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An Ab Initio G3-Type/Statistical Theory Study of the Formation of Indene in Combustion
Flames. Il. The Pathways Originating from Reactions of Cyclic G Species-Cyclopentadiene
and Cyclopentadienyl Radicals
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Chemically accurate ab initio Gaussian-3-type calculations of various rearrangements ggHth@aential

energy surface have been performed to investigate the indene formation mechanism originating from the
reactions of two abundant cyclic;8pecies, cyclopentadiene and cyclopentadienyl radicals. Using the accurate

ab initio data, statistical theory calculations have been applied to obtain high-pressure-limit thermal rate constants
within the 300-3000 K temperature range, followed by calculations of relative product yields. Totally, 12
reaction pathways leading to indene and several azulene precursors, 1,5-, 1,7-, 1,8a-, and 1,3a-dihydroazulene,
have been mapped out, and the relative contributions of each pathway to the formation of reaction products
have been estimated. At temperatures relevant to combustion, the indene has been found as the major reaction
product ¢50%) followed by 1,5-dihydroazulene (235%), whereas all other products demonstrate either
minor or negligible yields. The results of the present study have been combined with our previous data for
rearrangements of the 9-H-fulvalenyl radical on thgHg potential energy surface to draw the detailed picture

of radical-promoted reaction mechanisms leading foe@% species to the production of indene, naphthalene,
azulene, and fulvalene in combustion. The suggested mechanism and computed product yields are consistent
with the experimental data obtained in the low-temperature pyrolysis of cyclopentadiene, where indene and
naphthalene have been found as the major reaction products.

1. Introduction an extra G moiety. The studied pathways included recombina-
dtion of phenyl and propargyl radicals, intermolecular addition

The formation of indene, the simplest among cyclopentafuse .
P g cycop of the propargyl radical to benzene, and the HACA (hydrogen

polycyclic aromatic hydrocarbons (PAHSs), in combustion flames . e N
and in pyrolysis of hydrocarbon fuels can be accomplished by abstraction acetylene addition)-type acetylene addition to the

various pathways involving a variety of abundant building Penzyl radical. The Gaussian-3-type calculations were applied
blocks, such as acetylene, propargy! radical, cyclopentadieneto investigate PESs, followed by statistical calculations (_)f
(CPD) and cyclopentadieny! radical€PDyl), fulvene, benzene/ reaptlon r_ate constants at temperatures relevant to combustion.
phenyl, toluene/benzyl, and even naphthaferied number of All |r_1vest|g_ated pathways were s_hown to have reasonably I_ow
mechanisms have been suggested based on experimenté?ar“efs (with respect to combustion conditions) fo_r the_ reaction
observationd; 5 but only some of them have been investigated Steps involved and, theref_ore, to represent potentially important
theoretically using ab initio and DFT methot&According to contributors to the formation of indene.
these studies, the most significant pathways include the reaction In the present study, we focus on the indene formation
of the benzyl radical with acetylene (1,3-butadiene flame, mechanism originating from the reactions of two important
Granata et at}), oxidation of the naphthyl radicahfoutane and cyclic Gs speciesCPD and CPDyl. The crucial role of these
ethylene flames, Marinov et &t3), and the radicatmolecule hydrocarbons in the formation of aromatics and PAHs growth
reaction of CPDyl with CPD (CPD pyrolysis, Wang et &). in combustion has been suggested and then confirmed in
All suggested mechanisms require thorough investigation by numerous studies (see, for instance, ref 9 and references therein).
theoretical methods to provide accurate information on potential The reaction mechanism starting from the intermolecular
energy surfaces (PES), reaction barriers, molecular parametersaddition of CPDyl to azr bond of CPD, followed by rearrange-
and rate constants, which can then be utilized in kinetic modeling ments on the g@H11 PES and Chlelimination at the final step,
of flame combustion. producing indene, has been suggested by Wang et al. to explain
In our previous study, we carefully studied the reaction the high indene yield irCPD pyrolysis®® They calculated a
pathways relevant to the formation of an additional cyclopenta portion of the GoH11 PES shown in Scheme 1 at the B3LYP/
ring over the existing six-member aromatic rings of benzene/ 6-31G(d,p) level and found reasonably low barriers (withir-12
phenyl and toluene/benzyl, producing indén@he most 50 kcal/mol) for the reaction steps involved in the considered
abundant small species, such as the propargyl radietsJC  rearrangements, indicating that the suggested raginalecule
methyl radical (CH), methylene (Ck), and acetylene (&15), mechanism represents a significant contributor to the indene
were considered as the bUI|dIng fl’agments in the formation of production in pyrolysis and combustion flames. However, the

*To whom correspondence should be addressed. E-mail: mebela@fiu.edu.n}ect?amsm suggesteq bY Wang et 6}(' cqvgrs pnlyfa Smau part
* Permanent address: Institute of Solution Chemistry of Russian Of the GoHii isomerization network originating from the
Academy of Sciences, 1 Akademicheskaya St., lvanovo, 153045 Russia.reactions betwee@PD and CPDyl. The complete network is
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SCHEME 1: Rearrangements of the Initial Product technique followed by statistical calculations of reaction rate
(8,9,10-Trihydrofulvalenyl Radical) of the CPDyl + CPD constants and relative product yields. The current study con-
Reaction Suggested and Computed by Wang et alat the tinues our previous theoretical investigations of various indene
B3LYP/6-31G** Level formation mechanisnisaind also complements the recent study
- of 9-H-fulvalenyl radical rearrangements on theify PESC
@ which can also originate from the reactions involvibgD and
Al A2 A3 Adl_- CPDyl.
CPDyl —-i E[ >— —
@ R‘l_. m .; | g o 2. Computational Methods
‘ — Q_Q . -Eml_m In this study, we used the same computational technique as
O that in the previous part of this serigégherefore, we shall
g lu|__ @3 —'O:Q __@A@ descnbe the computational te<_:hn|que briefly. The hybrld density
. functional B3LYP2? method with the 6-311G** basis set was
Bl B2 B3 B“l;H‘ f” utilized for geometry optimization, calculation of harmonic
frequencies, molecular structural parameters, and zero-point

energy (ZPE) corrections. The G3(MP2,CC)//B3LYP modifica-
expected to be much more complicated, and other competitivetion!® of the original Gaussian-3 (G3) schethevas used to
pathways are possible, resulting in different reaction rates, refine energies of all species. This G3-type calculation approach
reaction products, and relative product yields. Recently, we normally provides accuracies of—2 kcal/mol for relative
studied various rearrangements of the 9-H-fulvalenyl radical, energies of various stationary points on the PES, including
which take place on thegHg PESIO This radical can also be  transition states, unless a wave function has a strong multiref-
produced by the reaction @PD and CPDyl followed by the erence character. Multireference effects may be especially
loss of two H atoms, and it can rearrange to azulene, significant for species with open-shell singlet wave functions,
naphthalene, and fulvalene. In the case of thgHg PES, the which we do not encounter in this study. In general, the CCSD-
pathways leading to azulene-like products should also be taken(T)-based methods, such as G3, are considered as an efficient,
into account because they may further contribute to the normally reliable, and uniform alternative to multireference
production of naphthalene by azuleraphthalene isomeriza-  calculations, applicable to moderately multireference wave

tion.10.11 Another issue concerns the role @PDyl recombina- functions?!® especially where MRCI or CASPT2 calculations
tion in the formation of indene in combustion flames. Indeed, with appropriate active spaces are not feasible, as for the
the recombination of twaCPDyl produces 9,10-dihydroful-  molecules considered here. The Gaussidfi @®gram package

valene SO (the numbering of carbon atoms used for various was used to carry out B3LYP and MP2 calculations, and the
species discussed in this study is illustrated in Scheme 2)Molpro 20027 program package was employed to perform
accessing the singlet;§H;0 PES, and the recombination product calculations of (R)/RCCSD(T) spin-restricted coupled cluster
then may easily react with an available H atom, producing the energies. Optimized Cartesian coordinates of all local minima
key intermediate 11 (8,9,10-trihydrofulvalenyl radical) shown and transition-state structures are collected in Table S1 of the
in Scheme 1, which belongs to the;8i11 PES. Such a  Supporting Information, along with unscaled vibrational fre-
mechanism may give a significant contribution to the indene quencies, moments of inertia, rotational constants, ZPE correc-
production in combustion flames, where the concentration of tions, and B3LYP total energies at 0 K. The G3-computed
CPDyl is high, whereas th€PD + CPDyl reaction is more relative energies, barrier heights, and heats of reactions (in kcal/
likely to occur in the pyrolytic conditions, where the concentra- mol) for all studied reactions are shown in Figuressl

tion of CPDyl is expected to be substantially lower than thatin ~ Thermal rate constants at the high-pressure limit were
combustion. With these considerations in mind, we performed computed using the conventional RRK#M2° and TSP

an extensive investigation of various rearrangements on thetheories for unimolecular and bimolecular reactions, respec-
CioH11 PES originating from boti€PD + CPDyl and CPDyl tively. The partition functions were calculated using the
+ CPDyl reactions, applying the accurate G3(MP2,CC)//B3LYP harmonic oscillator approximation for vibrations and the rigid

SCHEME 2: The Notation of Carbon Atoms for Various Intermediates and Products Considered in the Present Study
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C-C bond B-scission mechanism (Wang et al.)
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Figure 1. Possible rearrangements of reaction productSPDyl recombination and the intermolecular additionG#Dyl to CPD. The numbers

along the arrows show G3(MP2,CC)//B3LYP-computed barrier heights and heats of reactions (in italics) in kcal/mol. The numbers shown in

parentheses represent the energies (kcal/mol) relati¥®to

rotor for rotational contributions. The direct count method based the GoHg and GoHii1 PESs. Nevertheless, according to the

on the modified BeyerSwinehart algorithdf was used in
calculations of the number and densities of states in RRKM

alternative mechanism suggested by Carpenter, the isomerization
of SOon the GgH10 PES may proceed via a tricyclic intermedi-

computations. Tunneling corrections to the rate constants wereate with a singlet biradical wave function, followed by ring

calculated using Wigner’s formuld.All computed rate con-
stants within the 3083000 K temperature range are collected
in Table S2 of the Supporting Information.

3. Results and Discussion

3.1. Reactions of CPDyl Self-Recombination and Inter-
molecular Addition of CPDyl to CPD. Possible mechanisms
involving CPD and CPDyl under combustion and pyrolytic

opening to a 10-membered cyclic structure, which then re-
arranges to 4a,8a-dihydronaphthalene. The latter may produce
naphthalene, eliminating ashinolecule. This pathway was not
investigated so far by theoretical methods and is beyond the
scope of the present study, but it will be reported in an upcoming
publication.

The recombination product of tw6PDyl's, 9,10-dihydro-
fulvaleneSQ, is likely to react with a free H radical, a highly

conditions are summarized in Figure 1. In general, reactions of abundant radical in combustion flames; in pyrolysis, this

CPDyl self-recombination andCPDyl addition to CPD can
result in four possible products, 9,10-dihydrofulvale86)( the
9-H-fulvalenyl radical £1), the 8,9,10-trihydrofulvalenyl radical
(AO), and its structural isomer, the 7,9,10-trihydrofulvalenyl
radical @A55). All of these species then may undergo various
rearrangements on tha g1 (S0), CioHg (S1), and GgH11 (A0
andAb5) PESs, leading to the formation of various PAHs. The
addition of CPDyl to CPD should be the more important
reaction in pyrolysis of hydrocarbon fuels, such @BD,5¢
where the concentration d€PDyl is expected to be low,
whereas in combustion flame$PDyl self-recombination

should be more significant. Rearrangements of 9,10-dihydro-

fulvalene S0 on the singlet GHi0 PES have not been studied

by theoretical methods so far; however, other important mech-

anisms taking place on this PES, involving azulenaphthalene

mechanism is significantly less favorable because of a low H
concentration. As follows from Figure 50 may undergo H
atom-addition, producing the 8,9,10-trihydrofulvalenyl radical
(A0) or its structural isomer, the 7,9,10-trihydrofulvalenyl radical
(A55), or it may eliminate a hydrogen atom from the 9 or 10
positions directly or through a H-abstraction reaction, producing
the 9-H-fulvalenyl radicaS1 In the former case, one has to
deal with rearrangements #f0/A55 on the GoH11 PES (the
subject of the present study), whereas in the latter case, the
rearrangements on thedEls PES should be considered. Both
addition and abstraction reactions involviBfare competitive
from the energetic point of view. Although the additi8o —

A0 is barrierless (as confirmed by the PES scan), the competitive
abstraction mechanism exhibits a low barrier of 4.4 kcal/mol
and is strongly exothermic (to compare, the abstraction of a

rearrangement, have been investigated by Alder et al. using ahydrogen atom from benzene requires a much higher barrier of

DFT method!! It is worth noting that GoH1o isomerizations

exhibit high barriers, and therefore, the singlet surface mech-

anism is not likely to be competitive under combustion

17 kcal/mol and is endothermic by 8.8 kcal/mol, as follows from
our previous G3 study of the HACA mechan&nThe addition
of a H atom to the alternative 7 position 80 also exhibits a

conditions, with the radical-promoted mechanisms occurring on low barrier of 4.2 kcal/mol, but it is less favorable than the
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Figure 2. The 1-7 cyclization network for rearrangementsA®. The numbers along the arrows show G3(MP2,CC)//B3LYP-computed barrier
heights and heats of reactions (in italics) in kcal/mol. The numbers shown in parentheses represent the energies (kcal/mol)A@lative to

barrierless addition to the 8 position. The direct H elimination by Melius and co-workef8 applying the BAC-MP4 method
from SO requires 76 kcal/mol of energy, so that theHg + and later by Wang et 8land Alder et al! using DFT methods.
CsHs — SO — CyoHg (S1) + H reaction is 23 kcal/mol Recently, we revisited th81isomerization mechanism utilizing
endothermic and may play a certain role at high temperatures.the more accurate G3 technique combined with statistical
The rearrangements of the 9-H-fulvalenyl radi§dlon the calculations of rate constants and product branching ratios within
C10Hg PES were studied theoretically at different levels, initially the 306-3000 K temperature range at the high-pressure fitnit.
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Figure 3. The 2-5 cyclization network for rearrangementsA®. The numbers along the arrows show G3(MP2,CC)//B3LYP-computed barrier
heights and heats of reactions (in italics) in kcal/mol. The numbers shown in parentheses represent the energies (kcal/mol)A@lative to

According to our results, naphthalene, fulvalene, and azulenethat for the latter (11.9 kcal/mol), indicating that t&&D +

are expected to be the reaction products, with the highes
naphthalene yields>(50%) observed at low temperaturds<
1000 K) corresponding to low-temperature pyrolytic conditions
(e.g.,CPD pyrolysi®). At higher temperatures corresponding

tCPDyl — AO process is more energetically favorable. A
comparison of individual bimolecular rate constants for@wb
+ CPDyl — A0 andCPD + CPDyl — A55 steps shows that
at temperatures relevant to combustion, the former reaction is

to combustion conditions, the production of naphthalene rapidly 5—10 times faster than the latter (see Table 2). A similar relation

decreases with increasifigand fulvalene, a possible precursor

is in effect for the rates of the reverse decompositiorA6f

of higher cyclopentafused PAHs, becomes the major reaction andA55; the former dissociates ©0PD + CPDyl 5—10 times

product. Starting fromT = 1500 K, naphthalene and azulene
together account for less than 10% of the total product yield.
At all studied temperatures, the azulene yield does not excee
5%, with the highest values (3-:%%) calculated within the
1000-1500 K range.

The intermolecular addition cZPDyl to ax bond of CPD
produces the 8,9,10-trihydrofulvalenyl radidsd or the 7,9,-
10-trihydrofulvalenyl radicalA55, and therefore, it directly
accesses thegH11 PES. TheAO intermediate is 10.1 kcal/
mol more stable than its isomé&b55, and the barrier for the
formation of the former (7.9 kcal/mol) is 4 kcal/mol lower than

slower than the latter. These results indicate that the major
product of the radicatmolecule reaction o€PDyl with CPD
dshould beAO, which then undergoes rearrangements on the
Ci0H11 PES. The contribution of th€PD + CPDyl — A55
reaction is expected to be negligible at typical combustion
temperatures. ThEPDyl + CPD reaction was studied previ-
ously by Wang et & at the B3LYP/6-31G** level. Their
B3LYP-calculated barrier and reaction exothermicity for the
formation of AO (I1 in their original mechanism shown in
Scheme 1) were 11.5 and 8.7 kcal/mol, respectively, which
somewhat differ from our G3 results, 7.9 and 13.6 kcal/mol,
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Figure 4. The 3-5 cyclization network for rearrangementsA®. The numbers along the arrows show G3(MP2,CC)//B3LYP-computed barrier
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respectively (see Table 1). This discrepancy is within the
margins expected between B3LYP and high-level model
chemistry methods like G2 or G3. In addition to the rearrange-
ments on the @H;; PES shown in Scheme 1, Wang et al.
investigated various pathways on the)l@y PES leading from

A0 to naphthalene (via tha0 — SO— S1sequence followed

by the well-known spiran mechanism, initially suggested by
Melius and co-workef) and an alternative €C bondp-scis-
sion pathway starting from th&0 — S56reaction (shown in
Figure 1), which involves a cleavage of thg—€C;o bond in

AO with further isomerization to naphthalene and benzene.
Interestingly, for the H-atom addition t80, SO+ H — A0,
they found a barrier of 0.5 kcal/mol, whereas according to our
calculation at the higher B3LYP/6-311G** level, this reaction

The 8,9,10-trihydrofulvalenyl radicahO may further be
involved in various rearrangements on thetG; PES, including
several cyclizations, which are denoted as/12-5, and 3-5
cyclizations in Figure 1. They produce thd, A20, andA43
tricyclic radical intermediates, respectively, with a2 bridge.
The competitiveAO — A55 isomerization exhibits a barrier of
36.7 kcal/mol, which is at least 8 kcal/mol higher than the
cyclization barriers, especially for the-¥ cyclization with a
barrier of only 16.9 kcal/mol. The-€C bondp-scission pathway
suggested previously by Wang efattarts from theAO — A56
reaction, which also exhibits a significantly higher barrier of
42.9 kcal/mol (41.2 kcal/mol at the B3LYP lefglas well as
the alternative eliminationfa H atom from the 10 position of
A0, producing 8,9-dihydrofulvalen82 with a barrier of 40.5

proceeds without a barrier, as confirmed by a careful PES scan.kcal/mol (45.1 kcal/mol at B3LY®. The latter reaction is
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Figure 5. Possible mechanisms leading to azulene and naphthalene from 1,5-dihydroa&8lein@-dihydroazulen@37, 1,8a-dihydroazulene
A41, and 1,3a-dihydroazulen®42 formed by rearrangements AD. The numbers along the arrows show G3(MP2,CC)//B3LYP-computed barrier

heights and heats of reactions (in italics) in kcal/mol.

TABLE 1: Comparison of the G3-Computed Barrier
Heights and Reaction Energies with the Values by Wang et
al. Calculated at the B3LYP/6-31G** LeveP

barrier height,

heat of reaction,

kcal/mol kcal/mol
reaction this study Wang et al. this study Wang et al.
CPD + CPDyl — A0 7.9 11.5 —13.6 —-8.7
A0 — Al 16.9 17.9 -53 0.0
Al— A2 50.6 52.3 14.6 15.8
A2 — A3 41.0 37.9 0.7 —-4.1
A3 — A5 29.0 25.3 —30.8 —37.8
A5 —indene 22.9 22.0 11.2 11.4
A0 — A43 28.5 321 13.1 22.3
A43— Ad4 44.6 42.3 —10.2 —-15.1
Ad4— A45 42.3 38.2 2.0 —2.2
A45— A12 32.6 29.1 -23.3 —27.6
Al2' —indene 21.4 19.7 8.9 7.5

similar to theAO — SO hydrogen elimination and leads to the
singlet GoHip PES. According to the calculated reaction
energetics, the majok0 consumption pathway should B

— Al (1-7 cyclization), with a barrier considerably lower than

reaction, the latter two cyclizations are endothermic~hi3
kcal/mol. A comparison of individual rate constants for &
— Al, A0 — A20, and A0 — A43 steps shown in Table 2
demonstrates that the first one is also more favorable kinetically
at all studied temperatures. Indeed, the rate ofAbe— Al
reaction is factors of 345, 48, and 18 faster than thaa@f—
A20 (2—5 cyclization) at 1000, 1500, and 2000 K, respectively,
considering temperatures relevant to combustion. The rates of
A0 — A20 and A0 — A43 are very close to each other at all
studied temperatures because both reactions exhibit almost the
same energetics. Although tA® — Al reaction is much faster
than its competitors, the relative contributions of the52and
3—5 cyclization channels are not insignificant since further
isomerizations ofAl exhibit higher barriers and lower rate
constants, compared to the rearrangemenée26fandA43 (see
section 3.4 for more detalil).

The 1-7, 2-5, and 3-5 cyclization networks are depicted
in Figures 2, 3, and 4, respectively. The reaction products
include indene and several PAHs with one seven- and one five-
membered ring fused together, 1,5-dihydroazulé&® 1,7-

those for the other competing channels, including the alternative dihydroazuleneA37, 1,8a-dihydroazuleneA4l, and 1,3a-

2—5 and 3-5 cyclizations and, especially, the—C bond
[-scission routéd0 — A56, isomerization tcA55, and H-atom
eliminationAO — S2 From this point of view, the role of the
CPDyl + CPD reaction in the formation of th&0 and S1
species via thd0 — S0andA55 — SOH-elimination channels
and, consequently, in rearrangements taking place on;t& £
and GoHg PESs should be insignificant. In the subsequent
section, we describe all considerA@ cyclization channels in
more detail.

3.2. PES for Rearrangements of the 8,9,10-Trihydroful-
valenyl Radical A0. As shown on Figure 1A0 may undergo
1-7, 2-5, and 3-5 cyclizations, resulting in the formation of
4—7 bridged intermediate&l, A20, andA43, respectively. We
also considered the possibility of alternative-@ and 4-6

dihydroazulen&42. These azulene-like PAHSs represent possible
azulene precursors, which can produce this molecule after
elimination of two H atoms (see discussion below). All three
cyclization networks include numerous common intermediates
(A2', Ad, A4', A5, A5', A7, A7', A12, A12', A18, A34, A36,
A40, A43) and products A8, A37, A4l, A42), which are
denoted with shadowed rectangular frames in the figures to make
it easier to follow the considered mechanisms. A variety of
optical isomers with the same energies can be also formed within
the networks, and such isomers are marked with an apostrophe;
for example, A5 has an optical isomeh5'.

A. 1-7 Cyclization NetworkThe 1-7 cyclization network
shown in Figure 2 starts either from-#4& or 3a-3 H migration
with a relatively high barrier of 50.6 kcal/mol, resulting in

cyclizations. However, the attempts to locate transition states formation of two optical isomeré&2 and A2'. The reaction is
for these reactions were unsuccessful; optimization always endothermic by 15.6 kcal/mol; therefore, the equilibrium at

converged to the transition states corresponding to thé, 1
2—5, or 3-5 cyclizations. The £7 cyclization produces the
CH,-bridged intermediatd1, with a barrier of only 16.9 kcal/
mol and exothermicity of 5.3 kcal/mol, whereas the competitive
2—5 and 3-5 cyclizations lead to the formation of CH-bridged
intermediate®\20 andA43, with notably higher barriers of 28.7
and 28.5 kcal/mol, respectively; in contrast to the — Al

typical combustion temperatures (1668000 K) is shifted
toward theAl adduct. This would reduce the contribution of
the 1-7 cyclization network to the formation of indene and
1,5-dihydroazulené\8, despite the fact that the initigd0 —

Al cyclization is significantly more energetically and kinetically
favorable than the other competitive cyclizations. In contrast
to theAl — A2 reaction, the respectivd20 — A21 andA43
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TABLE 2: RRKM- and TST-Calculated High-Pressure-Limit Thermal Rate Constants (k, in Units of s* and cm® s~ mol~? for
Unimolecular and Bimolecular Steps, Respectively) and Equilibrium ConstantsKeg) for Some Critical Reactions Involved in
Rearrangements of the A0 Radical within the 506-3000 K Temperature Range

temperature, K

reactions 500 700 1000 1200 1400 1500 1700 2000 2400 2800 3000
k(CP(I)D + CPDyl— 4.3x 1 6.8x 10° 7.2x10 20x10® 46x10F 66x10° 12x10° 25x10° 56x10° 1.1x 100 1.4x 109©
A
k(CPD + CPDyl — 4.8 x 10° 23x10F 57x10F 22x100 64x10 1.0x10F 21x1® 54x10 14x10° 3.0x10° 4.1x1C®
A55

k(A0 — A1) 1.5x 10 17x 10 6.1x10 24x10F 6.6x 10 99x10 19x10° 40x 1 81x10° 1.3x10° 1.6x 100
k(A0 — A20) 1.2x 10t 39x 10 18x1C 19x10° 1.0x10° 21x10° 63x100 22x10 73x10 1.7x10° 24x1C
k(A0 — A43) 12x 10t 39x1® 1.7x10° 18x10F 95x10° 19x10 57x10 20x10® 65x10°® 15x10° 21x1C®
KeAO — Al) 2.3 33x 10t 76x102 42x102 28x 102 23x102 1.8x102 1.3x102 9.6x10°% 7.8x10°% 7.1x10°3
KeAO — A20) 95x 108 27x10% 33x10° 86x105 1.7x10% 22x10% 35x10% 58x10* 93x10* 13x 103 15x 103
KeAO — A43) 52x10% 15x10°% 19x10° 49x10°5 9.7x10° 1.3x 10*% 20x 10* 3.3x10* 53x10* 7.4x 10* 85x 104
k(A2 — A9) 1.3x 107 6.2x 100 12x 10 38x 100 8.7x10° 1.2x 10" 2.1x 107 3.9x 10" 7.0x 10" 1.1x 102 1.3x 10%
k(A2 — A3) 26x10° 51 51x 100 19x10° 25x10° 7.1x10° 39x10® 27x10° 1.6x10° 6.1x 10° 1.0x 10"
k(A2 — A43) 71x10° 91x10°% 37x10® 24x10* 48x 10 16x10°f 12x100 11x10 93x10® 43x1¢° 8.0x 10
k(A10— A11) 99 8.2x 10¢ 14x 100 10x10® 43x10F 7.8x10f 21x10° 6.2x10° 1.8x10° 3.8x 100 5.1x 10%°
k(A10— A13) 23x10% 20x102 6.1x1® 35x10* 63x10F 20x10f 14x100 12x10F 95x10F 42x10® 7.6x 10
k(A10— A17) 14x 10 11x101% 56x10% 24x 10! 18 1.0x 1* 1.8x10° 4.7x10* 10x 10 93x10° 23x 10
k(A1 — A2)2 34x10° 6.8x10°% 38x10% 28x10* 6.0x10F 21x10° 16x10 16x10® 14x10° 6.7x10° 1.3x 100
k(A20 — A21) 1.7 x 10 36x10° 22x10F 11x10® 36x10° 59x10° 13x 100 32x10° 75x10° 1.4x 107 1.8x 101
k(A21— A22) 50x101° 15x10°% 11x10* 89x10° 21x10° 7.4x10F 6.0x10° 63x10 59x10® 3.0x1® 57x10
Ke(Al — A2) 48x 107 31x10°% 7.1x10* 24x10°% 56x10°% 7.9x10°% 14x 102 2.6x 102 49x 102 7.5x 102 8.9x 102
KeA20 — A21) 9.5x 107 39x10F 62x 10 12x10 39x10F 25x 1 12x 1k 50 22 12 9.9
k(A23 — A25) 1,4x 1¢° 12x 100 57x 100 1,1x10% 1,7x 10" 2,0x 10 2,7x 101 3,8x 10" 53x 101 6,6 x 10 7,2x 10
k(A23 — A4') 39x102 59x10® 87x10F 15x10 12x10® 27x10® 1,1x10° 51x10° 2,2x 10 6,4x 1019 9,7 x 100
k(A25— A7') 8,3x 1P 12x 108 48x10° 2,1x10° 57x 10 89x 100 1,8x 101 39x 10" 8,2x 101 14x 102 1,7x 1012
k(A4 — A5') 16x 104 13 6,3x 10* 18x10fF 2,0x 10" 53x10 26x10F 16x10° 88x1(® 3,0x 100 4,9x 10°
k(A22 — A26) 3,8x 1P 49x 100 19x10° 8,0x10° 22x 100 34x 10° 6,7x 10 14x 10" 3,0x 10 5,0x 10 6,1x 101
k(A22 — A23) 2,2x 107 39x10°F 11x10® 10x10° 52x10° 98x1(® 2,8x100 92x 10 29x 10" 6,4x 101 8,8x 101
k(A43— A44) 6,4x 107 21x10' 29x10® 13x10F 19x10F 55x10f 33x100 25x10® 1,7x10° 68x 1 1,2x 100
k(A44 — A45) 5,1x 107 14 18x 100 74x 10 10x10 3,0x100 1,7x1¢ 13x10® 8,1x10° 3,1x 10° 52x 1090
k(A20 — A31) 57x10® 26x10° 86x10° 3,0 2,0x 1* 1,1x10° 18x10* 42x10° 82x10° 7,0x 107 1,6x10°
k(A31— A32) 29x 101 563x 108 99x102 28 16x 10 81x10® 12x10F 24x10F 43x10 3,4x10® 7,8x 10
k(A20 — A38) 16x 107 9,1x102 20x10° 97x10* 16x10f 48x10° 30x 10 24x10F 1,7x10® 7,0x10° 1,2x10%°
k(A20 — A39) 1,4x 107 82x102 18x10® 9,0x10* 15x10° 45x10° 28x10 23x10® 16x10° 65x10° 1,2x 10Y

@ Rate constants are multiplied by a factor of 2 to take into account Adbth A2 and Al — A2’ reactions.

— Ad4 reactions, which start competitive isomerizations of the
A20 and A43 adducts within the 25 and 3-5 cyclization
networks, respectively, exhibit lower barriers and are exother-
mic. Since A2 and A2' are optical isomers, the further

mechanism was previously calculated at the B3LYP/6-31G(d,p)
level by Wang et af. (shown in Scheme 1 as route R1), and

here, we refined geometries of all species at the higher B3LYP/
6-311G** level and calculated reaction barriers and energies

rearrangements involve two energetically equivalent reaction using the more accurate G3 method. As follows from their
sequences with similar reaction steps, the same energetics, andriginal reaction scheme shown in Scheme 1, the—~ Al
optical isomers as intermediates. Hence, we discuss only onereaction corresponds to-T cyclizationAO — Al, and theAl

of them starting fromA2.

The further rearrangements of the radical involve three
major pathways. The first onéd2 — A3 — A5 — indene
(pathway 1), begins with a cleavage of the-€Cg bond of the
4—7 CH, bridge, A2 — A3, leading to the bicyclic structure
A3 with an indene core via a 41 kcal/mol barrier and an
exothermicity of only 0.7 kcal/mol. Note that the scission of
an alternative ¢&—Cg bond inA2 produces a triradical structure,
which is energetically unfavorable and therefore is not consid-
ered here. Then, after migration of the H atom linked to the 3a
carbon to the methylene group connected to the 4 cardn,
— Ab5, with a barrier of 29 kcal/mol and high exothermicity of
30.8 kcal/mol, theA5 radical (20.8 kcal/mol more stable than
the initial AO adduct) undergoes methyl group elimination,
yielding indene. The last step has a relatively low barrier of
22.9 kcal/mol and is endothermic by 11.2 kcal/mol. We also
considered an alternativd3 — A4 — A5 sequence, which
involves two consecutive H migratio’s3 — A4 and A4 —

A5, with barriers of 29.2 and 39.5 kcal/mol, respectively.

— A2 — A3 — A4 — P1sequence shown in Scheme 1 is the
same as our computedl — A2 — A3 — A5 — indene
pathway shown in Figure 2. A comparison of our G3-calculated
barriers and reaction energies for this pathway with the B3LYP
results of Wang and co-workers presented in Table 1 shows a
general agreement withirn1l—4 kcal/mol for barriers and-7
kcal/mol for reaction energies.

In the second pathwa&3 — A6 — A7 — A8 (pathway II),
the A3 adduct undergoes a cyclization process involving the
methylene group linked to the 4 carbon and produces tricyclic
intermediateA6 with a barrier of only 13 kcal/mol and an
exothermicity of 3.1 kcal/mol. The subsequent expansion of the
six-membered ring iM6 leads to the formation of the 1,3a,5-
trihydroazulyl radicalA7 (azulene core) with a barrier of 18.7
kcal/mol, which then undergoes H-atom elimination, producing
1,5-dihydroazulené8, a possible azulene precursor. The last
step exhibits a 30.5 kcal/mol barrier and is 22.2 kcal/mol
endothermic, which is typical for H-atom elimination from PAH
radicals®1022This pathway is more energetically favorable than

Although the first step exhibits almost the same barrier as that pathway | because the startid@ — A6 cyclization step has a

of the A3 — A5 H migration (but 6.6 kcal/mol lower
exothermicity), the second 3@ H shift A4 — A5 has a high
barrier of 39.5 kcal/mol, which makes th&3 — A4 — A5
sequence hardly competitive with the one-st&p — A5
mechanism. TheAO — A1 — A2 — A3 — A5 — indene

barrier 16 kcal/mol lower as compared to that for the competing
A3 — A5 H migration.

Similar to pathway |, the third pathway2 — A9 — A10 —
All — Al12 — indene (pathway IIl) leads to indene and is
actually the most energetically favorable mechanism within the
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1-7 cyclization network. In the initiah2 — A9 step, the six-
membered ring oA2 transforms to one five- and one three-
membered ring, producing intermediad® with a CH-CH,
bridge. This step exhibits a low barrier of 13.1 kcal/mol and
therefore is more favorable than the competifg — A3

Kislov et al.

pathway | previously suggested by Wang et’ @nd the
alternative pathway Il leading to 1,5-dihydroazule&@ are
expected to be low.

B. 2-5 Cyclization NetworkThe 2-5 cyclization network
shown in Figure 3 involves a number of pathways, which are

reaction. The further rearrangements also proceed with relatively similar to the previously discussed mechanisms for th& 1

low barriers and include the-€C bond scissio9 — A10 (a
barrier of 22 kcal/mol), producing the tricyclic structubdo,
followed by H migrationA10 — A1l with a barrier of 24.4
kcal/mol and an expansion of the five-membered rin@\Ir1,
producing an indene core in th#l2 radical with a barrier of
13.4 kcal/mol and a high exothermicity of 20.9 kcal/mol. The
H migration to the methylene group10 — All is required
prior to expansion of the five-membered ring; otherwise, the
ring expansion would lead to an energetically unfavorable
triradical structure. Similar to th&5 radical,A12 is a very stable
intermediate within the network (18.5 kcal/mol lower in energy
than the initial AO radical). Indene can be formed after
elimination of the methyl group from\12, with a barrier of
21.4 kcal/mol and endothermicity of 8.9 kcal/mol, which are
close to the respective values for the £toup loss from the
A5 radical, 22.9 and 11.2 kcal/mol. We also investigated
alternative rearrangements of the tricyclic structyi® leading

to indene, starting from H-atom migratiodsl0 — A13 and

cyclization network. Unlike £7 cyclization, 2-5 cyclization

A0 — A20 leads to the formation of the-/ CH-bridged radical
A20 with an unpaired electron localized on the CH bridge. The
A20 adduct may further isomerize to Gidridged structures
A21, A24, and A31 via 1-8, 7-8, and 4-8 H migrations,
respectively, or rearrange to tricyclic structuAe38 and A39,

with subsequent ring expansion producing an azulene core in
A40. According to the calculated energetics, the-8LH
migration A20 — A21 with a 19.5 kcal/mol barrier is signifi-
cantly more favorable than the alternative & A20 — A24

and 4-8 A20 — A31 H migrations exhibiting very high barriers

of ~70 kcal/mol, as well as tha20 — A38 and A20 — A39
rearrangements with barriers e#5.5 kcal/mol. Also, thé20

— A21 reaction is 18.8 kcal/mol exothermic, whereas all
competing steps are endothermic. TARL structure is very
similar to that ofA1, which starts the 47 cyclization network
shown in Figure 2, except that the H atoms sitting at the 3a
and 7a positions id21 are pointed in the opposite direction as

A10 — Al7. These reactions make possible an expansion of compared to those iAl. As a result, both intermediatesl

the five-membered ring aftea H atom migrates to methylene,
forming a methyl group. Indeed, the subsequ&h? — A19,
A13 — Al5, andA14 — A12 ring expansions producing an
indene core exhibit low barriers of 6.7, 10.7, and 14.3 kcal/
mol, respectively. However, the computed barriers for b

— A13 and A10 — A17 H-migration steps are significantly

and A21 have close relative energies 5.3 and—6 kcal/

mol, respectively, and further rearrangement#\aLl are also
similar to the previously discussed pathwaydll in the 1—7
cyclization network, with some important exceptions. Indeed,
pathways 1V, V, and VI shown in Figure 3 involve reaction
steps and structures, which are similar to those observed in

higher (48 and 72.4 kcal/mol, respectively) than the 24.4 kcal/ pathways I, II, and 1, respectively. Like in the-T cyclization

mol barrier for the competind10 — A11 H migration. This

network, there are two energetically equivalent subnetworks with

makes the former two reactions energetically unfavorable as optical isomers initiated by tha21 — A22 andA21 — A22'
compared to the latter. Calculations of rate constants and relativesteps.

product yields discussed in section 3.4 also confirm that the

contributions of the alternative channels starting fromAli@
— Al13 and A10 — A17 steps to the total product yield are
negligible.

In addition to the previously discussed pathwaysll, the
A2 and A2' adducts may also rearrange Ad3 and A43 by
migration of a hydrogen atom from the bridge &¢toup to 3a
or 7a positions ofA2' or A2, respectively. Because th43
adduct can be also formed by &8 cyclization of the initial
AO radical, A0 — A43 (see Figure 1), th&2 — A43 andA2’
— A43reactions directly connect two cyclization networks. On
the other hand, th&a2 — A43 andA2' — A43 reactions exhibit
a barrier that is 36 kcal/mol higher than that for the competing
A2 — A9 step, which starts pathway Ill. As a result, calculated
rate constants for th&2 — A43 andA2' — A43 steps at typical

The calculated energetics of pathway A22 — A23 — A4’
— A5’ — indeneg, is very similar to that for thé\2 — A3 —
A4 — A5 — indene sequence within pathway | in the-T
cyclization network. The only exception is the-68Cg bond-
breaking stefA22 — A23, which has a barrier almost a factor
of 2 lower than that forA2 — A3. A comparison of relative
energies for all species involved in these two steps shows that
the large difference in the calculated barriers originates from
the energy difference for the two respective transition states;
the transition state foA2 — A3 is 15.7 kcal/mol higher in
energy (50.3 kcal/mol) than that fé&x22 — A23 (34.6 kcal/
mol), whereas the relative energies of &h2andA22 reactants
are very close to each other, 9.3 and 9.8 kcal/mol, respectively.
The relative energies of the reaction produa8andA23 are
also similar, 9.9 and 9.7 kcal/mol, respectively. Interestingly,

combustion temperatures are several orders of magnitude lowelhoth transition states exhibit similar imaginary frequencies of

than those forA2 — A9 (see Table 2), and hence, the
consumption oA2/A2’ radicals by theA2 — A43 andA2' —

629i and 605i, as well as the distances for the breakirgCcC
bonds of 2.3 and 2.2 A foA2 — A3 and A22 — A23,

Ad43reactions is expected to be negligible (the reverse reactions,respectively. The formation of th&22 intermediate from the

however, are more likely to take place).

initial A20 adduct can be accomplished via two routs20 —

A comparison of respective barriers and rate constants for A21 — A22 and A20 — A24 — A22. The former involves

the competingd2 — A9 and A2 — A3 reactions shows that
the former is more kinetically favorable. Indeed, th2 — A3

1—8 H migrationA20 — A21 with a small barrier of 19.5 kcal/
mol, whereas the latter proceeds via&H migrationA20 —

step has a 28 kcal/mol higher barrier as compared to that of theA24, which requires overcoming a high barrier of 70 kcal/mol,
A2 — A9 reaction, and the rate constants for the former are followed by the subsequeit24 — A22 7a—7 H shift with a
about 6, 3, and 2 orders of magnitude lower than those for the barrier as high, 69.6 kcal/mol. This means thatA2® — A24
latter at 1000, 1500, and 2000 K, respectively. This indicates — A22 sequence is unlikely to compete wi&20 — A21 —

that pathway Il is the dominant isomerization mechanism within
the 1-7 cyclization network, whereas the contributions of

A22 and can be neglected. The crucial difference between
pathways | and IV is that in the case of the latter, the direct
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A23 — A5' H migration is impossible because the H atom in
A23 linked to the 3a carbon and the methylene group linked to

J. Phys. Chem. A, Vol. 112, No. 4, 200809

via five-membered ring expansion exhibit low barriers but
involve two stepsA29 — A30 — A5 or A29 — A18 — A5; in

the 4 carbon have opposite orientations (structures are showrpathway lll, theAll — A12 ring expansion leads directly to

in Table S1 of the Supporting Information). Owing to this
structural feature oA23, pathway IV involves an extra 3&
hydrogen shifiA4" — A5’ with a high barrier of 39.4 kcal/mol,
similar to the energetically unfavorabld3 — A4 — A5

the formation of an indene precursdd2. A comparison of
pathways IV, V, and VI shows that although the inith22 —
A26 reaction in pathway VI exhibits a barrier that is 8.4 kcal/
mol lower than that for the competing22 — A23 bond

sequence considered for pathway |. This renders pathway IV scission, which starts both pathways IV and V, the further
less energetically favorable as compared to the similar pathwayrearrangements within pathway VI involve more reaction steps

I in the 1-7 cyclization network.

The A23 — A25— A7' — A8 sequence denoted as pathway
V in Figure 3 is similar to pathway Il (Figure 2) and also leads
to the formation of an azulene precurs® (1,5-dihydroazu-
lene). In contrast to pathway II, the initi#23 — A25 step
producing a tricyclic structuréd25 exhibits an almost twice
lower barrier of 7.5 kcal/mol and a higher exothermicity as
compared to the respective8 — A6 step with a barrier of 13
kcal/mol. The subsequeAR5 — A7’ ring expansion also shows
a slightly lower (by 2.3 kcal/mol) barrier as compared to that
of the related\6 — A7 expansion within pathway Il. The barrier
of the A23 — A25 reaction is also a factor of 4.5 lower than
the barrier for the competing23 — A4’ H migration, indicating
that pathway V is more favorable than pathway IV producing
indene. As will be shown in section 3.4, pathway V provides a
major contribution to the production of the azulene precursor
A8. The large differences in the reaction barriers A&2 —
A23 andA23 — A25 as compared to those for the analogous
A2 — A3 and A3 — A6 steps, respectively, indicate that
pathways IV and V within the 25 cyclization network represent
more favorable alternatives to similar pathways | and Il
considered for £7 cyclization (note that this conclusion is
relevant only for rearrangements within each network but not
for the whole mechanism). Interestingly, pathways IV and V
were not considered in the previous DFT study of Wang and
co-workersS who only suggested pathway | leading to indene

with significantly higher barriers as compared to those for
alternative pathways IV and V. All of these facts indicate that
in contrast to pathway Ill, which is the most energetically
favorable mechanism within the—¥ cyclization network,
pathway VI is not competitive with more favorable pathways
IV and V in the 2-5 cyclization network. This conclusion will

be illustrated on the basis of calculated product yields in section
3.4.

Pathway VII includes two reaction sequencé82 — A33
— A34 — A12 — indeneand A32 — A33 — A35 — A36 —
A37, which are respectively similar to pathways IV and V
discussed above. The latter mechanism leads to another azulene
precursorA37 (1,7-dihydroazulene), whereas the former se-
guence produces indene. Although both sequences exhibit
reasonably low barriers similar to those in pathways IV and V,
the two preceding H shiftd20 — A31 andA31 — A32, which
initiate pathway VII, display very high barriers of 69.9 and 66.4
kcal/mol, respectively. Such high barriers result in low rate
constants for these two consecutive steps and make this
mechanism very unfavorable both energetically and kinetically
as compared to alternative pathways IV and V.

The last mechanism considered for the-3 cyclization
network denoted as pathway VIII in Figure 3 involves two
similar isomerization®.20 — A38 or A20 — A39 with almost
the same barriers of45.5 kcal/mol. The tricyclic structures
A38 andA39 then undergo ring expansion, both producing an

(route R1 in Scheme 1). However, according to the present azulene core i\40 (1,3a,8a-trinydroazulyl radical). Th&38
results, this route is substantially less energetically favorable — A40 andA39 — A40 ring expansions exhibit 21.5 and 20.3

within the 1-7 cyclization network as compared to the
alternative pathway Il1.

Pathway VI starts from the formation of intermedia&&6
with a CH-CHj; bridge, and obviously, this pathway is similar
to pathway Il considered for-17 cyclization from a structural
point of view. However, from the energetic point of view,
pathway VI is significantly less favorable than its analogue.
Although the initialA22 — A26 reaction exhibits a barrier of
16.4 kcal/mol, which is close to the 13.1 kcal/mol barrier for
the similarA2 — A9 step, the further rearrangements of the
A26 radical involve reaction steps with significantly higher
barriers as compared to those for pathway IIl. H&6 — A27

kcal/mol barriers and are strongly exothermic, by 30.5 and 30.3
kcal/mol, respectively. The subsequent elimination of a hydrogen
atom sitting either at the 3a or 8a positions requires overcoming
a barrier of~40 kcal/mol, producing 1,8a-dihydroazulefpél

or 1,3a-dihydroazulen&42, respectively. Since the initidl20

— A38 or A20 — A39 steps are~15 kcal/mol endothermic
and their barriers are 26 kcal/mol higher than that for the
competing +8 H migrationA20 — A21, which is, in contrast,
18.8 kcal/mol exothermic, we expect pathway VIII to be
significantly less favorable than pathways IV and V within the
2—5 cyclization network.

C. 3-5 Cyclization NetworkReaction mechanisms in the

bond scission process exhibits a 30.1 kcal/mol barrier, which 3—5 cyclization network shown in Figure 4 are akin to those

is 12.1 kcal/mol higher than the respective barrier of 22 kcal/
mol for the similarA9 — A10 reaction. The further isomer-
ization of A27 to indene proceeds via expansion of the five-
membered ring, which requires a prior H migration to the radical
site of A27 localized on the Ckigroup. In contrast to pathway
I, in the case of pathway VI, this may be accomplished only
by energetically unfavorable-®8 or 1-8 H migrations A27

— A28 and A27 — A29, respectively) with high barriers of
47.8 and 67.3 kcal/mol, respectively. The-3H migration is
impossible inA27 because of structural considerations; the,CH
group and the H atom to be moved point in opposite directions.
In A10, 3a—8 H shift A10 — Al1l is feasible and exhibits a

reasonably low barrier of 24.4 kcal/mol. Subsequent rearrange-

ments ofA29 leading to the formation of an indene coreAB

considered for +7 and 2-5 cyclizations, but, again, some
important exceptions take place. Since &@&— A20 and A0

— A43 cyclizations lead to similar structuré®20 and A43,

one can expect that subsequent rearrangements oAR6tand

A43 should have similar mechanisms and energetics. Indeed,
pathways 1X, X, XlI, and XII found in the 35 cyclization
network are similar to previously discussed pathways l/1V, 11/
V, llI/VI, and VII, respectively, considered for the—17 and
2—5 cyclization networks. The crucial distinction between the
3—5 and 2-5 cyclization routes is that iM43, the 3-8 H
migration is prohibited because of unfavorable stereochemistry,
whereas inA20, the analogous-18 H migrationA20 — A21

is feasible and exhibits a low barrier of 19.5 kcal/mol. B%3
adduct can undergo only 38 A43 — A2’ or 7a—8 A43 —
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A44 H migrations, producing Chbridged structures via
relatively high barriers of 45.4 and 44.6 kcal/mol, respectively,

Kislov et al.

7.5 kcal/mol, respectively) and higher exothermicities (10.4 and
6.3 kcal/mol, respectively). Pathway X displays a significantly

which are more than a factor of 2 higher than the respective lower barrier for the initialA45 — A46 three-membered ring

barrier for theA20 — A21 reaction. The alternative rearrange-
ments of theA43 adduct, A43 — A51 andA43 — A52, lead to

the tricyclic structuresA51 and A52 (akin to pathway VIII)
and also exhibit high barriers 647 kcal/mol. This means that
possible isomerizations of43 within the 3-5 cyclization
network involve energetically unfavorable steps with barriers
of 45—-47 kcal/mol, wherea820 rearranges to the GrHbridged
intermediateA21 by the favorable 48 H shift. From this point

of view, the 2-5 cyclization route is preferable as compared to
3—5 cyclization, and this is confirmed by significantly lower
relative contributions of the pathways shown in Figure 4 to the

closure (13.2 kcal/mol) than that for the compethp — A12'
H shift (32.6 kcal/mol). This makes this pathway superior to
pathway IX leading to indene. The same conclusion was made
for the concurrent pathways IV and V considered for theb2
cyclization network. It is noteworthy that pathway X, alterna-
tively to pathway IX, was not considered in the DFT study of
Wang et aP

Pathway XI,A44 — A47 — A48 — A18 — A5 — indeng
represents an analogue of pathway AR — A9 — A10 —
All — A12 — indene (1—7 cyclization), with very similar
energetics for the reaction steps involved; for both pathways,

total product yields (see discussion in section 3.4). To understandthe barrier heights agree within-2 kcal/mol, and the reaction

why the 3-8 H migration is impossible in th&43 radical, one
has to compare the molecular structures of A€ and A43
radicals shown in Table S1 of the Supporting Informati&20

has a chair-like structure with the CH bridge located close to
the CH fragment of the cyclopenta ring; this makes the8l

H shift sterically possible. In contrasf43 possesses a boat-
like structure where the CH bridge and giagment of the

energies differ by 57 kcal/mol. In contrast to pathway lll, we
found a transition state for the direct conversiorAd# to the
tricyclic structureA48; in this process, the cleavage of aC
bond in the CH bridge occurs simultaneously with the
transformation of the six-membered ring into two fused five-
membered rings and one three-membered ring. In pathways IlI
and VI, we were unable to locate transition states for similar

cyclopenta ring are separated by a long distance and, moredirect isomerization&2 — A10 andA22 — A27, respectively.

important, are sterically hindered; this makes the8ydrogen
migration unfeasible.

Pathway IX,A43 — Ad44 — A45 — A12' — indeng, is akin
to theA2 — A3 — A5 — indene sequence (pathway | within
the 1-7 cyclization network) shown in Figure 2. The barriers
and reaction energies fé44 — A45, A45 — A12', andAl2
— indene reactions are very close (within—B kcal/mol) to
the corresponding values for the simila2 — A3, A3 — A5,
andA5 — indenereactions, respectively. Th&22 — A23 —
A5" — indene sequence (pathway V) within the-5 cycliza-
tion network (Figure 3) is also similar to pathway IX, except
for the A22 — A23 bond scission, which exhibits a barrier
almost 2 times lower than those for the analogé2s— A3
andA44 — A45 reactions (this issue was already discussed in
section 3.2.B). Similar to pathways | and 1V, the alternative
routeA45 — A34 — A12 — indeneis hardly competitive with
the majorA45 — A12' — indene route because the former
involves an additional 3a4 H shift A34 — A12 with a high
barrier of 45.8 kcal/mol. Pathway IX was previously suggested
and calculated at the B3LYP/6-31G** level by Wang efal.

Although the directAd4 — A48 isomerization involves only
one reaction step compared to the two-sdd — A47 — A48
mechanism, it exhibits a high barrier of 54.8 kcal/mol, whereas
the consecutiveA44 — A47 and A47 — A48 reactions
demonstrate significantly lower barriers of 14.7 and 22.1 kcal/
mol, respectively. This makes the diréet4 — A48 mechanism
energetically unfavorable as compared to the stepfise—
A47 — A48 process. The alternative48 — A49 — A50 —

A5" — indene sequence (akin to the previously discussdd

— Al4 — Al12" — indene route within the 7 cyclization
network shown on Figure 2) involves two consecutive hydrogen-
atom shiftsA48 — A49 and A49 — A50 with relatively high
barriers of 47.3 and 41.3 kcal/mol, respectively and, therefore,
is not likely to compete with the more energetically favorable
A48 — A18 — A5 — indeneroute.

The last route within the -35 cyclization network A43 —
A51/A52 — A40 — A41/A42, is denoted as pathway XIl on
Figure 4. Akin to pathway VIIIA20 — A38/A39 — A40 —
A41/A42 (2—5 cyclization), pathway Xl leads to 1,8a-dihy-
droazulened41 and 1,3a-dihydroazuler®4?2 via very similar

(pathway R2 shown in Scheme 1). Our G3-calculated barriers intermediates and transition states with close energetic param-

for the reaction steps involved in this pathway agree within
~2—4 kcal/mol with their DFT results (see Table 1 for

eters. Since the initiah20 — A51 and A20 — A52 reactions
demonstrate barriers of47 kcal/mol, close to the 44.6 kcal/

comparison). For the reaction energies, the differences aremol barrier for the concurrent Ze88 H migrationA43 — A44,

normally within 2-5 kcal/mol, except for the initial 35
cyclizationAO — A43, where the discrepancy between the G3-

one can expect a competition between pathway Xl and the other
routes within this network, as well as with the alternative-8a

and B3LYP-calculated parameters was found to be 9.2 kcal/ H shift A43— A2’ leading to the +7 cyclization network over

mol.

Pathway X,A45 — A46 — A36 — A37, leads to the
formation of 1,7-dihydroazulen&37 and is akin to theA33 —
A35— A36 — A37 (pathway VII),A23 — A25 — A7' — A8
(pathway V), andA\3 — A6 — A7 — A8 (pathway Il) sequences
within the 1-7 and 2-5 cyclization networks. All of these

a similar barrier of 45.4 kcal/mol.

3.3. Formation of Azulene and NaphthaleneThe calculated
1-7, 2-5, and 3-5 cyclizations lead to indene and several
azulene-like PAHSA8, A37, A4l, and A42, as the reaction
products. These azulene precursors lie on th#l( PES, and
in order to produce azulene, two consecutive H eliminations

sequences have similar barriers and reaction energies for allare required. Since the elimination of a hydrogen atom from a

involved rearrangements, except for thé5 — A46, A33 —
A35, A23 — A25, and A3 — A6 ring closures producing
tricyclic intermediates. Th&45 — A46 cyclization exhibits a
13.2 kcal/mol barrier and an exothermicity of 6.1 kcal/mol,
which are close to those f&k3 — A6 (13 and 3.1 kcal/mol,
respectively) within pathway Il. Th&33 — A35 andA23 —

singlet species normally requires high energies, such a mech-
anism is energetically unfavorable. An alternative mechanism

under combustion conditions can be a radical-promoted hydro-
gen abstraction reaction, which usually displays low barriers.

The considered routes of azulene formation involving abstraction
of hydrogen atoms fronA8, A37, A4l, and A42 species are

A25 reactions have almost two times lower barriers (6.2 and shown on Figure 5. In combustion flames where the concentra-
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tion of free H radicals is expected to be high, these radicals ring. Therefore, one could expect that the methylene walk
may abstract H atoms linked to3parbons (CH fragments) mechanism may take place on theld;; PES, leading to the

of A8 andA37, producing 5-H-azulyA53 or 1-H-azulylA54 formation of naphthalene core and, after elimination of three
radicals. These reactions exhibit rather small barriers withié 2 “extra” hydrogen atoms, to naphthalene. However, a closer
kcal/mol, which are significantly lower than those for the inspection of these structures indicates that a methylene walk
abstraction of H atoms linked to $parbons? Interestingly, mechanism similar to that shown in Figure 5 has to include
the H abstraction from the GHragment located on the five-  many more CH migration steps and additional H migrations
membered ringA8 — A53 andA37 — Ab3 reactions) requires  for the A3, A23, A33, A45, A38, A39, A51, andA52 species.
barriers that are a factor of2 higher as compared to the All of these structures have hydrogen atoms at the 3a or 7a
respectiveA8 — A54 and A37 — A54 abstractions from the  positions, as well as a CHragment located on the cyclopenta
CH, fragment located on the seven-membered ring. The ring; in other words, these structures have too many “extra”
abstractions of hydrogen atoms sitting at the 3a and 8a positionshydrogen atoms for the methylene walk sequence to be
of A41 and A42 exhibit even lower barriers of 1.4 and 1 kcal/ accomplished. These structural features impede the ability of
mol for A41 — A54 andA37 — A42, respectively. The further  straightforward migration of methylene from the six- to the five-
eliminations of H atoms sitting at the 1 or 5 positionsA%4 membered ring. On the other hand, £iigrations may lead

or A53, respectively, lead to the formation of singlet azulene. to very unfavorable triradical structures, which make the
Although the suggested bimolecular mechanisms display low methylene walk rearrangements unlikely as compared to the
barriers and are favorable energetically, they are kinetically alternative pathways discussed above. For example,-t8a 4
favorable only if the concentration of free H or OH radicals methylene shift inA3 is prohibited because of the H atom
required for H abstraction is significantly high. At low H radical present at the 3a position, but an alternativés4nigration leads
concentrations, for instance, at low-temperature pyrolytic condi- to the formation of a triradical structure and is expected to have
tions, the abstraction mechanism of azulene formation can hardlya very high barrier. Alternatively, the competid®@ — A5 —

be accomplished.

The H abstraction fromd8, A37, A41, andA42 leads to the
CioHg PES, and therefore, th&53 and A54 radicals on this

indene and A3 — A6 — A7 — A8 sequences exhibit low
barriers and consist of only a small number of reaction steps.

3.4. Rate Constants and Product YieldsThe calculated

surface can isomerize to naphthalene by, for example, the PES for rearrangements of th® radical helps to elucidate
methylene walk pathway shown in Figure 5. This radical- energetically favorable pathways leading fr&RD andCPDyl
promoted energetically favorable pathway was studied previ- recombination products to indene and various precursors of
ously by Alder and co-worketsusing a DFT method to explain  azulene. However, in order to evaluate the contribution of each
the mechanism of azulene to naphthalene isomerization. Re-considered pathway to the formation of the reaction products,
cently, it was revisited at the G3 level in our recent study of a calculation and thorough analysis of rate constants and relative
the 9-H-fulvalenyl radical rearrangemef®sThe mechanism product yields at temperatures relevant to combustion are
involves several reaction steps in which the methylene group required. Utilizing high-pressure-limit thermal rate constants for
migrates from the six-membered to five-membered ring, and all unimolecular steps involved in the=¥, 2-5, and 3-5
after ring expansion, the reaction sequence leads to the 1-H-cyclization networks calculated using RRKM theory (collected
naphthyl radical. According to our calculations, the methylene in Table S2 of the Supporting Information), we computed the
walk pathway exhibits reasonably low barriers for all reaction total product yields of indené\8, A37, A41, andA42 species
steps involved? The A53 radical is a more probable candidate as well as individual contributions of all considered pathways

to be involved in the methylene walk sequence; however, a to the total product yields. It is worth noting that such

competition with an alternative H elimination producing azulene
should be taken into account. In contrasf&sB, the A54 isomer
possesses the Giffagment on the cyclopenta ring and therefore
can be involved in methylene walk only after two consecutive
(1—8a and 8a8) H migrations, in which the hydrogen atom
shifts from the cyclopenta to the seven-membered ring. In
principle, A53 and A54 may participate not only in the

calculations do not provide actual product yields in the real
combustion and pyrolysis of hydrocarbon fuels and does not
substitute extensive kinetic modeling of combustion systems,
which is far more complicated. Nevertheless, it allows us to
estimate the relative importance of each suggested pathway
within the considered rearrangement networks.

The computed total product yields for rearrangements of the

methylene walk sequence but also in other rearrangements omaQ radical as well as contributions to these yields from various
the GoHe PES, such as the spiran mechanism leading to considered pathways are collected in Table 3. At all studied

naphthalene and so forth; see our previous publicititor

temperatures, indene is found to be the major reaction product

detail. The H abstractions shown in Figure 5 serve as links (more than 50% of the total product yield) followed by 1,5-

connecting the g@Hi1 and GgHg PESSs, so that the products
formed on the former may be involved (after H abstractions or
eliminations) in isomerizations taking place on the latter and
produce PAHSs, such as naphthalene and fulvalene.

A question may arise about the feasibility of the methylene
walk mechanism for some intermediates found on theHG
PES with structures similar 653 and A54 radicals. In the
calculated +7, 2-5, and 3-5 cyclization networks, the
intermediatesA3, A23, A33, and A45 possess a methylene

dihydroazuleneA8 (18—35%). 1,8a-Dihydroazulen&41 and
1,3a-dihydroazulen@&42 are only minor products at typical
combustion temperatures (less than 10% Agkl and A42
combined), whereas the production of 1,7-dihydroazukssie

is found to be negligible at all studied temperatures. At low
and medium combustion temperature2000 K), the overall
production of azulene precurso’g, A37, A4l, andA42, is
about a factor of 2 lower than that of indene, and only at very
high temperatures>(2500 K) do their yields become close. The

group linked to the six-membered ring and hence may be yields of indene are high both at low and medium temperatures;

suitable for CH group shifts akin to the methylene walk
mechanism. Thé\38, A39, A51, and A52 radicals may also
be involved in similar rearrangements after scission of-eCC

this explains why indene was found among the major reaction
products in low-temperatu@PD pyrolysis® On the other hand,
azulene or its derivatives were not reported as reaction products

bond in the three-membered cycle fused to the six-memberedin ref 6, although our calculation shows significant yields of
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TABLE 3: Calculated Product Yields (%) for Rearrangements of 8,9,10-Trihydrofulvalenyl Radical AO
temperature, K

product 500 700 1000 1200 1400 1500 1700 2000 2400 2800 3000
Total Product Yields
INDENE 64.9 63.6 64.8 65.3 65.2 64.9 64.0 61.7 58.4 55.2 53.7
A8 35.1 36.4 34.9 334 32.0 31.1 29.4 26.6 22.8 194 17.9
A37 0.0 0.0 0.0 0.01 0.04 0.06 0.12 0.24 0.42 0.57 0.63
A4l 0.0 0.01 0.25 0.8 1.8 2.4 4.0 6.7 10.6 141 15.6
A42 0.0 0.0 0.12 0.43 1.0 15 25 4.6 7.7 10.7 121
A4l + A42 0.0 0.01 0.37 1.2 2.8 3.9 6.5 11.3 18.3 24.8 27.7
all azulene precursors 35.1 36.4 35.2 34.7 34.8 35.1 36.0 38.1 41.6 44.8 46.3
A8 + A37 + A4l + A42
Contributions to the Total Product Yields from the Considered Pathways
INDENE 0.01 0.12 0.78 1.6 2.6 3.2 4.3 6.0 8.2 10.2 111
(pathway 1)
INDENE 62.9 57.8 52.4 49.0 45.6 43.9 40.5 35.6 29.6 24.4 22.2
(pathway III)
INDENE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01
Al7— A19— A5 — IND
INDENE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al7— A18— A5—IND
INDENE
Al4d— Al12 — IND
Al16— A12 — IND 0.0 0.0 0.0 0.01 0.03 0.06 0.14 0.35 0.79 1.3 1.6
INDENE 2.0 5.7 115 14.4 16.4 17.1 17.9 18.0 17.0 15.6 14.8
(pathway V)
INDENE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.02 0.03
(pathway VI)
INDENE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.02
(pathway VII)
INDENE
(pathway IX)
A45— A12 — IND 0.0 0.0 0.0 0.01 0.03 0.05 0.08 0.17 0.31 0.46 0.53
A45— A34— A12— IND 0.0 0.0 0.02 0.06 0.14 0.18 0.29 0.47 0.71 0.9 0.98
INDENE
(pathway XI)
A48 — A18 — A5 — IND 0.0 0.01 0.09 0.22 0.42 0.53 0.8 1.2 1.8 2.2 24
A49 — A50— A5’ — IND 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.03 0.07 0.1
A8 0.0 0.05 0.39 0.85 1.5 1.8 25 3.4 4.3 4.8 4.9
(pathway I1)
A8 35.1 36.3 34.5 32.6 30.5 29.3 26.9 23.2 18.6 147 131
(pathway V)
A37 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.02
(pathway VII)
A37 0.0 0.0 0.0 0.01 0.04 0.06 0.12 0.24 0.42 0.56 0.61
(pathway X)
A4l + A42 0.0 0.01 0.25 0.8 1.8 2.4 4.0 6.7 105 13.9 154
(pathway VIII)
A4l + A42 0.0 0.0 0.12 0.43 1.0 15 2.6 4.7 7.8 10.9 12.3

(pathway XII)

1,5-dihydroazulen@8 even at low temperatures corresponding to combustion and pyrolysis. The remaining indene formation
to the CPD pyrolytic conditions. We suppose thaB is more routes (pathways VI, VII, XI, and\17 — A19 — A5’ — IND,
likely to rearrange to naphthalene, another major product A17 — A18 — A5 — IND, and A14/A16 — A12' — IND
observed iNCPD pyrolysis, after two consecutive H elimina- sequences considered for alternative isomerization®\1dd
tions, for instance, by the methylene walk mechanism shown within the 17 cyclization network) exhibit zero or negligible

in Figure 5. contributions to the total indene yields and therefore can be
As follows from the calculated contributions to the total excluded from consideration.

product yields, the pathway Il in the-I7 cyclization network The highest contributions to the total product yields and that

is the major indene formation route, accounting for-80% of indene are found for the-17 cyclization network, which

of the total indene yield at 1062000 K. Pathway IV in the includes pathway lll. This is not surprising because, as discussed
2-5 cyclization network also gives significant contributions to in section 3.2, theAO — Al cyclization is significantly more

the indene production, accounting for about-30% of the total favorable energetically and kinetically than the competiiy
indene yield at typical combustion temperatures. In contrast, — A20 andA0 — A43 cyclizations. Pathway Il was also found
pathway |, previously suggested by Wang et ak the major to be superior over the other routes within the7lcyclization
indene formation route i€PD pyrolysis, is found to be a minor  network, that is, pathways | and Il. Both of these pathways start
indene formation channel, accounting for only 0% of the from the A2 — A3 C—C bond scission, which is considerably
total indene yield within the 100662000 K range £5% at less favorable than the concurréx® — A9 isomerization (see
typical combustion temperatures). Another route suggested insection 3.2.A). A comparison of the individual rate constants
ref 6, pathway IX in the 3-5 cyclization network (R2 in Scheme  collected in Table 2 shows that the latter reaction has rate
1), is computed to be negligible at temperatures relevant both constants several orders of magnitude higher than those of the
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former within the 1006-2000 K temperature range (e.g., the
k(A2 — A9)/k(A2 — A3) ratio is 1716 at 1500 K). Because
the A2 — A9 reaction is much faster than its competitors and
further rearrangements &9 to indene involve reaction steps

J. Phys. Chem. A, Vol. 112, No. 4, 200813

pathway |, the direcA23 — A5’ H-atom migration is impossible
in pathway IV. As a result, this process has to involve two
consecutiveA23 — A4’ andA4' — A5’ H shifts with relatively
high barriers, which inhibit the formation of indene.

with low barriers and therefore with high rate constants, pathway  The indene production via pathway VI is found to be

Il is more kinetically favorable than the concurrent pathways
I and IIl. Another competing2 — A43' isomerization has even
lower rate constants (by1—2 orders of magnitude lower than
those forA2 — A3) and is thus insignificant. The production
of indene by alternative routes within pathway Il originating
from A10 — A13 and A10 — A17 isomerizations was found
to be negligible, as follows from the individual product yields
for the A17 — A19 — A5 — IND, A17 — A18 — A5 —
IND, Al4— A12 — IND, andA16 — A12 — IND sequences.

negligible at all studied temperatures, in contrast to similar
pathway Ill (1=7 cyclization network), which is the major
pathway among all rearrangementsAdf. Although the initial
A22 — A26 reaction is slightly faster than the competiAg2

— A23 step at typical combustion temperatures, the further
rearrangements o426 exhibit higher barriers and slower rate
constants as compared to those for the reactions involved in
pathways IV and V.

The indene production in pathways IX and XI of the-33

This result can be explained by comparing the rate constantscyciization network is also insignificant, as is the production

for the A10 — All, A10 — Al3, and A10 — A17 steps
presented in Table 2. At all considered temperaturesAtt@

— A1l H-migration reaction exhibits rate constants several
orders of magnitude higher than those #®t0 — A13 and
especiallyA10 — A17; the latter goes through a high barrier
of 72.4 kcal/mol. At a typical combustion temperature of 1500
K, thek(A10 — A11)/k(A10 — A13) andk(A10 — A11)/k(A10

— A7) ratios are calculated to be 382 and 75 105,
respectively.

The contributions of pathway IV (25 cyclization network)

of 1,7-dihydroazulen@37 via pathway X. Although the initial

AO — A43 reaction, which starts rearrangements in thes3
cyclization network, demonstrates energetics and reaction rates
similar to those forAO — A20, which initiates the 25
cyclization network, the subsequetd3 — A44 isomerization
exhibits a high barrier of+45 kcal/mol and therefore signifi-
cantly lower reaction rates compared to those for the respective
A20 — A21 reaction (see Table 2). In other words, in contrast
to the AO — A20 — A21 reaction sequencé0 — A43 —

A44 involves two consecutive steps with low rate constants,

to the indene production were found to be lower than those of which makes the rearrangements within the53cyclization

pathway Ill, but they are still significant at typical combustion
temperatures, giving 2880% of the total indene yield at 1060
2000 K. This may look surprising considering that #he —

A1l reaction is significantly faster and exhibits much higher
equilibrium constants (see Table 2) within this temperatures
range tharAO — A20, which starts the 25 cyclization network.
However, within the 10062000 K range, further isomerization
of Al, via the 7a-1 H shift A1 — A2 with a high barrier of
50.6 kcal/mol, has rate constants@orders of magnitude lower
and equilibrium constants-37 orders of magnitude lower than
the respective values for the-8 H shift A20 — A21. This
means that thé1 — A2 step is slow (rate-limiting) and the
equilibrium is shifted toward\1 (Keq < 1), in contrast to the
fast A20 — A21 reaction, where the equilibrium is shifted
toward the producA21 (Keq > 1). In such a case, one has to
consider the competition between thé — A1 — A2 and A0

— A20 — A21 sequences, taking into account both rate and
equilibrium constants for the steps involved. The — Al
reaction is favored over the competiA@ — A20 gep, but the
subsequemAl — A2 H shift inhibits the production oA2. On

the other hand, the fa#t20 — A21 isomerization partially
compensates for the slow initiald — A20 process promoting
production of indene via pathway IV. Although pathway IV
significantly contributes to the indene formation, it is not the
major pathway within the 25 cyclization network. Alterna-
tively, the major route in this network is pathway V, leading to
the production of 1,5-dihydroazuler®8 and accounting for
70—100% of the total yield ofA8, depending on temperature.
This result follows from the calculated energetics and rate
constants for both pathways. Indeed, pathway V exhibits
significantly lower barriers and higher rate constants for the
critical A23 — A25 andA25 — A7' reaction steps, as compared
to the respectiveA23 — A4’ and A4’ — A5’ reactions in
pathway IV. For instance, at 106@000 K, thek(A23 — A25)/
k(A23 — A4) ratios are within 6.6< 10*—75 and thek(A25 —
A7")/k(A4' — A5') ratios are within 7.6< 10*—250 (see Table
2). This makes pathway V more kinetically favorable than the
competing pathway IV. In addition, in contrast to similar

network kinetically unfavorable. The only exception is pathway
XIl, which does contribute to the formation é41 + A42 at
high combustion temperatures.

1,5-DihydroazuleneA8 can be produced by two routes,
pathways Il and V of the 27 and 2-5 cyclization networks,
respectively. Pathway V is the majdk8 formation route,
accounting for about 90% of the totAB yield within 1000~
2000 K, whereas pathway Il gives only a minor contribution,
1-13% within the same temperature range. Pathway V is
superior over the other competing routes IV and VI within the
2—5 cyclization network because it shows lower barriers and
higher rate constants (see Table 2) for the steps involved. In
contrast to pathway V, the contribution of pathway I, which
demonstrates similar energetics and rate constants, is not as
significant because the latter one loses competition to more
favorable pathway lll. As was discussed above, the cri#ial
— A3 andA2 — A9 steps control the competition between the
pathways within the £7 cyclization network, and the latter,
which starts pathway I, is significantly faster than the former
at typical combustion temperatures. Although the relative
contributions of pathway Il to thA&8 production are found to
be minor, they are not insignificant, especially at higher
combustion temperatures. Hence, we suggest keeping this route
under radar in further kinetic modeling simulations.

The production of another azulene precursor, 1,7-dihydro-
azuleneA37, was found to be negligible at all studied temper-
atures. This is not surprising because the only two routes, which
lead to this product, for example, pathways VII and X within
the 2-5 and 3-5 cyclization networks, respectively, exhibit
considerably higher barrier and lower rate constants for the
critical reactions as compared to the other competing pathways
within these networks. Indeed, pathway VIl involves two initial
stepsA20 — A31 and A31 — A32 with very high barriers of
about 70 kcal/mol, and, as a consequence, these steps exhibit
low rates. Meanwhile, the competid20 — A21 andA21 —

A22 steps, which start pathways V, VI, and VII, have rate
constants several orders of magnitude higher (see Table 2). The
other two competing reaction’s20 — A38 and A20 — A39,
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which start pathway VIl and eventually lead Agt1 and A42, shown to be significant contributors to the PAH formation.
also exhibit higher rates. Pathway X of the-3 cyclization Although there is always a possibility to miss a certain pathway
network leading to the formation oA37 is also hardly in such a complicated mechanism, we believe that the suggested

competitive with the other routes within this network because scheme is complete enough for the purpose of kinetic modeling
it can be accomplished only after two consecutive isomerizations and involves all major channels leading from reaction€BD

A43 — A44 and A44 — A45 with barriers of about 45 kcal/  and CPDyl to indene, naphthalene, azulene, and fulvalene
mol. These two steps are unfavorable when compared to thethrough rearrangements on theods and GoHi1 PESs. The

respective competing reactions in pathways XI and XII. only missing piece of the puzzle is the rearrangements on the
The last two products found in rearrangements of Alge singlet GoHio PES starting from the recombination product of
radical, 1,8a-dihydroazuleret1 and 1,3a-dihydroazule®12, two CPDyl radicals, 9,10-dihydrofulvaler8Q The calculations

can be formed by pathways VIII and Xl of the-5 and 3-5 of the GoHi0 PES is ongoing in our group. The final mechanism
cyclization networks, respectively. Both pathways demonstrate Shown in Figure 6 can be incorporated into the existing schemes
very similar energetics and rate constants and similar contribu- for kinetic modeling of PAH growth both in combustion and

tions to the totalA41 + A42 product yields, with pathway VIII pyrolysis utilizing the calculated rate constants for all reaction
giving a slightly higher input. At temperatures below 1500 K, Steps involved. Under the conditions where the high-pressure
the production 0”41 andA42 is insignificant (less than 5%);  limit is adequate, this should improve the prediction of

however, at higher combustion temperatures, it becomes notice-concentration prpﬂles anq relative product yle_lds of indene and
able (-10% atT > 2000 K). Pathway XlI is found to be the other PAH species considered here. Otherwise, when temper-
major pathway within the 35 cyclization network; it shows  &ture- and pressure-dependent rate conskgfifs) are required,
considerably higher contributions to the total product yields as they can be obtained by solving time-dependent, multiple-well
compared to the other pathways IX, X, and XI in this network. Master equations _(ME),_ and th.e present results on the PES and
3.5. Suggested Mechanism of PAH Growth Involving molecular properties will provide raw data for such RRKM/

Reactions of CPD and CPDyl.Using the results of our G3 ME calculations.
calculations of the PES for rearrangements of the 8,9,10- )
trihydrofulvalenyl radicalA0 as well as the computed relative ~ 4- Conclusions
product yields, we constructed the concluding reaction scheme
including only the pathways with noticeable contributions to
the formation of the reaction products, indedd, A41, and
A42. We also combined the current results with the previously
calculated mechanism for rearrangements of the 9-H-fulvalenyl

radical S1), which take place on the igHy PES}? this ulvalenyl radicalAO are complementary to our previous G3
mechanism was also thoroughly investigated at the same GSstudy of rearrangements of the 9-H-fulvalenyl radi&dl on

level with _calculations_of relative product y_ields. The_ sumMmary the G oHo potential, and the combined results for the two PESs
of all studied mechanisms on both PESs is shown in Figure 6, ranresent, at this time, the most complete picture of the radical-
along with G3-computed barrier heights, heats of reactions, and promoted reaction mechanisms leading froi@s species to a
energies relative t40 (for the GoHi; PES) andS1(for CioHs variety of PAHs abundant in combustion flames, including
PES, marked with asterisks). The mechanism on tael{z part indene, naphthalene, azulene, and fulvalene. In total, 12 reaction
of the PES only retains pathwaysV, VIIl, and XII, whereas — yahays for rearrangementsa were considered and mapped
the other routes are excluded due to their negligible contributions ; \+ at the G3 level, which was followed by statistical theory
to the product yields. Pathways Ill and V give the highest cqjcylations of high-pressure-limit thermal rate constants and
contributions (more than 50% at typical combustion tempera- (g|ative product yields within the 3868000 K temperature
tures) to the production of indene and 1,5-dihydroazulé8ge range. AtT = 1000-2000 K, relevant to combustion, indene
respectively, but pathways I, II, IV, VIII, and XIl represent only 55 found to be the major reaction produets0%) followed
minor reaction channels. It should be noted that for pathways by 1,5-dihydroazulené&8 (25-35%). The production of the
I-V, we have not included similar pathways with optical ~ gther considered azulene precursors was found to be either minor
isomers (see Figures 2 and 3), which have the same energeticg] ga-dinydroazulenéd41 and 1,3a-dihydroazulenad?) or
and rate constants as those of the original pathways. For thenegligible (1,7-dihydroazulen&37). The calculation of the
purpose of kinetic simulation, rate constants of all reaction steps re|ative contributions of all 12 considered pathways to the total
in 1-V should be simply multiplied by a factor of 2 to take  product yields allowed us to select only seven pathways (Figure
?nto account the existence of the analogous routes via optical 6) for the final kinetic scheme, which is suggested for future
ISomers. kinetic simulations of PAH formation in real combustion
The GoHy part of the PES leads to the production of systems. The calculated high indene product yields are consistent
naphthalene, azulene, and fulvalene and includes the well-knownwith experimental observations of the low-temperature pyrolysis
spiran mechanism, as well as the-C bond scission and  of cyclopentadien&®where indene and naphthalene were found
methylene-walk pathwayst?11.25These reaction sequences and as the major reaction products. The mechanisms of indene
their relative contributions to the total product yields at formation starting from th€PD + CPDyl reaction previously
combustion temperatures were analyzed in detail in our previoussuggested and studied by Wang et aking a DFT method to
study® We suppose that the overall mechanism shown in Figure explain high indene yields i@PD pyrolysis were revisited in
6 represents, at this time, the most complete description of thethe present study (pathways | and 1X). Although we found a
processes taking place on thg¢ds and GoHi; PESs and good agreement of the B3LYP-calculated barriers and heats of
originated from the reactions involving highly abund&@®D reactions computed by Wang et al. with our G3 results, the
and CPDyl species. This final mechanism includes several contributions of pathways | and IX to the indene production
previously suggested pathways thoroughly revisited by our G3 were found to be either small (pathway I) or even insignificant
calculations and introduces a number of new routes, which were (pathway 1X) at typical combustion temperatures. According

In the present study, we performed rigorous Gaussian-3-type
investigations of various reaction pathways taking place on the
Ci0H11 PES originating from the recombination of tv@P Dyl
radicals and intermolecular addition GPDyl to CDP. The
present calculations of rearrangements of the 8,9,10-trihydrof-
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