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Abstract

The thermodynamics and kinetics of cross-linking reactions between PAHs of
various reactive edge types that are observed in soot precursors are explored using
density functional theory. The cross-linking rate constants confirm that reactions in-
volving aryl σ -radicals are faster than others, but rate constants for reactions between
aryl σ -radicals and localised π-radicals can be as large or even larger than for two
aryl σ -radicals. However, rates for all cross-linking reactions between small PAHs
are likely too slow to explain soot formation. The equilibrium constants show that
reactions involving σ and π-radical PAHs are the most favorable at flame tempera-
tures. Equilibrium constants for larger PAHs show that the ability to form bonded-
and-stacked structures results in enhanced equilibrium constants for the reaction of
two large localised π-radicals compared to other edge types. This suggests that com-
bined physical and chemical interactions between larger π-radical PAHs could be
important in flame environments.

Highlights

• Cross-linking rate constants are computed for PAHs with different reactive
edges.

• Reactions of σ -radicals and localised π-radicals had the largest rate constants.

• All rate constants are likely too low to explain soot nucleation.

• Equilibrium constants for cross-linking of larger PAHs show enhancement from
rim bonding.

• This enhancement is dependent on the reactive edge type and is most noticeable
for localised π-radicals.
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1 Introduction

Soot nanoparticles are known to be a major public health concern, causing amongst other
issues respiratory problems [23]. Particulate matter pollutants have also been seen to con-
tribute to global warming on a large scale, being the second largest contributor to radiative
forcing after carbon dioxide [2, 31]. However, the understanding of soot nucleation, the
process by which these carbonaceous nanoparticles form in combustion processes remains
unknown.

It is widely accepted that the bulk of experimental and theoretical work supports the idea
that the precursors to soot formation are polycyclic aromatic hydrocarbons (PAHs) [15–
17]. A variety of mechanisms have been hypothesised to attempt to explain how these
PAHs interact and cluster together to form soot. This includes clustering by physical van
der Waals interactions between flat PAHs [10], which several works suggest is thermo-
dynamically unfavorable [39, 45], as well as interactions between curved PAHs and ions,
which has shown to result in substantial binding energies due to the interaction between
the flexoelectric dipole of curved PAHs and ions [26, 27, 29]. The interaction between
ions and curved PAHs has also been seen to improve the clustering behaviour of these
PAHs [3]. However, recent coupled thermodynamic-kinetic analyses of soot nucleation
has suggested that purely physical processes are unlikely to produce sufficient nucleation
flux for soot formation [9]. Thus mechanisms relying on reactive PAHs are often consid-
ered.

Several different types of PAHs with different reactive edges are known to exist and have
been imaged in recent experimental works, such as those using high resolution atomic
force microscopy (HR-AFM) [5, 40] and tunable photoionisation time of flight mass spec-
trometry (PI-TOF MS) [21].

The first, and perhaps most well-known of these are aryl-type σ -radicals, which are gen-
erated by abstraction of a hydrogen atom from the rim of a PAH [18, 19]. σ -radicals
are known to play a central role in PAH growth in the well known hydrogen-abstraction-
acetylene-addition (HACA) mechanism [10, 24, 36]. Additionally, rim-based pentago-
nal rings provide a double bond edge with significant reactivity [9, 48], as do curved
PAHs, which have been seen to have enhanced oxidation and HACA growth rates [37, 38].
Even flat, PAHs like phenanthrene and pyrene are known to have low-aromaticity edges
more prone to radical attacks [4]. Bridge forming reactions between σ -radicals and five-
member ring PAHs have been studied by Violi et al. [48], who proposed the aromatic
aliphatically linked hydrocarbon (AALH) mechanism. This has been expanded on more
recently by Frenklach and Mebel [9]. Reactions between σ -radicals and delocalised π

radicals have also been proposed by Johansson et al. [21], who suggested the clustering
of hydrocarbons by radical chain reactions (CHRCR) mechanism. Where for the later,
hydrogen is readily lost from the intermediate regenerating the aromatic π-radical. How-
ever, recent studies have questioned whether the collision efficiency of σ -radicals with
other species are rapid enough to provide significant nucleation fluxes, without some ad-
ditional effects playing a role [8, 25].

The second is the localised π-radicals, first suggested in the context of soot formation
by Wang [49]. This includes diradicaloids such as acenes, which are known to have
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unique localisation properties and possess near diradical nature [41]. This enables them
to form multi-bridge structures [22, 49, 51]. A recent study by the authors [30], used
electronic structure theory with reactivity indices to map the reactivity and bond energies
of cross-links between PAHs of different edge types. Localisation of π-radicals was also
demonstrated in partially saturated rim-based pentagonal rings, methylene groups, and
five-member rings in PAHs. These species had been previously explored computationally
by Wang [49] and Whitesides et al. [50] who both noted their stability and role in thermal
rearrangements. We found that these reactive sites are able to form stable complexes
that are π-stacked and covalently bonded. These complexes we called aromatic rim-
linked hydrocarbons (ARLH). It was also shown that these localised π-radicals can be
present in substantial concentrations at flame conditions [32]. Finally, multiple localised
π-radical sites on a single PAH was also shown to be possible, which means a chemical
polymerisation of these PAHs could be feasible as well [32].

The purpose of this work is to build on our reactivity and bond energy analysis conducted
previously [30], by estimating the rate constants and equilibrium constants for cross-
linking reactions between PAHs of different types. The consideration of diradicaloid
species such as acenes is added and extended from this previous work as well. Den-
sity functional theory is employed in conjunction with canonical transition state theory
(TST) and variational theory (VTST) to provide an initial estimate for the rate constants
and equilibrium constants of these cross-linking reactions to analyse which are likely to
be relevant at flame temperatures. The equilibrium constants are also computed for larger
PAHs that can form ARLH complexes to get an idea of the enhancement provided by
combined physical and chemical modes of complex formation.

2 Methodology

This work focuses on computing the kinetics and equilibria of reactions between PAH
monomers containing different edge types. These monomers are shown in Figure 1.

The monomers include σ -radical PAHs, with A1 having the radical site on the five-
member ring, and A2 having the radical site on a six-member ring. Localised π-radicals,
include partially saturated rim-based pentagons, such as B1, and those with an odd number
of electrons in the π-network like B2. These localised π-radicals have their spin density
concentrated on a particular site. Delocalised π-radicals like C also have an odd number
of π-electrons, but in contrast the electron density delocalises across the network, mean-
ing the reactivity is also spread across the rim. Diradicaloids such as partially-embedded
cyclopentaphenathrene-type molecules such as D1 and linear acenes such as pentacene
(D2) have very low singlet-triplet electronic gaps, which hence impacts their reactive
characteristics [41]. Monomer E, is acenaphthylene, and contains a rim-based pentagonal
ring, which are known to be reactive due to the low-aromaticity five-member free edge,
as well as stable and present in flames [19]. Similarly, F1 is a curved PAH, which are
known to have unique properties such as substantial permanent dipole moments due to
flexoelectric effects [28, 29] and enhanced reactivities [37]. Finally, phenanthrene and
naphthalene, denoted F2 and F3, are well-known flat PAHs with lower aromaticity edges
compared to maximally condensed benzenoid PAHs.
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Figure 1: PAH monomers studied in this work classified by the reactive edge type they
contain.

Geometries and frequencies in this work are derived using hybrid density functional the-
ory (DFT) electronic structure calculations are performed at the B3LYP/6-311G(d,p) level
of theory for all PAH reactants, intermediates, transition states and products. Transition
states were located by means of a potential energy surface scan along the bond coordi-
nate at the same level of theory before being optimised. Located transition states were
confirmed by checking that only one imaginary frequency was present and that this vibra-
tional mode corresponds to the reaction in question. To improve the estimate of energies
of the species, single-point energy calculations were performed at the M06-2X/cc-pVTZ
level of theory. This level of theory has been previously shown to describe energies and
bond enthalpies for reactions between PAHs of different edge types [30], and the M06-
2X functional was developed specifically to treat organic radicals, with bond enthalpies
and organic barrier heights expected to be accurate to within 2 kcal/mol [18, 52]. Dis-
persion was included using the empirical GD3 method with M06-2X, denoted as M06-
2X-D3, which is seen to estimate physical interactions to within 6 kcal/mol of high level
SAPT(DFT) calculations at a fraction of the computational cost. Gaussian 16 [12] was
used to perform all quantum chemical calculations.

Rate constants for the formation of cross-links between the PAH monomers of various
edge types were computed using the DFT-derived molecular properties. In the case where
a tight-transition state was identified, the rate was computed by canonical transition state
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theory:

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. A tunnel-
ing correction for the case of an asymmetric Eckart potential was also applied. The tight
transition state rate constants were computed using Arkane as implemented in Reaction
Mechanism Generator (RMG) [13].

If no transition state could be located from a potential energy surface scan, the reac-
tions were treated as barrierless, and the rate constants were computed using angular-
momentum resolved variational transition state theory as implemented in the ktools pack-
age within Multiwell [1]. Trial transition states were taken from points along the poten-
tial energy surface scan with bond separation lengths between 1.8 Å and 3.2 Å. These
trial transition states had their geometries and frequencies determined at the B3LYP/6-
311G(d,p) level of theory and also had their energies further refined at the M06-2X-D3/cc-
PVTZ level of theory, consistent with other species and tight transition states computed
in this work. The potential energy surfaces used for the VTST calculations are shown in
Figure 2.

The numerical parameters for the energy and angular momentum density of states integra-
tion were taken from [1]. Namely, this involves an energy grain of 10 cm−1 and maximum
energy of 85000 cm−1, as well as an angular momentum grain of 1 cm−1 and maximum
angular momentum of 1000 cm−1.

It is worth mentioning that radical-radical reactions can require multireference methods
to be modelled accurately. In this case, the PAHs studied here are large enough such
that multi-reference methods would be very computationally demanding, and as such the
broken symmetry approach with the unrestricted M06-2X (BS-UM06-2X) functional was
chosen. Whilst this does not accurately describe the multi-configurational nature of a
bond dissociation process, the broken symmetry approach and utilization of the unre-
stricted functional has been shown to give the correct dissociation limit, which is crucial
for describing the potential energy surfaces [43]. The M06-2X functional gives good pre-
dictions of the energetics for bond dissociation, particularly among DFT methods, and
should suffice for qualitative estimates of rate constants [52].
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Figure 2: Potential energy surfaces for barrierless cross-linking reactions studied in this
work. The energies are computed at the BS-UM06-2X/cc-PVTZ level of theory,
and are fitted to a Morse potential.
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Figure 2: (Continued.) Potential energy surfaces for barrierless cross-linking reactions
studied in this work. The energies are computed at the BS-UM06-2X/cc-PVTZ
level of theory, and are fitted to a Morse potential.
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As a test of the method, the rate constant for the recombination of phenyl radicals to pro-
duce biphenyl was computed using the methodology described above. This rate constant
has been predicted theoretically by Tranter et al. [46], who employed the multireference
CASPT2(2e,2o) method as well as the cc-pVDZ basis set to model the interaction energy,
along with variable reaction coordinate transition state theory (VRC-TST). A very recent
high temperature shock tube study by Jin et al. [20] also estimated the rate constant for
phenyl radical recombination. These are used for comparison in Figure 3.

Figure 3: Comparison of the rate constant of phenyl radical recombination estimated
using BS-UM06-2X/cc-pVTZ and VTST to those estimated by Tranter et al.
[46] and Jin et al. [20].

Figure 3 suggests reasonable agreement between the rate constant for phenyl radical re-
combination computed using the methodology employed in this work and the predictions
of Tranter et al. [46] and Jin et al. [20] in the range of 1000–2000 K. The negative temper-
ature dependence and order of magnitude predicted are captured by the use of BS-UM06-
2X/cc-pVTZ and VTST, although the decrease in rate constant is steeper in comparison.
This is likely due to the less accurate interaction energy predicted by the DFT method
used here compared to the multireference methods employed by Tranter et al. [46], as
well as differences in the prediction of the enthalpy of reaction for the recombination,
which is predicted to be -119.1 kcal/mol by BS-UM06-2X/cc-pVTZ compared to -117.9
predicted by CASPT2(2e,2o)/cc-pVDZ. Nevertheless, this comparison does suggest that
the methodology here should suffice for initial estimates of the rate constants of radical-
radical PAH reactions.

Additionally, several of the cross-linking reactions also possessed barriers below 2 kcal/mol,
which is near the expected uncertainty in barrier height predictions with M06-2X. This
means that these cross-linking reactions could actually have submerged barriers. How-
ever, as a tight transition state was found and confirmed, canonical transition state theory
was still deemed appropriate to use to derive initial estimates of rate constants for these
processes, but further refinement is likely necessary.
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3 Results and Discussion

3.1 Bond energies and classification of cross-links

Figure 4 presents an updated version of the matrix of bond energies presented in Martin
et al. [30]. The matrix has been updated to include an acene-type PAH, namely pentacene,
which are known to possess diradical character [33]. Indenyl has also been reclassified
to a localised-π radical, due to its spin mainly being concentrated on a single rim atom
on the five-member ring. We also found that for the σ -radicals and indenyl the central
pentagonal carbon atom was more reactive than the site given by the Clar analysis (see
Fig 2h), which is corrected from our previous work [30]. Additionally, the type of cross-
link has been classified and named by the type of radical or edge type that initiates the
bond-forming reaction. For example, the reactions initiated by the σ -radicals A1 and
A2 result in aromatic aryl-linked hydrocarbons (AALH), and reactions initiated by the
localised-π radical are termed aromatic rim-linked hydrocarbons (ARLH), in reference to
the bonding at the rim as well as stacking that is only possible for localised π-radicals. Re-
actions between delocalised π-radicals and the diradicaloids result in multi-centre bonds,
or pancake bonds, due to several different possible orientation centres, and are denoted as
aromatic multicentre-linked hydrocarbons (AMLH). Finally, diradicaloids bonding along
their zig-zag edges are given the acronym AZLH, but these reactions are observed to be
symmetry forbidden in practice and so did not have rates computed due to their low bond
energies.

In general, the bond energies decrease in strength from the aryl σ -radical type edges seen
in A down to the low aromaticity edge types seen in F. Consequently, AALH species

Figure 4: Bond energies of cross-linking between PAHs of different edge types computed
at the M06-2X-D3/cc-pVTZ level of theory.
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are much more likely to form bonds stable at flame temperatures, followed by ARLH
and AMLH. Of note is the diradicaloid D2. This partially-embedded pentagon edge type
generally forms stronger than expected bonds with the aryls as well as the localised and
delocalised π-radical structures B1 and C, when compared to other π-radical and dirad-
icaloids B2, C, and D1.

3.2 Barrier Heights

In subsequent discussions, the reactions can be separated into reactions with and without
barriers. The barrierless reactions include the reactions of the aryl σ -radicals with any
other PAH with a radical edge-type, that is A1 and A2 reacting with any PAH with edge
type A, B, or C, reactions of localised π-radical B1 with itself and delocalised π-radical
C, as well as the reaction between indenyl(B2) and itself. As is expected, the barrierless
reactions are generally those between radicals of different types that result in high bond
energies. All other cross-linking reactions were seen to have barriers, in that a transition
state for the reaction was located. These barriers are provided in Table 1:

Table 1: Predicted barrier heights for formation of cross-links between PAHs at the M06-
2X-D3/cc-pVTZ level of theory.

Reaction Barrier Height / kcal mol-1

A1 + D1→ A1D1 1.29
A1 + D2→ A1D2 1.12

A1 + E→ A1E 0.55
A1 + F1→ A1F1 0.76
A1 + F2→ A1F2 1.63
A1 + F3→ A1F3 2.77
A2 + D1→ A2D1 1.22
A2 + D2→ A2D2 0.45

A2 + E→ A2E 1.27
A2 + F1→ A2F1 1.63
A2 + F2→ A2F2 2.61
A2 + F3→ A2F3 3.20
B1 + B2→ B1B2 4.11
B1 + D1→ B1D1 1.67
B1 + D1→ B1D1b 1.44
B1 + D2→ B1D2 2.10

B1 + E→ B1E 5.35
B2 + C→ B2C 2.51

B2 + D1→ B2D1 1.26
B2 + D2→ B2D2 15.37

C + C→ CC 9.88
C + D1→ CD1 4.03
C + D2→ CD2 8.51
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It is known that barrier heights for a family of reactions tend to have a linear relation-
ship between the barrier height and the enthalpy of reaction. Figure 5 presents a plot of
the barrier heights of the various cross-linking reactions against their bond enthalpy, a
Brønsted-Evans-Polanyi (BEP) type plot for the reactions with barriers.

r

Approximate BEP 

    relationship 

B2)-D2)

C)-C)

C)-D2)

B1)-E)

B1)-B2)

A2)-F3)F3)
A2)-F2)
B2)-C)

Figure 5: Full BEP plot of the barrier heights against bond enthalpy for the various
cross-linking reactions

Three regions can be identified. Firstly, for weaker bonds with an enthalpy less than
∼40 kcal/mol and barriers greater than approximately 2 kcal/mol, an approximate BEP
relationship can be seen, where the relationship between the classical barrier height and
bond enthalpy is roughly linear. Cross-linking reactions occurring in this regime include
reactions involving the delocalised π-radical C with other edge types, reactions of lo-
calised π-radical edge type B with all non-diradicaloid edge types, namely B, C and E,
and reactions of the aryl σ -radical edge types A with the low aromaticity edges of stan-
dard planar PAHs F2 and F3. The delocalised π-radical C is generally seen to have high
barriers for its cross-linking reactions. This is most likely due to its aromatic stabilisation,
which also results in delocalised electron density and lower reactivity, hence the higher
barriers. Other high barrier-low bond enthalpy reactions include the reactions between
B2 and D2, as well as B1 and E. Both of these reactions involve a cross-link forming
between two carbon atoms in five-member rings, with the two carbons forming the bond
also being bonded to a hydrogen as well. This would suggest that bonds between five-
member rings are likely less favorable unless there is sufficient radical character among
the reacting PAHs.
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The next region seen on the plot are also cross-linking reactions that have low bond en-
thalpies, but whose classical threshold energies for the reaction are much lower than is
expected if a BEP relationship is followed. The reactions in this regime all involve the
diradicaloid pentacene or D1 reacting with the various π-radicals of edge type B and C.
This would suggest that although the bonds formed are weak, it is quite facile to do so.
Diradicaloids are known to have near radical character, and acenes like D1 are known
to have increasing degrees of diradical character with increasing size from Clar analyses
[42]. This results in increasing reactivity around the central rings of such acenes. In the
case of D2, the strongest cross-links with B1, B2, and C all formed on the central ring, in
line with the Clar analyses of the diradical [41]. This would suggest that the diradicaloid
nature of the acenes contributes to their barriers being much lower than what would be
expected solely from the bond enthalpies.

The third and final region is for cross-links with bond enthalpies greater than 40 kcal/mol
and classical barriers lower than 2 kcal/mol. As mentioned previously, the uncertainty
in M06-2X is around the 2 kcal/mol as well, and so the predicted barriers in this region
must be viewed with caution. The cross-links present in this region are the majority of
those involving the aryl radical edge type A, which is not surprising given their high
bond enthalpies. Reactions between edge type A and the curved PAH edge type F1 can
be seen to have lower expected barriers in contrast to the low aromaticity flat edge type
of PAHs F2 and F3. In addition, most cross-linking reactions involving A1 have lower
predicted barriers than than those involving A2, suggesting that the aryl σ -radical on a
rim five-member ring is more reactive than on a six-member ring These predictions are in
agreement with previous studies that suggest curved PAHs and five-member rings possess
higher reactivity [37, 50] than counterpart flat PAHs and six-member rings. Notably, the
only cross-link not involving a PAH with edge type A is the one between B1 and D2.
As noted above, D2 forms stronger cross-links than expected, and this is reflected in the
low barriers for the cross-linking reaction. This once again suggests that diradicaloids
containing five-member rings are substantially more reactive than other types of closed-
shell PAHs.

3.3 Rate Constants

Figure 6 presents the Arrhenius plots for the forward rate constants for forming cross-links
between PAHs with different reactive edge types.

The forward rate constants for the reactions with barriers are all concave in nature, which
is the expected behaviour for most rate constants, with the phenomenological activation
energies increasing with temperature. Looking at the rate constants, at the higher tem-
perature range of interest to flames (1500–2000 K), the rate constants span four orders of
magnitude, from approximately 108 cm3mol-1s-1 for the reactions with the highest thresh-
old energies, to 1012 cm3mol-1s-1 for the cross-linking reactions in the strong bond-low
barrier regime in the BEP plot. Of note are the rate constants for the reactions of A1 and
A2 with the diradicaloid D2 as well as the reaction between A1 and rim-based pentagon
E. These reactions have very low barriers and yet are estimated to be of the same order of
magnitude as the barrierless combination reactions across the temperature range of 300–
2000 K. These rate constants are of the order of the abstraction and acetylene addition
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(a) Cross-link reactions with Barriers

(b) Cross-link reactions without Barriers

Figure 6: Arrhenius plots for the forward rate constants of forming a cross-linking be-
tween PAHs with different reactive edge types.

steps in the well known hydrogen-abstraction-acetylene-addition (HACA) PAH growth
mechanism [11].

In the case of the barrierless reactions, at the temperature range of 1500–2000 K, the rate
constants are in a similar range, from approximately 108 cm3mol-1s-1 for the reactions
with the lowest bond energies between localised π-radical B and delocalised π-radical
C, to slightly below 1012 cm3mol-1s-1 for the higher bond energies between reactive edge
types A and B. It can also be seen that the barrierless reactions between two indenyls or
B2 and between B1 and C1, are lower in magnitude and more temperature dependent. In
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contrast, the reactions between A1 and A2, A1 and B1, A1 and B2, and A2 and B2 are
higher in magnitude. The other reactions involving the aryl σ -radicals are also weakly
temperature dependent, which is commonly observed for barrierless reactions [14].

The rate constants for all of the barrierless reactions do show regions of negative tempera-
ture dependence. This negative temperature dependence tends to manifest either at higher
temperatures of around 1600–1700 K for the reactions which are below 1011 cm3mol-1s-1

in magnitude. Similar behaviours were observed for the rate constants computed using
VRC-TST and CASPT2 interaction energies for combination channels involving phenyl
and propargyl radicals [35]. In the case of the reaction between two B1 monomers, A1
and B2, A2 and B2, A1 and B1, and A1 and A2, the negative temperature dependence
is observed for the bulk of the temperature range. Persistent negative temperature depen-
dence is usually attributed to high-energy collisional effects limiting the flux through the
dividing surface, and has also been observed for recombination reactions between phenyl
and allyl reactions [34, 35].

Additionally, Figure 6b also shows that the radical-combination rate constants involving
species A1 are larger than for the counterpart reactions involving species A2. This again
suggests that the reactivity of the aryl σ -radical is higher for a radical site on a rim five-
member ring than a six-member ring. However, it is worth noting that the largest rate
constant for the aryl-aryl reactions is that between A1 and A2, which is one of the fastest
reactions in the temperature range and is much faster than two A1 monomers or two A2
monomers reaction. This highlights the potential significance of reactions between radical
sites on five and six-member ring species.

The Arrhenius plot also highlights the potential importance of localised π radical species.
This is exemplified in the fact that the rate constants for the reactions between A1 and
the localised π-radicals B1 and B2 are some of the largest, with the reaction between
A1 and B2 being even faster than the reaction between A1 and A2. The next predicted
fastest reactions in the flame temperature range of 1500–2000 K are all again reactions
between a σ -radical and a localised π-radicals, namely the reactions between A1 and
B1, A2 and B2, and A2 and B1. This suggests that reactions between σ -radicals and
localised π-radicals are possible and may indeed be important. Finally, the rate constant
between two B1 monomers, that is the localised π-radical can also be observed to have a
substantially large rate constant at lower temperatures, where it is noticeably much faster
than any other re-combination reaction between two identical PAHs. The B1-B1 reaction
is competitive with reactions between A1 and B2, A1 and A2, and A1 and B1 until 800 K,
and could be important in this range. At 1000 K, the combination of two B1 monomers
appears to be competitive with reactions between A2 and localised π-radicals. It was
previously seen that at these lower temperatures, the localised π-radicals on a rim five-
member ring are expected to be in higher concentrations than the σ -radical A1, and so
the B1-B1 reaction may play a role. Even at the lower flame temperature ranges of 1400–
1500 K, the rate constant is competitive with the combination reactions of A2 with A2,
A1 and C, and B2 as well as the reaction between two B2 molecules. At temperatures
above this, this reaction is substantially slower. This ability of the partially saturated rim
five-member rings to react suggest that the formation of PAHs with bridge bonds between
pentagons, or penta-linked PAHs, is important at lower temperatures, but is substantially
less important at higher temperatures.
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In the case of the reactions with barriers, the forward and reverse rate constants have been
fitted to the modified Arrhenius expression:

k = AT nexp
(
−Ea

RT

)
(2)

In the case of barrierless reactions, the forward rate constants required a sum of two mod-
ified Arrhenius expressions to achieve a suitable fitting. The reverse cross-link breaking
reactions in this case could be suitably fitted to a single modified Arrhenius expression.
The rate constants for these reactions are presented in Table 2.

Table 2: Arrhenius fittings for the rate constants for the cross-linking between PAHs pos-
sessing different reactive edge types. Rates are computed at the M06-2X/cc-
pVTZ//B3LYP/6-311G(d,p) level of theory. The units are cm, kcal, mol, K, and
s.

Reaction A1 n1 EA,1 A2 n2 EA,2

With Barrier
A1 + D1→ A1D1 49.46 3.09 1.08
A1D1→ A1 + D1 1.62 ×1013 0.56 61.59
A1 + D2→ A1D2 860.41 3.01 0.98
A1D2→ A1 + D2 2.80 ×1014 0.56 78.54

A1 + E→ A1E 86.62 3.07 0.32
A1E→ A1 + E 8.06 ×1013 0.43 53.63

A1 + F1→ A1F1 19.87 3.07 0.47
A1F1→ A1 + F1 2.15 ×1013 0.40 42.37
A1 + F2→ A1F2 25.43 3.10 1.26
A1F2→ A1 + F2 1.95 ×1013 0.46 39.67
A1 + F3→ A1F3 17.35 3.12 2.35
A1F3→ A1 + F3 1.63 ×1013 0.43 38.27

Continued on next page.
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Continued from previous page.

Reaction A1 n1 EA,1 A2 n2 EA,2

A2 + D1→ A2D1 20.06 3.16 0.97
A2D1→ A2 + D1 1.51 ×1012 0.64 57.04
A2 + D2→ A2D2 135.21 3.04 0.26
A2D2→ A2 + D2 7.93 ×1013 0.60 72.76

A2 + E→ A2E 52.50 3.09 1.05
A2E→ A2 + E 8.66 ×1013 0.46 50.34

A2 + F1→ A2F1 5.42 3.13 1.21
A2F1→ A2 + F1 9.78 ×1012 0.45 40.21
A2 + F2→ A2F2 4.82 3.12 2.17
A2F2→ A2 + F2 5.30 ×1012 0.48 35.86
A2 + F3→ A2F3 4.80 3.13 2.69
A2F3→ A2 + F3 8.81 ×1012 0.44 35.98
B1 + B2→ B1B2 2.43 2.57 3.36
B1B2→ B1 + B2 1.80 ×1011 0.59 35.01
B1 + D1→ B1D1 1.90 3.05 1.20
B1D1→ B1 + D1 3.46 ×1011 0.85 29.42

B1 + D1→ B1D1b 1.44 3.05 1.35
B1D1b→ B1 + D1 2.54 ×1011 0.78 26.14
B1 + D2→ B1D2 8.85 3.05 0.50
B1D2→ B1 + D2 9.49 ×1011 0.90 29.42

B1 + E→ B1E 1.78 3.02 4.62
B1E→ B1 + E 4.37 ×1011 0.68 27.94
B2 + C→ B2C 2.64 2.66 2.01
B2C→ B2 + C 2.77 ×1011 0.70 32.96

B2 + D1→ B2D1 1.50 3.04 0.99
B2D1→ B2 + D1 5.44 ×1011 0.68 27.62
B2 + D2→ B2D2 0.34 3.37 14.39
B2D2→ B2 + D2 1.78 ×1011 0.87 28.79

Continued on next page.
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Continued from previous page.

Reaction A1 n1 EA,1 A2 n2 EA,2

C + C→ CC 2.02 2.64 5.62
CC→ C + C 5.61 ×1011 0.54 16.53

C + D1→ CD1 1.17 3.06 3.67
CD1→ C + D1 7.69 ×1011 0.58 15.43
C + D2→ CD2 0.62 3.10 7.84
CD2→ C + D2 2.60 ×1011 0.71 30.65

Barrierless
A1 + A1→ A1A1 2.33 ×101 2.83 -0.24 6.26 ×104 2.65 26.26
A1A1→ A1 + A1 1.85 ×1021 -1.76 134.98
A1 + A2→ A1A2 2.71 ×1014 -1.05 -1.76 20.31 4.00 31.69
A1A2→ A1 + A2 1.44 ×1031 -4.65 126.98
A1 + B1→ A1B1 1.81 ×1010 0.21 -3.09 2.09 ×1061 -12.55 79.16
A1B1→ A1 + B1 7.34 ×1026 -3.51 97.80
A1 + B2→ A1B2 7.15 ×1024 -4.03 2.01 1.61 ×1021 -3.59 -0.85
A1B2→ A1 + B2 1.82 ×1033 -5.31 92.95

A1 + C→ A1C 4.25 ×104 2.33 1.71 3.09 ×104 2.38 1.88
A1C→ A1 + C 2.25 ×1020 -1.64 76.77

A2 + A2→ A2A2 7.91 2.86 -0.26 2.14 ×1021 -1.92 42.84
A2A2→ A2 + A2 6.71 ×1020 -1.74 124.90
A2 + B1→ A2B1 1.01 ×103 2.45 -0.07 2.11 ×1021 -2.19 37.14
A2B1→ A2 + B1 5.03 ×1023 -2.40 97.39
A2 + B2→ A2B2 16.47 2.68 -7.17 2.08 ×1021 -2.70 17.30
A2B2→ A2 + B2 8.60 ×1016 -0.76 81.22

A2 + C→ A2C 932.05 2.20 -1.53 2.14 ×1021 -2.18 34.72
A2C→ A2 + C 5.40 ×1023 -2.77 72.12

B1 + B1→ B1B1 5.50 ×1023 -4.14 -0.98 1.34 ×1023 -3.97 -1.23
B1B1→ B1 + B1 1.29 ×10−53 -11.91 72.32
B1 + C→ B1C 2.16×10−1 3.12 2.07 2.37 ×1036 -6.32 56.99
B1C→ B1 + C 4.50 ×1017 -1.05 46.57

B2 + B2→ B2B2 1.46 ×102 2.62 5.95 2.42 ×1036 -5.54 76.25
B2B2→ B2 + B2 4.01 ×1014 0.27 58.35

3.4 Equilibrium Constants

Whilst the forward rate constants for several of the reactions between different edge types
were seen to be of the order of 1011 and 1012 cm3mol-1s-1 at flame temperatures, it is known
that reversibility is particularly important in soot nucleation [7, 47]. Previous works on
physical dimerization between small PAHs such as pyrene have similarly fast forward rate
constants, but is known to be highly reversible at flame temperatures and thus unfavorable
[44, 49]. To get an idea of reversibility and favorability at flame temperatures of these
cross-linking reactions, the equilibrium constant can be computed. This is presented in
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Figure 7.

(a) Cross-link reactions with Barriers

(b) Cross-link reactions without Barriers

Figure 7: Equilibrium constants for forming a cross-link between PAHs with different
reactive edge types.

Figure 7 shows that the equilibrium constants do group by the reactive edge types in-
volved, which is represented by the shaded bands in the plot. The magnitude of the equi-
librium constants also mostly reflect the bond energies of the cross-link, which is expected
as this is the enthalpic contribution to the equilibrium constant. The largest equilibrium
constants are seen for the reactions containing the aryl σ -radical edge type A, followed by
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reactions between these radicals and the localised π-radicals B as a consequence. Most of
the cross-linking reactions here have equilibrium constants well above 1 at flame temper-
atures, and thus have low reversibility as a result. The exceptions to this are the reactions
involving edge types B and C with edge types C, D, and E that also have a barrier to
reaction. These are seen to be quite reversible at flame temperatures. Several, but not all,
of these reactions do have correspondingly low bond energies.

However, there are clear entropic contributions to the equilibrium constant as well, which
is reflected in the fact that the reactions between A1 or A2 and B2 have equilibrium
constants that are one to several orders of magnitude greater than those between edge
types A and D, despite the fact that the bond energy for B2 with A1 and A2 is noticeably
lower than that for D2 with A1 and A2. The equilibrium constant for two B2 PAHs
forming a cross-link is also greater than those for reactions between edge types A and E.
Additionally, the equilibrium constant for two B1 monomers reacting is also slightly larger
than those between edge types A and D, again despite the lower bond energies. Likewise,
the reaction between the π-radicals B1 and C has an equilibrium constant substantially
higher than those between B1 and D1 or D2, as well as between B2 and B1 and B2 and C,
even though the bond energies are rather similar. The equilibrium constant for the reaction
between two C molecules is also comparable to those between edge types A and F, despite
the C–C bond energy being substantially weaker, again suggesting the importance of the
entropic contributions, as well as highlighting the favorable nature of reactions involving
π-radicals that are not necessarily reflected in simply the bond energies.

3.5 Enhancement due to Bonding and Stacking

The equilibrium constants show that cross-linking between certain reactive edge types
on PAHs form very stable bonds which are much less likely to be reversible. However,
a previous study on bridge-forming reaction kinetics between acepyrene (edge type E)
and pyrenyl (edge type A), found that even with a forward rate constant of the order of
1012 cm3mol-1s-1, the process was insufficient to generate the required nucleation flux
for soot formation [9]. Another previous work of dimerization of two pyrene σ -radicals
(edge type A) using reactive molecular dynamics, showed collision efficiencies of 0.001
significantly lower than the 0.01–1.0 values required in simulations [25]. Given reactions
with type-A edges possess the highest forward rates this suggests insufficient rates are
found for all reactions explored for small PAH soot formation.

Our previous suggestion to provide such an enhancement was that larger localised-π radi-
cal species are able to both bond and stack in rim-bonds, that is they can condense through
physical interactions and subsequently chemically cross-link, which is something that aryl
σ -radicals are unable to achieve [30]. We initially showed this with the additive stabili-
sation effect of intermolecular interactions on top of the covalent bonding for a variety of
rim-linked PAHs [30].

To further explore the potential enhancement effect of bonding and stacking, the equi-
librium constant was calculated for larger PAHs containing the different reactive edge
types that can bond and stack (B,C,D and E). These larger PAHs were all chosen to have
similar molecular weight, roughly in the range of 420-430 Da, compared to 150-160 Da
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for monomers B,C, and E. It is worth noting that the M06-2X-D3 does overestimate the
physical interactions by roughly 6 kcal/mol compared to SAPT(DFT) results, suggesting
again that the comparison between sites is the focus of this section [30]. This is seen in
Figure 8.

B) localized -radical + 

D) diradicaloid 

B) localized -radical + 

E) rim pentagon

C) delocalized -radical 

multicenter -bond 

C) delocalized -radical 

single center -bond

Keq = 1

B) localized -radical

B)

B)+D)

B) + E)

C)
C)

Figure 8: Equilibrium constants for cross-linking reactions between larger PAH reac-
tions that can result in bonded and stacked structures. The dashed lines rep-
resent the equilibrium constant for smaller PAHs with the same reactive edge
types, and the arrows represent the enhancement effect.

Figure 8 shows that there are substantial increases in the equilibrium constant for the
larger PAHs compared with the smaller PAHs discussed so far. It is clear that the degree
of enhancement is dependent on the type of reactive edges and the type of bond and
stacking configuration. The enhancement in equilibrium constant is largest for a rim-
linked structure between two localised π-radicals of edge type B, followed by edge type
B and D, and finally edge type B and E. The dispersion enhancements for B and D and
B and E are only slightly less than for a stacked, multi-centre π-bond between two larger
delocalised π-radicals of edge type C. Overall, the increase in equilibrium constant is one
to two orders of magnitude larger for a rim-bonded structure of two localised π-radicals
edge types compared to the increases for other edge types.

It is worth noting that whilst the delocalised π-radical C can also form a σ -bond (other-
wise known as a σ -dimerisation), the resulting structure does not stack, and the contribu-
tion of dispersion interactions is significantly lower than for reactions involving a localised
π-radical (justifying our new naming as rim-linked). As a consequence, this reaction has
the smallest enhancement effect, but this enhancement effect is more consistent across the
1000–2000 K range. Nevertheless, dimerisation of a larger delocalised π-radical like C is
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most likely still unfavorable at temperatures above 1500 K. In contrast, even though the
enhancement wanes at higher temperatures, the bond and stack effect does mean that at
this same temperature of 1500 K, the reaction between larger PAHs of edge type B and
E is still favorable, which was not the case for smaller PAHs with these edge types. The
effect is still most promising for reactions between two localised π-radical PAHs, which
was also seen to have rate constants rivaling reactions between aryl σ -radicals in edge
type A.

The estimation here is also likely to be a lower bound, as the effect of first forming a
physically bound PAH dimer followed by a subsequent rim-bond formation on the ther-
modynamics and kinetics has not been considered and could be enhanced further by inter-
nal rotors as recently suggested by Frenklach and Mebel [9]. They argued that rotation-
ally excited collisions could enhance the stability and frequency of such bridge forming
reactions, resulting in a substantial increase in the nucleation flux. A possible way in
which such an enhancement could occur is due to physical interactions between PAHs
before internal rotation and subsequent rim-bond formation. However, determining how
much these effects will enhance collision efficiencies and reaction rates between the PAHs
would likely require molecular dynamics and is the topic of further work.

Another enhancement could occur from having multiple localised π-radical sites on a
single PAH containing multiple rim pentagonal rings. We have previously shown that
an appreciable fraction of such PAHs can form diradicals in the flame as hydrogen is
added and abstracted from these sites [32]. More sites per molecules would allow for
more opportunities to bond after physical condensation. This could also allow for a chain
reaction to proceed.

All in all, the preliminary results here do suggest that the combined chemical and physical
aggregation between localised π-radical PAHs is quite favorable at flame temperatures,
and whether or not this provide a route to forming larger clusters of PAHs and ultimately
soot warrants further investigation.

4 Conclusions

In this work, the thermodynamics and kinetics of cross-linking reaction between PAHs
possessing different reactive edge types has been studied by means of density functional
theory calculations. Computations of the bond energies and barrier heights generally af-
firmed that cross-linking reactions that resulted in the formation of strong bonds generally
had low barriers. This was primarily the case for reactions involving PAHs with edge type
A, or aryl-type σ -radicals. One noticeable exception was for reactions between localised-
π radicals, or edge type B, and acene diradicaloids, or edge type D1. These reactions were
seen to have very low barriers, despite forming weak bonds. Additionally, reactions in-
volving two PAH radicals were broadly barrierless, namely reactions between two PAHs
of types A (aryl σ -radicals), B (localised-π radicals), and C (delocalised-π radicals).

The computation of the forward rate constants confirmed that reactions involving edge
type A are faster than others. It was noted that generally having the σ -radical on the five-
member ring resulted in faster kinetics than when the σ -radical was on the six-member
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ring. At flame temperatures of 1400–2000 K, the forward rate constants were generally
of the order of 108 cm3mol-1s-1 to 1012 cm3mol-1s-1. Notably, the rate constants between
PAHs with edge type A and edge type D and edge type A and edge type B were seen
to be as large or even larger than for that between two of edge type A. It was also seen
that the rate constant for the reaction between A1 and A2 was substantially faster than
between A1 and A1 or A2 and A2. The reaction between two localised π-radicals on rim
five-member rings was seen to be notably faster at temperatures below 1000 K, but then
declines and is one of the slowest reactions at 2000 K. Reactions involving combinations
of edge types B, C, D, and E were generally seen to be slower in comparison. Generally,
all computed rate constants are unlikely to be high enough to result in substantial enough
fluxes for processes such as soot formation on their own, including suggestions involving
cross-links on five-member rings [6] and delocalised π-radicals PAHs [21].

Analysis of the equilibrium constants showed most of these cross-linking reactions have
substantial equilibrium constants and stability at flame temperatures, provided they in-
volved one PAH of edge type A, or two PAHs with radical edge types A, B, or C. The
localised π-radicals were seen to have large equilibrium constants for reactions with edge
types A, B, and C, and were seen to be more reactive than all edge types aside from type A.
It was also noted that despite having large forward rate constants in some cases, reactions
of PAHs with diradicaloid edge type D were seen to have lower equilibrium constants
than those involving edge types A, B, and C, highlighting their relative reversibility.

Computations of the equilibrium constants for larger PAHs that are able to bond and stack
in rim-bonds showed that there is a substantial enhancement in the equilibrium constant
that is dependent on the PAH edge types. It was observed that a larger enhancement was
present for reactions between two localised-π radicals PAHs of edge type B than for other
edge types that could bond and stack, which highlights the difference in dispersion in-
teractions between different edge types. This suggests that these dispersion effects could
potentially promote reactions of larger localised π-radicals. These effects could be fur-
ther enhanced by considering the role of dynamics such as internal rotors and multiple
localised π-radical sites on the same aromatic species. Further work is necessary to study
the dynamics of reactions and combined physical and chemical interactions involving
these localised π-radicals to determine if such reactions are able to provide the nucleation
flux required to explain soot formation.
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