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Abstract

The clustering of polycyclic aromatic hydrocarbon (PAH) molecules is investi-
gated in the context of soot particle inception and growth using an isotropic potential
developed from the benchmark PAHAP potential. This potential is used to estimate
equilibrium constants of dimerisation for five representative PAH molecules based on
a statistical mechanics model. Molecular dynamics simulations are also performed
to study the clustering of homomolecular systems at a range of temperatures. The
results from both sets of calculations demonstrate that at flame temperatures pyrene
(C16H10) dimerisation cannot be a key step in soot particle formation and that much
larger molecules (e.g. circumcoronene, C54H18) are required to form small clusters
at flame temperatures. The importance of using accurate descriptions of the inter-
molecular interactions is demonstrated by comparing results to those calculated with
a popular literature potential with an order of magnitude variation in the level of
clustering observed. By using an accurate intermolecular potential we are able to
show that physical binding of PAH molecules based on van der Waals interactions
alone can only be a viable soot inception mechanism if concentrations of large PAH
molecules are significantly higher than currently thought.
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1 Introduction

Polycyclic aromatic hydrocarbon (PAH) molecules have often been invoked as key in-
termediates in the chemistry of soot formation and growth. These molecules have been
detected in flames and in soot samples [14, 15, 25, 32, 89]. High resolution transmission
electron microscopy (HRTEM) images indicate soot particles have a layered carbon struc-
ture, which is interpreted as the stacking of large PAH molecules [8, 27, 79]. However,
the mechanism through which condensed-phase soot particles form from the gas phase
remains poorly understood [82].

In flame environments PAH molecules grow via chemical reaction and detailed mech-
anisms have been developed to describe this growth [16]. Initially, the transition from
gaseous species to condensed-phase particles was thought to be due solely to chemical
growth. However, it was found that whilst models based on chemical growth alone could
account for observed soot particle concentrations, the mean particle size was underesti-
mated [17]. In addition to chemical growth, it is argued that physical interactions are
also significant [9, 16, 17, 82], with the latter being responsible for particle inception via
the dimerisation of PAH molecules and further condensation processes which contribute
to particle growth. Recent experimental studies using photoionisation mass spectrometry
appear to support the presence of stacked PAH molecules as key precursors to nascent
soot formation [21, 22].

This hypothesis has also provoked a number of theoretical studies to determine the stabil-
ity of PAH molecules present in dimers and larger clusters in flame environments [23, 35–
38, 62, 74]. Miller [36] compared the lifetimes of PAH dimers calculated with the charac-
teristic time for chemical growth and concluded that physical binding was only important
for PAH molecules larger than 800 amu. However, Schuetz and Frenklach [62] studied
collisions between pyrene (C16H10) molecules using molecular dynamics (MD) and con-
cluded that the formation of internal free rotors were sufficient to allow dimers to survive
long enough to participate in the nucleation process.

The findings of such studies, together with arguments based on experimentally observed
number densities of nascent soot particles and gas-phase PAH concentrations have led
to soot growth models which consider the dimerisation of molecules as small as pyrene
to be the particle inception step [1, 2, 5, 48, 66]. However, this assumption is question-
able given their experimental data: the boiling/sublimation points of molecules as large
as coronene (C24H12, 798.2 K [83]) are much lower than typical flame temperatures (ap-
prox. 1500 − 2000 K) [82]. Recent experimental work combined with detailed kinetic
modelling has confirmed that pyrene dimerisation cannot be the critical particle incep-
tion step [58] and that physical dimerisation will only be significant at sizes well beyond
that of pyrene. Coronene clusters have also been studied experimentally [60], indicating
cluster evaporation at a temperature of 535 ± 50 K — well below flames temperatures.
Moreover, recent MD studies [10, 11] of the nucleation of fullerenes and PAH molecules
support the need for larger molecule mass and high molecule concentrations for physical
interactions to play a significant role in the nucleation process.

The thermal stability of PAH clusters is also of interest in the astrophysics community
where PAH molecules have been proposed as carriers of a family of aromatic infrared
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bands (AIBs) observed in circumstellar envelopes of carbon-rich stars. PAH clusters are
thought to make up small carbonaceous grains inside molecular clouds, which are in-
volved in high velocity collisions [56]. These observations have motivated theoretical
studies of the physical properties of PAH clusters, such as structure, stability and aggre-
gation [55, 57].

In seeking to model the physical nucleation of PAH molecules it is important to ensure the
intermolecular interactions are modelled accurately across the potential energy surface.
This is particularly important when studying nucleation processes as nucleation rates are
very sensitive to intermolecular binding energies. As shown later, a variation of 40% in
the binding energy can lead to an order of magnitude variation in measures of clustering
(Figure 9).

Advances in processing power have enabled intermolecular interactions to be studied in
PAH molecules up to the size of coronene [28, 29, 50–52] with accurate quantum chem-
istry methods. Whilst in many cases these studies represent benchmarks in intermolecu-
lar interaction energies, they remain impractical for the study of systems of many large
molecules. Typically semi-empirical potentials such as the PM3 potential [69] used in
Refs. 62, 87 or empirical atom-atom potentials such as the Lennard-Jones (LJ) parameter-
isation [78] used in Refs. 11, 23, 55, 57 have been used instead. However, these potentials
do not necessarily model PAH intermolecular interactions accurately. The PM3 potential
is known to often fail to adequately describe dispersion interactions [18, 33] which deter-
mine intermolecular binding, whereas the LJ parameterisation has been shown [73, 75] to
significantly overestimate the well depths of interactions between small PAH molecules
(by as much as 60% against reference SAPT(DFT) calculations in the case of certain
coronene dimer conformations).

In recent work we have developed a transferable anisotropic potential for PAH molecules
[75, 76] (termed PAHAP) based on only three types of interaction, C–C, C–H and H–
H. In the PAHAP potential the short-range exchange-repulsion was modelled using an
anisotropic Born-Mayer term and the long-range dispersion was modelled with a damped
isotropic C6 term. Also included was an electrostatic term based on point-charges. The
short-range anisotropic term was fitted from high-accuracy short-range interaction en-
ergies for dimers calculated using symmetry adapted perturbation theory (SAPT(DFT))
[42–44]. Coefficients for the long-range dispersion term were calculated using the Williams-
Stone-Misquitta method [40, 41, 45] and scaled to match dispersion energies calculated
using SAPT(DFT). Electrostatic potential-fitted (ESP) point-charges were originally cal-
culated using the Merz-Singh-Kollman scheme [67] which fits the atomic point-charges to
the overall molecular electrostatic potential, but recently a transferable electrostatic model
based on quadrupole moments has also been developed [76], which allows us to generate
charge models for arbitrary PAH molecules.

This new potential was shown to accurately reproduce intermolecular interactions in a
variety of dimer conformations for small PAH molecules. In more recent work [73] the
accuracy of this potential was assessed by comparison to experiment in the calculation of
the second virial coefficients for benzene and the estimation of the exfoliation energy of
graphite as well as comparison to independent SAPT(DFT) data for coronene interactions.
This potential represents a benchmark transferable potential for PAH interactions which
allows detailed study of the underlying potential energy surfaces of PAH clusters [7].
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The aim of this article is to study the clustering of PAH molecules using an accurate
intermolecular potential. We do this by studying the thermodynamics of homomolec-
ular dimerisation and the molecular dynamics of large homomolecular systems of five
representative PAH molecules (Figure 1). These pericondensed molecules are chosen to
span a large range of molecular mass and also for their thermodynamic stability at high
temperatures [68]. In section 2 we detail the development of the isotopic version of the
PAHAP potential for use in standard simulation codes. In section 3 we study the equilib-
rium thermodynamics of homomolecular PAH dimerisation using a simple model derived
from statistical mechanics. In section 4 we report the results of MD simulations using the
isoPAHAP potential at a range of temperatures. Included in this section is a study of the
collision efficiency of PAH molecules, which is an important parameter in soot models.
We conclude by discussing the implications for the role of physical interactions of PAH
molecules in flame environments.

(a) (b) (c) (d) (e)

Figure 1: PAH molecules studied: (a) Pyrene (C16H10), (b) Coronene (C24H12), (c) Ova-
lene (C32H14), (d) Hexabenzocoronene (C42H18), (e) Circumcoronene (C54H18)

2 Developing an isotropic PAH potential

The PAHAP potential is a benchmark transferable potential for PAH molecules which
describes atomic shape anisotropy using angular expansions. However, the angular de-
pendence of this potential is currently not supported by standard MD codes. We have
therefore developed an isotropic potential (termed isoPAHAP) based on the PAHAP ref-
erence potential suitable for use in these codes.

Atom-atom intermolecular potentials approximate the total interaction energy U as a sum
over all pairwise atomic interactions between molecules, with each molecule treated as a
rigid body:

U =
∑
A

∑
A<B

∑
a∈A

∑
b∈B

Uab(Rab,Ωab), (1)

where Uab(Rab,Ωab) denotes an atom-atom interaction potential. The indices A and B are
for molecules, and the indices a and b run over all the atomic sites within each molecule.
In general the atom-atom interaction potential depends upon the atom-atom separation,
Rab, and their relative molecular orientation, denoted generically by Ωab. Isotropic poten-
tials arise when orientational dependence is neglected as a simplification assuming that
the atoms in a molecule are spherically symmetric.
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Table 1: Parameters for isoPAHAP potential in a.u.a

atom pair ρ α C6

C C 6.0434 1.8783 30.282
C H 4.9562 1.7560 12.605
H H 4.1195 1.4043 5.2179

a The damping coefficient β and the pre-exponential factor G are taken from Ref. [75] to be 1.6485 a.u. and 0.001 a.u. respectively.

The form of the isoPAHAP potential is given in Eq. 2 and is identical to the original
PAHAP potential except that the shape function ρ is no longer orientation-dependent.

Uab = G exp
[
− αab(Rab − ρab)

]
− f6(Rab)

C6,iso

R6
ab

+
qaqb
Rab

, (2)

The first term is the short-range Born-Mayer term multiplied by a constant G, set to
0.001 Hartrees, the second is the damped dispersion term and the third is the point-charge
electrostatic term. The dispersion is damped with a Tang-Toennies damping function [72]
f6(Rab) given by

fn(Rab) = 1 − exp(−βRab)
n∑
k=0

(βRab)
k

k!
(3)

where β = 1.6485 a.u., taken from Ref [75]. The dispersion damping has been retained
due to the particularly soft repulsive wall given by the PAHAP parameters for the H–H
interaction. Without damping the dispersion term it was found the MD code encountered
problems associated with the singularity at zero separation. In order to use this potential
in standard MD codes we used a tabulated version including tabulated first derivatives
which also has the benefit of improving computational performance.

As only three types of atomic interaction are considered in the PAHAP potential (C–C,
C–H and H–H) it is possible to fit the isotropic potential parameters by considering the
interaction energies of a single homomolecular PAH dimer in a variety of conformations.
Using this approach, interaction energies were calculated with the PAHAP potential for
2500 pseudo-random coronene dimer conformations. The monomer geometry and atom-
centred point-charges for coronene and the other PAH molecules in Figure 1 were taken
from our previous work [76]. The conformations were obtained using the ENERGY-
SCAN module in the CAMCASP program [39] and energies were evaluated using the
ORIENT program [70]. The ORIENT program was also used to fit the parameters of the
isoPAHAP potential by a non-linear optimisation. We used tight harmonic constraints to
keep the parameters from deviating too far their original values obtained from the PAHAP
potential. The resulting parameters for the isoPAHAP potential are shown in Table 1.

Figure 2 shows scatter plots for the isoPAHAP energies of 2500 pseudo-random dimer
conformations for each PAH molecule, plotted against the reference PAHAP energies.
Also included are energies calculated using Williams’ W99 potential [86] and the LJ
parameterisation [78] mentioned in section 1. The isoPAHAP potential matches the PA-
HAP energies well with an overall rms deviation of 0.99 kJ mol−1. This compares to
4.66 kJ mol−1 for the W99 potential and 61.72 kJ mol−1 for the LJ parameterisation. The
energetically important stacked conformations are also well predicted by the isoPAHAP
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potential. The impressive performance of the W99 potential has been noted before [75],
and the relative improvement of isoPAHAP potential is because it has been fitted specifi-
cally to PAH interactions and contains a damping function. The W99 potential has been
fitted to a much broader range of organic molecules and such transferability inevitably
leads to a loss of accuracy relative to potentials with a narrower range of applicability.
The LJ parameterisation overestimates well depths and also suffers from an overly repul-
sive wall, leading to large discrepancies with the PAHAP potential.

The transferability of the isoPAHAP potential to PAH molecules other than coronene
is not strictly guaranteed despite the interactions being common to all PAH molecules.
This is due to the ratio of the total number of C–C, C–H, H–H interactions differing
for each molecule. Thus, fitting parameters to total interaction energies will implicitly
include the nontransferable ratio of these interactions. The resulting parameterisation
however, is shown to account for the interactions of the other molecules very well and
provides a suitably accurate intermolecular potential for the study of the clustering of
PAH molecules.

3 A thermodynamic model for PAH dimerisation

A simple thermodynamic model for the dimerisation of homomolecular PAH molecules
can be constructed using elementary statistical mechanics. The dimerisation considered
is PAHi + PAHi −−⇀↽−− (PAHi)2, for which, in creating the dimer, six new intermolecular
vibrational modes are introduced. As these modes are far weaker than the intramolecular
modes, we expect to a good approximation weak coupling between intermolecular and
intramolecular modes such that the intramolecular modes in the dimer can be assumed to
be unchanged from those in the isolated monomers [58, 82]. We therefore approximate
the dimers as rigid bodies.

The change in enthalpy and entropy on dimerisation can be derived from standard expres-
sions for ideal polyatomic gases [34]. The molecular partition function is built from trans-
lational, rotational, vibrational, and electronic terms. The rigid-rotor-harmonic-oscillator
(RRHO) assumption is employed and the zero-point vibrational energy (ZPVE) is in-
cluded in the vibrational term. Given these assumptions, the enthalpy of dimerisation is

∆H =
6∑
i=1

(
1

2
+

1

ehνi/kBT − 1

)
hνi − 4kBT − Eint, (4)

where νk is the kth intermolecular vibrational frequency, Eint is the dimer interaction
energy, h is Planck’s constant, kB is the Boltzmann constant and T is temperature. The
entropy of dimerisation is

∆S

kB
= ln

[
h6p

π5(8M)3/2(ekBT )4
σ2
m

σd

(IA,dIB,dIC,d)
1/2

IA,mIB,mIC,m

]

+
6∑
i=1

[
hνi/kBT

ehνi/kBT − 1
− ln

(
1 − e−hνi/kBT

)] (5)
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Figure 2: Total interaction energy scatter plots for each PAH molecule. For each plot
2500 random dimer energies have been calculated with each potential and plot-
ted against the PAHAP energies.
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where in addition to quantities already defined, Ik,m and Ik,d are the moments of inertia
for monomer and dimer respectively for the kth principal axis of each, M is the monomer
mass and σm and σd are the symmetry numbers for monomer and dimer respectively.

From these expressions the equilibrium constant for reaction, Kp, can be calculated from
the Gibb’s free energy

Kp = exp

(
− ∆G

kBT

)
= exp

(
− ∆H − T∆S

kBT

)
(6)

The global minimum dimer conformations with associated interaction energies have been
obtained using the isoPAHAP potential with the ORIENT program [70]. ORIENT has also
been used to determine the intermolecular normal modes and frequencies based on the
approach of Pohorille et al. [53] which are shown in Table 2. Symmetry numbers and
point groups for monomers and dimers are shown in Table 3.

3.1 Rigid body interaction energies

Generally, high-symmetry dimer conformations are favoured (Figure 3) by the isoPA-
HAP potential and the dimer conformations found for pyrene and coronene match those
found using the LJ potential in Ref. 55. The PAHAP potential, however, suggests that the
‘shifted graphite’ conformation is a lower energy conformation for the coronene dimer
than the ‘crossed’ structure found here [73], in accord with SAPT(DFT) results [50].
The circumcoronene dimer favours the ‘graphite’ stack over the crossed conformation
favoured by the LJ potential [55], although the energy difference between the structures is
very small (0.17 kJ mol−1). These results suggest that high symmetry can sometimes be
an artifact of using an isotropic potential, rather than a genuine preference for the highest-
symmetry structures. In all cases, the stacked conformations are favoured over T-shaped
dimers, which are the only competitive low-energy minima for smaller PAH molecules
[13, 19, 20, 51, 52, 77]. Despite slight differences in the minimum energy conformations
depending on the intermolecular potential used, the binding energies between minimum
energy conformations differ very little from the PAHAP potential.

3.2 Intermolecular vibrations

The intermolecular vibrational modes can generally be separated into two separate groups,
the (a) breathing and (b) bending motions being the stiffest, and the (c) shearing and
(d) twisting motions the softest. As found with the LJ potential [55] the frequency of
the breathing mode grows with increasing PAH mass. The breathing frequency of the
circumcoronene dimer is still somewhat below the breathing mode frequency for graphene
layers (∼ 90 cm−1 [88]).

The increase of the frequencies for larger PAH molecules is due to the stronger interac-
tion per carbon between larger molecules. The repulsion term increases roughly linearly
with the number of atoms in a PAH molecule, but because the dispersion interaction acts
over longer ranges its contribution increases slightly more rapidly. If the overall interac-
tion scaled exactly linearly with mass, the corresponding force constant would also scale
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(a) Eint = −41.8 kJ mol−1 (b) Eint = −69.2 kJ mol−1 (c) Eint = −97.5 kJ mol−1

(d) Eint = −139.6 kJ mol−1 (e) Eint = −181.9 kJ mol−1

Figure 3: Minimum energy configurations for PAH dimers: (a) Pyrene (C16H10), (b)
Coronene (C24H12), (c) Ovalene (C32H14), (d) Hexabenzocoronene (C42H18),
(e) Circumcoronene (C54H18)

linearly, resulting in the associated frequency remaining constant. However, the effective
force constant increases slightly more rapidly than linearly with the mass, which accounts
for the increase in the frequency of the breathing mode [55].

The bending mode frequencies are generally slightly lower than those for the breathing
modes whilst both the twisting and shearing modes are comparatively soft, which reflects
the small corrugation of the molecular planes. Previous work [73] however, highlights that
a more pronounced corrugation is actually present and the discrepancy is largely due to
an insufficient description of the electrostatic interaction offered by a simple point-charge
model. More complex descriptions of the electrostatic interaction, such as distributed
multipoles, are required to accurately recover the potential energy surface at positions
away from local minima.

3.3 Equilibrium constants

The equilibrium constants for the homomolecular dimerisation (standard state, 1 bar) of
the five PAH molecules have been calculated over the temperature range 0− 2500 K (Fig-
ure 4). At high temperatures the harmonic oscillator assumption becomes increasingly
inaccurate as anharmonicity becomes important, and the dimer will eventually favour dis-
sociation. A rough measure of the dissociation temperature can be obtained by equating
the dimer binding energy (−Eint) with the internal energy of the dimer (computed as the
sum of translational and rotational degrees of freedom of the constituent molecules in the
dimer, 6kT ). The transition from solid to dashed line indicates this temperature and serves
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Table 2: Intermolecular frequencies calculated using the isoPAHAP potential

Mode (cm−1)
(a) breathing (b) bending (c) shearing (d) twisting

(pyrene)2 69.97 58.32 56.78 12.46 9.75 7.53
(coronene)2 70.21 66.15 66.15 3.92 3.92 10.27
(ovalene)2 71.55 68.87 65.76 4.58 3.69 8.42
(hexabenzocoronene)2 74.01 67.54 67.54 5.23 5.23 9.03
(circumcoronene)2 75.36 70.53 64.81 11.25 7.36 6.45

Table 3: Point groups and rotational symmetry numbers for PAH monomers and dimers

Molecule
Monomer Dimer

Point Group σ Point Group σ
pyrene D2h 4 C2 2
coronene D6h 12 D6d 12
ovalene D2h 4 D2 4
hexabenzocoronene D6h 12 D6d 12
circumcoronene D6h 12 C2h 2

to give a rough estimate of the applicability of the model.

For comparison the equilibrium constant calculated for pyrene dimerisation by Sabbah
et al. [58] is also included which is based on phase space integral treatment of the inter-
molecular modes. This approach yields a coupled anharmonic prediction of the equilib-
rium constant, in contrast to our model which assumes harmonic uncoupled intermolec-
ular modes. The minimum energy pyrene dimer conformation predicted by the potential
used by Sabbah et al. is similar to that predicted by the isoPAHAP potential (Figure 3)
and has a similar interaction energy (Eint = −43.0 kJ mol−1). The discrepancy between
the models is therefore likely to be mainly due to the lack of anharmonicity in our cal-
culations rather than differences in the potentials, but the model presented here offers an
opportunity to get a qualitative grasp of the equilibrium dimerisation of PAH molecules
as a function of PAH size.

The general trend shows an expected increase in dimer stability as PAH size increases.
The balance between monomer and dimer is reversed (when ∆G = 0) at a tempera-
ture of 332 K for pyrene which compares to 401 K reported by Sabbah et al. [58]. The
corresponding values for coronene, ovalene, hexabenzocoronene and circumcoronene are
591 K, 727 K, 1031 K and 1387 K respectively. These temperatures remain below typi-
cal flame temperatures and indicate that even molecules as large as circumcoronene are
unlikely to undergo physical dimerisation to a significant degree.

It should be noted, however, that these values are very sensitive to the binding energy.
The LJ potential predicts a significantly larger minimum interaction energy for circum-
coronene (−261.1 kJ mol−1 in a D6 twisted conformation) which also manifests itself in
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larger frequencies for the breathing and bending vibrational modes. The increase in the vi-
brational frequencies acts to lowerKp and mitigates against the rise caused by the increase
in interaction energy, but the combined effect raises the temperature at which ∆G = 0
to 1815 K. Thus, the LJ potential would predict significant dimerisation at typical flame
temperatures (see Figure 9).

10-5

10-3

10-1

101

103

105

0 500 1000 1500 2000 2500

Pyr (Sabbah et al.)
Pyr
Cor
Ova
Hex
Cir

K
p

T (K)

Figure 4: Equilibrium constants for dimerisation of PAHs as a function of temperature.
Transitions from solid to short dashed lines occur at temperature when Eint =
−6kT . Below the Kp = 1 (∆G = 0) line we expect monomers to be more
stable.

4 Molecular dynamics simulations of PAH clustering

The formation of soot in flames is kinetically controlled and therefore the applicability of
models based on equilibrium thermodynamics is limited. In order to assess the stability
of PAH clusters in flame-like environments we must consider the dynamic behaviour of
molecules as they nucleate into clusters.

Homomolecular systems of the five PAH molecules were simulated using the canonical
NV T ensemble with cubical periodic boundary conditions in order to observe the tem-
perature and molecule size dependence on PAH clustering. Each simulation contained
1000 molecules at a concentration of 2 × 1018 cm−3. This ensured finite-size effects were
negligible [84]. The large number of molecules also ensured robust collision efficiency
statistics could be gathered. The Nosé-Hoover thermostatting method [26, 46] was used to
maintain a constant temperature with a time constant of 0.05 ps. Five system temperatures
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were studied with the highest temperature corresponding to a typical flame temperature:
500 K, 750 K, 1000 K, 1250 K and 1500 K.

As PAH molecules are relatively rigid and possess high intramolecular frequencies, the
ability to accommodate collision energy into intramolecular modes is limited and it is
the intermolecular modes which will be most important in determining cluster stability.
We therefore judge the intermolecular interaction to be most important, warranting the
development of the isoPAHAP potential. A tabulated form of the isoPAHAP potential
was used to model the intermolecular interactions with a cut-off of 30 Å and a spacing
of 0.005 Å, which is sufficient to ensure the interpolation error is negligible. For the
intramolecular interactions we follow Ref. 11 by using the aromatic parameters from the
OPLS-AA force field [30, 31] for bonds, angles and dihedrals.

Molecules were initially randomly located and orientated around the cell and initial veloc-
ities were generated from a Maxwell-Boltzmann distribution. The integration time step
was set to 1 fs and trajectories were integrated using the velocity Verlet algorithm [71, 80].
All simulations were performed using the GROMACS 4.5.3 [24] program.

4.1 Simulation timescales

One of the problems in MD simulations is relating MD timescales to the timescales of
real processes. The nucleation of soot takes place over milliseconds [81] and running MD
simulations for such time periods with a suitably small time step would be impractical.
However, if it is assumed that collisions between molecules are distributed randomly, such
that the occurrence of a collision does not affect the likelihood of subsequent collision,
then behaviour seen over real nucleation timescales can be approximated to some extent
by observing denser systems over shorter timescales. Following Refs. 10, 11 the charac-
teristic nucleation time in a flame can be related to the simulation nucleation time in a
denser system using the argument set out below.

The collision frequency of a molecule A can be expressed from kinetic theory as

ZA = n2
Aπ(bcoll)

2v̄A, (7)

where nA and v̄A are the concentration and average velocity of moleculesA in the system,
respectively, and bcoll is the collision diameter. The average velocity is given by

v̄A =

√
8kBT

πµAB
(8)

where µAB is the reduced mass of molecule A and the colliding molecule.

The number of effective collisions, leading to cluster formation and growth, will depend
on the energies of collision. Since the distribution of energies of a molecular system at
equilibrium for a set temperature is independent of the system density, the proportion of
effective collisions is also independent of density. The frequency of effective collisions
will therefore be given by Z × P (T ) where P (T ) is the probability of sticking and is a
function of temperature only. The characteristic timescale for an effective collision ∆t,
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is then given by ∆t = 1/ZP (T ). Therefore, given P (T ) is density independent, the
characteristic timescales and collision frequencies for a flame and MD simulations can be
related,

ZMD

ZFlame
=

∆tFlame

∆tMD
. (9)

As the collision diameters and average velocities in MD simulation and flame are equiv-
alent, by virtue of using the same molecules and temperatures, Eqs. 7 and 9 can be com-
bined to give

∆tFlame = ∆tMD

(
nMD

nFlame

)2

. (10)

Using this relationship, a simulation of 1 ns at a density of 2 × 1018 cm−3, would corre-
spond to ∼ 4 ms in a real flame containing an aromatics concentration of 1 × 1015 cm−3

[9]. This gives us a plausible way to approach experimental timescales.

However, there are some limitations to this approach. By using inflated system densities
we are in effect increasing the supersaturation of the system, which in turn reduces the
critical cluster size according to classical nucleation theory [63]. This means that soot
nucleation, in the sense of the formation of critical clusters, cannot be studied in this way.
The purpose of using high system densities however, is simply to increase the collision
frequency, with the goal of observing the onset of clustering and generating statistics on
the number of effective collisions, and in this case the approach is valid.

4.2 Cluster identification

In studying molecular clustering it is important to define what constitutes a cluster. A
simple distance cut-off measured between molecule centres of mass is insufficient as it
fails to distinguish between collisions that result in sticking and those that do not in sit-
uations where clusters are constantly being formed and destroyed. Therefore we add a
further condition that for a pair of molecules to be considered ‘bound’ they must satisfy
the distance cut-off criterion for a critical period of time [90]. The choice of cut-off sep-
aration rcrit and time length tcrit are somewhat arbitrary, but have a significant bearing on
the number of clusters detected.

Figure 5 shows how the number of clusters found in a single 1 ns trajectory varies when
rcrit and tcrit are independently varied. Extremes of molecule size and temperature are
shown to indicate the expected variation. Interestingly, larger molecules, such as cir-
cumcoronene, show a minimum in the number of clusters detected as a function of rcrit

(Figure 5a). At sufficiently low values of rcrit the larger diameters of the molecules result
in groups of molecules falling outside rcrit at certain orientations and what should be a
single cluster is counted as multiple clusters. This gives rise to an increase in the number
of clusters as rcrit decreases.

The effect of temperature on cluster formation is qualitatively different for the two molecules:
for pyrene, increasing temperature reduces the number of clusters, whereas for circum-
coronene a increase is seen. This can be explained simply as follows. Raising the temper-
ature increases the number of collisions, bringing molecules into closer proximity more
often. For larger molecules with stronger intermolecular interactions this results in more
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Figure 5: The dependence of cluster sizes on cluster definition parameters; (a) tcrit =
10 ps, (b) rcrit = 15 Å.

clusters being formed. However, for smaller molecules which have much weaker binding
interactions the increased collision energy makes it harder to form new clusters.

Increasing tcrit results in an expected fall in the number of clusters which flattens at high
tcrit. As we are interested in cluster stability over comparatively long soot nucleation
timescales we chose parameter values which suppress the number of clusters detected:
rcrit = 12 Å and tcrit = 20 ps.

We have chosen the Nosé-Hoover thermostat in preference to explicitly modelling the bath
gas for computational efficiency. However, because this thermostat modifies the temper-
atures of all molecules uniformly, heat transfer from the interior of clusters, which would
naturally be heated by the condensation process, may become unphysical. This is likely
to only be significant in large clusters where interior molecules are separated from the
gas-phase. PAH clusters tend to adopt stacked or multi-stacked conformations for which
this problem will be less significant. Nevertheless, it is important to consider whether the
expected frequency of bath gas collisions with a cluster is sufficient to allow redistribution
of collision energy within the stability timescale tcrit. Using Eq. 7, the density of a real
flame at 1500 K and 1 bar containing a circumcoronene concentration of 1 × 1015 cm−3,
increased by a factor of 2 × 103 for the MD simulations, gives a collision frequency of
∼ 20 ps−1 for a nitrogen bath gas. This assumes the collision radius to be the sum of
the radii of the two molecules, taken to be 7.5 Å for circumcoronene and 0.55 Å for ni-
trogen. Thus, a cluster would be expected to undergo ∼ 4 × 102 collisions with the bath
gas within the stability timescale. This may well be adequate, though a more detailed
simulation would be required to confirm this.

4.3 Simulation results

4.3.1 Effect of molecule size

Five trajectories of 1 ns were run for each homomolecular PAH system and the clustering
data was averaged over these runs. Figure 6 shows the averaged proportion of bound
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molecules and the averaged maximum cluster size as a function of time for each molecule
at each temperature. As temperature increases the expected general trend is observed: the
proportion of molecules bound and maximum cluster size reduce for all molecules.

Even at 500 K very few pyrene dimers form, which is consistent with the conclusions
of Sabbah et al. [58], whilst at 1500 K we see significant clustering only with circum-
coronene, and even then only relatively small clusters are formed. At low temperatures
much larger clusters are formed for both circumcoronene and hexabenzocoronene, al-
though large variations in maximum cluster size were noted between runs. Between
500 K and 750 K there is little difference between the clustering statistics for these two
large molecules, whereas both the proportion of bound molecules and maximum cluster
size vary significantly for ovalene and coronene.

At low temperatures cluster lifetimes were generally long for larger molecules and some
clusters survived the whole period of simulation (Figure 7a). As the temperature increases
the maximum lifetimes of clusters tend to decrease and at 1500 K only the circumcoronene
system produced clusters which survived for long periods. The averaged maximum clus-
ter sizes are shown in Figure 7b indicating how generally larger clusters are formed for
larger PAH molecules and lower temperatures. Interestingly, the maximum size of circum-
coronene clusters increases as the temperature is increased from 500 K to 750 K whereas
this quantity decreases for the other molecules. This can be understood as follows. The
average velocity of circumcoronene molecules (at a given temperature) is lower than that
of the smaller molecules due to their larger mass. Thus the collision rate is lower which
leads to fewer opportunities for cluster formation and growth. At 500 K the number of col-
lisions and the proportion which successfully bind are almost identical for the two largest
molecules leading to similar maximum cluster sizes. At 750 K the number of collisions in-
creases markedly for both molecular systems but circumcoronene has a greater collision
efficiency (number of successful collisions/total number of collisions) than hexabenzo-
coronene. Both effects combine to result in an increase in the circumcoronene maximum
cluster size.

Out of the five homomolecular PAH systems studied, only circumcoronene produces sta-
ble clusters at flame temperatures. In Figure 8 we see how the distributions of cluster sizes
vary with temperature for the circumcoronene system. At low temperatures an initial rise
in dimer concentrations is followed by a decline whilst the number of larger clusters in-
creases. This indicates that there is little barrier to nucleation and subsequent cluster
growth. However, at higher temperatures, peaks in dimer concentration are not seen, sug-
gesting either the trajectories are not long enough to capture further growth, or that there
is a more significant nucleation barrier precluding growth beyond a certain cluster size
[63].

The MD results indicate that large PAH molecules of the order of 50 carbon atoms are
required for physical clustering at flame temperatures. However, even at this size it is
unclear whether further cluster growth is unhindered or whether the nucleation barrier
precludes the formation of larger clusters. It is also unclear to what extent the choice of
intermolecular potential affects the degree of clustering.
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(a) 500 K (b) 750 K

(c) 1000 K (d) 1250 K

(e) 1500 K

Figure 6: Molecular dynamics results at different temperatures for pyrene (pyr),
coronene (cor), ovalene (ova), hexabenzocoronene (hex) and circumcoronene
(cir). The upper plots show the percentage of molecules in a bound state and
the lower plots show the maximum cluster size for each of the PAH molecules.
Standard deviations are indicated by the shaded areas.
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Figure 7: Molecular dynamics results at different temperatures for pyrene (pyr),
coronene (cor), ovalene (ova), hexabenzocoronene (hex) and circumcoronene
(cir). (a) maximum lifetimes (averaged lifetimes shown in white bars) and (b)
maximum cluster size.

4.3.2 Effect of intermolecular potential and simulation time

In order to investigate influence of simulation time and intermolecular potential single tra-
jectories of 1000 circumcoronene molecules were run for 10 ns with both the isoPAHAP
potential and the LJ parameterisation (Figure 9). The proportion of clustered molecules
asymptotes after ∼ 1 ns with the isoPAHAP potential whereas it takes ∼ 3 ns with the
LJ potential. However, the value of this quantity differs markedly for the two potentials:
∼ 15% for the isoPAHAP potential and ∼ 85% for the LJ potential. Similarly, a large
difference is seen in maximum cluster sizes between the isoPAHAP potential, where the
cluster size remains between ∼ 5 − 10 molecules, and the LJ potential, which produces
clusters of up to ∼ 90 molecules. The large fluctuations seen for the LJ potential are a con-
sequence of the cluster definition used. Visualising the trajectory showed the formation
of large stacks of molecules which bound only loosely to other stacks and therefore did
not always lie within the distance cut-off, leading to the rapid fluctuations in maximum
cluster size.

The results confirm that choice of potential to model intermolecular interactions is very
important. As noted in the thermodynamic analysis (Section 3.3) the LJ potential signifi-
cantly overbinds the circumcoronene dimer and therefore predicts a much greater concen-
tration of dimers at flame temperatures than the isoPAHAP potential. The same qualitative
trends are shown here which suggest that the LJ potential will underestimate the critical
size of PAH molecule required for stable cluster formation in flame conditions.

Direct comparison of the MD results with the equilibrium constants is difficult because
the clustering seen in the MD results is not restricted to dimerisation, and the equilibrium
constant calculations break down at high temperatures. However, at certain temperatures,
to a good approximation, only dimers were formed for certain molecules, which allows
comparison to the predicted equilibrium dimer concentrations. At 500 K the average pres-
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Figure 8: Averaged distribution of cluster sizes for circumcoronene at different tempera-
tures.

sure over the five 1 ns pyrene trajectories was 0.215 bar and the average number of dimers
in the final 0.1 ns interval was 11.3. This corresponds to an equilibrium constant Kp, at
1 bar standard pressure, of 0.055 which lies between the value calculated in this work
(section 3.3) and the value from Sabbah et al. of 0.014 and 0.126 respectively, indicating
consistency between the two approaches.
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Figure 9: Molecular dynamics results for 1000 circumcoronene molecules at 1500 K us-
ing the isoPAHAP potential and the LJ parameterisation [78]. The upper plot
shows the percentage of molecules in a bound state and the lower plot shows
the maximum cluster size for each of the PAH molecules.

4.4 Collision efficiency

In the last few years detailed soot models which describe the evolution of soot particles
in combustion environments to aid the understanding of the soot formation process with
the aim of reducing soot emissions from combustion devices. More recently these models
have become much more complex [2, 4, 6, 48, 49, 59, 65], describing several processes,
such as gas-phase particle inception, condensation, surface reactions, coagulation and the
formation of aggregate structures. The most recent models [59] track individual PAH
molecules as they chemically grow and collide to form soot particles. One of the key
model quantities, which determines the soot inception and growth rates, is the probability
that PAH molecules, or clusters, will stick upon collision. This quantity is termed the
collision efficiency and is defined as the ratio of successful collisions (i.e. collisions which
form clusters) to the total number of collisions [12, 54].

The overall collision efficiencies for each homomolecular system, calculated for all colli-
sions regardless of the size of colliding clusters, are shown in Figure 10a. The collision
efficiency model developed by Raj et al. [54] is also included. This model correlates the
collision efficiency to the mass of the smaller collision partner and was obtained by fitting
experimental PAH mass spectra obtained from high temperature flames (∼ 2000 K) to
simulated mass spectra obtained using a detailed population balance model.

Direct comparison to the MD results is problematic given that the model proposed by
Raj et al. defines successful collisions as those in which molecules irreversibly stick to
their collision partner. In the MD simulations successful collisions are reversible and
therefore the MD collision efficiencies should overestimate the model values. Even so,
the MD results indicate that at low flame temperatures (∼ 1500 K) the collision efficiency
should be lower than those suggested by the model, and this supports recent work [58]
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which shows that the model significantly overestimates the collision efficiency for pyrene
dimerisation.

In Figure 10b we demonstrate a refined collision efficiency model in which the collision
efficiency is determined by the temperature and the reduced mass of the colliding pair.
Correlating the collision efficiency to the reduced mass was chosen pragmatically as it
was found to give a better fit than correlating to the combined mass or the smaller mass
of the colliding pair.

In order to ensure that a large enough number of collisions had been found to give a
reliable collision efficiency, a minimum cut-off was used. This was set to an average of
25 collisions per 1 ns trajectory. From the remaining results the collision efficiency CE

was fitted using a least-squares algorithm based on the reduced mass µ of the colliding
pair to

CE = 1 +
µ

aµ+ b
− 1

a
, (11)

where a and b are fitting parameters (shown in Table 4) and µ is the reduced mass. This
functional form was chosen to ensure the correct asymptotic behaviour, i.e. limµ→∞CE =
1. Collision efficiencies below 0.01 were ignored to avoid skewing the fit.

At low temperatures this correlation appears to fit the data reasonably well, whereas at
higher temperatures the sparsity of data points limits its applicability. The data suggests
that at a given temperature there is a critical reduced mass below which the collision
efficiency is essentially zero. After this point the collision efficiency will rise but starts
to show asymptotic behaviour at larger reduced mass. We anticipate that this correlation
will form the basis of new temperature-dependent descriptions of the collision efficiency
in soot growth models.
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Figure 10: Collision efficiencies calculated from MD results for PAHs: (a) the overall
collision efficiencies for all collisions as a function of monomer mass for dif-
ferent temperatures, (b) collision efficiency as a function of the reduced mass
of the resulting cluster. For comparison (a) contains points calculated using
the collision efficiency model reported by Raj et al. [54]
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Table 4: Optimised parameters for the collision efficiency model

Temperature (K) Parameters
a b

500 0.5074 54.13
750 0.6822 190.0
1000 0.8032 441.3
1250 0.8425 714.2
1500 0.8858 1322

5 Discussion

The aim of this work has been to study the clustering of PAH molecules in the context of
soot particle inception. In studying the thermodynamics and molecular dynamics of PAH
clustering we have sought to use an accurate description of the intermolecular interac-
tions based on a benchmark PAH potential developed from high-level quantum chemistry
calculations.

As mentioned in the introduction the rate of clustering is very sensitive to the binding
energies of clusters. We have demonstrated this very clearly by the order of magnitude
discrepancy seen between the clustering rates calculated with the isoPAHAP potential and
the popular LJ parameterisation, which has been used in several studies of PAH clusters
[11, 23, 55, 57]. Consequently, it is of paramount importance that we describe the interac-
tion energies between PAH molecules as accurately as we can so as to reduce or remove
uncertainties in our results.

Our results strongly suggest that pyrene dimerisation cannot play a significant role in
soot particle inception even at low temperatures (500 K). This is in agreement with recent
experimental and theoretical work [58]. Nevertheless, in low-temperature regions of the
flame (500 − 1000 K), physical nucleation may still be a competitive route for particle
inception and growth for molecules larger than pyrene. However, soot particles are known
to undergo gas-phase nucleation and grow in the hottest parts of the flame [61, 85]. At
1500 K only circumcoronene was found to dimerise. This suggests that if van der Waals
interactions of PAH molecules are solely responsible for particle inception and growth,
large PAH molecules must be present in flame environments. This requirement appears to
be supported by the PAH mass spectra reported by Happold et al. [21, 22] If the multiple
peaks observed on the mass spectra are correctly interpreted to represent PAH monomers,
dimers and larger clusters, then the clustered monomer masses can be expected to be
approx. 500 amu (approx. C40), which is in broad agreement with our results.

Accurately determining the concentration of large PAH molecules in flames has proved
to be difficult owing to their low concentrations and consequent problems associated with
extraction and separation.. A rule of thumb often employed for premixed sooting flames
is that peak PAH molecule concentration drops by roughly half an order of magnitude
with increments of one pericondensed ring [82]. Therefore, in order to account for the
observed number densities of particle nuclei (1011 − 1013 cm−3) it is reasoned that incep-
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tion with PAH molecules such as pyrene or coronene would be needed which have typical
mole fractions of 10−5 and 10−7 respectively. The 10-ring ovalene molecule would have
a mole fraction of roughly 10−8, whereas the 19-ring circumcoronene molecule would be
expected to have a mole fraction of roughly 10−13, both of which are too small to account
for observed soot nuclei concentrations. However, large PAH molecules have been de-
tected both in the gas phase of flames and in nascent soot particles by some researchers,
suggesting they are not as rare as thought. Dobbins et al. [14] used laser microprobe mass
spectroscopy (LMMS) to analyse ethene diffusion flames and found pericondensed PAH
molecules as large as 472 amu in precursor soot particles whilst Siegmann et al. [64] de-
tected pericondensed PAH molecules up to 600 amu in the gas-phase in dilute methane
flames. These authors suggest inclusion of chemical growth mechanisms other than the
accepted acetylene addition pathway, and highlight the possibility of reactive dimerisation
of PAH molecules.

An alternative solution to this problem is that intermolecular PAH binding is enhanced
in flame environments. It has been argued [37] that excited aromatic dimers (termed
‘excimers’) would be expected to bind much more tightly than dimers held together by
van der Waals interactions alone, although the energies quoted for small PAH excimers
are almost identical to those calculated with the PAHAP potential. Recently, it has also
been argued [82] that certain PAH molecules exist in open-shell singlet ground states, for
which there is evidence of localisation of charge in certain peripheral sites, and that this
leads to enhanced attractive interactions. However, as yet there is no numerical evidence
to support this statement and to accurately probe the intermolecular interactions of large
open-shell PAH structures would require considerable computational resources.

This study has focused on the clustering of pericondensed aromatic hydrocarbons (PCAH),
however there is also growing evidence of a significant presence of aliphatic function-
alities on the surface of nascent soot particles [3, 47]. This suggests the presence of
molecules with aromatic and aliphatic content, such as aromatic-aliphatic-linked hydro-
carbons (AALH) or pericondensed aromatics with aliphatic branches (PCAB). Recent
MD studies have shown that AALH clusters are less stable than PCAH clusters contain-
ing molecules of similar mass at flame temperatures [11, 87]. However, PCAB molecules
have been shown to cluster at faster rates than PCAH molecules despite having similar
collision efficiencies [11]. This may imply that the aliphatic branches present in PCAB
molecules act as soft modes which enable the molecule to accommodate more of the
collision energy than is possible with PCAH molecules, thus increasing cluster stability.
Nevertheless, the collision efficiency seems to be dependent on the pericondensed aro-
matic content of the molecule, which accounts for the strong π stacking interactions, and
this indicates that the size of PCAH remains the key factor for particle inception.

Techniques similar to those we have used in this work could be used to rigourously anal-
yse the proposals outlined above. However if stronger intermolecular interactions or the
presence of soft intramolecular vibration modes prove to be insufficient to describe soot
nucleation, then it must be concluded that the physical nucleation route can only play a
significant role in soot particle inception if concentrations of larger PAH molecules are
much higher than currently thought. This requires a mechanism which can account for
swift chemical growth of PAH molecules to sizes well beyond pyrene.
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