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Abstract

In this work, the kinetics of seven-member ring formation in PAHs containing
a five-member ring is studied by density functional theory. The pathways studied
include integration of a seven member ring by the hydrogen-abstraction-acetylene-
addition (HACA) mechanism for two different PAHs, one closed shell and one resonance-
stabilised-radical (RSR) PAH. The pathways were similar in both cases, but the rate
of seven-member ring formation by HACA was seen to be faster for the resonance-
stabilised-radical PAH. Formation of a seven member ring by bay closure processes
facilitated through hydrogen abstraction, hydrogen addition, carbene formation, and
direct cyclisation were also studied for two PAHs. In general, the pathways were
rather similar for both PAHs, aside from the direct cyclisation route. The rate con-
stants determined for the pathways were then used in kinetic simulations in 0D ho-
mogeneous reactors. The results showed that for the RSR PAH, the initial abstraction
site is important, with the seven-member ring mainly being formed when abstraction
occurs near the five member ring. This was not the case for the closed shell PAH. For
the bay closures, it was seen for both PAHs that the hydrogen abstraction facilitated
bay closures contributes the most to seven-member ring formation at temperatures up
to 2000 K, but for very high temperatures of 2500 K, the carbene route becomes the
most important contributor. The formation of seven-member rings occurred within
1 ms for all cases studied in the 0D reactors, suggesting that seven-member ring
formation in PAHs containing a five-member ring is possible at flame temperatures.

Highlights

• Density Functional Theory was used to compute the process rate constants
for seven-member ring formation in PAHs via both HACA and bay closure
pathways.

• Kinetic simulations in a 0 Dimensional reactor showed that the dominant path-
ways are based on hydrogen abstraction, but the carbene pathway becomes
important at higher temperatures.
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are carbonaceous molecules that form during
the incomplete combustion of hydrocarbon fuels. They can also be thought of as hydro-
gen terminated graphene fragments that are ubiquitous in nature. They are also widely
accepted to be the precursors to the formation of soot nanoparticles as well as fullerenes
in combustion environments [2, 11, 18, 54]. As a result, both PAHs and soot are known
to be harmful to the environment, contributing to the warming of the atmosphere and
melting of ice caps [4, 24, 34], as well as soot being the second largest contributor to
global warming after CO2 [3]. Soot and PAHs are also known to cause respiratory issues
when inhaled [1, 37] , making their emissions from combustion a public health concern
as well . However, PAHs have also seen to play prominent roles in the chemistry oc-
curing within interstellar dust [25, 50, 60] as well as molecular electronics applications
where a large variety of graphene nano-ribbons have been synthesised and had their elec-
tronic structure tuned [8]. As a result, numerous studies are present in the literature that
study the formation and reaction pathways of PAHs. A large number of studies concern
peri-condensed PAHs, whose delocalised π network makes them the thermodynamically
preferred structure type for aromatic hydrocarbons [48]. This includes growth pathways
of PAHs, the most well known of which is via the hydrogen abstraction acetylene addition
(HACA) mechanism proposed by Frenklach [11–13]. Other growth pathways exist, in-
cluding addition by methyl radicals [17] , addition by resonance-stabilized radical PAHs
[35, 46, 47], the carbon-addition-hydrogen-migration (CAHM) pathway [14, 26], as well
as Diels-Alder type reactions [22].

Several studies have focused on the integration of curvature into graphenic PAHs, by fo-
cusing on the mechanisms by which a pentagonal or five-member ring could form. Such
studies have included the five-member bay-capping reaction determined by You et al.
[59], which was then used in a kinetic Monte Carlo (kMC) simulation to show curvature
occurring during singular PAH growth [55]. The formation of curved PAHs has also been
seen in kMC-molecular dynamics studies by Violi [53] as well as by Raj et al. [39] and
Yapp et al. [58], where bay-capping and five-member ring migration reactions were seen
to be key to curvature integration. Other pathways to five-member ring formation and in-
tegration include those based on cyclodehydrogenation. This was studied computationally
by density functional theory (DFT) calculations on various pathways including including
hydrogen addition, hydrogen abstraction, and carbene formation, all followed by bay clo-
sures [52]. Recent work has also shown five-member ring addition can occur by reaction
between an aryl radical and allenes [61]. The resulting curved PAHs have been seen to
possess strong permanent dipole moments due to the flexoelectric effect which could have
implications for their ability to interact with ions in flames [21, 31, 32]. Curved PAHs with
five-member rings have also been seen to be more reactive with regards to both oxidation
[40, 45] and recently growth by HACA [38, 40].

However, less focus has been given to PAHs containing seven-member rings. Whilst
five-member ring PAHs result in bowl shaped structures with positive Gaussian curvature,
seven-member ring PAHs result in saddle-shaped structures that have negative Gaussian
curvature. Distored nano-graphenes containing seven-member rings have been synthe-
sized by several methods [30, 36]. In addition, the formation of five-seven member ring
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defect pairs is key to forming closed fulleroid structures [43] and can occur by the Stone-
Wales transformation [6, 7, 27], although these transformations are typically slow at flame
conditions [44]. The formation of seven member rings by sequential HACA additions in
small PAHs has also been considered by Kislov et al. [23]. In addition, it has been found
that net negative curvature and hence seven-member ring formation is key to forming
disordered 3D graphene sheets, a nanostructure key to seval carbon materials such as
charcoal and activated carbon [33]. In particular, Martin et al. [33] found that chains of
alternating five-member and seven-member rings resulted in line dislocations between the
six-member rings of graphene, and this was required for the 3D graphene nanostructure to
form. NMR studies on nanoporous carbons for a variety of applications such as batteries
and supercapacitors have also shown that these carbons contain curved domains with both
five and seven member rings [9, 10]. Seven-member ring formation has also been seen
in tight-binding molecular dynamics studies of benzene combustion and soot particles at
higher temperatures, as well as in molecular dynamics studies of trace-metal assisted soot
formation [28, 29, 42]. Ricca et al. [41] also computed the infrared spectra of PAHs with
five-seven member ring pairs and found that the PAH spectra is shifted due to this defect
and could be important for class A astronomical spectra.

Formation of seven-member rings and coupled five-seven-member pairs in PAHs is there-
fore of interest for carbon nanomaterials in a variety of fields but kinetic studies of how
this could occur are sparse. Therefore, the purpose of this paper is to computationally
explore the possibility of seven-member ring formation by a variety of mechanisms con-
sidered previously for five and six member ring formation in PAHs by means of density
functional theory and transition state theory calculations. Kinetic simulations in a 0D re-
actor at concentrations of species typical in flames and a variety of temperatures are then
performed to see which routes are more important and how likely seven-member ring
formation could be under flame conditions.

2 Methodology

In this work, seven-member ring formation was considered to occur in two overrarching
categories. The first is by the HACA mechanism which underpins PAH growth and has
been shown to be key to integrating five-member rings into flat PAH systems [11, 13, 38].
This was studied for two PAHs, A and B seen in Fig. 1. In both cases, the seven-member
ring is formed by the HACA process acting on a bay site next to a five-member ring.
PAH B also contains an odd-number of carbon atoms, making it a resonance-stabilized-
radical (RSR) PAH, which has recently been suggested as potential precursors for soot
nanoparticle formation in flames [20]. A jump process illustration of the formation of
seven-member rings by HACA are seen in Fig. 2. The second category of seven-member
ring formation studied in this work is by bay closure reactions. This was also studied
for two PAHs, C and D also seen in Fig. 1, with the required seven-member bay again
adjacent to a five-member ring. PAHs containing sites similar to these have also recently
been observed in early soot imaged by high resolution atomic force microscopy [5], so
studying the kinetics of seven-member ring formation could be of interest in soot as well.
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A B

C D

AR BR

CR DR

Figure 1: The starting PAH reactants which can integrate seven-member rings studied
in this work. PAHs A and B can form a seven-member ring by the HACA
mechanism. PAHs C and D can form a seven-member ring by bay closure
reactions.

+ H / - H2 /+ C2H2 / - H

+ H / - H2 /+ C2H2 / - H

Formation of R7 on PAH A

Formation of R7 on PAH B

AR
AP

BR
BP

Figure 2: Jump process illustrating formation of seven-member ring by HACA acting on
PAH A and B.

There are four possible pathways by which the seven-member bay closure can occur.
The first three involve an initial step, namely hydrogen abstraction, hydrogen addition, or
formation of a carbene, followed by cyclisation and hydrogen loss to complete the bay
closure. The fourth pathway involves the direct cyclisation occuring right away, followed
by subsequent hydrogen loss. Jump process illustrations of these pathways are given in
Fig. 3.

5



+ H / - H2 /- H

+ H / - H / - H2

- H2

R7 formation by H Abstraction on PAH D

R7 formation by Direct Cyclization / Carbene formation on PAH D

R7 formation by H Abstraction on PAH C

R7 formation by H Addition on PAH C 

R7 formation by Direct Cyclization / Carbene formation on PAH C

+ H / - H2 /- H

+ H / - H / - H2

- H2

R7 formation by H Addition on PAH D

Figure 3: Jump process illustrating formation of seven-member ring by various bay clo-
sures in PAH C and D above.

The formation of a seven-member ring without an adjacent five-member ring has not been
considered in this work. Nevertheless, the integration of five-seven-member ring pairs into
graphenic substrates is a key line dislocation in the formation of 3D graphenic structures
as well as fulleroids as mentioned previously [33]. All ten routes to seven-member ring
formation were explored further computationally by means of density functional theory
and rate constant calculations, followed by kinetic simulations performed at conditions
relevant to flames. This is done in order to gain some insight on the likelihood of PAHs
with seven-member rings forming in flames.

2.1 Density Functional Theory calculations

The potential energy surfaces of the HACA and bay closure reactions considered in this
study were constructed by first performing geometry optimizations and frequency calcula-
tions at the B3LYP/6-311+G(d,p) level of theory for all reactants, intermediates, transition
states and products. The B3LYP functional has been shown to give reasonable geometries
for systems concerning polycyclic aromatic hydrocarbons [22, 52]. For transition states,
the vibrational frequencies were checked to ensure that only one imaginary frequency was
present and that this vibrational mode corresponded to the reaction in question. In addi-
tion, since several studies have reported that B3LYP underpredicts the barrier heights of
such organic reactions [19, 49], single point energies were also calculated for all species
using the modern density functional M06-2X and with Dunning’s cc-pVTZ basis set. This
functional has been shown to give improved energy estimates for reactions involving hy-
drogen abstraction from various PAHs [19]. In general, the barriers predicted by B3LYP
were lower compared to those of M06-2X, as expected. All density functional theory
calculations were performed using the Gaussian 16 program suite [15].
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2.2 Computation of rate constants

The energetics and molecular properties computed by the DFT calculations were then
used for the rate constant calculations. Rate constants were determined by means of
canonical transition state theory as implemented in the Arkane package within the Reac-
tion Mechanism Generator (RMG) software [16]. Transition state theory was used as the
reactions studied in this work have appreciable barriers, and so more sophisticated meth-
ods such as variational transition state theory were not used in this work. Nevertheless, it
is likely that the rates reported here will be an overestimate as a result. The rate constant
is therefore given by the standard transition state expression:

k =
kBT

h
q†

∏
nreactants
i qi

exp(
−∆E0

RT
) (1)

where k is the rate constant, kB is the Boltzmann constant, T is temperature, h is Planck’s
constant, q is the total partition function, and ∆E0 is the classical barrier height. The parti-
tion functions for all speciues were computed using the Rigid-Rotor, Harmonic-Oscillator
(RRHO) model. To account for quantum tunneling effects, the simple Wigner correction
was employed [56], giving the tunnelling correction factor, CW as follows:

CW = 1− 1
24

(
hν†

kBT

)2

(2)

with ν† being the magnitude of the imaginary frequency of the transition state. The Eckart
tunneling correction is also commonly used [51], but the difference between the Eckart
and Wigner correction in this case was negligible. The rate constants were computed
at a range of temperatures (200 K to 3000 K) and then fitted to the modified Arrhenius
expression, again as implemented in Arkane:

k = A
(

T
T0

)n

exp
(
−EA

RT

)
(3)

In all the rate constants here, T0 was taken as 1 K and was effectively removed from the
fitting. Even though the reaction pathways studied in this work contain several unimolec-
ular reactions, pressure dependence was not considered. Generally, pressure dependence
is less likely for for larger species, such as the PAHs studied here as there are several
more modes available for the randomization of the internal energy from collisions. As
such, presssure dependence was neglected in this work.

2.3 Kinetic simulations

The rate constants provide a first estimate on the time scale required for the formation
of seven-membered rings in the presence of combustion species. However, the different

7



reaction pathways affecting a starting site compete with each other making it difficult to
determine the likeliness of each one. To estimate the conditions under which pathway is
favoured, a set of kinetic simulations in a 0D isothermal reactor model were used. The
simulations were performed using both the B3LYP/6-311G+(d,p) and the M06-2X/cc-
pVTZ levels of theory. For each case a reaction time of 100 ms was used under a pressure
of 1 atm and temperatures of 1000, 1500, 2000, and 2500 K. The mole fractions for all
cases were assumed to be 10−5 for the starting PAH, 10−3 H, 0.1 H2, 0.1 C2H2 and the rest
of N2 which resemble typical flame conditions. Using an identical mole fraction of the
starting PAH allows a straightforward comparison of the time required for each studied
reaction to happen and the net rates of formation for the seven-member ring containing
curved products.

3 Results and Discussion

3.1 Potential Energy Surfaces

The potential energy surfaces computed at the B3LYP/6-311+G(d,p) were constructed
for all ten pathways. Optimized geometries at this level of theory are also shown for all
species in each pathway. The energies computed using the single point energy calculations
at the M06-2X/cc-pVTZ level of theory are shown in parentheses and in red.

Every species and transition state is given a name shown in italics next to the structure in
the potential energy surface figures. The naming convention is as follows: The first capital
letter refers to the initial PAH (A,B,C or D). This is followed by either S for species or TS
for transition state. The next number refers to which intermediate or transition state it is
along the pathway, and the final lowercase letter refers to the type of pathway and route,
as in most cases there are two routes for each type of pathway (abstraction, addition,
carbene formation, direct cyclisation). In this case, a and b are for hydrogen abstraction
based routes, c and d are for hydrogen addition based routes, e and f are for carbene based
routes, and g and h are for direct cyclisation routes. For simplicity, the PAH reactants and
products are denoted by AR and AP, BR and BP, CR and CP, and DR and DP as these
structures are shared between multiple pathways. As an example, the first intermediates
in PAH C forming a seven-member ring facilitated by hydrogen abstraction will have the
names CS1a and CS1b for the two different routes.

In the subsequent discussions of the pathways, the M06-2X/cc-pVTZ energies are used
as these were used for the computation of the rate constants in the kinetic simulations.
Comparing the two levels of theory, it seems that B3LYP tends to predict slightly lower
barriers for hydrogen abstractions, with most abstractions in this work having barriers be-
tween 12-14 kcal/mol compared to 17-19 kcal/mol predicted by M06-2X. This agrees with
previous findings for hydrogen abstractions [19]. Similarly, B3LYP tends to predict lower
barriers for hydrogen addition and direct cyclisation processes in this work compared to
M06-2X. However, for processes involving hydrogen migration or loss, B3LYP some-
times predicts slightly higher barrier than M06-2X. Nevertheless, it is observed that the
barriers predicted by M06-2X and B3LYP are rather similar, as are the predicted trends.
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3.1.1 PAH A - HACA growth pathways a and b

Figure 4 presents the potential energy diagram for HACA growth on PAH A resulting in
the formation of a seven-member ring adjacent to a five-member ring, or a 7-5 ring pair.
The first step in this process is hydrogen abstraction from one of the two edge carbons in
the bay site next to the five-member ring, resulting in a radical site. The barriers for the
two abstractions are very similar, at 18.4 and 17.3 kcal/mol for the sites using M06-2X.
The next step involves acetylene (C2H2) addition to the formed radical site. Again the
addition step has very similar and rather low barriers for the two routes, requiring 5.8 and
4.7 kcal/mol. The last two steps are seen to have significantly higher barriers than the first
two. The cyclisations have barriers of 26.0 and 31.2 kcal/mol, followed by hydrogen loss
with barriers of 27.4 and 29.1 kcal/mol to complete the seven-member ring formation.
The overall formation process is exothermic, releasing 33.2 kcal/mol, and little difference
is seen between the two routes.

Figure 4: Potential Energy surface for the formation of a seven-member ring by HACA
on PAH A at 0 K. The relative energy of the different species are computed at
both the M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.
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3.1.2 PAH B - HACA growth pathways a and b

Figure 5 presents the potential energy diagram for HACA growth on PAH B. The required
steps are the same as for PAH A: hydrogen abstraction followed by acetylene addition,
ring cyclisation, and then hydrogen loss to finish the process. However, of note here is that
PAH B contains an odd number of carbon atoms and is a RSR PAH and provides a point
of comparison to PAH A, a closed-shell species. As with PAH A, there are two carbons
on which the the initial hydrogen abstraction may occur, either next to the five-member or
6-member ring, resulting in two routes. This first abstraction step again has very similar
barriers of 16 and 18.6 kcal/mol for the two routes, and are also similar to the hydrogen
abstraction step for PAH A. The barriers predicted by M06-2X are also slightly higher
than those by B3LYP, which is consistent with PAH A. In both abstraction cases, the
resulting radical is a triplet, which was found to have lower energy than the singlet state.
However, unlike PAH A, the two acetylene addition steps have quite different barriers
of 8.5 kcal/mol and 4.7 kcal/mol, with acetylene addition next to the five-member ring
being more difficult. The difference is even more significant for the cyclisation, with the
barrier for the cyclisation adjacent to the five-member ring being 20.3 kcal/mol whilst it
is only 3.2 kcal/mol for the cyclisation next to the 6-member ring route. Nevertheless, the
cyclisation appears to be substantially easier for PAH B than PAH A in both cases. The
hydrogen loss steps have higher barriers for both routes being 30.9 and 23.5 kcal/mol.
These barriers are also very similar to the hydrogen loss barriers for PAH A. For both
PAH A and PAH B the hydrogen loss has the largest barrier. Again, the overall formation
process for the seven-member ring is exothermic, releasing 45.3 kcal/mol in this case.
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Figure 5: Potential Energy surface for the formation of a seven-member ring by HACA
on PAH B at 0 K. The relative energy of the different species are computed at
both the M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.

3.1.3 PAH C - H-abstraction facilitated bay closure pathways a and b

Figure 6 presents the potential energy diagram for H abstraction facilitated seven-member
ring bay closure in PAH C. This pathway consists of three steps: H abstraction followed
by cyclisation and finally hydrogen loss to complete the closure. The barrier for the
abstraction step is nearly identical for both potential sites, at 17.3 and 17.6 kcal/mol. This
value is very similar to hydrogen abstractions from PAHs a and b as well. The cyclisation
steps have substantially different barriers of 7.0 and 13.1 kcal/mol, with the cyclisation
being easier when the initial abstraction occurs on the ring adjacent to the five-member
ring. The hydrogen loss step has similar barriers, being 31.9 and 29.7 kcal/mol. This is
once again the step with the highest barrier and also has barriers similar to those seen for
hydrogen losses from PAHs a and b. However, the overall process for the bay closure
is endothermic requiring 10.1 kcal/mol in this case compared to the exothermicity of the
HACA routes.
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Figure 6: Potential Energy surface for the formation of a seven-member ring by hydro-
gen abstraction (pathways a and b) followed by cyclisation and bay closure in
PAH C at 0 K. The relative energy of the different species are computed at both
the M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.

3.1.4 PAH C - H-addition facilitated bay closure pathways c and d

Figure 7 presents the potential energy diagram for H addition facilitated seven-member
ring bay closure in PAH C. The steps in this pathway consists of hydrogen addition to the
carbon atom, cyclisation, loss of a hydrogen atom, further loss of two hydrogen atoms as
H2, and finally hydrogen migration to complete the closure. The initial hydrogen addition
step requires low barriers for both sites, at 6.6 and 5.7 kcal/mol. The B3LYP barriers in
this case are lower, at 2.2 and 2.6 kcal/mol, suggesting that hydrogen addition predictions
are underestimated like those those for hydrogen abstraction. The cyclisation step has
quite different barriers of 18.3 and and 33.6 kcal/mol. This results in a high energy and
low energy route, with the high energy route starting with hydrogen addition to the carbon
nearer the five-member ring. The hydrogen loss steps have similar barriers of 35.4 and
35.9 kcal/mol for the two routes, which is similar to hydrogen losses seen for previous
processes. The H2 loss step has by far the highest barriers for both routes. The barrier
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is for the low energy route is actually higher in this case, at 102.3 kcal/mol compared to
88.8 kcal/mol for the higher energy route. The final hydrogen migration has a very low
barrier, being 4.1 kcal/mol for the high energy route and 5.0 kcal/mol for the low energy
route. Clearly, the feasibility of this route is limited by the very large barriers required to
overcome for the H2 loss.

Figure 7: Potential Energy surface for the formation of a seven-member ring by hydrogen
addition (pathways c and d) followed by cyclisation and bay closure in PAH C
at 0 K. The relative energy of the different species are computed at both the
M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.

3.1.5 PAH C - Carbene facilitated bay closure pathways e and f

Figure 8 presents the potential energy diagram from carbene formation facilitated seven-
member ring bay closure in PAH C. The steps in this pathway consists of carbene forma-
tion by hydrogen migration from the bay, cyclisation, several hydrogen migrations, and
then finally the loss of two hydrogen atoms as H2. The initial hydrogen migration step
requires very high barriers for both potential carbenes, at 84.5 and 96.1 kcal/mol. The
subsequent bay closures both have low barriers of 8.6 and 3.6 kcal/mol. However, the
resulting structures after the bay closures are quite different, with one structure forming
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a triangle connecting two 6-member rings at a much lower energy and the other forming
the heptagon directly with a much higher energy. In the path where the heptagon forms
immediately, two hydrogen migrations are required for the hydrogen to get into position
to undergo H2 loss with hydrogen on the carbene site. These have a low barrier of 3.7
kcal/mol followed by a more difficult migration with 32.2 kcal/mol. The final H2 loss step
has a very large barrier of 98.1 kcal/mol, similar to the barriers seen for H2 loss in the hy-
drogen addition pathway. In the other path, a hydrogen migration is required to break the
triangle and form the heptagon after the cyclisation, which requires a quite large barrier
of 64.0 kcal/mol compared to the hydrogen migrations in the other path. However, the
final H2 loss in this pathway is much easier, requiring a moderate barrier of 28.5 kcal/mol.
This may be the case as the H2 loss occurs across an armchair site as opposed to a free
edge in the first pathway.

Figure 8: Potential Energy surface for the formation of a seven-member ring by carbene
formation (pathways e and f) followed by cyclisation and bay closure in PAH C
at 0 K. The relative energy of the different species are computed at both the
M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.
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3.1.6 PAH C - Direct cyclisation bay closure pathway g

Figure 9 presents the potential energy diagram for direct cyclisation seven-member ring
bay closure in PAH C. This is by far this simplest pathway, requiring only a cyclisation
followed by H2 loss. The initial cyclisation has a very large barrier of 101.7 kcal/mol,
which is understandble as there is no aromatic stability to drive the bay to close as there
would be with a 6-member bay closure [57]. The cyclisation could only happen in the
cis-orientation in this case as the trans structure was found to be unstable. The H2 loss has
a moderate barrier of 20.7 kcal/mol, which again occurs in an armchair site and is similar
to the armchair hydrogen loss seen in the carbene route for PAH C.

Figure 9: Potential Energy surface for the formation of a seven-member ring by direct
cyclisation (pathway g) and bay closure in PAH C at 0 K. The relative energy of
the different species are computed at both the M06-2X/cc-pVTZ and B3LYP/6-
311+G(d,p) level of theory.

3.1.7 PAH D - H-abstraction facilitated bay closure pathways a and b

Figure 10 presents the potential energy diagram for H abstraction facilitated seven-member
ring bay closure in PAH D. The steps in this pathway are identical to those seen for PAH C.
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The barrier for the first abstraction step is very similar for both sites, at 18.1 kcal/mol and
17.7 kcal/mol. These barriers are similar to abstractions from PAHs A,B, and C. The
cyclisation steps in this PAH have similar barriers of 7.1 and 4.9 kcal/mol, in contrast to
PAH C where the cyclisations had very different barriers depending on where the initial
hydrogen abstraction occurred. The hydrogen loss steps again have the largest barriers in
the process, and have close barriers of 32.6 and 32.0 kcal/mol. This is very similar to what
was observed for PAH C. The overall process is endothermic with 9.0 kcal/mol which is
again very similar to PAH C.

Figure 10: Potential Energy surface for the formation of a seven-member ring by hydro-
gen abstraction (pathways a and b) followed by cyclisation and bay closure
in PAH D at 0K. The relative energy of the different species are computed at
both the M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.

3.1.8 PAH D - H-addition facilitated bay closure pathways c and d

Figure 11 presents the potential energy diagram for H addition facilitated seven-member
ring bay closure in PAH D. The steps in this pathway are again identical to those seen for
PAH C. The barriers also follow a similar trend to what was seen with PAH C. The initial
hydrogen additions have very low barriers of 5.0 and 5.5 kcal/mol similar to what was
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observed with PAH C. The cyclisations have moderate barriers of 20.9 and 22.3 kcal/mol.
The hydrogen loss steps again have barriers similar for the other routes, at barriers of 35.7
kcal/mol and 34.4 kcal/mol, whilst the H2 loss steps have extremely large barriers of 100
and 99.1 kcal/mol similar to other barriers for H2 loss at a free edge. Finally, the last
hydrogen migrations have low barriers of 2.8 and 3.7 kcal/mol which is similar to what is
seen for PAH C as well. The only significant difference between PAH C and D is that the
cyclisation steps in pathways c and d have very similar barriers whereas the barriers were
quite different between pathways c and d in PAH C.

Figure 11: Potential Energy surface for the formation of a seven-member ring by hydro-
gen addition (pathways c and d) followed by cyclisation and bay closure in
PAH D at 0 K. The relative energy of the different species are computed at
both the M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.

3.1.9 PAH D - Carbene facilitated bay closure pathways e and f

Figure 12 presents the potential energy diagram from carbene formation facilitated seven-
member ring bay closure in PAH D. The steps in this pathway are essentially the same as
for PAH C, as are the general trends and values for barriers. The initial hydrogen migration
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step to form the carbene site again has very high barriers for both potential carbenes, at
83.4 and 86.2 kcal/mol. The subsequent cyclisations have much lower barriers of 11.9 and
8.9 kcal/mol, although these are noticeably larger than those for PAH C. Additionally, in
this case the resulting structures after the bay closures are very similar, but they do have
quite different energies at 72.7 and 50.2 kcal/mol respectively. For the higher energy
structure, the first migration has a very low barrier of 4.6 kcal/mol. This is followed by a
hydrogen migration with a much larger barrier of 40.0 kcal/mol. The final H2 loss occurs
across a free edge and has a characteristically high barrier of 88.5 kcal/mol, similar to what
was seen for PAH C. The lower energy pathway has an initial migration with a moderate
barrier of 27.8 kcal/mol, which is again followed by a much more difficult migration
requiring 60.0 kcal/mol. These barriers are higher than the high energy pathway, but as
a consequence, the final H2 migration occurs across an armchair configuration, and has a
much lower 29.9 kcal/mol barrier as a result.

Figure 12: Potential Energy surface for the formation of a seven-member ring by car-
bene formation (pathways e and f) followed by cyclisation and bay closure in
PAH D at 0 K. The relative energy of the different species are computed at
both the M06-2X/cc-pVTZ and B3LYP/6-311+G(d,p) level of theory.

3.1.10 PAH D - Direct cyclisation bay closure pathways g and h

Figure 13 presents the potential energy diagram for direct cyclisation seven-member ring
bay closure in PAH D. This is the one pathway where PAH D is completely different to
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PAH C. The initial direct cyclisation has a very high barrier of 98.2 kcal/mol, which is very
similar to what was seen for PAH C. However, H2 loss immediately after cyclisation does
not appear to occur in this case, and instead several hydrogen migrations are required until
H2 loss can occur much like the carbene routes. In one case, only one hydrogen migration
with a barrier of 43.5 kcal/mol is necessary before H2 loss can occur across an armchair
configuration, requiring a lower barrier of 23.4 kcal/mol. In the other case, a long series
of increasingly difficult hydrogen migrations are required, with the first having a barrier
of 14.5 kcal/mol, the next two having moderate barriers of 25.8 and 29.1 kcal/mol and the
last having a much higher barrier of 59.4 kcal/mol. The final H2 loss is also across a free
edge, meaning its barrier is much higher at 82.9 kcal/mol, consistent with other losses
seen across a free edge or on a singular carbon.

Across all pathways, general observations are that abstraction-based pathways are limited
by the hydrogen atom loss step, hydrogen addition pathways are limited by H2 loss, and
carbene and direct cyclisation pathways are limited by the initial carbene formation or
cyclisation steps, as well as H2 loss when it occurs across a free edge.

Figure 13: Potential Energy surface for the formation of a seven-member ring by direct
cyclisation (pathways g and h) and bay closure in PAH D at 0 K. The relative
energy of the different species are computed at both the M06-2X/cc-pVTZ and
B3LYP/6-311+G(d,p) level of theory.
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3.2 Rate Constants

The modified Arrhenius parameters, A, n, and EA are displayed in Table 1. These are
fitted to the rate constants calculated at the M06-2X/cc-pVTZ//B3LYP/6-311G(d,p) level
of theory. The rates using only B3LYP have also been computed and can be found in the
supplemental information. In general, the two functionals produce very similar rate con-
stants, but the B3LYP functional tends to underestimate barriers and hence overestimate
the rate constants at lower temperatures.

Table 1: Rate constants for all pathways at the M06-2X/cc-pVTZ//B3LYP/6-311G(d,p)
level of theory. The units are cm, kcal, mol, K, and s.

Number Reaction A n EA

1a AR + H→ AS1a + H2 5.90×107 1.85 17.12
-1a AS1a + H2 → AR + H 1.21×105 2.23 7.72
1b AR + H→ AS1b + H2 5.31×107 1.86 16.12
-1b AS1b + H2 → AR + H 9.16×104 2.28 7.01
2a AS1a + C2H2 → AS2a 1.345×103 2.57 4.94
-2a AS2a→ AS1a + C2H2 2.37×1012 0.71 39.67
2b AS1b + C2H2→ AS2b 3.52×103 2.60 4.00
-2b AS2b→ AS1b + C2H2 4.74×1012 0.70 40.80
3a AS2a→ AS3a 1.96×1011 0.11 25.33
-3a AS3a→ AS2a 3.41×1011 0.63 53.37
3b AS2b→ AS3b 1.13×1011 0.13 30.51
-3b AS3b→ AS2b 2.38×1011 0.60 57.90
4a AS3a→ AP + H 1.77×1010 1.09 27.15
-4a AP + H→ AS3a 5.32×107 1.51 7.10
4b AS3b→ AP + H 1.51×1010 1.08 28.84
-4b AP + H→ AS3b 5.84×107 1.53 7.08

1a BR + H→ BS1a + H2 6.59×107 1.77 14.77
-1a BS1a + H2 → BR + H 1.15×105 2.31 8.82
1b BR + H→ BS1b + H2 1.48×107 1.86 17.07
-1b BS1b + H2 → BR + H 5.91×104 2.23 11.87
2a BS1a + C2H2 → BS2a 3.89×103 2.59 4.01
-2a BS2a→ BS1a + C2H2 6.51×1012 0.71 45.04
2b BS1b + C2H2→ BS2b 1.10×103 2.58 7.65
-2b BS2b→ BS1b + C2H2 2.89×1012 0.71 38.30
3a BS2a→ BS3a 5.75×1011 0.07 2.98
-3a BS3a→ BS2a 1.74×1012 0.42 29.04
3b BS2b→ BS3b 5.10×1011 0.14 19.74
-3b BS3b→ BS2b 9.94×1011 0.41 45.26
4a BS3a→ BP + H 3.21×1010 0.96 23.13

Continued on next page.
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Table 1: Continued from previous page.

Number Reaction A n EA

-4a BP + H→ BS3a 1.29×108 1.51 7.42
4b BS3b→ BP + H 3.59×1011 0.60 30.05
-4b BP + H→ BS3b 6.26×108 1.38 24.51

1a CR + H→ CS1a + H2 4.20×107 1.87 16.00
-1a CS1a + H2 → CR + H 2.79×105 2.06 7.54
1b CR + H→ CS1b + H2 3.59×107 1.87 16.21
-1b CS1b + H2 → CR + H 2.93×105 2.04 9.32
2a CS1a→ CS2a 6.74×1011 0.17 6.94
-2a CS2a→ CS1a 1.65×1012 0.39 28.64
2b CS1b→ CS2b 5.12×1011 0.26 12.94
-2b CS2b→ CS1b 1.08×1012 0.54 31.94
3a CS2a→ CP + H 6.05×109 1.22 31.47
-3a CP + H→ CS2a 1.37×108 1.46 6.78
3b CS2b→ CP + H 4.39×109 1.32 29.31
-3b CP + H→ CS2b 9.41×107 1.49 24.14

1c CR + H→ CS1c 2.48×108 1.54 5.53
-1c CS1c→ CR + H 2.29×1010 1.00 30.41
1d CR + H→ CS1d 2.28×108 1.52 4.57
-1d CS1d→ CR + H 1.71×1010 1.01 29.00
2c CS1c→ CS2c 2.26×1011 0.19 33.08
-2c CS2c→ CS1c 2.25×1011 0.43 9.69
2d CS1d→ CS2d 5.54×1011 0.02 17.98
-2d CS2d→ CS1d 1.49×1012 0.40 16.05
3c CS2c→ CS3c + H 8.55×109 1.08 35.25
-3c CS3c + H→ CS2c 2.21×108 1.56 3.28
3d CS2d→ CS3d + H 3.21×1010 1.14 36.00
-3d CS3d + H→ CS2d 2.26×108 1.55 3.11
4c CS3c→ CS4c + H2 1.18×109 1.65 86.44
-4c CS4c + H2 → CS3c 2.35×105 1.97 17.19
4d CS3d→ CS4d + H2 1.47×109 1.59 102.07
-4d CS4d + H2 → CS3d 2.63×105 1.87 20.77
5c CS4c→ CP 7.55×1011 0.39 4.13
-5c CP→ CS4c 4.66×1010 0.88 94.28
5d CS4d→ CP 1.49×1012 0.39 4.82
-5d CP→ CS4d 1.70×1011 0.82 84.72

1e CR→ CS1e 8.03×1010 0.90 95.83
-1e CS1e→ CR 4.40×1011 0.36 3.38

Continued on next page.
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Table 1: Continued from previous page.

Number Reaction A n EA

1f CR→ CS1f 1.06×1011 0.80 84.26
-1f CS1f→ CR 5.49×1011 0.34 2.01
2e CS1e→ CS2e 8.03×1011 0.01 8.46
-2e CS2e→ CS1e 1.90×1012 0.22 17.91
2f CS1f→ CS2f 1.00×1012 −0.01 3.47
-2f CS2f→ CS1f 2.17×1012 0.56 59.28
3e CS2e→ CS3e 5.76×1011 0.39 0.87
-3e CS3e→ CS2e 1.05×1011 0.90 53.50
3f CS2f→ CS3f 3.06×1011 0.82 63.56
-3f CS3f→ CS2f 1.51×1010 0.67 50.31
4e CS3e→ CS4e 8.87×1010 0.64 31.31
-4e CS4e→ CS3e 1.73×1010 0.71 60.65
4f CS3f→ CP + H2 4.48×109 0.71 27.10
-4f CP + H2 → CS3f 2.33×105 1.74 55.10
5e CS4e→ CP + H2 3.91×1009 1.27 97.14
-5e CP + H2 → CS4e 2.45×105 2.00 86.40

1g CR→ CS1g 1.53×1011 0.52 101.74
-1g CS1g→ CR 2.86×1012 0.37 18.93
2g CS1g→ CP + H2 2.83×1010 1.02 19.73
-2g CP + H2 → CS1g 4.37×104 2.16 90.76

1a DR + H→ DS1a + H2 2.77×107 1.91 16.31
-1a DS1a + H2 → DR + H 4.21×104 2.26 8.71
1b DR + H→ DS1b + H2 2.84×107 1.91 16.74
-1b DS1b + H2 → DR + H 5.33×104 2.26 9.85
2a DS1a→ DS2a 4.70×1011 0.14 7.01
-2a DS2a→ DS1a 1.48×1012 0.37 31.35
2b DS1b→ DS2b 6.60×1011 0.08 4.76
-2b DS2b→ DS1b 5.13×1012 0.34 28.48
3a DS2a→ DP + H 6.42×109 1.09 32.34
-3a DP + H→ DS2a 1.69×108 1.52 5.07
3b DS2b→ DP + H 2.06×1010 1.10 31.91
-3b DP + H→ DS2b 1.73×108 1.49 4.54

1c DR + H→ DS1c 2.94×108 1.53 4.06
-1c DS1c→ DR + H 1.95×1010 1.07 34.30
1d DR + H→ DS1d 2.39×108 1.51 4.36
-1d DS1d→ DR + H 1.89×1010 0.98 28.70
2c DS1c→ DS2c 7.96×1011 0.43 20.65

Continued on next page.
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Table 1: Continued from previous page.

Number Reaction A n EA

-2c DS2c→ DS1c 2.76×1012 0.43 15.70
2d DS1d→ DS2d 5.72×1011 0.13 21.98
-2d DS2d→ DS1d 2.17×1012 0.50 18.75
3c DS2c→ DS3c + H 4.15×1010 1.08 35.82
-3c DS3c + H→ DS2c 3.72×108 1.53 0.00
3d DS2d→ DS3d + H 1.60×1010 1.05 34.30
-3d DS3d + H→ DS2d 1.83×108 1.54 3.65
4c DS3c→ DS4c + H2 1.87×109 1.67 92.61
-4c DS4c + H2 → DS3c 2.48×105 1.93 7.39
4d DS3d→ DS4d + H2 1.67×109 1.62 102.02
-4d DS4d + H2 → DS3d 5.68×105 1.92 15.60
5c D4c→ DP 4.52×1011 0.35 1.73
-5c DP→ DS4c 2.07×1011 0.76 83.49
5d DS4d→ DP 7.60×1011 0.39 0.17
-5d DP→ DS4d 8.17×1010 0.78 85.59

1e DR→ DS1e 1.60×1011 0.78 83.23
-1e DS1e→ DR 3.05×1011 0.29 0.08
1f DR→ DS1f 1.16×1011 0.84 86.01
-1f DS1f→ DR 4.95×1011 0.33 1.48
2e DS1e→ DS2e 2.49×1011 0.12 11.62
-2e DS2e→ DS1e 1.47×1012 0.68 45.09
2f DS1f→ DS2f 5.74×1011 0.04 8.72
-2f DS2f→ DS1f 2.16×1012 0.29 18.61
3e DS2e→ DS3e 1.40×1011 0.58 27.01
-3e DS3e→ DS2e 3.26×1010 0.73 56.81
3f DS2f→ DS3f 9.90×1011 0.33 2.85
-3f DS3f→ DS2f 1.02×1011 0.87 57.11
4e DS3e→ DS4e 5.52×1010 0.85 59.32
-4e DS4e→ DS3e 7.57×1010 0.67 38.56
4f DS3f→ DS4f 6.16×1010 0.78 39.25

-4f DS4f→ DS3f 9.57×1010 0.70 35.20
5e DS4e→ DP + H2 6.21×109 0.85 28.61
-5e DP + H2 → DS4e 2.16×105 1.80 58.70
5f DS4f→ DP + H2 3.48×109 1.29 87.43
-5f DP + H2 → DS4f 1.70×105 2.09 95.63

1 DR→ DS1 9.28×1010 0.26 96.39
-1 DS1→ DR 3.41×1012 0.14 22.26

Continued on next page.
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Table 1: Continued from previous page.

Number Reaction A n EA

2g DS1→ DS2g 5.37×1010 0.75 42.64
-2g DS2g→ DS1 1.86×1010 0.46 38.89
2h DS1→ DS2h 2.75×1011 0.47 13.93
-2h DS2h→ DS1 1.16×1011 0.62 24.20
3g DS2g→ DP + H2 1.07×1011 0.53 22.31
-3g DP + H2 → DS2g 1.06×105 1.94 89.66
3h DS2h→ DS3h 1.01×1011 0.71 25.39
-3h DS3h→ DS2h 2.06×1011 0.47 6.41
4h DS3h→ DS4h 2.07×1011 0.47 8.36
-4h DS4h→ DS3h 5.21×1010 0.73 39.11
5h DS4h→ DS5h 1.64×1011 0.61 28.35
-5h DS5h→ DS4h 9.36×1010 0.77 59.04
6h DS5h→ DS6h 4.51×1010 0.91 58.69
-6h DS6h→ DS5h 3.93×1010 0.80 43.03
7h DS6h→ DP + H2 6.30×1009 1.19 81.67
-7h DP + H2 → DS6h 1.99×105 2.09 108.19

3.3 Kinetic simulations in a 0D homogeneous reactor

This section presents the results of the kinetic simulations of the seven-member ring for-
mation studied in this work using the M06-2X/cc-pVTZ level of theory. As discussed
in previous sections, the rates for the B3LYP/6-311+G(d,p) level predicted very similar
trends but generally the rates had higher absolute values for hydrogen abstractions, ad-
ditions, and cyclisations and lower values for hydrogen migrations or losses. Figure 14
shows this for the seven-member ring formation on PAH A by a HACA sequence. The
results from using the M06-2X/cc-pVTZ level are shown in a continuous line and the
B3LYP/6-311G+(d,p) level in a dashed line. Since we expect the M06-2X/cc-pVTZ level
of theory to give more accurate predictions for PAH chemistry we focus mostly on the
kinetic simulations using these rate constants.

Figure 14 shows the results for the kinetic simulation for the seven-member ring forma-
tion on PAH A by a HACA sequence. This addition shows a rather weak temperature
dependency with the reactant mole fraction decreasing after 1 ms for all cases and the
corresponding product being formed after this time. The reversibility of this reaction sys-
tem can also be observed in the figure with the conversion towards products being reduced
at higher temperatures. However, the heptagon containing species seems to be the more
likely product under the conditions studied with both pathways contributing towards the
formation of the mentioned product.
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Figure 14: Kinetic simulation for the HACA seven-member ring formation on PAH A
at different temperatures. The figure shows the results for the rate con-
stants at the M06-2X/cc-pVTZ level of theory in a continuous line and the
B3LYP/6-311G+(d,p) in a dashed line. The contribution of both HACA path-
ways studied are included together in this figure.

Figure 15 shows the results for the seven-member ring formation on PAH B by a HACA
sequence. This addition shows a stronger temperature dependency with the mole frac-
tion of reactant decreasing earlier in the high temperature simulations. The figure shows
in dashed lines the mole fractions of the PAH reactant and product when only the high
energy pathway where the acetylene adds to the five-member ring (pathway a) is con-
sidered. Similarly, the dotted lines is for when only the low energy pathway where the
acetylene adds to the six-member ring (pathway b). Pathway a appears to dominate the
ring formation for this process in all the conditions studied.
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Figure 15: Kinetic simulation of the HACA seven-member ring formation on PAH B at
different temperatures. Continuous lines show both pathways consuming the
starting PAH simultaneously. Dashed lines show pathway a only (high en-
ergy). Dotted lines show pathway b only (low energy).

The main explanation for this seems to be differences in the rate constants for the HACA
sequences of both pathways. The hydrogen abstraction for the high energy pathway is
faster than that of pathway b as can be seen on the left panel of Figure 16. However,
the acetylene addition rate constant for pathway a is lower in magnitude than that of
pathway b. However, the reverse rate constant for pathway b is at least three orders of
magnitude higher than the forward rate constant at high temperatures. In the case of
pathway a, the trend is similar but the forward and reverse rate constants are separated by
only an order of magnitude making this addition faster as can be seen in the right panel of
Fig. 16.

26



0.4 0.6 0.8 1.0
1000 T 1 / [K 1]

105

106

107

108

109

1010
R
a
te

 c
o
n
st

a
n
t 

/ 
[c

m
3
m

o
l

1
s

1
, 
s

1
]

0.4 0.6 0.8 1.0
1000 T 1 / [K 1]

105

106

107

108

109

1010

1011

1012

BS1a + H2BR + H
+ H2BS1a BR + H

+ H2BR + H BS1b
+ H2BS1b BR + H

BS1a + C2H2

BS2a
BS2a 

BS1a + C2H2

BS1b + C2H2 BS2b
BS2b BS1b + C2H2

Figure 16: Forward and reverse rate constants of hydrogen abstraction (left) and acety-
lene addition (right) for pathway a (dashed lines) and pathway b (dotted lines)
on PAH B. Units are cm3mol-1s-1 for bimolecular reactions and s-1 for uni-
molecular reactions.

In the case of bay closure reactions, the pathways presented in this work can be of im-
portance under different conditions. Figure 17 shows the results of kinetic simulations for
the consumption of PAH C to form a seven-member ring product through all the different
pathways (a to h) simultaneously. The figure shows that the hydrogen abstraction bay
cyclisation is the route that contributes the most towards the consumption of the starting
PAH for temperatures under 2000 K. However, at temperatures around 2500 K the car-
bene route becomes the dominant pathway with a smaller contribution from the hydrogen
abstraction route. This is in agreement with Xue and Scott [57] that suggested the carbene
route as the most likely explanation to bond formation in PAH bay sites in the absence of
radicals and high temperatures. The hydrogen addition bay closure and the direct cyclisa-
tion appear to be of less importance at the conditions studied. Figure 17 also shows that
the timescale for the bay closure reaction for PAH C is lower than that of a carbon addition
(e.g. the time for reactants to be consumed in Figures 14 and 15). A PAH containing a
site like this will more likely form a seven-member ring before further carbon additions
at neighbouring sites.
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Figure 17: Kinetic simulations for the seven-member bay closure of PAH C at different
temperatures. Each simulation is shown in different line pattern. Solid lines
show hydrogen abstraction initiated bay closure, dashed lines show hydrogen
addition assisted bay closure, dotted lines show the carbene cyclisation and
dash-dotted lines show the direct cyclisation.

Figure 18 shows the results of the kinetic simulations of each available pathway consum-
ing PAH D. The behaviour observed for this site is similar to that of PAH C. The figure
shows that the hydrogen abstraction bay closure is the route that contributes the most
towards the consumption of the starting PAH for temperatures under 2500 K. After this
temperature, the carbene route becomes the fastest pathway to produce of a seven-member
ring, although the contribution from the hydrogen abstraction route is still significant. The
hydrogen addition bay closure and the direct cyclisation for this site also appear to be
slower for the conditions studied. The timescales for the bay closure for this site appear
to be a few milliseconds slower than those of PAH C.
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Figure 18: Kinetic simulations of the seven-member bay closure for PAH D at different
temperatures. Each simulation is shown in different line pattern. Solid lines
show hydrogen abstraction initiated bay closure, dashed lines show hydrogen
addition assisted bay closure, dotted lines show the carbene cyclisation and
dash-dotted lines show the direct cyclysation.

4 Conclusions

In this work, the kinetics of forming a seven member ring adjacent to a five member ring
in PAHs have been studied by means of ab initio density functional theory calculations
and kinetic simulations of 0D reactors at standard flame concentrations and a variety of
temperatures. Density functional theory calculations were performed using the B3LYP/6-
311+G(d,p) level of theory for all geometry optmizations and frequency calculations. Ad-
ditional single point energy calculations were performed at the M06-2X/cc-PVTZ level
of theory in order to improve the estimates of energies and barrier heights for the com-
putation of rate constants. In general, the barriers predicted by B3LYP and M06-2X are
similar, with B3LYP tending to predict lower barriers for most processes.

The computed potential energy surfaces for the two HACA growths show that the forma-
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tion of a seven member ring in a closed shell PAH (PAH A) and a resonance-stabilized-
radical PAH (PAH B) follows the same general trends even though the reaction energies
are different. In both cases, the loss of hydrogen was seen to be the most difficult step.
However, for PAH A, which carbon initially had its hydrogen abstracted was seen to be
less significant compared to PAH B, where a clear high energy pathway and low energy
pathway could be identified.

The computed potential energy surfaces for the four bay closure routes for PAH C and
PAH D were seen to be generally similar for the hydrogen abstraction and addition routes,
with atomic hydrogen and H2 losses seen to be the most difficult steps. For both routes
and PAHs, there was not much dependence on the initial carbon attacked by the hydrogen
radical. The bay closures via carbene formations for PAH C and PAH D both required
several hydrogen migrations to occur before H2 and there was a noticeable difference
depending on which carbon atom forms the initial carbene site, again resulting in higher
energy and lower energy routes. The direct cyclisation was the one route where PAH C
and PAH D are completely different, with PAH C able to undergo H2 loss directly after
cyclisation, but PAH D requiring several migrations before this can occur.

The kinetic simulations in 0D homogeneous reactors for PAH A showed that the trends
in predicted product formation are the same for both the B3LYP/6-311+G(d,p) and M06-
2X/cc-pVTZ computed energies, with the seven-member ring containing product forma-
tion being slower for the latter level of theory. This is expected given the higher predicted
barriers and lower rate constants. In addition, both pathways contributed to the product
formation, which is expected as they were rather similar. The kinetic simulations for
PAH B show that the high energy pathway is the main contributor to the product forma-
tion, due to the lower reversibility of the acetylene addition step. For the bay closures,
the hydrogen abstraction facilitated bay closure was seen to be the main contributor to
seven-member ring formation at 1000, 1500, and 2000 K. At 2500 K, the carbene route
becomes the dominant contributor, suggesting this pathway could be important at very
high temperatures. In general, the HACA growth and bay closure processes did occur to
some extent at all temperatures, suggesting seven-member ring formation in PAHs already
containing five-member rings could be important.
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A Optimized geometries and rate constants

The Gaussian log files for all optimised structures and transition states are provided via the
University of Cambridge data repository (https://doi.org/10.17863/CAM.46318). The rate
constants using energies at the B3LYP/6-311G(d,p) level of theory are provided below.

A.1 Rate Constants

The modified Arrhenius rate constant parameters A, n, and EA are displayed in Table 2.
These are computed using geometries and energies at the B3LYP/6-311G(d,p) level of
theory.

31



Table 2: Rate constants for all pathways at the B3LYP/6-311G(d,p) level of theory. The
units are cm, kcal, mol, K, and seconds.

Number Reaction A n EA

1a AR + H→ AS1a + H2 5.90×107 1.85 9.33
-1a AS1a + H2 → AR + H 1.21×105 2.23 5.01
1b AR + H→ AS1b + H2 5.31×107 1.86 8.38
-1b AS1b + H2 → AR + H 9.16×104 2.28 4.24
2a AS1a + C2H2 → AS2a 1.345×103 2.57 6.15
-2a AS2a→ AS1a + C2H2 2.37×1012 0.71 35.87
2b AS1b + C2H2→ AS2b 3.52×103 2.60 4.75
-2b AS2b→ AS1b + C2H2 4.74×1012 0.70 37.44
3a AS2a→ AS3a 1.96×1011 0.11 23.44
-3a AS3a→ AS2a 3.41×1011 0.63 51.78
3b AS2b→ AS3b 1.13×1011 0.13 28.62
-3b AS3b→ AS2b 2.38×1011 0.60 55.33
4a AS3a→ AP + H 1.77×1010 1.09 26.15
-4a AP + H→ AS3a 5.32×107 1.51 2.84
4b AS3b→ AP + H 1.51×1010 1.08 27.61
-4b AP + H→ AS3b 5.84×107 1.53 2.77

1a BR + H→ BS1a + H2 6.59×107 1.77 9.38
-1a BS1a + H2 → BR + H 1.15×105 2.31 5.60
1b BR + H→ BS1b + H2 1.48×107 1.86 9.02
-1b BS1b + H2 → BR + H 5.91×104 2.23 8.96
2a BS1a + C2H2 → BS2a 3.89×103 2.59 5.49
-2a BS2a→ BS1a + C2H2 6.51×1012 0.71 43.97
2b BS1b + C2H2→ BS2b 1.10×103 2.58 9.42
-2b BS2b→ BS1b + C2H2 2.89×1012 0.71 36.22
3a BS2a→ BS3a 5.75×1011 0.07 1.56
-3a BS3a→ BS2a 1.74×1012 0.42 28.86
3b BS2b→ BS3b 5.10×1011 0.14 18.68
-3b BS3b→ BS2b 9.94×1011 0.41 46.40
4a BS3a→ BP + H 3.21×1010 0.96 22.56
-4a BP + H→ BS3a 1.29×108 1.51 3.23
4b BS3b→ BP + H 3.59×1011 0.60 28.08
-4b BP + H→ BS3b 6.26×108 1.38 17.10

Continued on next page.
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Table 2: Continued from previous page.

Number Reaction A n EA

1a CR + H→ CS1a + H2 3.91×107 1.88 9.42
-1a CS1a + H2 → CR + H 5.37×104 2.27 5.58
1b CR + H→ CS1b + H2 3.09×107 1.89 9.21
-1b CS1b + H2 → CR + H 5.14×104 2.27 9.32
2a CS1a→ CS2a 8.51×1011 0.14 4.51
-2a CS2a→ CS1a 3.52×1012 0.29 25.67
2b CS1b→ CS2b 7.04×1011 0.18 10.34
-2b CS2b→ CS1b 2.94×1012 0.41 28.62
3a CS2a→ CP + H 2.03×109 1.07 31.63
-3a CP + H→ CS2a 1.03×108 1.50 2.89
3b CS2b→ CP + H 1.86×1010 1.14 29.57
-3b CP + H→ CS2b 7.71×107 1.51 2.07

1c CR + H→ CS1c 2.48×108 1.54 0.47
-1c CS1c→ CR + H 2.29×1010 1.00 30.10
1d CR + H→ CS1d 2.28×108 1.52 0.92
-1d CS1d→ CR + H 1.71×1010 1.01 29.81
2c CS1c→ CS2c 2.26×1011 0.19 32.29
-2c CS2c→ CS1c 2.23×1011 0.43 5.65
2d CS1d→ CS2d 5.54×1011 0.02 19.11
-2d CS2d→ CS1d 1.49×1012 0.40 12.28
3c CS2c→ CS3c + H 8.55×109 1.08 36.24
-3c CS3c + H→ CS2c 2.21×108 1.56 0.39
3d CS2d→ CS3d + H 3.21×1010 1.14 37.20
-3d CS3d + H→ CS2d 2.26×108 1.55 0.57
4c CS3c→ CS4c + H2 1.18×109 1.65 77.93
-4c CS4c + H2 → CS3c 2.35×105 1.97 6.53
4d CS3d→ CS4d + H2 1.47×109 1.59 91.91
-4d CS4d + H2 → CS3d 2.63×105 1.87 12.62
5c CS4c→ CP 7.55×1011 0.39 0.84
-5c CP→ CS4c 4.66×1010 0.88 93.72
5d CS4d→ CP 1.49×1012 0.39 2.71
-5d CP→ CS4d 1.70×1011 0.82 85.20

Continued on next page.
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Table 2: Continued from previous page.

Number Reaction A n EA

1e CR→ CS1e 8.03×1010 0.90 91.21
-1e CS1e→ CR 4.40×1011 0.36 4.92
1f CR→ CS1f 1.06×1011 0.80 83.50
-1f CS1f→ CR 5.49×1011 0.34 5.03
2e CS1e→ CS2e 8.03×1011 0.01 5.71
-2e CS2e→ CS1e 1.90×1012 0.22 19.01
2f CS1f→ CS2f 1.00×1012 −0.01 3.38
-2f CS2f→ CS1f 2.17×1012 0.56 45.98
3e CS2e→ CS3e 5.76×1011 0.39 7.90
-3e CS3e→ CS2e 1.05×1011 0.90 47.95
3f CS2f→ CS3f 3.06×1011 0.82 51.61
-3f CS3f→ CS2f 1.51×1010 0.67 47.82
4e CS3e→ CS4e 8.87×1010 0.64 31.16
-4e CS4e→ CS3e 1.73×1010 0.71 60.11
4f CS3f→ CP + H2 4.48×109 0.71 24.48
-4f CP + H2 → CS3f 2.33×105 1.74 52.75
5e CS4e→ CP + H2 3.91×1009 1.27 87.32
-5e CP + H2 → CS4e 2.45×105 2.00 86.40

1g CR→ CS1g 1.53×1011 0.52 97.46
-1g CS1g→ CR 2.86×1012 0.37 21.04
2g CS1g→ CP + H2 2.83×1010 1.02 21.54
-2g CP + H2 → CS1g 4.37×104 2.16 86.20

1a DR + H→ DS1a + H2 2.77×107 1.91 9.54
-1a DS1a + H2 → DR + H 4.21×104 2.26 6.88
1b DR + H→ DS1b + H2 2.84×107 1.91 9.53
-1b DS1b + H2 → DR + H 5.33×104 2.26 7.52
2a DS1a→ DS2a 4.70×1011 0.14 4.72
-2a DS2a→ DS1a 1.48×1012 0.37 27.37
2b DS1b→ DS2b 6.60×1011 0.08 2.62
-2b DS2b→ DS1b 5.13×1012 0.34 25.40
3a DS2a→ DP + H 6.42×109 1.09 32.16
-3a DP + H→ DS2a 1.69×108 1.52 1.64
3b DS2b→ DP + H 2.06×1010 1.10 32.81
-3b DP + H→ DS2b 1.73×108 1.49 1.50

1c DR + H→ DS1c 2.94×108 1.53 1.37
-1c DS1c→ DR + H 1.95×1010 1.07 33.82

Continued on next page.
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Table 2: Continued from previous page.

Number Reaction A n EA

1d DR + H→ DS1d 2.39×108 1.51 2.05
-1d DS1d→ DR + H 1.89×1010 0.98 29.74
2c DS1c→ DS2c 7.96×1011 0.43 21.96
-2c DS2c→ DS1c 2.76×1012 0.43 12.29
2d DS1d→ DS2d 5.72×1011 0.13 22.27
-2d DS2d→ DS1d 2.17×1012 0.50 13.81
3c DS2c→ DS3c + H 4.15×1010 1.08 37.45
-3c DS3c + H→ DS2c 3.72×108 1.53 0.46
3d DS2d→ DS3d + H 1.60×1010 1.05 33.16
-3d DS3d + H→ DS2d 1.83×108 1.54 1.07
4c DS3c→ DS4c + H2 1.87×109 1.67 84.34
-4c DS4c + H2 → DS3c 2.48×105 1.93 5.74
4d DS3d→ DS4d + H2 1.67×109 1.62 92.15
-4d DS4d + H2 → DS3d 5.68×105 1.92 14.59
5c D4c→ DP 4.52×1011 0.35 1.01
-5c DP→ DS4c 2.07×1011 0.76 83.2
5d DS4d→ DP 7.60×1011 0.39 2.84
-5d DP→ DS4d 8.17×1010 0.78 83.74

1e DR→ DS1e 1.60×1011 0.78 83.29
-1e DS1e→ DR 3.05×1011 0.29 3.17
1f DR→ DS1f 1.16×1011 0.84 86.38
-1f DS1f→ DR 4.95×1011 0.33 5.33
2e DS1e→ DS2e 2.49×1011 0.12 9.98
-2e DS2e→ DS1e 1.47×1012 0.68 40.09
2f DS1f→ DS2f 5.74×1011 0.04 7.24
-2f DS2f→ DS1f 2.16×1012 0.28 19.54
3e DS2e→ DS3e 1.40×1011 0.58 27.69
-3e DS3e→ DS2e 3.26×1010 0.73 53.29
3f DS2f→ DS3f 9.90×1011 0.33 2.81
-3f DS3f→ DS2f 1.02×1011 0.87 56.67
4e DS3e→ DS4e 5.52×1010 0.85 59.47
-4e DS4e→ DS3e 7.57×1010 0.67 40.63
4f DS3f→ DS4f 6.16×1010 0.78 35.78

-4f DS4f→ DS3f 9.57×1010 0.70 35.20
5e DS4e→ DP + H2 6.21×109 0.85 29.45
-5e DP + H2 → DS4e 2.16×105 1.80 59.59
5f DS4f→ DP + H2 3.48×109 1.29 87.96

Continued on next page.
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Table 2: Continued from previous page.

Number Reaction A n EA

-5f DP + H2 → DS4f 1.70×105 2.09 96.12

1 DR→ DS1 9.28×1010 0.26 97.46
-1 DS1→ DR 3.41×1012 0.14 21.40
2g DS1→ DS2g 5.37×1010 0.75 45.23
-2g DS2g→ DS1 1.86×1010 0.46 35.20
2h DS1→ DS2h 2.75×1011 0.47 14.99
-2h DS2h→ DS1 1.16×1011 0.60 23.40
3g DS2g→ DP + H2 1.07×1011 0.53 18.33
-3g DP + H2 → DS2g 1.06×105 1.94 85.17
3h DS2h→ DS3h 1.01×1011 0.71 26.28
-3h DS3h→ DS2h 2.06×1011 0.47 11.56
4h DS3h→ DS4h 2.07×1011 0.47 11.53
-4h DS4h→ DS3h 5.21×1010 0.73 38.20
5h DS4h→ DS5h 1.64×1011 0.61 29.36
-5h DS5h→ DS4h 9.36×1010 0.77 54.53
6h DS5h→ DS6h 4.51×1010 0.91 58.42
-6h DS6h→ DS5h 3.93×1010 0.80 46.71
7h DS6h→ DP + H2 6.30×1009 1.19 80.74
-7h DP + H2 → DS6h 1.99×105 2.09 108.06
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