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Phenalenyl growth reactions and implications to prenucleation 
chemistry of aromatics in flames† 

Michael Frenklach,*a Ahren W. Jasperb and Alexander M. Mebel*c 

The energetics and kinetics of phenalene and phenalenyl growth reactions were studied theoretically. Rate constants of 

phenalene and phenalenyl H-abstraction and C2H2 addition to the formed radicals were evaluated through quantum-

chemical and rate-theory calculations. The obtained values, assigned to all π radicals, were tested in deterministic and kinetic 

Monte Carlo simulations of aromatics growth under conditions of laminar premixed flames. Kekulé and non-Kekulé 

structures of the polycyclic aromatic hydrocarbons (PAH) evolving in the stochastic simulations were identified by on-the-

fly constrained optimization. The numerical results demonstrated an increased PAH growth and qualitatively reproduced 

experimental observations of Homann and co-workers of non-decaying PAH concentrations with nearly equal abundances 

of even and odd carbon-atom PAH. The analysis revealed that the PAH growth proceeds via alternating and sterically diverse 

acetylene and methyl HACA additions. The rapid and diverse spreading in the PAH population supports a nucleation model 

as PAH dimerization, assisted by the non-equilibrium phenomena, forming planar aromatics first and then transitioning to 

the PAH-PAH stacking with size. 

Introduction 

The formation of carbonaceous particulates in gaseous 

environments is of practical importance, a scientific curiosity, 

and a theoretical challenge. The gas-phase production of carbon 

black1 and nanotubes2 is currently at the industrial scale and 

manufacturing of graphene could become a reality.3,4 Large-

scale production of hydrogen coupled to carbon formation in 

plasma decomposition of methane is envisaged as a viable 

approach to a clean energy economy.5 The mechanism of 

particulate formation occurring in terrestrial gas-phase 

environments on a millisecond timescale has become a subject 

of research since Michael Faraday’s brilliant demonstration of 

the phenomenon with a candle flame.6 Similar mechanistic 

characteristics were suggested to underlie interstellar dust 

formation.7 The quest for mechanistic details of the phenomena 

of carbon particle formation challenges the quantum-chemical 

and reaction-rate theories.8,9 The present study is concerned 

with soot formation in hydrocarbon combustion. 

Many aspects of soot formation are generally understood 

in mechanistic terms.10 One notable exception is the specifics of 

soot particle inception. The topic was recently reviewed,11-13 

and the present standing can be summarized as follows. 

Polycyclic aromatic hydrocarbons (PAH) are molecular 

precursors. They form from the initial fuel and its molecular 

fragments and grow afterwards through chemical reactions 

taking place at their edges. At some point, PAH moieties start 

forming clusters. The remaining principal questions aim at 

identification of the PAH (size, state, etc.) that initiate the 

clustering and its underlying mechanism. Thus, identification of 

PAH and their molecular evolution preceding and surrounding 

the initial phase of clustering becomes imperative. 

Our recent study examined evolution of PAH molecular 

structure starting with naphthalene in detailed, sterically 

resolved kinetic Monte-Carlo (kMC) simulations.14 The 

numerical analysis was performed for the environments of two 

premixed flames of ethylene and the reaction set included 

results of recent PAH reaction studies. One of the major 

outcomes of the simulations was the prominence of phenalene 

(1H-phenalene) and its radical, phenalenyl. The present study 

expands on this observation and its implications to PAH 

evolution. 

Phenalenyl is an odd-carbon-atom π-conjugated radical 

that has drawn scientific attention due to its high molecular 

symmetry and high thermodynamic stability.15,16 The 

phenalenyl radical and its parent molecule, 1H-phenalene, have 

been observed in flames17-19 and their formation reactions were 

explored theoretically.20,21 Of interest to soot formation in 

flames is the phenalenyl propensity to dimerize,15,22 as a 

possible initiating step of particle inception,18,19 and its further 

growth into larger PAH structures enabling such inception.14,23 

Our prior kinetic study14 included growth of phenalenyl but 

in a rather generic form, treating reactions of phenalenyl-type 

structures as those of “regular” PAH; in other words, all PAH-

edge growth reactions were assigned the same reaction-rate 

classes. Given the abundance of phenalenyl revealed in the 

prior numerical observations, here we examine these reactions 
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with further scrutiny. First, we evaluated the rate constants for 

the following phenalene and phenalenyl reactions 

A2AH  +  H      πA2A  +  H2 (1) 

πA2A  +  C2H2      A2AR5  +  H (2) 

πA2A  +  H      πA2A  +  H2 (3) 

πA2A  +  C2H2      πA2AR5  +  H (4) 

where A2AH designates 1H-phenalene, πA2A is the phenalenyl 

radical, πA2A is the π-σ phenalenyl biradical, and A2AR5 and 

πA2AR5 are respective cyclopenta adducts (see the 

identification of molecular structures in potentially-energy 

diagrams shown in Figs. 1 and 2). Reaction (1) was recently 

examined experimentally and theoretically at low 

temperatures;24 here we supplement these data for higher 

temperatures pertinent to combustion. 

The computed rate constants are then used in 

deterministic and stochastic simulations, performed for the 

same two flames examined earlier.14 The deterministic 

simulations were performed by solving differential equations 

for a naphthalene-to-pyrene reaction subsystem that allowed 

us to numerically compare growth via the phenalenyl and 

phenanthrenyl radicals. A broader analysis was performed by 

carrying out stochastic simulations that employed the kMC 

model of our prior study.14 The computed rate-constant values 

of reactions (1-4) were assigned, on the per-site basis, to the 

reaction classes of all phenalenyl-type sites appearing on PAH 

edges. The obtained numerical results confirm and expand on 

the conclusions of the prior study14 regarding the role of 

phenalenyl-type chemistry. Among other things, the kMC 

results reveal a pattern of PAH evolution consistent with 

experimental observations of Homann and co-workers,25,26 yet 

offer a differing explanation for the underlying mechanism of 

the observed phenomena. A broader discussion on the 

implication of the present results to the subject of soot particle 

nucleation is given after the following description of the 

calculation methods and presentation of the numerical results. 

Calculation methods 

Quantum chemistry 

To explore potential energy surfaces (PES) of H abstractions 

from phenalene and phenalenyl radical and C2H2 additions to 

πA2A and πA2A•, we exploited our standard theoretical 

approach to electronic structure calculations used in numerous 

previous studies of various reactions involved in the PAH 

growth. In particular, density functional theory (DFT) B3LYP27,28 

calculations with the 6-311G(d,p) basis set were carried out for 

geometry optimization of all local minima and transition states 

and for computation of vibrational frequencies for the 

stationary structures. The B3LYP/6-311G(d,p) computed 

frequencies were utilized for the evaluation of zero-point 

vibrational energy (ZPE) corrections and in rate constant 

calculations. Single-point energies were refined using the 

composite model chemistry G3(MP2,CC) scheme29,30 where the 

CCSD(T)/6-31G(d) energy is upgraded by adding a basis set 

correction obtained by MP2 calculations with the G3Large and 

6-31G(d) basis sets and ZPE is also included. The B3LYP 

calculations were performed with the Gaussian 16 program 

package31 and the CCSD(T) and MP2 calculations were carried 

out with the MOLPRO 2021 code.32 

Minimal energy singlet-triplet crossing points (MSX) were 

initially optimized employing the MOLPRO package using the 

multireference complete active space CASSCF/6-311G** 

method33,34 with the active space including ten electrons on 10 

orbitals (10,10). Next, the MSX structures were re-optimized at 

the DFT ωB97XD/6-311G** level35 using the NST code.36 It 

should be noted that the optimized CASSCF and ωB97XD MSX 

geometries appeared to be very similar. NST, in addition to the 

MSX optimization, computes Landau-Zener nonadiabatic 

transition state theory (TST) reactive flux for a transition 

between electronic states of different multiplicities via the 

MSX.37-39 The spin-orbit coupling constants required for the NST 

calculations were computed at the same CASSCF(10,10)/6-

311G** level as the geometry optimization of the MSX using 

MOLPRO. Single-point energies of the optimized MSX structures 

were refined by G3(MP2,CC) calculations of the triplet states. 

Reaction rate constants 

Temperature- and pressure-dependent rate constants in the 

temperature range of 500-2500 K and in the pressure range of 

0.01-100 atm were computed employing the RRKM-ME 

approach as implemented in the MESS code,40,41 generally 

within the rigid rotor-harmonic oscillator approximation 

(RRHO). Internal rotations corresponding to low-frequency 

vibrational modes were treated as hindered rotors and their 

internal rotational potentials were evaluated using B3LYP/6-

311G(d,p) PES scans along the corresponding torsional angles. 

The “exponential down” model42 was used to treat the 

collisional energy transfer in ME, with the temperature 

dependence of the range parameter α for the deactivating wing 

of the energy transfer function expressed as α(T) = 

α300(T/300 K)n. The values of n = 0.62 and α300 = 424 cm-1 in this 

expression were earlier derived from classical trajectory 

calculations43,44 and, along with the Lennard-Jones parameters 

ε = 390 cm-1 and σ = 4.46 Å, were adopted from our earlier 

studies of the growth kinetics of two- and three-ring PAHs, 

including the studies of C2H2 addition reactions to various PAH 

radicals.21,45-50 

Reaction kinetics 

The computed rate constants were tested in two sets of 

calculations, deterministic (ODE) and stochastic (kMC). Both 

sets of simulations were performed in the environments of the 

two atmospheric burner-stabilized flames of ethylene 

considered in our prior study,14 namely a stagnation 16.3% 

C2H4–23.7% O2–Ar flame of Wang and co-workers51 (cold gas 

velocity 8.0 cm/s and burner-to-stagnation surface separation 

0.8 cm; designated C3H08) and a 15.6% C2H4–17.7% O2–N2 

flame of Faeth and co-workers52 (designated XSF1.88). These 

are well-studied and well-understood flames, spanning from 

low (C3H08) to heavier (XSF1.88) soot loading. The two flames 

were simulated with the FFCM1 reaction model53 using the 

Cantera software.54 The computed flame temperature and 
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species concentration profiles of H, H2, CH3, C2H2, O, OH, O2 

were supplied to the ODE and kMC solvers. 

The deterministic simulations were performed by solving a 

set of ordinary differential equations (ODE) describing a 

reaction submodel of naphthalene growth into pyrene via two 

primary competing reaction pathways, those via phenalenyl 

and phananthrenyl radicals. The ODE system was solved using 

the Matlab ode15s stiff integrator.55 The initial concentration of 

naphthalene in these calculations was assigned a value 

computed in the flame simulations described above using the 

Appel et al. (ABF) reaction model.56 Qualitatively similar results, 

for the purpose of the present study, were obtained using other 

reaction models. Unfortunately, the prediction of naphthalene 

varies substantially among these models, reflecting the present 

uncertainty in PAH chemistry in general and in naphthalene 

formation reactions specifically (see, e.g., Valencia-López et 

al.57). 

The kMC simulations tracked a single PAH molecular 

structure evolving in the flame environment. Each kMC run 

started with a naphthalene (A2) molecule “placed” in a flame 

location at 1400 K and carried out for the duration of 1 ms. The 

stochastic evolution of PAH structure was simulated with the 

previously-developed Matlab code14 using the Gillespie 

algorithm.58,59 The reaction rate constants were calculated 

using the time-dependent temperature and gaseous species 

profiles obtained in the flame simulations. The rate-constant 

values were updated every 10 μs. Two sets of simulations were 

performed, 100,000 runs for the C3H08 flame and 20,000 runs 

for the XSF1.88 flame, thus obtaining for each case about 1000 

runs surviving early destruction of the aromatic substrate 

through oxidation and thermal decomposition. 

Every PAH structure emerging in the present kMC 

simulations was identified as being Kekulé or non-Kekulé and 

the assignment of the pertinent reaction event and its rate was 

based on this instantaneous determination. The latter was 

accomplished through constrained optimization, as follows. The 

evolving aromatic structure in the kMC code14 is represented by 

undirected graph G(V,E) with n vertices V representing the 

carbon atoms and m edges E representing the C-C bonds.60 We 

introduce vector 𝑥 = [𝑥1, 𝑥2, … , 𝑥𝑚]𝑇, whose elements are 

edge multiplicities, equal 1 for a single C-C bond and 2 for a 

double C=C bond. The vertex valency is the sum of its incident-

edge multiplicities. The kekulization problem can then be stated 

as minimization of the number of vertices whose valency 

deviates from the “Kekulé” valency, i.e., 4 for the inner vertices 

(with vertex valency 4) and 3 for the outer vertices (with vertex 

valency 3). Mathematically, this takes the form 

min
𝑥

(−𝑓1𝑥1 − 𝑓2𝑥2 − ⋯ − 𝑓𝑚𝑥𝑚),

subject to {
𝐴𝑥 ≤ 𝑏
𝑥𝑗 = {1,2}, 𝑗 = 1,2, … 𝑚 

(5) 

where A is an n×m matrix with elements Aij = 1 for edge j being 

an incident edge of node i and Aij = 0 otherwise, 

𝑓𝑗 = ∑ 𝐴𝑖𝑗  ,   𝑗 = 1, 2, … , 𝑚,

𝑛

𝑖=1

 (6) 

and b is an m×1 column vector whose elements are “Kekulé” 

valences of the corresponding vertices. The optimum x gives 

n×1 vector, 𝑏 − 𝐴𝑥opt, whose non-zero elements (equal 1) 

indicate vertices (C atoms) with the “non-Kekulé” vacancy. 

Thus, all elements being zero indicates a Kekulé structure and 

non-Kekulé otherwise. The optimization was solved by Matlab 

mixed-integer linear programming function intlinprog. It was 

found to execute sufficiently fast for PAH structures up to about 

100 carbon atoms. Above that size, the criterion for the 

Kekulé/non-Kekulé structure was the even/odd number of 

carbon atoms, possibly introducing a very small error to 

simulations of the larger structures, based on the results 

discussed later in the text. 

Results and analysis 

Potential energy surfaces, rate constants and equilibrium constants 

Let us first consider reactions (1) and (2), testing the Hydrogen-

Abstraction-C2H2-Addition (HACA) growth10 with the phenalene 

molecule (A2AH). Reaction (1), H abstraction from the CH2 

group in phenalene producing the phenalenyl radical πA2A is 

computed to be highly exothermic, by 41.4 kcal/mol, and to 

feature a low barrier of 2.7 kcal/mol. These values are close to 

the earlier predictions from CCSD(T)/cc–pVTZ//B3LYP/cc–pVTZ 

calculations by Schneiker et al.,24 38.7 and 2.5 kcal/mol, 

respectively. The high exothermicity and low barrier of the 

reaction originate from a very weak C-H bond in A2AH. Figure 

3(a) illustrates the computed rate constants of reaction (1) in 

the forward and reverse directions. The forward reaction 

appears to be orders of magnitude faster than the reverse one 

reaching ~110-10 cm3 molecule-1 s-1 at 1500 K. The equilibrium 

constant is 7.8105 at 1500 K reducing to 2.5103 at 2500 K. At 

the flame conditions simulated in the present study, the 

reduced equilibrium constant of this reaction, which is the 

product of the equilibrium constant and the H-to-H2 

concentration ratio,11 is greater than 70 and in the soot 

nucleation part of the flame it is greater than 100. These values 

indicate that reaction (1) is practically irreversible at the 

conditions of interest and A2AH is replaced by πA2A. 

The second step of the HACA growth sequence is the 

addition of C2H2 to the formed radical site followed by an extra 

ring closure and possibly an H atom loss restoring 

aromatization. However, such reaction (2) appears to be 

unfavourable for πA2A (Fig. 1). Phenalenyl, as any other PAH 

π-radical is unreactive and the acetylene addition step to form 

a complex i1' features a high barrier of 27.9 kcal/mol. Next, i1' 

can either lose a hydrogen atom to form ethynyl-substituted 

phenalene p1' or undergo cyclization. The H loss channel to p1' 

is overall endothermic by 45.0 kcal/mol, with the critical barrier 

at the H elimination step of 50.4 kcal/mol relative to the πA2A 

+ C2H2 reactants. The cyclization may occur immediately in i1' 

forming i2' or be preceded by H migration i1'  i4' eventually 

leading to i3'. Both i2' and i3' include an additional five-

membered ring added to the phenalene core (A2AR5H), are 

connected through a 1,2-H shift within this five-membered ring, 

and can split a hydrogen atom to produce two isomers of 

A2AR5, p2' from i2' and p3' from i3'. Here, the i1'  ts3'  i2' 

 ts4'  p2' + H pathway with the highest in energy transition 
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state at 24.6 kcal/mol above πA2A + C2H2 (ts4') is more 

advantageous than either i1'  ts3'  i2'  ts5'  i3'  ts6' 

 p3' + H or i1'  ts7'  i4'  ts8'  i3'  ts6'  p3' + H. 

Thus, although the p3' + H products are thermodynamically 

favourable by 14.1 kcal/mol, p2' + H are expected to be 

preferable kinetically. This is indeed confirmed by the rate 

constant calculations, as can be seen in Fig. 3(b). In the 1000-

2250 K range, reaction (2) is predicted to form p2' + H, whereas 

at higher temperature the production of ethynyl-substituted 

phenalene p1' + H becomes slightly more favourable. However, 

due to the high barriers involved, reaction (2) is very slow, with 

the calculated rate constant of only 210-17 cm3 molecule-1 s-1 

at 1500 K and 1 atm. This value is nearly five orders of 

magnitude lower than, for example, the rate constant for C2H2 

addition to a σ-PAH radical phenanthrenyl leading to the 

formation of pyrene + H. We discussed a slow reactivity of 

resonantly stabilized π-PAH radicals toward acetylene in a 

previous work61 and here phenalenyl πA2A follows the 

predicted behaviour. Thus, the direct PAH enlargement 

involving πA2A via C2H2 addition is unlikely to be competitive. 

But can πA2A undergo the HACA growth through a 

different path? Since, according to the calculated equilibrium 

constant for reaction (1), phenalene mostly exists in sooting 

flames in the form of πA2A, it can partake in other bimolecular 

reactions and in particular be subjected to a direct hydrogen 

abstraction reaction with an H atom, reaction (3). In this case, H 

abstraction is preferable from one of six equivalent positions on 

the edges of πA2A and produces a π-σ biradical πA2A with a 

triplet ground electronic state and one unpaired electron 

located on a π- and the other on a σ-orbital. Reaction (3) is 

predicted to be 7.8 kcal/mol endothermic with a barrier of 15.5 

kcal/mol in the forward direction. This energetics is comparable 

with endothermicity and the barrier height for the prototype 

C6H6 + H  C6H5 + H2 reaction activating benzene to the phenyl 

radical, 8.8 and 17.0 kcal/mol, respectively, at the same 

G3(MP2,CC)//B3LYP level of theory.62 Forward and reverse rate 

constants for reaction (3) are depicted in Fig. 3(a). The forward 

direction is preferable above 1000 K, with the equilibrium 

constant reaching 3.4 at 1500 K and increasing to 8.1 at 2500 K. 

The calculated rate constant is comparable with that for C6H6 + 

H, which has the same reaction path degeneracy as reaction (3). 

In particular, at 1500 K the calculated rate constants are 

3.310-12 cm3 molecule-1 s-1 for reaction (3) vs. 4.910-12 

cm3-molecule-1 s-1 for C6H6 + H.63 A conclusion thus can be made 

that PAH π-radicals are expected to behave similarly to closed-

shell PAH molecules in a sense that they generally unreactive, 

have long lifetimes, and can be activated through direct H 

abstraction reactions with rate constants that are alike. The 

difference is that H abstraction from closed-shell PAH molecules 

produces σ-PAH radicals, whereas that from the π-radicals 

generates π-σ biradicals like πA2A. 

The next step in the HACA mechanism is acetylene addition 

to πA2A initiated on a triplet potential energy surface (Fig. 2). 

Here, the barrier for the C2H2 addition to the σ-radical site in the 

ring is low, only 2.5 kcal/mol and the initial complex produced, 

i1"t, is stabilized by 40.9 kcal/mol relative to the πA2A + C2H2 

 
Fig. 1 Potential energy diagram for the C13H9 (phenalenyl, πA2A) + C2H2 reaction. All relative energies given in kcal/mol with respect to the initial reactants 
are calculated at the G3(MP2,CC)//B3LYP/6-311G(d,p) + ZPE(B3LYP/6-311G(d,p)) level of theory. 
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reactants. Several reaction scenarios are possible commencing 

from the triplet isomer i1"t. First, it can lose the hydrogen atom 

from the -carbon in the side chain leading to the ethynyl-

substituted phenalenyl radical p1". The H loss proceeds via ts9" 

located 4.0 kcal/mol below the reactants and the p1" + H 

products are 19.7 kcal/mol exothermic. Second, the ring closure 

pathway on the triplet PES leads to i2"t via ts3"t (-15.4 kcal/mol) 

and i2"t can either directly eliminate a hydrogen atom forming 

a resonantly stabilized π-radical πA2AR5 (p2") or first undergo 

a 1,2-H migration to i4"t followed by an H loss to p2". Also, i1"t 

can feature a 1,5-H shift to i3"t prior to the ring closure to i4"t. 

Among the two pathways leading to πA2AR5 on the triplet 

surface, i1"t  ts5"t  i3"t  ts6"t  i4"t  ts7"t  p2" + H 

is more energetically preferable with the highest barrier at ts6"t 

(-25.6 kcal/mol relative to the reactants) than either i1"t  

ts3"t  i2"t  ts4"t  p2" + H or i1"t  ts3"t  i2"t  ts8"t 

 i4"t  ts7"t  p2" + H both proceeding via the critical ts3"t. 

In addition to the triplet PES, there are also reaction routes 

involving a singlet surface after triplet-singlet intersystem 

crossing (ISC) takes place. We have located two minima of the 

seam of crossing, one in the vicinity of i1"t and the other near 

i3"t. Isomer i1" includes a carbene CH group and can exist both 

in triplet (-40.9 kcal/mol) and singlet (-38.9 kcal/mol) electronic 

states. The msx1 structure features a similar geometry and its 

energy is 3.8 and 1.8 kcal/mol higher than those of i1"t and i1"s, 

respectively. The singlet carbene structure formed after ISC 

undergoes facile ring closure to i2"s via a low barrier of 4.6 

kcal/mol (ts3"s, -34.6 relative to the reactants). i2"s represents 

 
Fig. 2 Potential energy diagram for the C13H8 (πA2A•) + C2H2 reaction. All relative energies given in kcal/mol with respect to the initial reactants are calculated 
at the G3(MP2,CC)//B3LYP/6-311G(d,p) + ZPE(B3LYP/6-311G(d,p)) level of theory. Black and blue curves correspond to triplet and singlet electronic states, 
respectively. 
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one of the A2AR5 isomers and a potential product (p2') of 

reaction (2). Isomer i3" has a lone pair on one of the ring carbon 

atoms and also has close in energy triplet (-40.2 kcal/mol) and 

singlet (-37.7 kcal/mol) states. The ISC process takes place at 

msx2 which lies at -35.0 kcal/mol relative to the reactants. Once 

i3"s is formed after ISC it should easily ring-close to i4"s, the 

other A2AR5 isomer p1'. The singlet isomers i1"s and i4"s lie 

much lower in energy than any of the structures on the triplet 

surface and thus the ISC process is overall highly exothermic. 

However, as will be discussed below, the crossing to the singlet 

surface does not make a significant contribution to the reaction 

kinetics due to low spin-orbit coupling constants at msx1 and 

msx2. Both A2AR5 structures i1"s and i4"s can lose a hydrogen 

atom producing πA2AR5 p2" without exit barriers. The energies 

of the weakest C-H bonds in i1"s and i4"s are rather low, 52.0 

and 66.1 kcal/mol, respectively, which is comparable with the 

C-H bond strength in the CH2 of phenalene, 62.2 kcal/mol. 

Therefore, similarly to phenalene, both A2AR5 isomers under 

flame conditions, i.e., at high temperatures and with significant 

concentrations of H atoms and other H-abstracting radicals, are 

likely to irreversibly convert to the π-radical πA2AR5. 

Summarizing, the πA2A biradical can grow an extra five-

membered ring on its zigzag edge by adding acetylene thus 

propagating the chain of π-radicals from πA2A to πA2AR5 via 

the HACA mechanism. It is pertinent to note that the 165 and 

189 m/z signals have been commonly seen in mass spectra in 

numerous flame studies64-66 and, in particular, they were 

hypothesized to correspond to πA2A to πA2AR5.67 

Rate constants for reaction (4) calculated at 1 atm are 

depicted in Fig. 3(c) (a complete set of the computed rate 

coefficients is given in the ESI†). The reaction is relatively fast, 

with the rate constant ranging between ~10-12–10-11 cm3 

molecule-1 s-1 in the 750–2500 K temperature interval. These 

values are comparable with the rate constants for acetylene 

addition to PAH σ-radicals.61 At low temperatures, the 

preferable reaction product is collisionally stabilized i4"t, but at 

the temperatures of interest to combustion the reaction is 

dominated by the formation of πA2AR5 p2". This product is 

favourable above 800 K and up to ~2000 K, whereas at the 

highest temperatures, the yield of ethynyl-substituted 

phenalenyl radical p1" slightly exceeds that of p2". 

Nevertheless, in the reverse p1" + H reaction, p1" mostly 

undergoes H-assisted isomerization to p2" (Fig. 3(d)). In this 

reaction, collisional stabilization of i4"t again prevails at low 

temperatures, p2" + H exhibits the highest branching ratio at 

900–2000 K, whereas the return to the πA2A + C2H2 reactants 

takes over as the preferred channel above 2000 K. These results 

corroborate the conclusion that πA2A can efficiently undergo a 

HACA growth by adding an extra five-membered ring on a zigzag 

edge. 

It is interesting to consider the role of ISC and the singlet PES in 

reaction (4). This role is minor as indicated by the fact that the rate 

constant for collisional stabilization of the much more favourable 

singlet isomer i4"s is up to an order of magnitude lower than that for 

its triplet counterpart i4"t. More particularly, Fig. 4 compares high-

pressure limit rate constants for ISC of i1"t and i3"t with those for 

 
Fig. 3 Calculated TST and RRKM-ME rate constants: (a) for the direct H abstraction reactions A2AH + H  πA2A + H2 (1) and πA2A + H  πA2A• + H2 (3) in 

the forward and reverse directions; (b) for the πA2A + C2H2  A2AR5  +  H reaction (2) including the total and individual channels at 1 atm; (c) for the πA2A• 
+ C2H2  πA2AR5 + H reaction (4) including the total and individual channels at 1 atm; (d) for the reverse p1" + H reaction including the total and individual 
channels at 1 atm. 
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their isomerization reactions occurring on the triplet surface without 

changing the spin multiplicity. Despite the fact that “activation 

energies” for ISC, 3.8 and 5.2 kcal/mol for msx1 and msx2, 

respectively, are significantly lower than the isomerization barrier 

heights, 9.6/8.9 kcal/mol for i1"t  i3"t and 14.6 kcal/mol for i3"t  

i4"t, the ISC rate constants are normally few orders of magnitude 

lower than their isomerization counterparts. This is caused by the 

fact that the computed spin-orbit coupling constants are as low as 

1.5 and 3.0 cm-1 for msx1 and msx2, respectively. The only range 

of temperatures at which the i3"t  i3"s step is competitive 

with i3"t  i4"t is below 600 K. While the isomerization rate 

constants show a typical Arrhenius behaviour steadily growing with 

temperature, the ISC rate constants slightly increase up to 1250–

1400 K and then drop in values at higher temperatures. It is clear that 

in the relevant temperature interval, the reaction predominantly 

proceeds on the triplet PES without crossing onto the singlet surface. 

 

Fig. 4 RRKM-calculated rate constants for isomerization and intersystem 
crossing of the i1"t and i3"t intermediates in the high-pressure limit. 

Reaction kinetics 

The deterministic (ODE) calculations were performed with the 

reaction model composed of 41 reactions, describing the 

transformation of naphthalene into pyrene. Only reaction path (3)-

(4) was included; reaction (1) is essentially shifted to the right, as 

discussed above, and numerical tests confirmed no meaningful flux 

was observed by including reaction path (1)-(2). The principle 

reaction pathways are illustrated in Fig. 5 and the complete set of 

reactions and their rate constants are presented in Table S2 of the 

ESI.† 

 

Fig. 5 Principal reaction pathways tested in the ODE simulation: marked with 
red arrows – via phenalenyl, with blue arrows – via phenanthrene. 

We refer to the reaction pathways shown in Fig. 5 as principle 

because one of them, marked with blue arrows, is the HACA growth 

with acetylene being the growth species and includes only even 

carbon-atom intermediate, whereas the second pathway, marked 

with red arrows, is the HACA growth with acetylene and methyl being 

the growth species and includes even and odd carbon-atom 

intermediates. The numerical results presented in the middle panels 

of Fig. 6 show that the additional growth pathways via π-radicals 

increases the production of pyrene, as compared to the previous 

model of only even carbon-atom growth.49 Also, the concentrations 

of the pathway intermediates, especially of pyracyclene and 

cyclopenta-phenalenyl, are significantly higher than that of pyrene, 

as demonstrated in the bottom panels of Fig. 6. These results, 

consistent with our prior numerical observations,14 suggest growth 

proceeding via multitude of sterically-enabled pathways. The latter 

was explored in the kMC simulations described next. 

The kMC simulations were carried out using the reaction model 

of the previous study14 with two additional reaction classes, 

chemically similar to reactions (3) and (4) and with their computed 

rate constant values assigned, on the per-site basis, to all reaction 

events of these classes. Identification of Kekulé structures, 

implemented in the present kMC code, allowed making proper rate 

constant assignments. 

 
Fig. 6 Left panels: C3H08 flame, right panels: XSF1.88 flame; top-row panels: 
flame temperature; middle-row panels: concentration of pyrene (A4) 
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obtained with the prior mechanism49 (designated as “base”, blue) and with 
the new reactions added (red); bottom-row panels: computed concentrations 
of pyracyclene (R5A2R5, black), cyclopenta-phenalenyl (πA2AR5, red),  
phenalenyl (πA2A, green), and pyrene (A4, blue). 

Figure 7 displays frequencies of PAH structures observed in the 

kMC simulations. Those shown in the top panels are the maxima of 

the PAH-structure counts for every number of carbon atoms, 

obtained by taking the maxima of PAH appearances over the entire 

flame simulation. This form of display was chosen to make a 

comparison to remarkable experimental observations of Homann 

and co-workers (displayed in Fig. 5 of Keller et al.26) for the maximum 

concentrations of PAH collected over a laminar flame: (a) the odd 

and even carbon-atom concentrations are close to each other, (b) 

both exhibit a non-decaying pattern for sizes over 20-25 carbon 

atoms, and (c) both decay sharply for the smaller sizes. The results of 

the present kMC simulations, displayed in the top panels of Fig 7, 

reproduce (qualitatively) all these experimental features. 

 
Fig. 7 Computed frequencies of PAH structures displayed by the number 
of C atoms and reaction times in the two flames, C3H08 and XSF1.88. 

The general agreement of the kMC results produced for the two 

substantively different ethylene-air flames studied in the present 

study14 and the concurrence of the computed patterns with the 

experimental observations in a very different flame (low-pressure 

benzene-oxygen) suggest the universality of these features. 

Further confirmation of the phenomena inferred from the 

“summary” display, utilized in the top panes of Fig. 7 and in Fig. 5 of 

Keller et al.,26 is presented in the middle and bottom panels of Fig. 7 

by displaying, respectively, distribution of PAH size at several 

reaction times and abundances of several PAH sizes versus time. 

These results illustrate the development of the distributions of 

individual-mass PAH and demonstrate the consecutive appearance 

of their concentration peaks. 

Discussion 

Mechanism of odd and even carbon-atom aromatics growth 

Homann and co-workers26 suggested that their experimental 

observations provide evidence against the HACA mechanism 

promoting PAH growth; our present results demonstrate the 

opposite. 

The growth of PAH in high-temperature environments, starting 

with a single aromatic ring, faces thermodynamic resistance, i.e., the 

reversibility of carbon-adding reactions. The underlying feature of 

the HACA mechanism, discovered68 through numerical simulations of 

PAH growth and explained10,14 afterwards, is alleviation of the 

thermodynamic resistance through repetitive reactivation of 

aromatic-edge sites by hydrogen atoms preceding the addition of 

carbon carriers to these sites. Among possible carbon-atom carriers, 

those present in sufficient abundance and whose addition lowers the 

potential energy or increases the reaction entropy or both should 

dominate the second, carbon-addition step of the HACA sequence. 

In high-temperature hydrocarbon pyrolysis and combustion systems 

such a species is primarily acetylene, especially when its addition 

releases a hydrogen atom. Obviously, other species, under particular 

conditions, could become competitive with acetylene. One such 

species is the methyl radical, CH3. 

The methyl radical was suggested as a possible PAH growth 

species as early as 1984 by Weissman and Benson.69 However, its 

repetitive addition was shown to be not sufficiently rapid.70 Yet, the 

addition of CH3 expanding a five-member ring into a six-member ring 

has emerged as a viable process. The possibility of such ring 

expansion was suggested independently from experimental 

observations,71,72 computational tests,59 and theoretical examination 

of the energetics and kinetics of elementary reactions.21,45,73 Our 

preceding kMC study,14 employing the latest rate constants for the 

methyl-induced ring expansion, showed that the latter reactions are 

competitive with the acetylene-addition PAH growth. The results of 

the present study, employing a detailed pathway of odd carbon-

atom growth, based on reaction (3) and (4), reaffirm the prior 

conclusion. 

Both the methyl and acetylene growth reaction pathways are 

HACA, H-Abstraction-Carbon-Addition,10,11 and hence will be 

referred to hereafter as HACH3A and HAC2H2A, respectively. The kMC 

results indicate that the PAH growth proceeds as an alternation of 

HAC2H2A and HACH3A steps, illustrated in Fig. 8. Both even and odd 

carbon-atom aromatics retain their “parity” (even remain even or 

odd remain odd) undergoing the respective HAC2H2A reaction steps, 

and change their parity (even turns into odd and odd into even) with 

the HACH3A steps. While the parity switching can possibly be 

accomplished with other reactions, the present results demonstrate 

that it is the parity switching that explains the Keller et al.26 

observation of nearly equal concentrations of even and odd carbon-

atom PAH. Also, the alternating HAC2H2A and HACH3A sequence 

includes elements of prior suggestions.45,59,72 
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Fig. 8 PAH growth through alternation of HAC2H2A and HACH3A reaction 
steps. 

Homann and co-workers26 interpreted their experimental 

observations as “throw[ing] doubt on the general validity of the so-

called HACA mechanism,” yet the detailed numerical analysis of the 

present study accentuates the underlying reaction mechanism as 

HACA. Indeed, the present study is in accord with Keller et al.’s 

conclusion that “the delocalized unpaired electron does not increase 

the reactivity of a PAH π-radical over that of a closed-shell PAH with 

similar structure.” In addition to the thermodynamic stability of 

the PAH π-radicals, like phenalenyl (πA2A), the theoretical results 

showed that the addition of H atoms, reaction (1), is shifted to 

the π-radicals and the additions of C2H2 molecules, reaction (2), 

is relatively slow. Growth of these π-radicals is attained via 

HACA mechanism, HAC2H2A or HACH3A: formation of a π-σ 

biradical through H abstraction, a la reaction (3), followed by 

carbon addition, a la reaction (4), both reactions having rates 

comparable to those of the PAH molecules.46,49,63 

Distribution of PAH concentrations 

The present kMC results reproduce (qualitatively) the distribution of 

concentrations of aromatics observed by Kellers et al.26 As can be 

seen in the top panels of Fig. 7, the initial PAH molecules and 

π-radicals, up to about the size of 25 C atoms, fall rapidly and then 

stay at about the same size up to about 120 C atoms. There is also a 

slight increase in size, similar to the one noted in experiment.26 

The initial drop is a consequence (and thus the confirmation) of 

the HACA mechanism. Growth of the initial PAH is a “struggle” 

against reversibility of the reaction sequence. The first “break” in this 

struggle is the formation of acenaphthylene, the first island of 

stability.68 The term “island of stability” signifies a chemical species 

that is not only thermodynamically stable but also kinetically stable, 

showing resistance to the destruction through thermal 

decomposition and oxidation of its radicals formed by H abstraction. 

The next and a stronger island of stability was identified68 to be 

pyrene; its formation is practically irreversible and thermal 

decomposition74 and oxidation75 of pyrenyl are relatively slow. Thus, 

the kinetic sequence of aromatic growth up to pyrene faces the 

largest struggle against the reversibility and, as a result, the 

sequential aromatic intermediates drop in the concentration, 

especially prior to acenaphthylene. 

The present results indicate that phenalenyl is also an island of 

stability, as well as other phenalenyl-like π-radicals, assuming that 

π-σ biradical’s decomposition and oxidation reactions are 

similar to those of pyrenyl. This implies that there is a path for 

growth past pyrene that moves continuously through islands of 

stability, as exemplified in Fig. 8. Furthermore, larger PAH 

structures offer greater number of kinetically equivalent edge 

sites, thereby increasing the multiplicity of growth pathways. 

The increase in the multiplicity and diversity of closely spaced 

islands of stability evidently results in the non-decreasing 

concentrations of PAH observed by Kellers et al.26 and 

reproduced by the present kMC simulations. 

Implication to soot particle inception 

The phenomenon of the non-decreasing concentrations of aromatic 

structures, starting at around 20-25 carbon-atom sizes, has 

significant implications to the currently debated subject of soot 

particle inception. 

In the initial detailed modeling of soot formation,56,76-78 particle 

nucleation was represented by PAH clustering: binary collisions of all 

PAH past a prescribed size. The PAH growth from the prescribed size 

up to an infinite size was modeled by a replicating HAC2H2A 

sequence68,79 and its kinetics solved with a mathematically rigorous 

algorithm of linear lumping.79,80 The PAH initiating the clustering was 

presumed to be (ace)pyrene56,78,81 or coronene76,77,82 and the 

collisions of all PAH was assigned the efficiency of unity. It has been 

established since then that pyrene dimerization is 

thermodynamically unstable83-86 yet starting the clustering with a 

larger PAH, whose dimer is attaining the stability, does not reproduce 

the timing of soot appearance in flames.11 The model and alternative 

proposals were recently scrutinized,11,12 bringing about two basic 

propositions. 

One of these propositions is the formation of a doubly-bonded 

PAH dimer via a reaction of a cyclopentha group of a PAH (like in 

acepyrene) with a radical edge site of another PAH, either at a zigzag 

site11 (like in pyrene) or at a bay site87 (like in phenanthrene). The 

reaction product, termed E-bridge, is formed as an angled PAH dimer 

but rapidly flattens out through H abstraction.88 The other 

proposition pursues the premise of PAH π-dimerization.12,18,23,89-93 It 

has been established,15,16,22,90,94 though, that π-monoradicals, such as 

phenalenyl, preferentially form edge σ-bonded dimers rather than 

π-π stacked ones, both bonds being relatively weak. As a resolution 

to this, Martin and co-workers12,90,92 suggested dimerization of 

π-biradicals. Indeed, π-radicals are known to exhibits a polyradical 

character,15,90,95 as illustrated by three molecular examples shown on 

the left of Fig. 9. However, only one instance of such a species, shown 

on the right of Fig. 9, was detected in the kMC simulations of the 

present study. Such low frequency is unlikely to explain PAH 

dimerization in flames. 
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Fig. 9 PAH π-polyradicals. Left: molecular structures of phenalenyl, 
C13H9, and its triangular extensions, C22H12 and C33H15, computed by the 
constrained optimization of the present study, eqn (5); right: the only 
π-biradical, C48H18, detected in the present kMC simulations. 

These considerations suggest that dimerization of smaller-size 

PAH may contribute to the “planar” growth (cross-linking) of PAH 

and not to their immediate stacking. The extent of such contributions 

is yet to be determined, but even without them, the PAH growth in 

size is already rapid. Also, the chemical opportunities provided by the 

planar dimerization may end up having little consequences, as the 

formed planar dimers can undergo rapid rearrangements and 

overgrowth due to the ring migration and HAC2H2A/HACH3A 

reactions.96 In fact, the latter processes, on their own, can create 

molecular structures, illustrated in Fig. 10, having five-membered-

ring features attributed23 to PAH-PAH cross-linking whereas no such 

PAH reactions were included in the model. 

 

Fig. 10 Examples of PAH molecular structures formed in the kMC 
simulations of the present study. 

Turning to the particle inception, we now represent the 

available knowledge by the following model. We assume that PAH-

PAH dimerization starts with the first major island of stability (like 

pyrene or acepyrene) forming planar aromatics first and then 

transitioning to the PAH-PAH stacking with size. The PAH 

dimerization for all sizes is assisted by the non-equilibrium 

phenomenon9 and is treated as irreversible11 with an assigned 

collision efficiency, γ. We represent the latter by a switch function 

𝛾(𝜇) =
1

2
[tanh(𝑎(𝜇 − 𝑏)) + 1] (7) 

that transitions from zero to unity with the reduced mass of the 

colliding PAH pair, μ, expressed by their number of C atoms. 

Parameters a and b in eqn (7) are adjusted by fitting γ at two points. 

The first fitting point is γ(16×18/34) for a pyrene-acepyrene pair at 

1500 K, computed as the collision efficiency of 1×10-3, determined 

for the pyrenyl-acepyrene dimerization,9 multiplied by the 

[pyrenyl]/[pyrene] ratio computed from the steady-state expression 

for the pyrenyl formation by the reversible H abstraction and H 

addition reaction system;11 for flame C3H08, γ16,18 = 5.92×10-6 

resulting in a = 0.325, and for flame XSF1.88, γ16,18 = 1.10×10-6 with 

a = 0.370. The second fitting point, γ(27) = 0.5 for both flames, is for 

a binary collision of the 54 carbon-atom circumcoronenes, presumed 

to be approaching the van der Waals stacking.97-99 

To numerically assess such a model, we calculated a ratio of the 

total PAH-PAH dimerization rate, summing up the binary collisions 

among all the produced PAH with the corresponding γ values, to that 

of pyrene-acepyrene collision rate, 

ℛD =  

∑ 𝛾𝑖𝑗

𝜎𝑖𝑗

𝜇𝑖𝑗
𝑁𝑖𝑁𝑗𝑖𝑗

𝛾16,18
𝜎16,18

𝜇16,18
𝑁16𝑁18

 , (8) 

where 𝑁𝑖 is the kMC count of PAH with i C atoms at a given time, 𝜇𝑖𝑗 

the reduced mass of the i-j collision pair, and 𝜎𝑖𝑗 the collision cross 

section, expressed by the number of C atoms, n, 

𝜎𝑖𝑗 = (𝑛𝑖
1/3

+ 𝑛𝑗
1/3

)
2

 , (9) 

with the PAH dimeter assumed proportional to the cubic root of the 

PAH mass.100 Note, that all constant multipliers in eqns (8) and (9) 

are cancelled out by taking the ratio, eqn (8). The computed values 

of ℛD are displayed in Fig. 11. 

 

Fig. 11 PAH-PAH dimerization ratio, ℛD, computed by eqn (8) for the 
two flames, C3H08 and XSF1.88. The black solid line is the flame 
temperature. The symbols are ℛD values computed with different 
starting PAH in the summation of the numerator of eqn (8): blue 
circles—pyrene-acepyrene, green squares—coronene-acecoronene, 
and red plusses—pyrene-pyracyclene. In all the cases, the summation 
was carried out up to PAH with 300 carbon atoms, although the 
computed results essentially stopped changing after the summation 
was limited to 80 carbon atoms. 

There are several features in these results to note. First and 

foremost is that the total dimerization rate rapidly increases above 

that of pyrene/acepyrene alone, indicating the importance of 

accounting for a larger pool of PAH than just pyrene/acepyrene. The 

assumption of pyrene being a sole nucleating species, unfortunately 

propagating though much of the literature, evidently has its origin in 

misapprehension of the source sited.56,78,81 As mentioned above (and 

in the previous accounts10,11), the above-cited initial model included 

dimerization of all PAH after pyrene. The growth of PAH in that initial 
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model was described by the only known then HAC2H2A reaction 

sequence, whereas the present study shows a substantively faster 

PAH growth via alternating and sterically diverse HAC2H2A and 

HACH3A reactions. 

A consequence of the rapid and diverse spreading in the PAH 

population is that nucleation does not happen with a particular 

species (like pyrene or circumcoronene), but it is a process diffused 

over a sequence of them. In fact, this is a beneficial feature of 

treating soot nucleation kinetically101 as compared to rather fruitless 

application of the classical nucleation theory that focusses on 

identification of the critical-size nucleus.102 

Displayed in Figure 11 are three sets of computations that differ 

in the PAH size that initiates the dimerization count. The total 

dimerization rates for all the three sets overlap with each other after 

some initial time, as the increasing in size PAH population begins to 

dominate the sum. During the initial period, a larger starting PAH, 

coronene, slows the dimerization, as was seen earlier,78 and a smaller 

starting PAH, pyracyclene, enhances the dimerization, consistent 

with the previous study.14 

While parts of the model need to be refined and new reactions 

are likely to be discovered, the presented results clearly show that 

the alternating and sterically diverse HAC2H2A and HACH3A reaction 

mechanism is an integral and important part of soot particle 

nucleation. 

Summary and conclusions 

Rate constants of phenalene and phenylenyl reactions, H-abstraction 

and C2H2 addition to the radicals formed, were theoretically 

evaluated and their inclusion in naphthalene-to-pyrene deterministic 

simulations resulted in a larger production of pyrene under the 

conditions of the two laminar premixed flames. 

Assigning these rate constants to reaction classes of all 

π-radicals, stochastic simulations reproduced experimental 

observations of Homann and co-workers26 of non-decaying PAH 

concentrations, for sizes over 20-25 C atoms, with nearly equal 

abundances of even and odd carbon-atom PAH. However, contrary 

to Homann et al.’s interpretation of their observations as providing 

evidence against HACA, our present study accentuates the 

underlying reaction mechanism as HACA. 

The analysis of the kMC results revealed that the PAH growth 

proceeds via alternating and sterically diverse HAC2H2A and HACH3A 

reactions. The rapid and diverse spreading in the PAH population 

provides support to a nucleation model as PAH dimerization, assisted 

by the non-equilibrium phenomena,9 forming planar aromatics first 

and then transitioning to the PAH-PAH stacking with size. 
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