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Abstract

Recent experimental and computational work suggests that a significant number of curved aromatic molecules are
found in carbon materials such as soot. These curved aromatic molecules contain a substantial dipole moment (4–6.5
debye for the sizes seen in soot molecules containing 10–20 rings). In this paper we employ electronic structure calcu-
lations to determine the earliest onset of curvature integration. We found an interplay between the σ bonding inducing
curvature and the π bonding resisting curvature with a size of six rings, with at least one being pentagonal, required
to curve an aromatic molecule. The interactions between polar curved arenes and other species are then considered
with particular focus on nascent soot formation, indicating that heterogeneous, not homogeneous, nucleation could be
a significant factor in soot formation.
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1. Introduction

Carbon particulate emissions from incomplete com-
bustion of hydrocarbons in engines and open fires con-
tributes to climate change[1, 2] and impacts human
health[3]. Considerable efforts to understand and mit-
igate the formation of soot has led to understanding of
the gas phase chemistry and the dynamics of soot par-
ticles as they agglomerate. However, significant un-
certainty remains around the transition from molecules
into a solid particle[4]. Recent high resolution transmis-
sion electron microscopy (HRTEM) studies have shown
that significant fractions of aromatic molecules in soot
contain non-hexagonal rings[5, 6]. Curvature analy-
sis of the fringes using geometrical [5] and statistical
models of the curvature [7] showed that the majority
of fringes contained a single inflection point indicating
pentagon integration, with 28–49% of the fringes con-
taining curvature indicating >1 pentagon. The range
of pentagon integration was predicted to span 1–3 pen-
tagons. Corannulene[8] and fullerenes[9] have also
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been synthesised in flames, so the presence of these
curved fragments does not come as a surprise.

Once curvature is integrated, significant electric po-
larisation of the molecule occurs[10]. For the size of
fragments found in primary soot particles determined
from HRTEM and optical band gap methods (10-20
rings)[11] we predicted a range of 4–6.5 debye (which
is two to three times that of water; 1.85 debye[12])[10].
Figure 1 shows the electric potential around water,

Figure 1: Cross section of the electric potential, (+) blue, (−) red, for
water (left), corannulene (middle) and coronene (right).
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corannulene and coronene. The quadrupolar potential
of coronene with the negative potential, perpendicular
to the molecule’s plane, can be clearly seen and is due
to the π-bonding. This becomes significantly polarised
for corannulene, giving a dipole moment similar in mag-
nitude to water.

In this paper we will outline some of the potential
impacts of these curved fragments in soot. We begin
by discussing the earliest onset of curvature integration,
then calculate the binding energy between dimers of
curved PAH. The interaction between polar molecules,
non-polar molecules and chemi-ions are then discussed
as they relate to nascent soot formation.

2. Methodology

The electronic structure calculations and geometry
optimisations were performed using the Gaussian 09
software[13]. For the curvature integration calculations,
the hybrid density functional theory (DFT) method
B3LYP with the 6-311G(d,p) basis set was used, which
has been found to provide structures for small curved
aromatics to the quality of those determined from x-ray
crystallography[14, 15]. We found this level of theory
to provide molecular dipoles moments to within 6% er-
ror compared with experimentally measured dipole mo-
ments of corannulene[10]. To guarantee curvature inte-
gration could be confirmed, care was taken to ensure
that geometry optimisations reached the global mini-
mum. C1 symmetry was enforced for all structures, ini-
tial geometries were purposely curved away from planar
and frequency calculations ensured no negative frequen-
cies indicating saddle points in the potential energy.
For flat/planar PAH dimerisation calculations we have
previously made use of symmetry-adapted perturbation
theory DFT methods SAPT(DFT) which were found to
reproduce the exfoliation energies of graphene[16]. In
this case the intermolecular potential energy was eas-
ily sampled by increasing the interplanar distance be-
tween the dimers and calculating the binding energy as
a function of distance. However, for curved aromatic
molecules a more complex geometry can result from the
symmetry breaking of the curvature and full geometry-
optimised structures were sought. This required a suf-
ficiently rapid and scaleable method in order to opti-
mise the geometry of the largest structures. We there-
fore made use of a hybrid DFT method with an empir-
ical dispersion correction B97D[17]. This method has
been shown to produce binding energy to accuracies of
CCSD(T) or SAPT(DFT) methods for corannulene and
sumanene[18, 19]. (See Supplementary Information for
further details.)

3. Results and discussion

3.1. Curvature integration

We have previously found a direct relationship be-
tween the curvature of sp2 hybridised carbon atoms
(measured via pyramidalisation angle θp) and the lo-
cal dipole moment in curved PAH (through the flexo-
electric constant fθp = 2.24 D/rad). This pyramidali-
sation angle θp describes the amount of local curvature
at each carbon atom and is constructed from a vector
that makes equal angles with the three sigma bonds θσπ
(θp = θσπ−90◦), which is used to describe when a struc-
ture becomes curved (when θp > 0).

θP

θσπ>90°

Pyramidalisation 

angle – θP 

Figure 2: Schematic of the pyramidalisation angle and the definition
of θp and the equal angles of θσπ.

It is important to understand the onset of curvature in-
tegration in PAH formation in order to know when a sig-
nificant flexoelectric dipole moment is expected during
PAH formation in hydrocarbon flames. Various mech-
anisms for pentagon integration have been proposed,
such as acetylene addition to fluoranthene,[20] dehydro-
genation of a five-member bay site,[21–23] oxidation of
a zig-zag edge,[24] dehydrogenation of aromers[25] or
a C1/C2 mechanism[26]. Our goal here is not to com-
ment on which mechanisms were of most importance,
but to consider under which molecular geometries cur-
vature is integrated and expand the structures explored
in [10]. Figure 3 shows the various strategies employed.

The geometry of hexagonal and pentagon nets should
dictate that once two hexagonal rings border a pentag-
onal ring, curvature should be integrated. Considering
the base structures in Figure 3 ac, fa, ph, be and 1a

no curvature is observed until the pentagon is entirely
enclosed by five hexagonal rings. To understand this
discrepancy between the geometrical model and that
found in the calculated structures, the bonding must be
considered. The σ-bonding of the sp2 aromatic net-
work contributes to curvature integration by limiting the
bond lengths (1.3–1.6 Å) and providing an angle po-
tential optimal at 120◦. The π-bonding network how-
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Figure 3: Initial structures with single pentagons with two ac, three fa, ph, four be or five 1a bordering hexagons are shown such as hexagonal
extension ii) top right side, and acetylene addition iii) bottom left. Optimised geometries are shown from above and side. The curved structures are
framed by a black box. The most pyramidalised carbon atom of each structure is denoted by a red circle and its’ value is quoted underneath, along
with the dipole moment calculated at the B3LYP/6-311G(d,p) level of theory.

ever resists bending (leading to a large elastic modu-
lus 21.5 eV/Å2 [27]), which favours the planarisation
of the molecules. The π-bonding dominates for two to
four bordering hexagons with the bond lengths and an-
gles changing to accommodate the planar structure. The
planarisation is only overcome for the structure with a
pentagon completely enclosed by hexagons 1a.

We extended our previous set of structures that inte-
grated curvature due to enclosed pentagons i) to include
non-enclosed pentagons to determine other curved ge-
ometries via two methods: increasing the hexagonal
aromatic network around the structure ii) or by acety-
lene addition to zig-zag edge site iii), as suggested by
Pope and Howard[20]. For structures fa and ph with

a single pentagon and three bordering hexagons, ad-
ditional hexagonal network growth did not give rise
to curvature. However, for the structure be with
four hexagonal rings enclosing the pentagonal ring, we
found that hexagonal growth did lead to curvature and
a flexoelectric dipole moment. However, substantial
growth was required with initial addition of hexagonal
aromatic rings to the left and right of the pentagonal ring
not leading to curvature integration; hexagonal rings
were required a further layer below the be molecule
(as observed in the orientation in Figure 3). We also
found that substantial curvature could be integrated for
the geometry with two unenclosed pentagons joined by
two hexagons (Figure 3 cp). An effective curvature in-
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Figure 4: Dipole moment as a function of the number of rings for dif-
ferent curvature integration strategies with curved structures indicated
by a plus symbol.

tegration mechanism was also found for the addition of
acetylene to benzo(ghi)fluoranthene be. This rapidly in-
creased the curvature (from θp,max = 6.8, 9.3, 10.5◦) and
dipole moment of these structures (from µ = 1.51, 2.45
to 3.03 debye). This was also explored for corannulene
and a substantial dipole moment found with these non-
integrated pentagonal rings giving dipole moments of
2.93, 3.49, 3.96, 4.36 to 4.73 debye. The additional
pentagonal ring integrated curvature more effectively
due to its decreased internal angles compared with the
hexagonal rings. This is further highlighted by com-
paring the curvature of pentacetylcorannulene pa and
pentabenzocorannulene pb, the former was found to be
more pyramidalised – θp,max = 12.3◦ compared with the
later θp,max = 9.2◦. Acetylene additions to zig-zag sites
– acetyl groups are unstable at high temperature and
are prone to migrate on hexagonal edges or desorb[21].
This indicates that the complete enclosure of a pentagon
by hexagonal rings i) would represent the most effective
manner to integrate stable curvature, with the second
most effective being acetylene addition to zig-zag edge
site iii).

Returning to the question of the critical size for the
onset of curvature Figure 4 shows the dipole moment as
a function of ring size with the onset of curvature found
to be 6 rings for the pentagon enclosure and acetyl cur-
vature integration strategies. For the hexagonal exten-
sion strategy the onset of curvature was found to be at
10 rings.

3.2. Interactions between cPAH

We will now consider the impact of the flexoelectric
dipole moment on the dimerisation of curved aromatic

dimers in the size range found in soot (4–20 rings) with
the most stable pericondensed species having pentago-
nal rings entirely enclosed by hexagons i). The dimeri-
sation energy has been used to consider the stability
of clusters of flat PAH molecules previously.[4, 28–
30] Figure 5 shows the various binding energies of
curved aromatic homodimers compared with flat PAHs
of pyrene, coronene, ovalene, hexabenzocoronene and
circumcoronene taken from [29]. For structures con-
taining one to two pentagonal rings, we found a similar
binding energy compared with planar PAH. However,
further increases in the number of pentagons decreased
the binding energy compared with a flat PAH of a simi-
lar mass.

Comparing corannulene and coronene with similar
binding energies, the role of the dispersion interactions
and dipole can be deduced. SAPT(DFT) calculations
show a reduced dispersion interaction between coran-
nulene dimers of -136 kJ/mol[19] compared with -145
kJ/mol[31] for coronene. This is also seen in the greater
intermolecular distance between the dimers of coran-
nulene of 3.62 Å compared with 3.58 Å. The role of
the dipole can be seen in the electrostatic contribution,
which for corannulene is 22% of the attractive potential
compared with 13% for coronene. We also observed a
higher dipole moment for the dimers compared with the
sum of the two static dipole moments, indicating a small
contribution from induction. SAPT(DFT) found induc-
tion to make up 4% of the attractive force in the case of
corannulene[19]. (See the Supplementary Information
for full details with comparisons to B97D simulations.)

While the dipole moment contributes to the binding
energy, the curvature decreases the dispersion interac-
tions due to steric effects. This can be seen from an
increased intermolecular distance (see Supplementary
Information) from 4-4–5 Å for one to three pentagons
increasing to ∼6-7 Å for four or more pentagons inte-
grated. Due to the short range of the dispersion inter-
actions (scaling as ∝ 1/r6) this increased distance sig-
nificantly decreases the binding energy, most evidently
for the structures with three or more pentagonal rings.
For the highly strained structures a tilt was also found
for the geometries. This is due to the positive hydrogen
atoms interacting with the negative charge concentra-
tion around the carbon at the rim of the bowl and has
been observed in crystal structure.[32]

The similar binding energy of cPAH with one to
two pentagonal rings to planar PAH indicates that ho-
mogeneous nucleation is unlikely to occur at flame
temperatures[29]. Some preliminary molecular dynam-
ics simulations have been performed on dimers 3c by
Violi and a similar clustering behaviour was seen com-
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pared with planar PAH. This is consistent with corannu-
lene’s sublimation temperature at standard conditions of
640 K [33]), which is similar to perylene 660K at [34],
a planar PAH with the same number of carbon atoms.

We have previously found that flat PAHs form
stacked structures with strong dispersion interactions
that are not significantly porous[35]. For species with
greater than three pentagonal rings, significant de-
creases in the dispersion interactions could increase the
porosity of soot. Soot with significant curvature, mea-
sured using thermal gravimetry, was found to oxidise at
lower temperatures than more graphitic soot, possibly
indicating a more accessible structure[5]. However, it is
unclear whether this was primarily due to the increased
porosity or an increased reactivity of curved structures
due to the decrease in the aromaticity from the integra-
tion of non-hexagonal rings[36]. This decreased aro-
maticity provides a greater electron density to the car-
bon atoms around the rim of curved arenes and allows
corannulene, for example, to perform aromatic substitu-
tion reactions as well as addition reactions (well known
for the organic chemistry of buckybowls). Yet another
oxidation mode could be direct attack of the pentagonal

carbon atoms in curved PAH which we have previously
explored in fullerenes[37].

3.3. Interactions between cPAH and other species

Permanent dipole-dipole interactions between cPAH
and polar molecules could be important for adsorption
of species such as water or nitrous oxide onto soot
particles. Calculations have found significant interac-
tions between water and corannulene with similar bind-
ing strengths to water dimers, -12.0 kJ/mol [38] com-
pared with -13.2 kJ/mol [39] respectively (with water
and graphite interaction energies of -9 kJ/mol reported
[40]). These interactions could contribute to the up-
take of water by soot particles, which has been exper-
imentally observed[41]. The interaction of non-polar
molecules with curved PAHs, while not important at
soot formation temperatures, could be important for the
adsorption of species onto carbon at low temperature
and for gas storage applications. Hydrogen absorption
onto corannulene is significantly enhanced by dipole-
induced dipole interactions with the binding energy in-
creasing by 59%[42]. Finally, dispersion interactions
of small species, such as gases are enhanced due to the

Figure 5: Binding energy of flat and curved PAH molecules as a function of molecular mass.
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decrease in the carbon to adsorbent distance on the con-
cave face of the curved PAH bowl. This has been ex-
plored for hydrogen absorption inside nanotubes and
nanohorns and could be used to enhance the capacity
for gas storage by soot.[42]

The most significant interaction of cPAH with an-
other species will be with charged species. Synthe-
sised cPAHs such as corannulene 1a are known to bind
ions strongly (93–289 kJ/mol [43]). Anion binding
is enhanced on the concave side by increased interac-
tion with the positive hydrogen atoms and the increased
dispersion interactions[44]. Cations can also bind to
the concave face by interacting with the small amount
of negative charge present (Figure 1), but most sig-
nificantly they bind via dispersion interactions in this
configuration[43]. Binding on the convex face favours
binding above the pentagonal ring but can also strongly
bond around the rim carbon atoms where charge is con-
centrated due to the C–H bond. Similar binding ener-
gies are found between curved and planar PAHs[30, 43].
Curved aromatic molecules differ from planar PAH in
their capacity for ions due to the longer range of the
interactions (∝ −1/r2). This allows for corannulene
to have increased capacity for lithium in battery appli-
cations (capacities of 372, and 602 mAh/g found for
graphite and corannulene respectively[45]). Chen and
Wang recently considered the stabilisation of clusters of
fPAH bound to a chemi-ion. A sandwich complex was
found to have significant binding energies - potentially
enough for stabilisation at flame temperatures - how-
ever, addition of a third fPAH was weakly bound[30].
The binding energy of curved PAH to ions is similar to
that of flat PAH[43] but the interaction energy scales as
∝ 1/r2, suggesting a longer range to the interactions.
Molecular dynamics simulations would be required to
further explore this possibility and are beyond the scope
of this article. Furthermore, significant work is needed
to determine the amount of curved PAH in soot forma-
tion to understand the possibility of an ion-induced nu-
cleation mechanism in soot formation.

4. Conclusion

The earliest onset of curvature integration in PAH
with pentagon integration was found for structures with
greater than six rings with at least one pentagonal ring.
Acetylene addition was found to increase the curvature
to a greater degree than hexagonal rings. Curvature in-
tegration is then understood as driven by the σ-bonding
aromatic network while structure planarisation is due
to π-bonding and is only overcome for structures with
greater than six rings. The binding energy of curved

PAH dimers was found to be comparable with that of
planar PAH molecules due to the contribution from the
dipole moment, but steric effects reduced the dispersion
interactions leading to structures with greater than three
pentagons being significantly lower in binding energy.
Finally, the impact of curved PAH on other species and
the role of polar aromatics interacting with chemi-ions
were considered.
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