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Abstract

This paper uses a Kinetic Monte Carlo model that includes processes to integrate curvature due to the formation
of five- and seven-member rings to simulate polycyclic aromatic hydrocarbons (PAHs) growing in lightly sooting
ethylene and acetylene counterflow diffusion flames. The model includes new processes to form seven-member rings
via hydrogen-abstraction-acetylene-addition and bay closure reactions on sites containing partially embedded five-
member rings. The model additionally includes bay closure and HACA bay capping reactions for the integration of
five-member rings. The mass spectra of PAHs predicted by the model are assessed against experimental data, and
the distribution of embedded five-member rings and seven-member rings is studied as a function of spatial location,
molecule size and frequency of events sampled in the simulation. The simulations show that the formation of seven-
member rings and the embedding of five-member rings is a competitive process. Both types of rings are observed more
frequently as the simulation proceeds from the fuel outlet towards the stagnation plane. Approximately 15% of the
events that integrate curvature resulted in the formation of a seven-member ring coupled to an embedded five-member
ring, and the remaining 85% of events embedded five-member rings via the formation of six-member rings. The
proportion of PAHs containing embedded five-member rings and/or seven-member rings is observed to be a function
of PAH size, passing through a maximum for PAHs containing 15–20 six-member rings. However, the proportion of
PAHs containing both types of ring increases with PAH size, where upwards of 10% of PAHs containing at least one
five-member ring and 15 or more six-member rings also contain a seven-member ring.
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1. Introduction

Curvature induced during the growth of polycyclic
aromatic hydrocarbons (PAHs) has important conse-
quences for carbon materials. In the case of soot, it
has been shown that curved PAHs possess a dipole mo-
ment due to the flexoelectric effect [1] that persists at
flame temperatures [2]. Such PAHs have been observed
in premixed [3, 4] and non-premixed flames [5], and it
has been hypothesised that their dipole moments may
influence the formation of the first particles [6, 7].

The curvature arises from five- and seven-member
rings that are embedded during the growth of a PAH.
Five-member rings surrounded by six-member rings re-
sults in positive Gauss curvature, corresponding to a
bowl-shaped topology. Seven-member rings surrounded
by six-member rings results in negative Gauss curva-
ture, corresponding to a saddle-shaped topology.

Five-member rings are found in a variety of carbon
materials including nanotubes [8], graphene [9] and
fullerenes. Fullerenes have been observed in low pres-
sure benzene flames [10] and have been strongly asso-
ciated with the presence of curved PAHs [11]. Coran-
nulene (the smallest curved PAH) has been detected in
flame-generated soot [11, 12]. High-resolution trans-
mission electron microscopy (HR-TEM) analysis of
soot has shown the presence of curved fringes, indicat-
ing PAHs containing embedded five-member rings [13,
14]. Partially embedded five-member rings have been
directly observed in PAHs using atomic force mi-
croscopy, and may be able to lead to fully embedded
five-member rings via an acetylene addition step, but
observing these embedded five-member rings in soot is
challenging because the resulting PAHs are no longer
planar [15].

Seven-member rings have been observed in
non-graphitising carbon [16], nanotubes [8] and
graphene [17]. The Stone-Wales defect, a double
pair of five- and seven-member rings, produces local
curvature in graphene [18]. Lines of consecutive
five- and seven-member rings have been observed
in nanoporous carbons [19], and shown to result in
different curvatures in different annealed carbons [20].
In graphene, these lines constitute grain boundaries
where the orientation of the carbon atoms change [21].
The partially embedded five-member rings observed
by Commodo et al. [15] are contained in bays that
provides a site for the formation of a seven-member
ring next to the five-member ring. HR-TEM analysis of
curved fringes also suggests that seven-member rings
could be present in soot [13, 14].

Kinetic Monte Carlo (KMC) models have been used

to simulate PAH growth via the application of a set of
transformations and associated rates describing possible
growth processes. Frenklach et al. [22] simulated the
growth of a graphene edge using the first model that in-
cluded processes that integrated five-member rings. The
model was extended to include five-member ring mi-
gration [23], oxygen chemistry that enabled the forma-
tion of partially embedded five-member rings [24] and
tested under different conditions [25]. Yapp et al. [26]
combined a KMC model of the growth of an ensemble
of PAHs with a probabilistic model that estimated the
Gauss curvature of each PAH as a function of the num-
ber of embedded five-member rings.

The above models focused solely on five-member
rings as the cause of curvature. The corresponding
processes have been studied under a range of condi-
tions. Pope et al. [27] studied the formation of fullerenes
via sequential hydrogen-abstraction-acetylene-addition
(HACA) and dimerisation reactions. Frenklach and col-
laborators studied bay capping and competing processes
affecting partially embedded five-member rings [28,
29]. Raj [30] investigated the growth of flat and curved
PAHs by HACA. However, few studies have considered
the formation of seven-member rings. One exception is
Kislov et al. [31], who studied a process to create seven-
member rings via two HACA additions on a zig-zag site,
but found that it was slow relative to other processes.

Recently, Menon et al. [32] calculated rates for
the formation of seven-member rings on bay sites
containing five-member rings using density functional
theory at the M06-2X/cc-PVTZ//B3LYP/6-311+G(d,p)
level of theory. The ring formation mechanisms
included hydrogen-abstraction-facilitated, hydrogen-
addition-facilitated, carbene formation, and direct cy-
clisation bay closure processes and closure via HACA
growth. The calculated rates showed that the formation
of seven-member rings by HACA growth and bay clo-
sures proceeded at rates similar to the analogous pro-
cesses for the formation of five and six-member rings.

The purpose of this paper is to study the develop-
ment of curvature in PAHs due to HACA growth and
bay closure reactions in KMC simulations of a counter-
flow diffusion flame. The KMC model uses the process
rates calculated by Menon et al. [32], for first time en-
abling simulation of the growth of an ensemble of PAHs
that include seven-member rings. The model results are
consistent with experimental mass spectra and give in-
sight into the relative abundance and location of PAHs
containing embedded five- and seven-member rings.
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2. Curvature integration processes

The KMC model used in this work includes two types
of process that integrate curvature: The formation of
seven-member rings next to existing partially embedded
five-member rings and the embedding of five-member
rings. These processes are shown in Fig. 1.

Figure 1(a) and (b) show new processes that form
seven-member rings via HACA bay capping. The pro-
cess in Fig. 1(a) results in a seven-member ring cou-
pled to an embedded five-member ring. The process in
Fig. 1(b) results in a seven-member ring coupled to a
partially embedded five-member ring. The process rates
were taken from Menon et al. [32].

Figure 1(c) and (d) show new processes for the clo-
sure of seven-member bays adjacent to five-member
rings. The process rates were taken from Menon et al.
[32].

(a)

+H /-H2 /+C2H2 /-H

(b)

+H /-H2 /+C2H2 /-H

(c)

+H /-H2 /-H

(d)

+H /-H2 /-H

(f)

+H /-H2 /+C2H2 /-H

(e)

+H /-H2 /-H

Figure 1: Curvature integration jump processes.

Figure 1(e) shows a new process that embeds a five-
member ring at a six-member bay site that includes a
partially embedded five-member ring. There are many
possible configurations of such a site. In this work, it
was assumed that all configurations proceed at the same
rate. The rate is taken by analogy with the most simi-
lar process that has been studied in the literature - the
closure of a six-member bay site containing only six-
member rings. The rate of this process was first calcu-
lated by Raj et al. [33]. In this work we repeated the rate
calculation at the B3LYP/6-311+G(d,p) level of theory.

The process was observed to proceed via bay closure
following hydrogen abstraction (with a barrier in the
range 30–35 kcal/mol), or via hydrogen addition, car-
bene formation or direct cyclisation routes (all with bar-
riers of ∼100 kcal/mol). The assumption that this rate
can be applied to the process in Fig. 1(e) is made on the
grounds that hydrogen abstraction is expected to be the
most likely route and is expected to have similar rates in
both processes, coupled with the observation [32] that
the rates of the processes in Fig. 1(a) and (b) are similar
and insensitive to the location of the five-member ring,
and likewise for the processes in Fig. 1(c) and (d).

Finally, Fig. 1(f) shows a bay capping process that
embeds a five-member ring at an armchair site centred
on a partially embedded five-member ring. This process
is well-known and has been included in previous KMC
models. The rate of this process is taken from Raj [30].

Details of the sources for the rates of other processes
are provided in the Supplemental Material. Processes
that form seven-member rings in the absence of five-
member rings are neglected. This is based on the exper-
imental observation that seven-member rings are typi-
cally found next to five-member rings in different car-
bonaceous materials [19, 21].

3. Computational method

3.1. Flame model

The ethylene and acetylene counter-flow diffusion
flames studied by Skeen et al. [34] were selected as
targets for this study. These are lightly sooting flames
with faint luminosity on the oxidiser side of the stag-
nation plane. Similar flames have been used for mass
spectrometry studies of radical-radical reactions [35]
and the spatial dependence of oxygen substituted com-
pounds [36].

A schematic of the ethylene flame is shown in Fig. 2
(and Fig. S1 for the acetylene flame). The flames were
simulated using Cantera [37] with the mechanism of
Narayanaswamy et al. [38] to solve the one-dimensional
continuity, momentum, species and energy equations.

3.2. Kinetic Monte Carlo model

A KMC model was used to simulate the growth of
PAHs on the fuel side of the flame. The model tracks
the spatial coordinates of the carbon atoms and corre-
sponding reactive sites in each PAH. It uses a combi-
nation of the steady-state and partial-equilibrium ap-
proximations to estimate the rate of reaction at each
site. This treatment of the rates has previously been
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shown to give good agreement with deterministic sim-
ulations of HACA growth [39]. The temperature and
species concentrations from the flame simulations (Sec-
tion 3.1) were provided as boundary conditions to the
KMC model, which simulated the growth of PAHs in a
Lagrangian control volume travelling from the fuel inlet
(DFFO = 0 mm) to just after the sample point (DFFO
= 6.17 mm). The PAH growth started from pyrene (the
largest PAH in the chemcial mechanism), the concen-
tration of which was imposed as a boundary condition
from the flame simulations. Methyl additions and ox-
idation reactions were assumed to be insignificant on
the fuel side due to the concentrations of the necessary
reactants being low in this domain. Hence, they were
neglected in this work. The formation of soot particles
by PAH coagulation was not included in the simulation
based on the assumption that the PAH growth is domi-
nated by gas-phase reactions, consistent with the selec-
tion of lightly sooting flames with faint luminosity.

4. Results

4.1. Mass spectra
Figure 3 shows simulated mass spectra for the acety-

lene and ethylene flames versus corresponding experi-
mental data. The peaks heights are scaled to match at
m/z=202, corresponding to imposing the pyrene con-
centration as a boundary condition. The maximum
number of PAHs in the simulations was 14,060 and
81,500 respectively.

The simulations reproduce the relative abundance of
the major peaks reasonably well for the acetylene flame.
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Figure 2: Schematic of the ethylene flame. The concentration of
pyrene and temperature show the flame structure.

The level of agreement is less certain for the ethylene
flame, where the experimental data are only available up
to m/z = 310. In both cases, and in particular the ethy-
lene flame, the simulations underpredict the peaks for
small PAHs, for example at m/z = 226. This highlights
a potential gap in the current modelling approach, where
the growth of multiple small PAHs is simulated in the
gas-phase chemical mechanism, and then re-simulated
rather than imposed in the KMC simulation.

A number of peaks are missing from the simulated
spectra. There are several reasons for this. Firstly, some
experimentally observed phenomena including methyl-
addition [40], oxygenated species [36, 41], and iso-
topes [42] are neglected in the current model. Secondly,
the model simulates the growth of PAHs from a single
species - pyrene. Given that all the remaining growth
processes add two carbons, the simulated spectra cur-
rently only include even-carbon-numbered species.
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Figure 3: Simulated and experimental [34] mass spectra for the acety-
lene (main) and ethylene (inset) flames.

4.2. Integration of five- and seven-member rings

Figure 4 shows the spatial distribution of PAHs con-
taining five- and seven-member rings in the ethylene
flame. The temperature and residence time both con-
tribute to observed distribution and it is not possible to
separate each contribution within the current study. The
first PAHs with one embedded five-member ring are ob-
served at DFFO ≈ 5.7 mm. The concentration of these
PAHs increases throughout the remainder of the sim-
ulation domain. The subsequent addition of five- and
seven-member rings occurs via competitive processes
that embed a five-member ring either by adding a six- or
seven-member ring. Strong correlation is observed be-
tween the concentrations of PAHs with two-embedded
five member rings and one seven-member ring. Like-
wise the concentrations of PAHs with four embedded
five-member rings and PAHs with two seven-member
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rings. By the end of the simulation domain, a few PAHs
containing up to six embedded five-member rings or
four seven-member rings can be observed.

Figure 4: Spatial distribution of temperature and of PAHs contain-
ing five- and seven-member rings in the ethylene flame. nR5 denotes
PAHs containing exactly n embedded five-member rings; nR7 denotes
exactly n seven-member rings (embedded or otherwise).

Figure 5 presents a flux diagram showing the rel-
ative sampling frequency of the processes that inte-
grate curvature in the ethylene flame. The most fre-
quent processes are HACA (1(f), 47.4%) and bay clo-
sure (1(e), 37.3%) processes that embed five-member
rings by adding six-member rings. These occur with
similar frequencies. The rate of the bay closure pro-
cesses is surprisingly high, but can be explained by the
nature of the partially embedded five-member ring. Un-
like partially embedded five-member rings in armchair
sites, which may migrate and desorb [23], bay sites con-
taining partially embedded five-member rings do not al-
low such migration. Once a bay site containing partially
embedded five-member ring appears, it is likely to close
and embed the five-member ring.

Both bay closure (1(c) and 1(d), 8.4%) and HACA
(1(a), 1.0%) processes simultaneously embed five-
member rings by adding seven-member rings. In this
case, the rate of the bay closure is considerably higher
than the HACA processes. This is attributed to the in-
ability of a partially embedded five-member ring to mi-
grate from a bay, as above. The remainder of the seven-
member ring additions occur via HACA (1(b), 3.6%),
two thirds of the time followed by the embedding of a
five-member ring (1(f), 2.3%).

Sensitivity analysis suggests that the number of em-
bedded five-member and number of seven-member
rings are sensitive to the rates of the processes shown
in Figure 5. An increase in the rate of the processes that
embed five-member rings results in a decrease in the
number of seven-member rings because of competition
between these processes for similar sites. An increase in

the rate of the processes that form seven-member rings
results in a slight increase in the number of embedded
five-member rings as well as an increase in the number
of seven-member rings because many of these processes
simultaneously embed a five-member ring. Details of
the sensitivity analysis are provided in the Supplemen-
tal Material.

4.3. Assessing PAH curvature
The probabilistic model by Yapp et al. [26] estimated

the Gauss curvature as a function of the number of em-
bedded five-member rings and six-member rings in a
PAH. However, the presence of coupled five- and seven-
member rings that share a common bond result in a
molecule that is nearly flat [18], violating the assump-
tions made in the probabilistic model. The introduc-
tion of processes that integrate coupled five- and seven-
member rings in this work allows us to assess the pro-
portion of PAHs for which this occurs.

To assess this, Fig. 6 shows the distributions of the
number of PAHs containing different numbers rings
at the end of the simulation domain in the ethylene
flame. Most of the small PAHs are completely flat.
This is expected because a minimum number of five
six-member rings needed to embed a five-member ring.
The maximum proportion of PAHs with one embedded
five-member ring occurs in PAHs with around 15 six-
member rings. This maximum is accompanied by a sig-
nificant growth in the proportion of PAHs with a sec-
ond embedded five-member ring. This delayed increase
in the number of PAHs that contain a second embed-
ded five-member ring is due to the isolated pentagon
rule [43]: adjacent five-member rings are not allowed.
This reduces the degrees of freedom when trying to em-
bed a second five-member ring. The maximum propor-
tion of PAHs with seven-member rings occurs in PAHs
with ∼20 six-member rings. The reduction in the pro-
portion of PAHs containing ether five- or seven-member
rings in large PAHs follows the overall trend in the total
number of PAHs.

Overlaid on Fig. 6(a) is a scatter plot of the propor-
tion of PAHs with at least one embedded five-member
ring that also contain a seven-member ring, φ7|5. These
PAHs violate the assumptions in the probabilistic model
by Yapp et al. [26]. The data become noisy as the
number of five-member rings in large species (contain-
ing more than 35 six-member rings) decreases. It is
observed that the larger a PAH containing an embed-
ded five-member ring, the more likely it is to include a
seven-member ring.

The same trend is observed in the proportion of PAHs
with at least one seven-member ring that also contain
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Figure 5: Flux diagram showing the sampling frequency of processes that integrate curvature in the ethylene flame. The solid arrows show processes
that integrate curvature. The percentages show the relative sampling frequency of each process. The dashed arrows show processes that add carbon.

at least one embedded five-member ring, φ5|7 shown
in Fig. 6(b). The larger a PAH containing a seven-
member ring, the more likely it is to include a embed-
ded five-member ring. It is also observed that a propor-
tion of PAHs that contain seven-member rings contain
no embedded five-member rings. These result from the
HACA growth of seven-member rings on partially em-
bedded five-member rings (Fig. 5, Process 1(b), 3.6%).
These five-member rings are eventually embedded as
PAHs grows, until all PAHs that contain seven-member
rings also contain embedded five-member rings in PAHs
with more than 30 six-member rings.

5. Conclusions

A KMC model that, for the first time, includes pro-
cesses to integrate curvature due to the formation of
coupled five- and seven-member rings has been used to
simulate PAHs growing in ethylene and acetylene coun-
terflow diffusion flames. The simulation results repro-
duce the major peaks and relative abundances of exper-
imental mass spectra. Including more processes and an
more intimate coupling with the gas-phase would allow
the simulation of peaks that are currently missing from
the simulated spectra.

The addition of five- and seven-member rings occurs
via competitiveHACA and bay closure processes. It was
observed that approximately 85% of the events that in-
tegrate curvature correspond to the embedding of five-
member rings via the formation of six-member rings,
with HACA and bay closures occurring in similar pro-
portions. The remaining 15% correspond to the for-
mation of seven-member rings coupled to five-member

rings, with bay closures occurring approximately twice
as often as HACA.

The proportion of PAHs at the end of the simulation
domain containing embedded five-member rings and/or
seven-member rings is observed to pass through a max-
imum for PAHs containing ∼20 six-member rings. The
proportion that contains both five- and seven-member
rings increases with PAH size. The assumption that the
PAHs contain only five and six-member rings made in
the probabilistic model introduced by Yapp et al. [26] is
increasingly violated as the PAHs increase in size.

The development of a KMC model that includes pro-
cesses to describe the formation of five- and seven-
member rings by HACA and bay closure processes pro-
vides a starting point for future work to model the cross-
linking of PAHs. Cross-linking has been suggested to
be important for soot formation [44], including specific
suggestions about the role of aryl-crosslinks [45], rim-
based five-member rings [46], resonantly stabilised rad-
icals [47] and localised π-radicals [48]. Such cross-
linking is expected to create bay sites that require the
growth processes implemented in this work.
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Carlo statistics of curvature integration by HACA growth and bay closure reactions for PAH growth in a counter-flow
diffusion flame, Proc. Combust. Inst. 38 (2021) includes:

• A figure showing a schematic of the acetylene flame.

• Details of the sources for the process rates in the KMC model.

• A sensitivity analysis of the model response with respect to the rates of the processes that embed five-member
and form seven-member rings.

• Animations showing the growth of example PAHs.
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