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Abstract

A scheme to characterise surface atoms is proposed to probe molecular repre-
sentations of homogenous pyrene and coronene clusters. The concept of solvent-
excluded surface, which is widely used for proteins, forms the basis of this scheme.
The scheme is used to provide insights into the surface reactivity in terms of the sur-
face availability of active atoms and sites for different gaseous species. It was found
that the surface availability of active sites varies with gaseous species, system tem-
perature and particle size. The number of active sites available for a small gaseous
species is always greater than that for a large species. Surface exposure increases
with an increase in temperature and an obvious enhancement exists when transform-
ing to liquid-like configurations. The surface availability decreases with increasing
particle size following a linear relation with reciprocal size. The upper bound of
parameter α, which is used in the soot literature to empirically quantify surface re-
activity, was further estimated from the surface availability of hydrogen atom in the
context of HACA mechanism and was well below 0.1 for reactions between mature
soot particles and acetylene. By exploring one particular pocket on the surface of a
coronene cluster with 100 molecules, it was noted that it is feasible for both oxygen
and acetylene molecules to penetrate inside the cluster. This fact indicates that the
surface reactions occurring on particles are not limited to the actual boundary of the
configuration but also certain regions beyond the boundary via surface pockets.
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1 Introduction

Surface reactions play an important role in the mass growth of soot, and have been the
subject of intense experimental and theoretical investigation [2, 14, 17, 20, 21]. However,
these investigations are limited by poor understanding of the microscopic structure of
soot. A surface reaction of a soot particle is defined as a reaction between a small gaseous
species and an individual active site on the surface of soot particle [6, 26]. Usually, the
aromatic sites in a particle are not always available for reaction [5]. A few reactive sites
are “buried” inside the particle structure and not exposed to the gaseous species. This
should be necessarily taken into account otherwise it will lead to overestimation of the
surface availability of the sites and thus the rate of surface reaction. Experimentally, it is
extremely difficult to probe this phenomenon because soot particles are structurally het-
erogeneous [28]. In contrast, Frenklach and Wang [12] proposed an empirical parameter,
α, to account the availability of active sites which can react with gaseous species via the
HACA mechanism. The main pathway of the HACA mechanism proceeds via the cre-
ation of surface radical sites by hydrogen abstraction, and later, the reaction of acetylene
molecules with these sites to form 5- or 6-member rings. The growth processes can occur
on the free-edge (FE), zig-zag (ZZ) and armchair sites of an individual PAH [22]. Surface
oxidation reactions are also initialised by hydrogen abstraction at FE and armchair sites
[1, 5].

Following Frenklach and Wang’s initial investigation, more recent numerical studies have
investigated the parameter α and applied it to understand the surface reactions of soot par-
ticles in laminar premixed flames [1, 14, 33, 34] and non-premixed co-flow flames [16,
25]. Likewise, a free model parameter known as growth factor g, is included in some
population balance models to adjust the rate of surface reaction of PAHs in large soot
particles [6, 26]. In nature, both parameters α and g represent a steric phenomenon that
should be dependent on the microscopic arrangement of a soot particle. However, no
one has yet estimated these parameters numerically due to the lack of a satisfactory mi-
croscopic representation. Recently, Chen and coworkers studied the thermostability of
homogeneous pyrene and coronene clusters as analogues for nascent soot particles [8]
and demonstrated a phase change due to the addition of mass [7]. These studies provide a
representation of these particles that enables the theoretical investigation of their surface
reactivity.

To enable the probing of a surface representation, Richards [18] first described a solvent-
accessible surface (SAS) as the surface was traced out by the center of a spherical probe
representing a solvent molecule of a defined size using a “rolling ball” algorithm [18] (see
the dashed black line on Fig. 1). Later, a more appropriate concept, the solvent-excluded
surface (SES), was proposed to represent the actual surface of a configuration [9] (see the
orange solid line on Fig. 1). This surface contains the parts of the van der Waals surface
of the atoms that are “touched” by the probe and linked by a series of concave and saddle-
shaped surfaces between the atoms. In practice, the SES can be computed using a “rolling
ball” algorithm [10, 23, 24]. Using the SES representation, reactive regions known as
“pockets” can be identified inside a configuration [30]. Technically, a pocket inside a
configuration is defined as an empty concavity on the surface of the configuration into
which bulk gaseous or solvent atoms can gain access [19, 32]. In other words, a pocket
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Figure 1: Illustration of the “rolling ball” algorithm and the definition of the solvent
accessible surface (SAS), the solvent-excluded surface (SES), and the van der
Waals (Vdw) surface.

represents a mouth-type opening connecting the interior with the outside atmosphere or
solution. Obviously, pocket detection can geometrically characterise the surface porosity
of a target configuration and thus we can investigate whether gaseous or solvent atoms
can penetrate inside a configuration and react with the active sites via individual pockets.

In this work, the surface properties of homogenous pyrene and coronene clusters, in-
cluding the surface availabilities of hydrogen atoms, FE and ZZ sites, are investigated
microscopically using geometric analysis. For the first time, we can examine the sur-
face reactivity of small PAH clusters directly from their molecular arrangements. We
study the dependence of the surface availability on the gaseous species, system tempera-
ture and molecular size. We also identify surface pockets located on a particular particle
and investigate whether gas-phase species can access regions beyond the boundary of the
configuration of a coronene cluster via individual pockets.

2 Computational method

2.1 Molecular cluster

The current work investigates the surface reactivities of a number of nano-clusters, PN .
N denotes the number of molecules and varies from 50 to 500. P represents either pyrene
or coronene. All the clusters were taken from previous work [8] in which the detailed
microscopic representations were equilibrated using conventional Molecular Dynamics
(MD). For each size, 100 different configurations have been extracted from a trajectory of
1 ns. The reported surface properties are computed by averaging over these configurations
and the standard derivations are used to build the error bars.

The main concerns of this work are the surface availabilities of hydrogen atoms, FE and
ZZ sites which determine the rates of surface reaction. There are 6 FE and 4 ZZ sites on a
pyrene molecule, and 6 FE and 6 ZZ sites on a coronene molecule [4]. To identify the site
types on the surface of microscopic representations, an index is assigned to each atom of
the constituent pyrene and coronene molecules, such that the site type can be determined
by analysing the atom indices.
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(a) SES representation (b) Volumetric repre-
sentation

Figure 2: Solvent-excluded surface (SES) and volumetric representation of a liquid-like
coronene50 cluster at 500 K. The red color represents the carbon atoms whilst
the white color represents the hydrogen atoms. The solvent-excluded surface
representation in Fig. 2a is generated using a probe with 0.17 nm radius, which
is analogous to the size of a single carbon atom.

2.2 Molecular surface analysis

Table 1: Van der Waals radii for different gaseous species.

Probe radius (Å)
Hydrogen atom 1.2
Oxygen moleculea 1.52
Carbon atom 1.7
Acetylene moleculeb 2.0

a The size of the oxygen molecule is taken from the size of a single oxygen atom or half of its structure.
b The size of the acetylene molecule is taken from the length of a C-H fragment or half of its structure.

SES was used to describe the molecular surface of the configurations in this work because
it provides a more accurate description of the actual surface compared to that of SAS. The
SES area was determined by the MSMS 6.2.1 program [27] which computes the surface
area using a “rolling ball” algorithm. The radii of the carbon and hydrogen atoms are taken
from their standard van der Waals radii as 1.7 and 1.2 Å respectively [3]. Fig. 2a shows a
configuration approximated by SES using a spherical probe, whilst Fig. 2b illustrates the
approximation of a configuration by representing atoms with solid spheres. Clearly, SES
connects all the surface atom and forms a irregular molecular surface.

The contributions of each atom on the SES area can be calculated, and any atom with
non-zero contribution is interpreted as a surface atom. The site information is obtained
by analysing the indices of the surface carbon atoms. This characterisation of the surface
atoms builds the basis of this work. We note that the characterisation is instantaneous and
evolves in time as the molecules rearrange.

To enable the analysis of a target configuration, the surface availability of atom or site i,
isurf , is introduced to represent the availability of the active atom or site on a molecular
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surface and it is computed by

isurf =
Si

Ni

, where i ∈ {hydrogen atom, FE and ZZ sites}. (1)

Si is the number of atoms or sites of type i accessible to a specific probe andNi is the total
number of atoms or sites of type iwithin the configuration. The physical representation of
isurf is the accessibility of atoms or sites of type i on the particle surface to the gas-phase
species used as the probe. Thus, the surface accessibility to different gas-phase species
can be estimated using a probe with a size corresponding to the size of a specific gas-
phase molecule. This work considers four different-sized probes (Table 1) to represent the
major gaseous species involving in the surface reactions of soot particles. As both oxygen
and acetylene molecules are symmetrically linear molecules, the size of the oxygen and
acetylene molecule is taken from half of their structures or one single oxygen atom and
one C-H fragment respectively. It should be noted that isurf may be interpreted as the
upper bound of the parameter α for reactions involving atoms or sites of type i. The
estimate is an upper bound because the calculation of isurf assumes that gas-phase probe
is able to freely access all surface atoms and sites.

2.3 Pocket detection

Surface pockets always act as pathways for gaseous molecules to gain access to the inte-
rior of a particle and represent the surface porosity of one particular particle. In this work,
we used the pocket detection software package Fpocket [32], to identify pockets on the
surface of homogenous PAH clusters and probe the corresponding surface porosity. This
package was previously used in the characterisation of protein binding sites for ligand
design [13] and it has been introduced in detail elsewhere [32]. Technically speaking,
Fpocket performs a pure geometric analysis of the target configuration using the concept
of alpha spheres (Fig. 3), introduced by Liang et al [19]. By definition, an alpha sphere is
an empty spherical region that is bounded by the centres of four atoms within the cluster.
By scanning the target configuration, an ensemble of different-sized alpha spheres can
be identified, and an ensemble of pockets are identified from overlapping sets of alpha
spheres. Note that it is necessary to impose upper and lower bounds on the allowed size
of the alpha spheres. This is required to prevent the identification of large alpha spheres
along the surface of the configuration and small alpha spheres throughout the configura-
tion.

In this work, both carbon and hydrogen atoms were considered to bound the alpha spheres,
whilst hydrogen atoms are usually ignored when investigating the surface of a protein [32].
The maximum allowed radius of the alpha spheres was 5 Å while the minimum radius was
computed as the sum of the specific probe size and the radius of carbon which is 1.7 Å. For
example, the minimum radius was 3.7 Å when using an acetylene molecule as the probe
(Table 1). Such pockets are capable of accommodating at least one acetylene molecule
and acting as a pathway allowing acetylene molecules physically to “touch” the interior
of a configuration.
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(a) Front view

(b) Side view

Figure 3: Illustrations of alpha spheres on a liquid-like coronene100 cluster at 500 K us-
ing a probe with 0.12 nm radius. The solid light blue spheres represent the
alpha sphere centers, and a set of the alpha spheres builds the transparent blue
surface which is interpreted as a pocket using Fpocket [32]. The boundary of
the configuration is highlighted to distinguish the inside of the configuration
from the outside environment.

3 Results

3.1 Probe dependence of the surface availability

Fig. 4 shows the surface availabilities of hydrogen atoms, FE and ZZ sites sites as a
function of probe size. The surface availabilities decrease with increasing probe size.
When the size of probe is less than 0.6 Å, the reported surface availabilities approach
unity. However, as no species have such a small size (Table 1), this suggests that no
molecule can move unrestricted within the configuration. When increasing the probe
size, the reported surface availabilities asymptote as probes cease to pick out the detail
between adjacent atoms, but instead pick out the atoms and sites that are accessible at the
boundary of the configuration.
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Figure 4: Surface availabilities of hydrogen atoms, FE and ZZ sites of a liquid-like
coronene500 cluster at 575 K as a function of the probe size. The error bars
are the standard deviations computed from 100 different samples of the config-
uration. The size of an acetylene molecule is highlighted by the dashed line.

3.2 Temperature dependence of the surface availability

Figure 5: Surface availability of hydrogen atoms on coronene50 and coronene500 clusters
as a function of the reduced temperature. The radius of probe is 1.2 Å which is
analogous to that of a hydrogen atom. The configurations of the coronene500
cluster at Tr = 0.96 (left) and 1.0 (right) are also embedded on the plot. The
melting point of both coronene50 and coronene500 are taken from Chen et al. [8]
and are 455 K and 575 K respectively. The error bars are the standard devia-
tions computed from 100 different samples of the configuration.

The surface availability of hydrogen atom on coronene50 and coronene500 clusters have
been examined to illustrate the impact of temperature (Fig. 5). The results are reported in
terms of the reduced temperature Tr, defined as Tr = Tactual/Tmelting point. The melting
points of individual nano-cluster were taken from previous work [8]. The maximum re-
duced temperature in this work was 1.13 or Tactual = 650K for a coronene500 cluster [8].
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At higher temperatures these particles are highly mobile and favour thermal dissociation
for Tr ≥ 1.1 [29]. However, this does not indicate that the findings in this work are irrel-
evant to soot particles, where it is common for soot to exist at 1500 K or above. It is well
accepted that soot particles appear as solid-like configurations even within the center of a
flame. This suggests the soot particles form at Tr less than 1.0, which is a region that is
accessible using coronene and pyrene clusters.

Fig. 5 shows that the particles at higher temperatures yield higher surface availabilities,
and that there is a pronounced increase in the surface availability as the particles melt.
Similar observations are found for both FE and ZZ sites. Not surprisingly, the increase
in surface availability as the particles melt is accompanied by a significant change in
the particle morphology. Previous work [8] has demonstrated that the solid particles are
composed of multiple parallel stacks of PAHs with clear surface edges, whilst the melted
particles are composed of small stacks of three to seven PAHs and exhibit very irregular
surfaces. The ordered crystal-like morphology of the solid particles limit the access of
gaseous species and consequently, the number of surface hydrogen, FE and ZZ sites is
limited. In contrast, the irregular surface of the melted particles allow a higher exposure
to gaseous species and enhance the surface availabilities of hydrogen atoms, FE and ZZ
sites. However, this observation disagrees with common estimates of the parameter α,
which is believed to decrease with temperature [1, 12, 34].

3.3 Particle size dependence of the surface availability

In a recent expression of the parameter α [1], the parameter is not only temperature de-
pendent, but also particle size dependent. Similarly, Fig. 6 shows the surface reactivities
of different-sized pyrene and coronene clusters at their melting points using a probe rep-
resenting an acetylene molecule. It is found that the surface availability reduces with
increasing particle size, and follows a linear relation with reciprocal size. This observa-
tion is consistent with that of Appel et al. [1]. The surface availability of the coronene
clusters is approximately 0.05-0.1 higher than that of the pyrene clusters. From the slope
of the fitted lines, we can extract information about the decay rates of these surface prop-
erties. The decay rate of the FE and ZZ sites is approximately 0.75 and 0.45 times of that
of hydrogen atoms. The lower availability of ZZ versus FE sites is attributed to the con-
cave structure of the ZZ sites, where the carbon atom at the centre of the concave region
is expected to be less accessible than the equivalent atom in a FE site.

On Fig. 6, The surface availabilities of hydrogen atoms, FE and ZZ sites lie in the ranges
0.2-0.6, 0.2-0.4 and 0.1-0.3 respectively for nascent soot, interpreted as particles less than
10 nm in diameter. The surface availabilities are significantly lower (and well below 0.1)
for mature soot, interpreted as particles greater than 50 nm. The surface availability of the
hydrogen atoms can be interpreted as the upper bound of α in the context of the HACA
mechanism, where hydrogen abstraction is believed to initiate the surface reactions. This
work offers a rationale to guide the selection of the parameter α in flame modelling. For
instance, the value of α from a set of laminar premixed flames [35] is always greater than
0.4 when using PREMIX [15] in which the α expression is that of Appel et al. [1]. In
these flames, the largest and moderate-sized particles are approximately 50 nm and 10 nm
in diameter [35]. However, using the correlation for the coronene cluster from Fig. 6a,
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Figure 6: Surface availabilities of hydrogen atoms, FE and ZZ sites on pyrene and
coronene clusters at Tr = 1.0 as a function of the reciprocal of particle di-
ameter. The probe radius is 2.0 Å which is analogous to that of an acetylene
molecule. The equation of the straight lines of best fit and the corresponding
R2 value are shown at the top of each plot for the coronene and the bottom of
each plot for the pyrene.

the upper bound of α should be 0.04 and 0.2 for the largest and moderate-sized particles
respectively. Thus, an overestimation of the surface reactivity of large particles is clearly
suggested. More recently, Dworkin et al. [11] optimised the parameter α by fitting the
predicted maximum soot volume fraction to experimental data for a co-flow ethylene/air
non-premixed flame. It was found that the experimental trends of the soot fraction were
successfully captured using a constant α as small as 0.078. Saffaripour et al. [25] further
proposed an alpha value of 0.0045 to improve the quality of their model. Compared with
findings in this work, both values lie below the suggested upper bound of parameter α.
In summary, the upper bound of the parameter α for acetylene-dominated processes can
be used to guide the fidelity of predictions from numerical simulations where the surface
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processes dominate the mass growth of the soot.

3.4 Surface pockets

Figure 7: Side view snapshots of a pocket on a liquid-like coronene100 cluster using a
probe of radius rp = 1.2 Å (a), 1.52 Å (b) and 2.0 Å (c) at 500 K. The red color
represents the contribution of the carbon atoms, whilst the white color repre-
sents the contribution of the hydrogen atoms to the SES. The black arrows point
to the location of the pocket on the configuration. The black dash lines high-
light the sections of the configuration, and the yellow solid lines outline the
extent of the pockets beyond the boundary of the configuration.

To investigate explicitly the surface pockets, one particular pocket on a coronene100 cluster
at 500 K was carefully examined using different probe sizes ranging from 1.2 Å to 2.0 Å
(Fig. 7). The existence of pockets in the coronene100 clusters supports the proposition that
it is feasible for small gaseous molecules to penetrate inside a particle. As outlined by the
yellow solid line, the size of the pocket decreases with the increase in the probe size. This
supports the observation that a small probe gains a larger accessibility within a configura-
tion, whilst the accessibility that of a large probe is limited. It is also noted that the depth
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Figure 8: Evolution of pocket SES area and total SES area of a liquid-like coronene100
cluster at Tr = 1.0 (500 K) using a probe of radius rp = 1.2 Å (blue), 1.52 Å
(red) and 2.0 Å (black).

of the pockets vary with the size of the probe. The depths of the pockets in Fig. 7 are
approximately 1.5 nm (Fig. 7a), 1.1 nm (Fig. 7b) and 0.4 nm (Fig. 7c). Compared to the
average 0.35 nm layer separation of a PAH stack [31], this pocket provides a pathway for
an oxygen molecule to access PAHs located up to 3 layers deep within a PAH stack on the
surface whilst even an acetylene molecule can access at least 2 layers deep. The surface
reactions are not limited to the boundary of the configuration but also regions beyond the
boundary of a particle. Fig. 8 shows the transient evolution of the pocket and total SES
area of the coronene100 clusters. Both the pocket SES area and the total SES area fluctuate
around an average value. The fluctuations are caused by molecular rearrangements and
indicate that individual pockets have a short lifetime and continuously appear and disap-
pear. Although the lifetime of an individual pocket is short, it still provides a possible
reaction pathway by which the gas-phase species can react with not only the active sites
on the boundary of a configuration but also sites inside the configuration.

4 Conclusion

We propose a scheme to characterise surface atoms based on the solvent-excluded surface
and demonstrate how to extract the surface properties from a molecular arrangement using
this scheme. The availabilities of the surface active atoms and sites including hydrogen
atoms, FE and ZZ sites are investigated to shed a light on the surface reactivity of homoge-
nous pyrene and coronene clusters with diameters from about 3 to 8 nm. The accessibility
of the active sites on the clusters vary with gas-phase species. Small species usually have
a high accessibility while the accessibility of large species is limited. The surface avail-
ability also shows a temperature and particle size dependence. Higher temperatures lead
to a higher exposure of the molecular surface. Further, the surface availability is signif-
icantly enhanced when crossing the melting point because of the change in the particle
morphology. The upper bound of the parameter α for acetylene-based processes is es-
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timated, and shown to decrease with increasing particle size following a linear relation
with reciprocal size. By exploring one particular pocket on the surface of a coronene100
cluster with different probe sizes, it is found that both oxygen and acetylene molecules
are able to access certain regions beyond the boundary of a particle. It is also noted that
the lifetime of pockets is very short, but this fact does not preclude the possibility that
gas-phase species can react with active sites buried inside a configuration.
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