A25 0.45 0.55 0.59 0.68
A40 0.45 0.55 0.59 0.67
A50 0.47 0.55 0.60 0.67
A100 0.48 0.55 0.59 0.68
A200 0.47 0.55 0.60 0.68
B25 0.44 0.44 0.45 0.49
B40 0.45 0.45 0.46 0.47
B50 0.45 0.45 0.48 0.50
B100 0.45 0.45 0.48 0.52
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Figure A1: Alignment angle distributions at different cut-off distances, R, in nm for the
following clusters: (a) A25, (b) A40, (c) A50, (d) A100, (e) A200, (f) B25, (g)
B40, (h) B50, (i) B100. Dashed lines correspond to the A crystal structure (for
(a)-(e)) and the minimised B dimer (for (f)-(i)). Percent values in the upper
right hand corners of each angle distribution refer to the percent of molecules
within the cluster that have at least one near neighbour.

A.6 Calculation of radial distances and coordination numbers

Average radial distances and coordination numbers are calculated to provide insight into
molecular arrangements and cluster structure. The average radial distance of molecule
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type k, rk, is calculated using the following equation:

rk =
1
Nk

∑
m∈Ik

Rm, (A.3)

where Nk is the number of molecules within k ∈ {A,B}, referring to the corannulene and
C42H14 molecule types, Ik is the set of molecule indices within k and Rm is the radial
distance between the cluster geometric centre and the geometric centre of molecule m. In
this work, radial distances are calculated considering all atoms in the system.

The coordination number of molecule type k, CNk, provides the average number of molecules
within a distance R(cutoff). This is calculated as the average of the cumulative radial dis-
tribution function integrated over the centre of the cluster (set as the origin at 0) to a
maximum cut-off radial distance, R(cutoff):

CNk(R(cut-off)) =
1
Nk

∑
m∈Ik

R(cut-off)∫
0

Ntotal

∑
j=1

δ (Dm j−R)dR (A.4)

k ∈ {A,B, total} refers to the A molecules, B molecules and all curved molecules within
the cluster, respectively. Dm j is the distance between the geometric centres of molecules m
and j. This provides CN values from zero to two, corresponding to an isolated molecule
and a molecule sandwiched between two others, respectively.

A.7 Corannulene crystal structure

Several of the structural metrics used in this paper were applied to the known crystal
structure of corannulene in order to provide a benchmark and verify the calculations used.
As early as 1975, it was shown through X-ray analysis that corannulene crystallises in a
close-packed structure mostly stabilised through CH-π interactions, in space group P21/c
[30] (see Fig A2).

Figure A2: Snapshot of corannulene crystal structure (left) with calculated alignment
angle distribution (centre) and a schematic illustrating an alignment angle of
30◦ between two neighbouring A (right).

A crystal structure containing 18 molecules from X-ray data provided by Petrukhina et al.
[57] through the Cambridge Crystallographic Data Centre provides an independent ver-
ification of the analyses used in this work as well as a known experimental structure
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useful for comparison. The average intermolecular spacing values calculated using our
analysis methods are 0.57 nm, 0.72 nm, and 0.76 nm considering 1, 2, and 3 neighbour-
ing molecules, respectively. These individual distances between corannulene monomers
within the crystal structure calculated in our analysis are in excellent agreement with those
reported in Sanyal et al. [65]. Figure A2 shows the crystal structure and alignment angles
examined in this work.
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A.8 Alignment angles

Alignment angle distributions are shown for large homogeneous and heterogenenous cPAH
clusters (see Figure A3) and a cluster containing cPAHs and fPAHs (see Figure A4).
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Figure A3: Alignment angle distributions for homogeneous and heterogeneous A and B
clusters each containing 100 molecules.
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Figure A4: Alignment angle distributions for the A20C20 cluster containing both cPAHs
and fPAHs.
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