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Abstract

Curvature in polyaromatic hydrocarbons (PAHs), due to pentagon integration,
produces a dipole moment that contributes significantly to self-assembly processes
and adsorption at the surface of carbon materials containing curved structures. This
work presents electronic structure calculations of the dipole moment for 18 different
curved PAH molecules for various numbers of pentagons and total number of aro-
matic rings. A significant dipole moment was found that depends strongly on the
number of aromatic rings (4-6.5 debye for ring count 10-20). The main cause for
the dipole is shown to be the m-electron flexoelectric effect. An atom-centred par-
tial charge representation of the charge distribution in these molecules is insufficient
to correctly describe their electrostatic potential; distributed multipoles were instead
required.

Highlights

e The dipole moment was calculated for a range of curved polycyclic aromatic hy-
drocarbons.

e The m-electronic flexoelectric effect is the main contributor to the dipole moment.

e Atom-centred point charge models of curved arenes are inadequate; point dipoles
have to be accounted for.
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1 Introduction

Fullerene-like curved polyaromatic hydrocarbon (PAH) fragments are known to be im-
portant intermediaries in combustion synthesis of fullerenes and have been suggested to
make up the nanostructure of soot and activated carbon [23, 48, 62, 67]. Fullerenes can be
formed in flames at low pressures [42] and curved fragments, such as corannulene (Fig-
ure 1, structure 1a), have been extracted from soot [30]. In our recent transmission elec-
tron microscopy (TEM) studies of soot we have observed curved and completely closed
graphitic structures (fringes) [7]. TEM fringes also were observed in synthetic soot made
of hexabenzocoronene, a flat PAH, but, the fringes from natural soot are of apparently
higher curvature [53]. Our recent kinetic Monte Carlo simulation of combustion syn-
thesis of PAH with curvature integration showed degrees of curvature similar to the one
observed with TEM images, with curved PAH containing one to three pentagons [67].
Alongside soot, curved arenes have been shown to be present in activated carbon imaged
using aberration-corrected TEM [23]. In glassy carbon [22], closed fringes resembling
icosahedral fullerenes have also been observed. These fullerene-like fragments have been
suggested to provide the large surface area-to-volume ratio of activated carbon [54, 55].
A potential formation mechanism has been experimentally investigated where addition
of methyl radicals to a pentagonal ring leads to the formation of corannulene, the C,/C,
formation mechanism [64]. For larger PAH molecules integration of pentagons through
pyrolysis of a bay-site or oxidation of a zigzag edge has been suggested [48, 62, 69].

The integration of curvature into a hexagonal carbon lattice through a pentagonal point
defect gives rise to a considerable molecular dipole moment. For example, corannulene
(the first curved PAH to be synthesised [31]) was found experimentally to contain a dipole
moment of 2.071 D [34] which is on the order of the dipole of water (1.85 D [47]). A range
of indenocorannulenes have been synthesised [50] and electronic structure calculations
suggested dipole moments from 3 to 4.5 D for PAH with eight to ten rings[15]. The
nm-sized curved arenes known as nanocones, with curved nuclei that grow into large
graphitic cones, have been fabricated with a clear number of pentagons integrated into the
nucleus/tip of the nanocone [17, 28]. Electronic structure calculations of these nanocones
showed a significant dipole for nanocones 0.5—4 nm in size ranging from ten to 35 D [29].
In another study, a nanotube cap (10,10) has been calculated to possess a dipole moment
of 3.5 D [39].

Many applications are being explored for these molecules, centred around their dipole
moment — for example, the flexoelectric response has been investigated for nanocones
[29]. Large nanocones have been found to self-assemble into long filaments in an elec-
tric field, increasing the conductivity between the electrodes [26]. Some curved PAH,
such as sumanene (Figure 1-3a), form crystal structures with 1D stacking [15] and have
been suggested to possess a strong non-linear response for optical elements [33] and elec-
tronic transport properties for organic light emitting diodes [60]. The dipole moment is
responsible for significant binding of curved PAH to metals which has been investigated
as a method for electrical coupling between metals and organics in molecular electronics
[4, 50] and also could improve ion capacity in lithium ion batteries [18].

The purpose of this paper is to calculate the dipole moment for a range of curved PAH
molecules, determine the origin of the dipole moment and develop an atom-centered dis-



tributed multipole model of the electrostatic potential controlling the intermolecular in-
teractions. This is an initial step towards the parametrisation of force fields needed for
molecular dynamic simulations of systems containing curved PAHs, where the curvature-
induced dipole produces the major long-range interaction and contributes significantly to
the molecular interactions.

2 Computation of the charge distribution

A representative collection of known curved PAH were chosen to give a range of different
geometries for analysis. Their curvature is due to pentagon integration and produces a
dipole moment. We chose many structures in the size range of 10-20 rings, as these
have been observed in non-graphitising carbon as determined from fringe analysis [7, 23,
68]. The set contains only molecules that fulfil the isolated pentagon rule formulated for
fullerenes, according to which neighbouring pentagons are thermodynamically unstable
and rearrange or expel C, to form pentagons isolated by hexagons [65]. Pericondensed
PAH with high symmetry containing only sp? carbon atoms have been found to be stable
due to m-delocalisation and are considered to be the primary species in high temperature
amorphous carbons [49], and comprise the main part of the list in Figure 1 accordingly.
Sumanene (3a) and (3b) contain sp® carbons and were also considered as they have been
previously synthesised Sakurai [43], Wu et al. [63]. We shall refer to the terminating
carbon atoms bonded to the hydrogen as to rim carbon atoms and to the central carbon
atoms as to hub atoms.

Figure 1: The list of curved arenes considered in this work: corannulene la [31], di-
circumcorannulene 1b and tricircumcorannulene Ic [12], acecorannulene 2a
[1], [5,5]circulene 2b [4]], sumanene 3a [43], acenaphth[3,2,1,8-fghij]-as-
indaceno-[3,2,1,8,7,6-pgrstuv [picene derivatives 3b, 3¢ and 2f [11, 63], cir-
cumtrindene 3d [46] and penta-benzocorannulene 6a [44]. Pentagons are
coloured for clarity.



The calculation of the dipole moment of a molecule requires accurate molecular geome-
try and electron density. The hybrid density functional B3LYP [5, 32, 51] has been found
to accurately describe both the geometry and the charge distribution of polyarenes and
corannulene compared with experimentally determined values from synchrotron experi-
ments [19, 40]. For a collection of 46 molecules it was found to predict the dipole to
within 0.13 D of the experimental value (with the aug-cc-pVTZ basis set)[24]. Table |
shows the dipole moment of corannulene as calculated with this functional compared to
the post-Hartree-Fock method MP2 [38]. All geometries were optimised with a variety
of basis sets, and calculated using the Gaussian 09 software [16]. The dipole moment of
corannulene determined experimentally from the Stark effectis 2.071 D [34]. We find that
for B3LYP the dipole moment converged to 2.044 D for the largest basis set (1400 func-
tions) we used. As seen in Table 1, B3LYP yields a reasonably accurate dipole moment
even with moderate sized basis sets where MP?2 fails.

Table 1: Dipole moment of corannulene calculated with B3LYP and MP2 methods, using
basis sets with a different number of basis functions, in debye with % deviation
Jfrom the experimental value of 2.071 D [34].

Basis set Function no. B3LYP MP2

3-21G 200 2414 (16.6%) 2777 (34.1%)
6-31G(d) 320 1.722 (16.9%) 2.173 (4.9%)
6-311+G(d,p) 500 2.187 (5.6%) 2.667 (28.8%)
cc-pVTZ 740 1.994 (3.7%) 2.419 (16.8%)
cc-pvVQZ 1400 2.044 (1.3%) - -

In order to tackle the geometry optimisation of the larger structures we used the B3LYP/6-
311+G(d,p) level of theory to optimise the geometry of the structures in Figure 1, with
the exception of the largest structures, 1¢ and 3f, where geometry optimisation was per-
formed using the smaller basis set 3-21G. The electronic structure was then calculated at
the B3LYP/cc-pVQZ level of theory for all of the geometry optimised structures. This
procedure (a B3LYP/6-311+G(d,p) geometry calculation used for the B3LYP/cc-pVQZ
calculation of the electronic structure) led to a dipole moment for corannulene of 2.062 D,
different by 0.45% from the experimental value. The coincidence is in part fortuitous, in
view of the 1.3% deviation of the fully geometry-optimised corannulene structure at the
cc-pVQZ level of theory from the experimental dipole, Table 1. The dipole moments can
be found in Table 2.

3 Origin of the dipole moment

The dipole of curved arenes could originate from (i) a curvature-induced flexoelectric
dipole from the polarisation of the 7 bonds in direction normal to the C-skeleton [14, 25,
29]; (ii) the tilt angle of the C—H bonds [61]; (iii) charge transfer from the delocalised
m-electrons in hexagonal sites to localised states on pentagonal sites [2, 9, 39, 59] or
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Figure 2: Dipole moment of curved PAH molecules as a function of the number of rings.
Inset: Dipole moment as a function of size comparing different numbers of
pentagons.

(iv) to localised states at the rim of the PAH [66]. To explore the importance of each
of these factors, we first investigated the correlation of the dipole moment to the size of
the molecule and the number of pentagons in it. Figure 2 shows the dipole moment as
a function of the number of rings. The size dependency of the dipole for fragments of
the C-skeleton of a nanocone has been found to be linear with the radius of the aromatic
network [29]. We find a similar linear trend of the dipole as a function of the square root
of the number of rings (which is proportional to the diameter of the fragment), i.e. the
dipole moment of hydrogen-passivated curved PAH molecules also scales linearly with
diameter (Figure 2, inset). The dipole moment increases with the number of pentagons in
the PAH, but it soon saturates after two to three pentagonal rings have been incorporated,
which was also found for nanocones [29]. Thus, for curved PAH with more than two
pentagons, the dipole moment depends on the size but not on the number of pentagons.

To illustrate the effect of the curvature on the electrostatic potential through the effects
(i-i1), flexoelectric effect and CH bonds, we compared in Figure 3 the potentials created
by the flat PAH coronene with one of the curved PAH, corannulene (1a). In both cases,
the excess positive charge is dominating the potential in the region of the hydrogen atoms
and excess negative charge dominates above and below the plane of the aromatic system
due to the m-electrons — this distribution provides the large quadrupole moment of these
PAHs. A cross section along the z-y plane of the electrostatic potential ¢ demonstrates a
significant difference between the flat and curved cases: a normal polarisation (relative to
the aromatic plane) of the m-electron charge is apparent. The increased electron density
on the convex face of the bowl leads to the large dipole moment of corannulene, as was



observed earlier [20]. An additional example is given in Figure S2 in A.1, where the &
electron localisation of artificially flattened and relaxed curved corannulene are compared.
In the curved structure, the & bonds at the hub of the molecule are visibly polarised in
direction normal to the C skeleton of the corannulene — the increase of the 7 electron
density on the concave side of the molecular bowl leads to a Pauli expulsion of electron
density to the convex side.

Figure 3: Coronene and corannulene are shown left (a,d) and right (b,c,e). The molecu-
lar electrostatic potential was mapped to an isosurface of the electron density
(B3LYP/cc-pVQZ, with an isovalue of 0.001 e A3 ) (a,b,c). A two dimensional
contour plot of the electrostatic potential through the z-y plane is shown (d,e),
with the outermost four contour lines being drawn at + 0.03, 0.06, 0.1 and
02V

To illustrate the effects (iii) and (iv) from the localised states near the edge and at the
pentagons, in Figure 4 we calculated for molecule 3f the electron localisation function
(ELF) — an analysis that has proved itself useful for curved PAHs [37]. The ELF is a
measure of the likelihood of finding two electrons of the same spin in a small region of
space. It is defined as [6]

D(r)* 1™
ELF(I‘) _ |:1 + Do(r)2:| ’ (1)
where D(r) = 75(r) — |[Vps(r)|?/4ps(r) is proportional to the first non-vanishing co-
efficient in the Taylor expansion (with respect to small |r|) of the spherically averaged
conditional pair probability to find a same-spin electron in the vicinity of an electron in
the vector-position r; 7o = Y7 |[Vy;|* is the kinetic energy density, p, = Y.7 W y; is the
o-spin probability density, and Dy(r) = 9.12pc5,/ 3(r) is the value for a uniform electron
gas. A value of ELF =1 corresponds to a perfectly localised electron and ELF = 1/2 to a
uniform electron gas. Figure 4 shows the iso-ELF surface (iso = 0.66), calculated using



the Multiwfn program [35], within which a region of localised electron pairing occurs.
There appears greater localisation of the electrons (effect (iii)) at the pentagonal sites of
3f compared to the hexagonal, cf. Figure 4 b. This is a known effect that has been studied
in relation to the energetic barrier for inversion of the bowl [13], where the transition from
flattened structure to curved decreases the aromatic delocalisation energy (cf. also A.1).
There is also increased localisation in the rim region, effect (iv), Figure 4 c, in relation to
the increased bond order of the C-C bonds at the rim [66].

Figure 4: a) Plot of the iso-surfaces of the electron localisation function for molecule
3f at iso=0.66. Pentagonal rings are coloured blue and hexagonal rings grey
to allow the molecular geometry to be seen. Insets show the localisation at
pentagonal rings b) and localisation at the rim c).

The local flexoelectric dipole pqex (per C-site) due to curvature-induced 7-bond polarisa-
tion in direction normal to the C-skeleton has been analysed using a tight binding rehy-
bridisation model [14]; linear dependence with Haddon’s pyramidalisation angle [21] has
been demonstrated:

Hfiex = fep Gpvﬂr- (2)

Here, v, is the unit vector collinear with the axis of the m-orbital and pointing toward
the concave side of the PAH, and 6, the pyramidalisation angle, a characteristic of the
deformation of the carbon skeleton (at each atom centre, a plane can be constructed that
makes three equal angles 6, with the adjacent C-C bonds; we refer to this plane as the
pyramidalisation plane). The value of the flexoelectric constant fg of a w-orbital next to
a sp? carbon atom between three hexagons has been calculated using electronic structure
methods for fullerenes and nanotubes as fg = 2.34 D/rad [29]. Using the approach of
these authors, we calculated a similar value of fg =2.35 D/rad for a (5,5) nanotube with
the B3LYP/cc-pVQZ method we use. This flexoelectric coefficient is obviously unrelated
to the localisation effects or the CH bond tilt.



The flexoelectric effect dominates the dipole moment of the curved PAHs we consider.
This can be shown by neglecting the other three effects leading to polarisation. The sum-
mation of pgey, Eq 2, over all C-sites gives for the total dipole moment of the molecule

r= Z Hflex = f@r,etot; (3)
Chub

where we refer to the vector 6, = Y., 6,z as to the total pyramidalisation of the
molecule. The rim C-atoms (bonded to hydrogen) are neglected in this sum, with the
assumption that the Pauli expulsion is much less effective for the two adjacent 7 orbitals
next to a rim C compared to three 7 orbitals next to a hub C. We also excluded the sp?
carbon atoms (having no m-orbitals) in 3a and 3b. To determine the vector v,, we used
the POAV2 approach of Haddon [21], in which six conditions for orthogonality of the hy-
bridised orbitals of the form 1+ A;A;v;-v; =0, where i, j = 1,2,3, 7, are used determine
the four hybridisations A; and to express v, as a linear combination of the unit vectors
Vi3 defined by the C-C bonds. Note that this v; can be quite different from the nor-
mal vector to the pyramidalisation plane (which is used often as an approximation of v,
within the POAV1 approach [21]). If the contributions to p of the localisation effects
and the CH bond tilt are small, the dipole moment of all molecules we investigate must
be proportional to 6, with proportionality coefficient fg . This is indeed the case, as
demonstrated in Figure 5; the linear relationship 3 holds with R? = 0.995 and the value
of the linear coefficient is fy = 2.24 4-0.03 D/rad (all errors are 20). This value differs
by 4.7% from the one calculated for a nanotube, i.e. more than 95% of the dipole of the
curved PAHs is of flexoelectric origin. The contribution of the other three effects is sur-
prisingly small, in part due to a compensation of effects (discussed in A.1). We attempted
to elaborate on the geometrical model 3 by including the contribution of the C—H bond
dipole and considering different values of fq for carbon in pentagons and at the rim, but
this did not significantly improve the agreement with the computed dipoles. Eq 3 allows
the calculation of the dipole moment of a curved arene from our list with an average error
of 2.34+1.9%, which is a satisfactory accuracy in view of the expected error of the DFT
values (cf. Table 2).
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Figure 5: Values of 0,,, Eq 3 compared with the calculated DFT dipole moment for the
set of molecules in Figure 1, cf. Table 2. The number of pentagons for each
fragment is also indicated.

4 Distributed multipole description

Curved aromatic structures play a role in numerous technologically relevant processes,
and the interest towards modelling the interactions within these materials is growing. One
such process of interest to us is the role of the curved PAHs’ dipole in soot formation.
A strong correlation is known to exist between soot formation and chemi-ions in a flame
[8], but Chen and Wang recently calculated binding energies between flat PAH and flame
chemi-ions that are not strong enough to stabilise anything larger than a dimer [10]. One
can expect the situation to be qualitatively different with curved PAH due to strong long-
range ion-dipole interaction, which might be involved in stabilising clusters of PAHs, but
an appropriate force field is required to study this case. A second example is the ad-
sorption in microporous carbon. The effect of the curvature has been explored, e.g., for
hydrogen absorption, which is enhanced on corannulene due to a dipole-induced dipole
interaction [45] modelled with molecular dynamics via modification of the van der Waals
parameters of the force field. Obviously, in cases of adsorption of polar molecules on
microporous carbon, a strong directional solid dipole-solid dipole interaction will control
the process — in this case, an effective van der Waals model of the flexoelectric dipole is
inapplicable. The strained pentagon presents a binding site for ions as well [58] (which
is probably the reason why corannulene allows for supercharging of lithium in battery
applications [70]), and force fields are also required for this case. The most common rep-
resentation of the charge distribution in a molecule used in force fields is an ensemble of
atom-centred point charges. However, this model is unsuitable for curved PAHs, where
the most long-ranged interaction is due to the flexoelectric dipole that cannot be repre-
sented with atom-centred point charges. Therefore, we will now investigate the capability
of a distributed multipole [52] description of the electrostatic potential of curved PAHs.
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Table 2: Dipole moment and pyramidalisation of the curved aromatic hydrocarbons in
Figure 1: DFT dipole values (B3LYP method) compared with the model Eq 3,
and total and maximum pyramidalisation angles.

Molecule DFT dipole max. pyr. angle total pyr. @,y = flexoel. dipole
u [D] max(6p) [°] Yc,, OpVx [rad] Yc,, Mfex [D]
la 2.06 8.34 0.909 2.03
1b 6.24 10.48 2.89 6.46
Ic 10.30 10.59 4.65 10.39
2a 2.79 10.99 1.16 2.59
2b 3.87 11.23 1.75 3.92
2c 4.63 11.63 2.06 4.60
2d 7.01 11.91 3.03 6.76
2e 9.15 11.59 3.99 8.92
2f 4.57 10.65 2.06 4.60
3a 2.34 8.85 1.04 2.33
3b 3.66 12.51 1.54 3.45
3c 4.35 12.35 1.96 4.37
3d 5.13 12.08 2.33 5.21
3e 5.70 12.17 2.54 5.69
3f 9.32 10.64 4.33 9.69
4a 5.84 12.52 2.59 5.80
Sa 6.12 12.28 2.78 6.22
6a 6.12 12.09 2.59 5.80

The expansion of the electrostatic potential in an ensemble of multipole centres (a set of
atom-centred charge, dipole, quadrupole, etc.) is not unique — different sets of values of
the multipoles at each centre can produce the same total potential; therefore, no physical
meaning should be ascribed to the values of the multipoles in a distributed multipole ex-
pansion. Nevertheless, we sought a decomposition that not only describes the electrostatic
potential outside the van der Waals surface correctly, but is also physically reasonable. We
tested two methods which are commonly employed for the decomposition: the Gaussian
distributed multipole analysis (GDMA) [52] and the atoms in molecules (AIM) approach
[3]. The advantage of the AIM approach is that the electron density itself is partitioned
and then integrated to yield the multipoles in the atomic basins, making the decompo-
sition independent of the basis set of molecular orbitals used and the system size [36].
On the other hand, GDMA computes the multipoles directly from the Gaussian basis
functions and is fast even for the largest structures we studied, and is more widely used
(GDMA point multipoles have been integrated into molecular dynamics packages such as
AMOEBA, CHARMM and DL_MULTI). Two variants of GDMA were employed: one
with rank 2 multipoles (point charge-dipole-quadrupole) on every atom, to which we refer
as to GDMA(C;H,), and another with rank 2 multipoles on every carbon but only a point
charge (rank O restriction) on every hydrogen, GDMA(C,Hy). For the PAHs in Figure 1,
both methods produce total dipole moment of magnitude within +0.001 D of the exact u
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that follows from the electronic structure calculations. For the smaller structures we found
an agreement between the AIM and GDMA(C,H,) atom-centred dipole vectors; however,
the larger structures had significant divergence — this is demonstrated in A.2. On the other
hand, GDMA(C,Hj) and AIM agree reasonably in all cases.

Figure 6: GDMA dipoles a) and partial charges b) for the molecule 3f with the dipoles
shown as vectors and partial charge values printed at the atomic sites.

Figure 6 shows the GDMA(C,H)) distributed point dipoles and monopoles for molecule

12



3f. The C-centred dipole moments range between 0.11-0.79 D in magnitude. The proce-
dure computes a large dipole at each rim carbon atom, in the direction of the C-H bond
with the positive pole pointing toward the hub. This polarisation reflects mostly the lo-
calised states at the rim of the PAH (increased bond orders and electron density near the
rim compared to the hub [66], effect (iv)). In the GDMA(C,H,) decomposition, the po-
larisation of the C-H bonds (and effect (i1)) is reflected by the partial charges at the C
and H atoms. From the dipole at each pyramidalised hub C-atom and the local 6,, we
obtain "local values" for the flexoelectric coefficient fy in the range 2.24-2.27 Di/rad,
which coincide with the "averaged" fq value in Eq 3 and Figure 5. The largest contribu-
tors to the net dipole moment are the pentagonal carbon atoms that are the most heavily
pyramidalised. The total dipole moment per pentagonal ring (defined as the vector sum
of the GDMA(C,Hy) dipoles of all atoms in the pentagon) was found to be of magnitude
1.7640.03 D. Finally, in Figure 6 c, the partial charges at the pentagonal carbon atoms are
found to range between -0.01 and -0.03 e, and each pentagon contains a total charge of
-0.0940.02 e (effect (iii)). This value is slightly less than what has previously been pre-
dicted for the pentagonal charge accumulation in nanotube end caps, -0.013 e (calculated
using the PBE density functional, with plane wave basis functions up of 25 and 225 Ry for
the valance and charge density, respectively) [39, 59]. Thus, all four polarisation effects
are well represented by the GDMA(C,H,) distributed multipole expansion.

Figure 7: Electrostatic potential along the z —y plane for corannulene (la) calculated
from a) the point charge model obtained by the MK scheme, and c) the
GDMA(C,H,) multipole representation. Potential maps of the difference be-
tween these potentials and the DFT result in Figure 3e are given in b-d) for the
point charge b) and in d) for the multipole model.

Figure 7 shows the electrostatic potential on the z — y plane outside the van der Waals
surface of corannulene for two different multipole decompositions: 7c is GDMA(C,Hy)
and 7a is the standard point charge description as obtained by the Merz-Kollman (MK)

13



scheme. In 7b and d, the difference between these potentials and the exact DFT poten-
tial in Figure 3 is given (we used the procedure of Kramer et al. [27]). A significant
divergence between the point charge ensemble’s potential and the DFT potential is evi-
dent, especially near the pentagonal carbon atoms where the flexoelectric dipole is large;
on the other hand, the GDMA(C,H,) representation is accurate. In order to quantify the
differences, the molecular electrostatic potential was calculated at the electron density iso-
surface 0.002 e/ A3 (near the interaction surface of molecular pairs). For the point charge
model, the average difference between the DFT and the model potentials at this surface
was 36%. This error was reduced to 2.6% for the GDMA(C,H,) distributed multipole
representation. An additional problem of the MK description is that the total dipole mo-
ment of the point charge ensemble is 1.73 D, a value reduced by 21% compared with the
DFT dipole. GDMA(C;Hj) also produced reasonable total quadrupole moments (within
12% of the DFT results) which is not the case with the point charge model.

5 Conclusion

The dipole moment u of 18 curved aromatic molecules has been computed and was shown
to reach significant values (2-10 D). The main contribution to this moment was shown to
stem from the m-orbital flexoelectric dipole moment: u of all these molecules can be cal-
culated with 95% accuracy using a standard linear model for the dependence of the flex-
oelectric polarisation on the pyramidalisation at each carbon atom. Gaussian distributed
multipole expansion, restricted to rank 2 at the carbon atoms and rank O at the hydrogens
— GDMA(C;Hy) — has been shown to reproduce the electrostatic potential of the curved
arenes with sufficient accuracy. We have previously applied distributed multipole analy-
sis to describe the potential of flat PAH molecules and found it improved on point charge
models, allowing the reproduction of the second virial coefficient of benzene [57]. Yet, for
dimers of flat PAH molecules, a point charge distribution is sufficient for developing an
accurate force field (iso-PAHAP) [56, 57]. Here we show that for curved PAHs, this is not
the case. The common atom-centred point charge models fail to correctly reproduce the
n-electron flexoelectric dipole moment, which controls the long range potential and con-
tributes significantly to the short range interactions. Therefore, atom-centred point charge
ensembles are inapplicable as a basis for force fields for molecular dynamic simulations
of curved PAHs.
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A Appendix

A.1 Strained corannulene

Electronic structure calculations were performed on a set of corannulene structures with
constrained geometry. The constrained variable was the internal dihedral angle ¢ between
the pentagonal and the hexagonal rings (as shown in Figure S1). All other coordinates
were optimised for geometries of varying ¢ ranging from 180° to 140° in 2° increments.
Three of the constrained and optimised structures are shown in Figure S1. The total pyra-
midalisation angle, 6, = Y ¢, . 6,Vz, was then computed (compare to Eq3). The magni-
tude of the dipole moment i was calculated at the B3LYP/cc-pVQZ level of theory using
the Gaussian 09 software [16]. The dependence of tt on 6 is shown in Figure S1. The
linear model Eq 3 is shown for comparison, with slope fy = 2.24 D/rad, as determined in
Figure 5. As seen, the dependence of  on 6, shows non-linearity even at rather small
values of the angle, and the success of Eq 3 seems to be due to fortuitous cancellation of
effects at larger pyramidalisation.
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Figure S1: The magnitude of the dipole moment of the strained corannulene geometries
are plotted versus the total pyramidalisation angle 0,,. The dihedral angle
which is constrained in the geometry optimisation is shown in the boxed inset.
Three of the geometries with their corresponding dihedral angles are inset.
The dashed line corresponds to Eq 3.

The ELF of the flat (¢ = 180°) and the relaxed (¢ = 152.9°) corannulene structures are

compared in Figure S2. This figure shows clearly the squeezing of electron density to the
convex side of the molecule and the resulting greater localisation there.
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Figure S2: Plot of the iso-surfaces of the electron localisation function for corannulene
la at iso=0.66 for a) flattened and b) relaxed corannulene. Insets on the
right are expanded views near the T bonding region at the hub showing the
asymmetry of the bond.

A.2 Distributed multipole expansion

Two methods were employed to determine the atom-centred multipoles: the atoms in
molecules (AIM) approach [3] and the Gaussian distributed multipole analysis (GDMA)
method [52]. The AIM approach partitions the atoms into volumes with the condition
Vp(r) = 0 defining the interfaces between them, p is the electron density. The AIM anal-
ysis was performed on corannulene and dicircumcorannulene using the Multiwfn program
[35] using a grid spacing of 0.06 Bohr. Figure S3 shows a xy cross section through the
molecules. The blue lines show the interface of the two atomic volumes in cross section.

By integration of the charge density (electron density along with the nuclei) over the
atomic volume, the AIM analysis allows the calculation of the atom-centred multipoles
up to quadrupole moments. This method produces reasonable values of the atom-centred
multipole moments, which are size extensible and independent of the basis set [36] as the
decomposition uses the electron density directly as provided by the electronic structure
calculation. However, the partitioning and numerical integration are computationally ex-
pensive and could not be applied to the largest carbon structures we study. The GDMA
method is of lower computational cost as it provides the atom-centred multipoles directly
from the optimised molecular orbital calculations.
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Figure S3: Cross section of the molecular volumes/basins calculated using the atoms in
molecules approach for the molecules 1a and 1b.

As the flexoelectric dipole moment has been found in this study to be important, the
atom-centered dipoles were compared between the GDMA(C,H,) method and the AIM
method as the benchmark. For the molecule corannulene 1a, the flexoelectric dipoles at
the hub of the molecule were of similar magnitude (<10%) and direction for the different
decompositions. Figure S4 shows a vector representation of the atomic centered dipole
moments for dicircumcorannulene 1b using two variants of GDMA, where the length
is proportional to the magnitude of the moment. The GDMA(C,H,) method produces
dipoles at the hub C atoms that are 40-50% larger than the AIM method, Figure S4a. In
addition, it produces a very high dipole moment at the hydrogen atoms (in addition to the
positive point charge) that has no intuitive physical explanation. The second variant of
the Gaussian distributed multipole decomposition, GDMA(C,Hy), is with multipole rank
at the H atoms set to O (point charges only). GDMA(C,H,) compares very well with the
"benchmark" AIM multipoles, Figure S4 b and produces intuitively reasonable values of
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Figure S4: Atom-centred dipole moments plotted as vectors for circum-2-corannulene

calculated using the AIM approach (red arrows) and the GDMA method
(black arrows). In a, GDMA(C,yH,;) is shown with rank=2 multipoles on all
atoms, hydrogens included. In b, the GDMA(C,H,) dipoles are given, where

restricted expansion (rank=0) of the atomic multipoles on the hydrogen atoms
is utilised.

the point charges and dipoles, as discussed in Section 4.
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