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The formation of polycyclic aromatic hydrocarbons (PAHs) on the Cy1Hy; potential energy surface involved
in the reactions of a phenyl radical (CgHs) with cis-3-penten-1-yne (cis-C*H=C?-C3*H=C*H-C°Hj,
referred to as CsHeg) and its three radicals (CH=C-C=CH-CHs, CH=C-CH=C-CHs, and cis-CH=C-
CH=CH-CH,, referred to as the C3-, C*-, and C°-radicals with the same chemical components, CsHs)
assisted by H atoms is investigated by performing combined density functional theory (DFT) and ab initio
calculations. Five potential pathways for the formation of PAHs have been explored in detail: Pathways |-
Il correspond to the reaction of CgHs with CsHg at the C! and C? position, and Pathways IlI-V involve
the reaction of CgHs with the C3-, C*-, and C°-radicals with the assistance of H atoms. The initial
association of CgHs with CsHg or CsHs is found to be highly exothermic with only minor barriers (1.4—
7.1 kcal mol™), which provides a large driving force for the formation of PAHs. The hydrogen atom is
beneficial for the ring enlargement and ring formation processes. The present calculations predict 9
potential PAHSs, six (CS6, CS10, CS13, CS26, CS28 and CS29) of which are indicated to be energetically
IV and V at low temperature. The calculated barriers for the
All PAHs products could be formed at flame
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Accepted 21st March 2018 more favorable along Pathways |, I,
formation of these PAHs are around 19.2-38.0 kcal mol ™.

DO 10.1039/c8ra01449¢ temperature, for the medium barriers are easily overcome in various flame conditions. The theoretical

rsc.li/rsc-advances results supplement the PAH formation pathway and provide help to understand PAH growth mechanism.

acetylene type organic compounds, such as CHj, C;H;, C3Hy,

1. Introduction
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Polycyclic aromatic hydrocarbons (PAHs) are commonly
believed to mainly come from the incomplete combustion of
fuels. Due to their toxicity and carcinogenic properties,*” the
study of the formation mechanism of PAHs has become a major
subject in the fields of combustion and environmental science
during the past decades.® The most widely accepted theory for
PAH formation and growth involves a hydrogen-abstraction-
acetylene-addition (HACA) mechanism,*® which has been
extensively studied by both experimentalists and theorists and
was popularly used in combustion models.”*> However, the
HACA mechanism was found to underestimate the concentra-
tions of PAHs and soot when compared with the experimental
results.”"® Further experimentalists found that many non-
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C3;Hg, C4H,, C4H,, C4Hg and CsHg (ref. 14 and15) also contrib-
uted to PAH growth in various flame configurations. Therefore,
the PAH formation from non-acetylene compounds has
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Fig. 1 Relative energy surfaces for the formation of the three CsHs
radicals of cis-3-penten-1-yne via the H-abstraction reactions at the
C3, C* and C® positions by an external H atom. Relative energies are
in kcal mol™.
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Fig. 2 Pathway I: the reaction of phenyl radical with cis-3-penten-1-yne at the C? position.

attracted remarkable attention.'®2® Furthermore, the introduc-
tion of reaction mechanism of odd-carbon chemistries as
additions, especially C; and C5 species, into HACA mechanism
were found to reproduce the synergistic effect of some mixing
fuels on PAH and soot formations.?’** Hence, the roles of C;
and cyclo-Cs species as additions on the PAH growth have be
studied experimentally and theoretically.'”***¢*° Different from
cyclo-Cs species, the linear Cs species draw little attentions on
the PAHs formation mechanism studies, except that reactions
of CsH; and CsH; with CH; have been postulated as possible
routes of benzene formation.™ And, isoprene (CsHg), the
methyl-substituted 1,3-butadiene, was found to react with
phenyl radical barrier-lessly.**** However, Hansen et al.** iden-
tified the isomers of linear C5; chemicals, and found that cis-3-
penten-1-yne (CH=C-CH=CH-CH;) was the most stable linear
CsHg, and CH=C-CH=CH-CH,, radical the most stable linear
CsH; radical. Structurally, CH=C-CH=CH-CHj; is the methyl-
substituted product of vinylacetylene (CHCCHCH,), which can
form naphthalene via the bimolecular reactions with para-tolyl
and phenyl radicals without entrance barriers under single
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collision conditions.”** Thus, it is meaningful to investigate
the reaction of phenyl radical with CHCCHCHCHj.

The main objective of this work is to explore the formation of
potential PAHs within 4-, 5-, 6- and 7-membered rings on C;,H;;
potential energy surface (PES) from phenyl radical (C¢Hs) with
cis-3-penten-1-yne and its radicals. These 4-, 5- and 7-membered
PAHs were all detected from vehicle emissions** and
confirmed as major contributors to soot formation in the post-
flame region.*** By performing combined density functional
theory (DFT) and ab initio calculations, we discuss the influ-
ences of reactive sites and methyl group of CHCCHCHCH; on
the formation of bicyclic PAHs, and the roles of hydrogen atoms
in ring formation and ring enlargement steps.

2. Methods

The molecular structures involved in the reactions under study
were optimized on C;;H;; PES by using the hybrid B3LYP
functional with the 6-311++G(d,p) basis set.*** The vibrational
frequency calculations were performed at the same level to
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Fig. 3 Pathway II: the reaction of phenyl radical with cis-3-penten-1-yne at the C? position.
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Fig. 4 Pathway III: the reaction of phenyl radical with the C3-radical of cis-3-penten-1-yne.
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Fig. 5 Pathway IV: the reaction of phenyl radical with the C*-radical of cis-3-penten-1-yne.

identify the optimized structures as local minimum or first- were implemented to ensure that the transition states connect
point saddle points and to provide their zero-point vibrational to the relevant reactants and products correctly. The final
energies (ZPE). The intrinsic reaction coordinate calculations single-point energies of all species were gained using the
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Fig. 6 Pathway V: the reaction of phenyl radical with the C>-radical of cis-3-penten-1-yne.
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Fig.7 Calculated potential energy surface of Pathway | started from the association of CgHs to the C* position of CtHC2C3*HC*HCHj. Relative

energies are in kcal mol™.

G3(MP2,CC) method,*?* which is expected to generate relative
energies of various species within the accuracy of 1-
2 kcal mol™'** and extensively used to study PAH growth
mechanism.*****'>* The majority of the intermediate species
and transition structures found in this study were either closed
shell singlets or open shell doubles. The diradical species were

found by using triplet spin multiplicity, and the calculations of
diradical species contain negligible spin contamination. A high
spin contamination can affect the geometry and energy of the
molecule.” As a check for the presence of spin contamination,
ab initio calculations give the expectation value of the total spin
(8?). If there is no spin contamination, (S*) should equal s(s + 1),
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Fig. 8 Calculated potential energy surface of Pathway Il started from the association of CgHs to the C? position of CtHC2C3HC*HC®H. Relative

energies are in kcal mol™.
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Fig. 9 Calculated potential energy surface of Pathway Il started with the reaction of CgHs to the C* position of C*HC2C3C*HC®Hs. Relative

energies are in kcal mol™.

where s equals 1/2 times the number of unpaired electrons. One
rule of thumb, which was derived from experience with organic
molecule calculations, is that the spin contamination is negli-
gible if the value of (5*) differs from s(s + 1) by less than 10%. In
addition, spin contamination has little effect on DFT, CC and CI
calculations.’>% All {S) values of chemical species or transition
states with 2 unpaired electrons in this study were shown in
ESI.t Asterisks were added to energies corresponding to dir-
adical species with spin contamination. The G3(MP2,CC)
energies are calculated according to the following equation:

E[G3(MP2,CC)] = E[CCSD/6-311++(d,p)] + AE(MP2)

+ AE(SO) + AE(HLC) + E(ZPE) (1)
where AE(MP2) = E[MP2/6-311G++(3df,2p)] — E[MP2/6-
311G++(d,p)] is the basis set correction. AE(SO) is the spin-orbit
correction, included for atomic species only. Higher level
correction (HLC) for molecules is AE(HLC) = —An;, — B(n, — ny,)
with A = 9.279 mhartrees and B = 4.471 mhartrees, and for
atoms is AE(HLC) = —Cny, — D(n, — np) with C = 9.345 mhar-
trees and D = 2.021 mhartrees. The n, and n, are the number of

13230 | RSC Adv., 2018, 8, 13226-13236

a and b valence electrons, respectively. All calculations were
performed using the Gaussian 09 package.*

3. Results and discussion

cis-3-Penten-1-yne with one C-C triple bond, one C-C double
bond, and two C-C single bonds, contains five chemically
unequivalent carbon atoms, marked as C', C?, C?, C* and C°
(Fig. 1), and its reaction with phenyl radical may initially occur
at any one of these carbon atoms, corresponding to five possible
pathways shown in Fig. 2-6. It is known that a vinyl-type group
can conjugate to the -C=CH group to form a resonantly
stabilized free radical (RSFR) intermediate, which was
confirmed to play important role in PAHs formation.>*** Thus,
phenyl radical (C¢Hs), a typical vinyl-type group, can directly
conjugate to C* or C* position of cis-3-penten-1-yne via Pathway I
or Pathway II. Alternatively, it can also react with three Cs;H;
radicals of cis-3-penten-1-yne with the single electron respec-
tively located at C*, C* and C® positions, via Pathways III-V. All
pathways were on C;;H;; PES, and only reactions lead to the
PAHs products were considered in this study. Fig. 1 shows the

This journal is © The Royal Society of Chemistry 2018
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formation of these three radicals, denoted as CSa, CSb, and CSc
from cis-3-penten-1-yne via the H-abstraction reaction by an
external H atom. It is found that the barriers involved in the H-
abstraction reactions are 12.9, 14.6 and 7.6 kcal mol *,
respectively, implying that CSc is easier to be produced than
CSa and CSb.

The present work studied five possible pathways, as sche-
matically shown in Fig. 2-6. The resulting PAHs include ben-
zocycloheptatriene (CS6), 1-methylnaphthalene (CS10), 1-vinyl-
1H-indene (CS13), 3a,7b-dihydro-1H-cyclopenta[3,4]cyclobuta
[1,2]benzene  (CS19), 1-methylene-1,4-dihydronaphthalene
(CS26), cyclopenta-1,3-dien-1-ylbenzene (CS28), cyclopenta-1,4-
dien-1-ylbenzene (CS29), (Z2)-7-ethylidene-8-methylenebicyclo
[4.2.0]octa-1(6),2,4-triene (CS34), and 7H-Benzo[7]annulene
(CS52). The following discussion shows the mechanism details
for the formation of these PAHs.

3.1. Pathway I

As shown in Fig. 2 and 7, there are four potential channels for
the reaction of C¢Hs with C'HCCHCHCH; to the C' position,
resulting in three PAHs, CS6, CS10, and CS13. The initial
association of C¢Hs to the C' position of C'HCCHCHCH,
results in the formation of CS2. This process is found to be
a thermodynamically and kinetically favorable process, highly
exothermic (51.7 kcal mol ') with a very small barrier
(3.0 keal mol ™), providing a large driving force for the subse-
quent formation of PAHs. The result is comparable with that for

View Article Online

RSC Advances

the reaction of C4H; with C,H, with a barrier of ~6 kcal mol™*
and a reaction energy of 39 kcal mol™".* Once formed, CS2 can
evolves into PAHSs via different channels. The blue one, CS1 +
C;H, — CS2 — (CS3 — CS4 — CS5 — CS6, involves H-
migration, cis-trans conversion, ring-closure, and H-
dissociation steps, leading to the formation of benzocyclo-
heptatriene (CS6). The barriers of these four elementary steps
are 34.3, 11.9, 22.5 and 34.6 kcal mol ', respectively. Note that
CS4, instead of evolving into CS6 along the bule channel, can
evolve into a relative more stable PAH, CS13 alone the green
sub-pathway in Fig. 7, CS4 — CS12 — CS13, via ring-closure
and H-dissociation steps. The ring-closure reaction occurs at
C? position with a barrier of 34.9 kcal mol™*, leading to CS12,
a 5-membered bicyclo-PAH, which then dissociates into CS13 +
H with a barrier of 31.0 kcal mol .

The black channel in Fig. 7, CS2 — CS7 — CS8 — CS9 —
CS10, shows the formation of 1-methylnaphthalene (CS10),
involving ring closure, twice H-migration, and H-dissociation
steps via TS6-TS9. The barriers of these four steps are calcu-
lated to be 51.0, 28.8, 43.8 and 36.8 kcal mol ™", respectively.
Clearly, such a channel is energetically very unfavorable for the
formation of CS10. Alternatively, a relatively more viable
channel has been identified, as shown by the red line in Fig. 7,
i.e. CS2 — CS11 — CS9 — CS10. Along this channel, CS2 is
converted to CS10, undergoing H-migration, ring closure, and
H-dissociation steps. The barriers involved in these three steps
are 32.7, 0.9 and 36.8 kcal mol ", respectively.
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Fig. 10 Calculated potential energy surface of Pathway IV started with the reaction of CgHs to the C* position of C*HC2C3HC*- C°Hs. Relative

energies are in kcal mol™.
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From the results above, it is found that the reaction of phenyl
radical with cis-3-penten-1-yne at the C' position can result in
the formation of three PAHs, CS6, CS10, and CS13, and the
highest barriers involved are 34.6, 36.8 and 34.9 kcal mol ",
respectively. These almost the same barriers indicate the
formations of these three PAHs are competing each other.

3.2. Pathway II

As shown in Fig. 2, Pathway II refers to the reaction of phenyl
radical with cis-3-penten-1-yne at the C” position. The calculated
potential energy surface along this pathway is depicted in Fig. 8.
Similar to the situation in Pathway I, the initial association of CsHg
with cis-3-penten-1-yne at the C* position is also a thermodynami-
cally and kinetically favorable process, exothermic by
33.3 kecal mol™" with a barrier of 7.1 kcal mol™", leading to the
adduct CS14. This adduct with the radical site at the C* position,
can evolves into five different PAHs, CS10, CS19, CS26, CS28 and
CS29, along five possible channels. The diradical species in this
pathway were found by using triplet spin multiplicity, and hence
the calculations of diradical species contain spin-contamination.
The red channel gives CS19 via five elementary steps,
involving transition states TS15-TS19. The radical site at C' in
CS14 conjugates to the benzene ring via TS15, forming CS15 (a 4-
membered PAH), with a barrier of 32.0 kcal mol . Subsequently,
a H-dissociation process occurs via TS16 with a barrier of

View Article Online

Paper

44.6 kecal mol | followed by a H-abstract reaction via TS17 with
a barrier of 11.9 kecal mol ', leading to CS17 with the radical site
at C® position. Then the ring closure reaction occurs via TS18
with a barrier of 38.2 keal mol !, forming the 5-membered ring
intermediate CS18. Finally, CS19 is formed via the reaction of
CS18 with H, with a barrier of 15.9 kcal mol™*. The overall energy
barrier involved in this channel is 44.6 kcal mol .

The black channel in Fig. 8 corresponds to the formation of
CS26, undergoing H-migration, ring closure, and H-
dissociation steps. The H-migration from C® to C' proceeds
via TS20 with a barrier of 10.5 kcal mol ", leading to interme-
diate CS20. The ring closure step produces the bicyclic PAH
radical, CS25, and need to overcome a barrier of
25.1 keal mol ™. The final H-dissociation reaction yields CS26,
overcoming a barrier of 32.0 kcal mol ', which is also the
highest barrier along this channel.

Other three potential channels of the evolvement of CS20
was also explored, as shown by blue, green, and purple lines.
The blue one corresponds the formation of CS10, which
undergoes ring closure, H-abstraction, ring opening and H-
addition steps. The overall barrier is calculated to be as high
as 107.4 kecal mol ' (the energy difference between TS23 and
CS20), which is much higher than that involved in Pathway I.
This result implies that CS10 is a less possible product from the
reaction of phenyl radical with cis-3-penten-1-yne at the C>
position.

-129.8

Fig. 11 Calculated potential energy surface of Pathway V started with the reaction of CgHs to the C° position of CtHC2C3*HC*HC®H,-. Relative

energies are in kcal mol™.
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The green and purple channels show the formations of two
PAHs (CS28 and CS29) that are structurally considered as
“cyclopenta-benzene” (biphenyl with one benzene ring replaced
by a cyclopenta ring). The involved overall barriers are calcu-
lated to be 62.4 and 57.5 keal mol ™", respectively.

3.3. Pathway III

As shown in Fig. 4, Pathway III refers to the reaction of phenyl
radical with the C*-radical of cis-3-penten-1-yne and H atom.
The calculated potential energy surface is depicted in Fig. 9.

Initially, CS30 is formed via a low barrier of 2.4 kcal mol " by
the direct association of phenyl radical and the C*-radical of cis-
3-penten-1-yne, releasing an energy of 107.3 kcal mol .
Subsequently, CS30 can evolves into different PAHs, CS10,
CS13, and CS34. The blue channel in Fig. 9 shows the mecha-
nism for the formation of CS34. The reaction occurs via H-
abstraction, ring closure, and H-addition steps (CS30 — CS32
— CS33 — CS34). The H-abstraction of CS30 leading to inter-
mediate CS32 need to overcome an energy barrier of
19.2 keal mol ™", which is also the highest energy barrier along
this channel.

As shown by green, red and purple lines in Fig. 9, the
formations of CS10 and CS13 involve a common, stable inter-
mediate, CS36, which can be formed via a ring closure and a H-
addition steps (CS32 — CS35 — CS36) with an overall barrier of
15.5 keal mol ", Jasper and Hansen suggested that the ring
enlargement from fulvene to benzene could be assisted by the
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presence of hydrogen atom.”” Fig. 9 shows the calculated results
for the H-assisted transformation from CS36 to CS10 by H-
addition, H-migration and H-loss steps (CS36 — CS37 —
CS38 — CS9 — (CS10). This process involves barrier of
36.9 keal mol™, which is also the overall barrier.

Instead of evolving into CS10, the intermediate CS36 can
convert to CS13 undergoing intermediate CS39 with an overall
barrier of 38.1 kcal mol™" or undergoing intermediate CS40
with an overall of 38.1 kcal mol .

3.4. Pathway IV

The reaction of phenyl radical with the C*-radical of cis-3-
penten-1-yne is referred as Pathway IV (Fig. 5), which can results
in the formation of two PAHs, CS10 and CS28. As indicated by
Fig. 10, potential channel with blue lines is open for the
formation of CS10 from CS41, which is formed from the initial
adduct of phenyl radical with the C*-radical of cis-3-penten-1-
yne with very low barrier of 1.4 kcal mol™', releasing an
energy of 115.2 keal mol . Along this channel, CS41 first
evolves into CS45 via a H-abstraction step. This process with
a barrier of 23.4 kcal mol ' is indentified as the rate-
determining step. Subsequently, the ring closure reaction
leads to intermediate CS46, which undergoes a H-abstraction
reaction via TS51, producing PAH, CS10.

Another possible PAH product from the reaction of phenyl
radical with the C*-radical is CS28, a “cyclopenta-benzene”-like
structure. Instead of evolving into CS10, CS41 may perform H-
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Fig. 12 Calculated potential energy surface of Pathway V started with the reaction of CgHs to the C° position of CtHC2C3*HC*HCH,-. Relative

energies are in kcal mol™.
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Table 1 Overall barriers for the formation of bicyclic PAHs in Pathways |-V
Pathway 1 Pathway II Pathway IIT Pathway IV Pathway V
Products (keal mol ™) (keal mol ™) (keal mol ™) (keal mol ™) (keal mol ™)
CS6 34.6 — — — 24.3
CS10 36.8 107.4 36.9 23.4 50.5
CS13 349 — 38.1 — —
CS19 — 44.6 — — —
CS26 — 32.0 — — 24.2
CS28 — 62.4 — 38.0 —
CS29 — 57.5 — — —
CS34 — — 19.2 — —
CS52 — — — — 50.8

abstraction, ring closure and H-addition reactions, leading to
CS28, with a barrier of 38.0 kcal mol™.

3.5. Pathway V

As shown in Fig. 6, Pathway V refers to the reaction of phenyl
radical with the C’-radical of cis-3-penten-1-yne. The present
calculations locate six potential channels, leading to two seven-
membered PAHs (CS6 and CS52) and two six-membered PAHs,
(CS10 and CS26).

As shown in Fig. 11, the initial association of phenyl radical
with the C’-radical leads to the formation of CS47 with barrier
of 5.4 keal mol ~*. Once formed, CS47 can evolve into CS52 along
the blue channel via the H-addition, H-transfer, H-abstraction,
ring closure and H-addition steps. The highest barrier involved
is calculated to be 50.8 kcal mol™".

In addition, CS47 can be converted to CS10 along the red
channel. This channel consists of H-addition, ring closure, H-
migrations and H-dissociation steps (CS47 + H — CS58 —
CS59 — CS60 — CS61 — CS10 + H). From the calculated
potential energy surface (Fig. 11), rate-determining step, CS60
— CS61, involves energy barrier of 50.5 kcal mol .

Fig. 12 shows calculated potential channels for the forma-
tions of CS6 and CS26 along Pathway V. The blue channel in
Fig. 12 corresponds to the formation of CS26. This channel
involves H-abstraction, ring closure and H-addition steps. The
ring closure is identified as the rate-determining step with
a barrier of 24.2 keal mol ™. In Fig. 11, the intermediate CS59
can convert to CS26 with an overall barrier of 30.0 kcal mol .
From the calculated potential energy surface (Fig. 11 and 12), it
is clear that the channel in Fig. 12 is energetically more
favorable.

As indicated by red and green lines in Fig. 12, CS47 is con-
verted to CS6 undergoing intermediates CS53 and CS54 with an
overall barrier of 26.5 kcal mol™" or undergoing intermediate
CS55 and CS56 with an overall of 24.3 kcal mol™". The minima
energy pathway forms a bicyclic PAH, CS6 which is formed via
the H-abstraction, ring closure and H-addition steps. The ring
closure step is indentified as the rate-determining step with
a barrier of 24.3 kcal mol ™. The calculated overall barriers for
all final products in Pathways I-V were listed in Table 1
in kecal mol .

13234 | RSC Adv., 2018, 8, 13226-13236

4. Conclusions

In this work, the reaction mechanism of PAH growth to dual-
ring structures on C,;H;; surface initiated by CsHs with linear
Cs species (cis-3-penten-1-yne) were investigated using DFT and
ab initio methods. Five bicyclic PAHs formation pathways are
detailedly explored include reactions of phenyl radical (C¢Hs)
with cis-3-penten-1-yne (cis-C'H=C>-C’H=C"H-C’H3, referred
to CsHg) and its three radicals (CH=C-C=CH-CH;, CH=C-
CH=C-CHj, and cis-CH=C-CH=CH-CH,, referred to the C*-,
C*, and C°-radicals with the same chemical components,
CsHs). And 4-, 5-, 6- and 7- membered PAHSs (referred to the
species of CS6, CS10, CS13, CS19, CS26, CS28, CS29, CS34 and
CS52) were designed as final products.

The results show that the initial combination of C¢H; with
CsH, or CsHs is found to be highly exothermic with only minor
barriers (1.4-7.1 keal mol™") in Pathways I-V, which provides
a large driving force for PAH formation. The hydrogen atom is
beneficial for the ring enlargement and ring formation
processes.

The calculated Pathways I-V predicate 9 potential PAHs
include 4-, 5- and 7-membered rings. Among them, CS6, CS10,
CS13, CS26 and CS28 could be produced from two or more
pathways, CS19, CS29, CS34 and CS52 from only one pathway.
At low temperature, CS6 and CS26 are more energetically
favorable along Pathway V, CS10 and CS28 along Pathway IV,
CS13 along Pathway I and CS34 along Pathway III. The calcu-
lated barriers for the formation of these PAHs are around 19.2-
38.0 keal mol . Hence, at low temperature, Pathway I, Pathway
III, Pathway IV and Pathway V are energetically favorable for
bicyclic PAHs (CS6, CS10, CS13, CS26, CS28 and CS29) forma-
tion. Considering the high temperature in various combustion
flames, all above medium and even higher barriers are easily
overcome. Hence, all 9 potential PAHs are easy to be produced
at flame temperature. The theoretical results supplement the
PAH formation pathway and provide some new insights to
understand PAH growth mechanism.
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