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Chemically accurate ab initio Gaussian-3-type calculations of tleldpotential energy surface (PES) for
rearrangements of the 9-H-fulvalenyl radicaHs—CsH4 have been performed to investigate the formation
mechanisms of polycyclic aromatic hydrocarbons (PAHs) originated from the recombination of two
cyclopentadienyl radicalsc{CsHs) as well as from the intermolecular addition of cyclopentadienyl to
cyclopentadienectCsHg) under combustion and pyrolytic conditions. Statistical theory calculations have been
applied to obtain high-pressure-limit thermal rate constants, followed by solving kinetic equations to evaluate
relative product yields. At the high-pressure limit, naphthalene, fulvalene, and azulene have been shown as
the reaction products in rearrangements of the 9-H-fulvalenyl radical, with relative yields depending on
temperature. At low temperature® € 1000 K), naphthalene is predicted to be the major prodwi&00s),
whereas at higher temperatures the naphthalene yield rapidly decreases and the formation of fulvalene becomes
dominant. AtT > 1500 K, naphthalene and azulene are only minor products accounting for less than 10% of
the total yield. The reactions involving cyclopentadienyl radicals and cyclopentadiene have thus been shown
to give only a small contribution to the naphthalene production on theldCPES at medium and high
combustion temperatures. The high yields of fulvalene at these conditions indicate that cyclopentadienyl radical
and cyclopentadiene more likely represent significant sources of cyclopentafused PAHs, which are possible
fullerene precursors. Our results agree well with a low-temperature cyclopentadiene pyrolysis data, where
naphthalene has been identified as the major reaction product together with indene. Azulene has been found
to be only a minor product in 9-H-fulvalenyl radical rearrangements, with branching ratios of less than 5%
at all studied temperatures. The production of naphthalene at low combustion tempefatar&eq0 K) is
governed by the spiran mechanism originally suggested by Melius et al. At higher temperatures, the alternative
C—C bond scission route, which proceeds via the formation ofihé-phenylbutadienyl radical, is competitive

with the spiran pathway. The contributions of the previously suggested methylene walk pathway to the
production of naphthalene have been calculated to be negligible at all studied temperatures.

1. Introduction leading to naphthalene was initially introduced by Melius and
coworkers? According to their BAC-MP2 calculations, 9HFLR
rearranges to naphthalene with rather low barriers. For that
reason, this reaction sequence has been considered an important
contributor to the formation of naphthalene in combustion

suggested, and some of them have been thoroughly investigatedi@mes: " along with the commonly accepted hydrogen
by ab initio and density functional (DFT) methods. For instance, abstraction acetylene addition (HACA) mechanisisimilar
Miller and Meliu2 have shown on the basis of bond additivity- Mechanism involving the rearrangement of a recombination
corrected fourth-order MallerPlesset perturbation theory (BAC-  Product of indenyl with cyclopentadienyl has been suggested
MP4) calculations that the formation of benzene from recom- Py Marinov et al. to account for the production of phenanthrene
bination products of two propargyl ¢8) radicals involves in n-butgne and gthylene flames§lt is v_vorth noting that Miller
fulvalene as a crucial intermediate. The cyclopentadier@dHs and Melius c_on5|dered only those spiran rearrangements on the
radical, which is abundant in combustion flames, has been CioHs potential energy surface (PES) that lead to naphthalene,
shown to be a potential benzene precursor through the4€H ot including some potentially important routes resulting in the
CsHs reaction® Another important mechanism addressed in the formation of other abundant PAH species such as azulene and
present study involves rearrangements of 9-H-fulvalenyl radical fulvalene. As follows from a recent B3LYP/6-31G* study of
(9HFLR), originated from the recombination of two cyclopen- azulene-to-naphthalene rearrangeméatjlene can isomerize
tadienyl radicals. This radical-promoted spiran mechanism t0 naphthalene by a methylene walk mechanism. Therefore, the
9HFLR — azulene— naphthalene route may also contribute to

T Part of the “Sheng Hsien Lin Festschrift”. the naphthalene production along with the spiran 9HFER
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The potential role of small five-membered-ring hydrocarbons
and their radicals in the growth of polycyclic aromatic hydro-
carbons (PAHSs) has been widely discussed by the combustion
community in the past decad&/arious mechanisms have been
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SCHEME 1: Notation of Carbon Atoms in the Reaction molecular structural parameters obtained at the same level were
Products of 9HFLR Rearrangements. utilized to calculate zero-point energy (ZPE) corrections, to
; s 4 1 s | characterize the stationary points, and to perform RRKM

5
p 10 2 10 6 2 computations of reaction rate constants. Optimized Cartesian
6 0 2 Qc coordinates of all species involved in the reactions considered
7 9 3 7 10 3 here are collected in Table S1 of the Supporting Information
8

4 TS along with vibrational frequencies, ZPE corrections, B3LYP,
Naphthalene Azulene Fulvalene RCCSD(T), MP2, and G3 total energies, and molecular
structural parameters (moments of inertia and rotational con-
by Wang et al. to explain high yields of naphthalene, indene, Stants).

and benzene in the cyclopentadiene pyrol¥sEhey considered To obtain accurate energies, we applied the G3(MP2,CC)//
various rearrangements on they@ and GoHy, PESs and also  B3LYP modificatiort® of the original G3 schenié for high-
revisited the spiran pathway using DFT methods and suggested€Ve! single-point energy calculations. The final energies at 0
some additional routes leading to naphthalene on thgllc K were obtained using the B3LYP optimized geometries and
potential, for instance, the alternative-C bond -scission ~ ZPE corrections according to the following formula:

route. The spiran mechanism has been also recalculated by Alder
et al. at the B3LYP/6-31G* level in their detailed DFT study E[G3(MP2,CC)]= E[RCCSD(T)/6-311G(d,p)}-

of the azulenenaphthalene rearrangeménf’he computed AEp, + AE(SO)+ E(HLC) + E(ZPE)
reaction barriers and energies for the spiran mechanism were

found to be very similar to those obtained by Wang ety _ .
i . ... whereAEyp, = E[MP2/G3large]— E[MP2/6-311G(d,p)] is the
Alder and co-workers additionally considered other competitive basis set correctiorAE(SO) is a spir-orbit correction (not

{glggj_mﬁle%d'l%%g dci;e?lorllg:gfes;r)rnaw tehriesr?tlrgf rti(ilgalirlg?gg;gm included in our calculation(HLC) is a high-level correction,
o Ip yh' h y tally | gdt hthal P th handE(ZPE) is the zero-point energy. The HLC was omitted in
azuiene, which can eventually 'ead to hapnthaiene trough , .- cation because, in most cases, the isomerizations of

the methylene waII_< pathway. Al S_)HFLR]_aphthalene e radical species considered here proceed without spin change,
arrangements mentioned above exhibit barriers that are reason-

ably low for combustion conditions and therefore may contribute resulting in HLC cancellation. Otzgherwise, the neglect of HLC
to t¥1e naphthalene formation in combustion fIameg However normally introduces an error of &3 kcal/mol. We tested the

- P ) . : " accuracy of this modified G3 scheme in our previous publica-
which mechanism of naphthalene formation on thgHg

. ) . . tionst>16and found a general agreement ef3 kcal/mol with
\F/)v%t:tngﬁ:esrt?)g?sgibflgo:gatzgoaké)fl(;?u(I:Ststr(];(igt]ci)r?ttggsgrrtsgrtr:r?ge-availabl.e experimental barriers and 'reaction energie; for the set
ments is not clear so far. To draw the mast complete picture aof reactions relevan_t to the formatl_on of PAH. For instance,
more detailed study of fhelﬁtﬂg PES followed by statistical | the computed barriers and reaction energies of hydro_gen
calculations of rate constants and product yields is required abstraction from benzene anpl naphthalene by H and OH radlgals,
Also, reaction energies more accurate than those from DFf as W?” as acetylene adition to phe_ny_l radical, agree with

Lo . experimental parameters even better (within-AL® kcal/mol)t>
calculations are very desirable.

. . The calculated heats of reaction for considered reactions relevant
In order to understand the role of five-membered-ring

. . to the formation of inderié differ only by 1—3 kcal/mol from
hydrqcarbons n tfgie fto "T‘a“"’:. oftnag:éthﬁle:l_e agdHother dPAH experimental values estimated using experimental enthalpies of
Species, oné needs 1o Investigate twhesHhs + C-LsHs an formation. Generally, we found that this additive G3-type
¢-CsHis + c-GsHg reactions (the latter is more important in the - gpoe g superior to the widely used G2/G2M schemes for
pyrpIyS|s c_)f Cyclopentad_leﬁ% f"m.d' correspondingly, a variety the reactions relevant to the PAH formation. Here and below
ch |somé3r|:|at|ond andH dFI’TESSOCIE‘T'trI]OH pHroce:;,ses on thﬁH%’” we, for brevity, denote the utilized G3-type scheme as G3. The

10H10, CaoHo, and GoHa S. The s surface was carefully computed barrier heights and heats of reaction for each
mapped out in our recent study where we considered the

. -~ ~individual reaction step, as well as the relative energies of all
naphthaleneazuleng rearrangements and their fragmentation species involved in the formation and rearrangements of the
pathways:' Calculations of the GHis and GoHio PESs are g g are shown in Figures 1 and 2. The B3LYP relative
currently ongoing in our group. In the present study, we ’

Ny energies are collected for comparison in Table S1 of the
concentrate only on the ;gHg surface and report ab initio

Gaussian 3 (G3)-type calculations of the 9HFLR rearrangementsfgrei%%rtlggt IEg;n;aﬂ]%n'g;h?;;ﬁggogﬂcii;: lc\lljvlﬁ élroer;ssv:ﬁ;e
leading to naphthalene, azulene, and fulvalene (shown in SChemq\/IOLPRO 20028 program package was used t'o calculate spin-
1) followed by Rice-RamspergerKasset-Marcus (RRKM) restricted (R)RCCSD(T) energies.

calculations of thermal reaction rate constants and relative - o 00 Tio o e constants at the high-pressure limit
product yields Qt the high-pressure Iimit. Our aim is to refine were computed using the conventional RRKM theBry For

all _knowr_1 reaction routes at a much higher level of theory and bimolecular reactions, such as hydrogen abstraction or hydrogen
to investigate other possible reaction pathways and products.

. . L . addition, we applied transition-state theory (TET) calculate
The main goal is 1o assess the feasibility of various SHFLR second-order rate constants. Tunneling corrections to the rate

Tonstants were calculated using the simplest Wigner’s forfhula
because, at combustion temperature$q00 K), tunneling does
not play a significant role, and more sophisticated estimates for
tunneling corrections are not necessary. All computed rate
constants within the 3663000 K temperature range are
Geometries of all local minima and transition states were collected in Table S2 of the Supporting Information.

optimized using the hybrid density functional B3L¥Pnethod The fourth-order RungeKutta method with accuracy moni-
with the 6-311G** basis set. Vibrational frequencies and toring?® was employed to solve the system of first-order,

utilizing our accurate ab initio data in calculations of reaction
rate constants and relative product yields.

2. Computational Methods
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Figure 1. Formation pathways of 9HFLRSQ) involving the recombination of two cyclopentadienyl radicaiSsHs and the intermolecular addition
of ¢-CsHs to cyclopentadiene. The numbers show G3(MP2,CC)//B3LYP-computed barrier heights and heats of reaction.

phenomenological rate equations to obtain relative product yieldsconformers), indicating that th81 can be formed from the

(collected in Table 1). recombination product of two cyclopentadienyl radicals by the

abstraction mechanism in the presence of free H-radicals

3. Results and Discussion abundant in combustion flames. For comparison, according to
) ) ) our previous G3 calculations of the HACA mechani¥m,

A. Formation of 9HFLR at Combustion and Pyrolytic H-abstraction from an sp2 carbon atom in benzene is endo-

Conditions. Before discussing the PES for rearrangements of {hermic by 8.8 kcal/mol and demonstrates a significantly higher
the OHFLR, let us consider its possible formation mechanisms o rier of 17.0 keal/mol. A quantitative assessment of the role
involving the cyclic G species, the cyclopentadienyl radical, ¢ e 1 glimination versus abstraction requires detailed kinetic
and cyclopentad[ene. The suggested 'pathV\'/ays are shown OrPnodeling in real combustion conditions, and here we limit
Flgur_e 1 along with G3-computed barrier helghts and healts of ourselves to the following qualitative consideration.T7At 1500
reaction. The 9HFLRI) can be produced either by recom- K, typical for combustion, the thermal energy distribution of

b!natlon of two cyclopentadienyl radlcal§ Ieadlng to 9’10' SOwill peak around 50 kcal/mol, as it is a large molecule. This
dihydrofulvalene $0) followed by abstraction or elimination - TSR LS - .
means that, at the dissociation limit, activating collisions will

of a hydrogen atom at the 9- or 10- positions, or as result of be nearly as important as deactivating ones, and a large number

molecular-radical reactions between the cyclopentadienyl radi- y P i ng ’ rge nun

cal and cyclopentadiene. According to a recent photoionization of states populated at equilibrium will be unstabl_e_ to _dlssomanon

mass spectrometry study of various fuel-rich flames (1,2- ofllsgbaﬁkrt]?c'cf’:__:fr c-C5H5:[AfaresE!t,hstablllzatlon Cgtoth

propadiene, propyne, cyclopentene, and benzene) coupled with/!"! € ighly uniikely except at very nigh pressures. e
same time, the energy distribution of incipient complexes will

electronic structure calculations, 1,3-cyclopentadiene and the | K at50 kealimol ab he-C Cete limi
cyclopentadieny! radical were found to be abundant, with 1,3- &S0 P€a at- cal/mol above the-CsHs + c-CsHs limit,

cyclopentadiene exhibiting significantly higher yields compared MakKing it easier to overcome the 23 kcal/mol barrier to form

to the other, linear gHs specied. This indicates that the-CsHs S1 + H. Consequently, the initial reaction should rather be
+ c-CsHg reaction may be an important source 8t in written asc-CsHs + ¢-CsHs = S1+ H via a short-living

combustion flames, in addition to the cyclopentadienyl radical coMPplex, and, since the complex is unstable, the H abstraction
self-recombination. reaction is not probable.

The Cyc]opentadieny| recombination 4853 kcal/mol exo- The moleculat-radical mechanism, which has been Suggested
thermic and leads to the formation &0, which has two as the only mechanism of naphthalene and indene formation in
conformers separated by a low barrier-e5 kcal/mol. Both the cyclopentadiene pyrolysi®appears to be more complicated.
conformers have nearly the same energies, with the trans isomeAs seen in Figure 1, we considered several additional reaction
being slightly (by 0.2 kcal/mol) less stable than the cis structure. pathways, which may be competitive. According to our G3
The strengths of €H bonds at the 9- and 10- positions 30 calculations, the intermolecular addition reaction of cyclopen-
are about 76 kcal/mol, and they can be cleaved at high tadienyl radicat-CsHs to thesr bond of cyclopentadieneCsHe
temperatures to producgl Alternatively, abstraction of the  exhibits a low barrier of 8.2 kcal/mol and is 14.2 kcal/mol
hydrogen atoms sitting at the 9- and 10- positions (linked to exothermic, indicating that this molecutaradical mechanism
sp3 carbons) exhibits low barriers~% kcal/mol for both is rather favorable energetically. The resonance-stabilized 1,9,10-



Formation of Naphthalene and Fulvalene from Cyclic C5 Species J. Phys. Chem. A, Vol. 111, No. 38, 2009535

H [28.4)

430 389 15
S9 512
(67.1) 117.4] AZ+H 124.9] 11 389 \

|zax|

e R R S B ‘

-
= =
120.6] ;‘ ;‘ |2‘""| < 819
" 278 .
08276 Z|= [2741 * L 125.3]
L & g
525 © ERET) S
(104.1) {4 .
20.9 -33.4 ‘w :
—
543 334 A

[44.1] Sﬁ

8 73 d
> o b i}
! ) : ; ‘ 17.0
13.0 9.5 ¢ 212 142 & i 15.0 7.8 — + ' I
—— —"" ——— X :
'3_5 05 p i 354 142 W ¢ 7.2 -18 - st
v 5 S &

521
133.1]

64.7 65.7
-1.0 -65.7

[13.0] [18:3]
« 8§22

[15.9]
Y

120.3] No barrier

3.8 -32.1

|

0.3 -12.5
32.8 125

359 321
[19.1]

Kemed yem JudSyd N

1., A
4 |
. = (1=
— g : ""'|-1.?|
%
. H ylZ
|-8.6] -H ) )
j “ 318261 .. S24
S31 .‘ A H0
o7 26

ERTI

4
= o
=
o
T A
/l
v
|
h(g,
+

123.7]

P ' Py NP+ H
Y T Hewr et 0 © -HHGH:  Further growth of [-14.3]
€ 529 N b gt cvc]upental’used PAH

s \ ¥ - 04-.131 +H
(74l $32 (39.4] FL+H

[39.0]
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TABLE 1: Calculated Product Yields (%) of NP, AZ, and FL from Rearrangements of 9HFLR
contributions to the total product yields from different pathways

total product yields Np ricyclic pathway NP C—C bond scission NP methylene  AZ AZ AZ NP+ AZ
T,K FL NP AZ (S3—S4— S10—NP) (S3— S11— S10— NP) walk S14— AZ S6— AZ S13— AZ (S1— S5— S6)
500 04 99.6 0.1 96.8 2.7 0.0 0.1 0.0 0.0 0.0
600 22 974 04 91.4 6.0 0.0 0.4 0.0 0.0 0.0
700 79 910 11 81.0 9.8 0.1 1.1 0.1 0.0 0.0
800 189 787 24 65.8 12.7 0.2 2.2 0.2 0.0 0.0
900 339 624 3.6 48.6 13.4 0.4 3.3 0.3 0.0 0.0
1000 494 46.1 45 33.3 12.3 0.4 4.0 0.5 0.0 0.1
1100 62.2 329 4.9 22.0 10.4 0.4 4.3 0.6 0.0 0.1
1200 72.0 23.2 4.8 14.4 8.4 0.4 4.1 0.6 0.0 0.1
1300 78.9 16.6 45 9.5 6.7 0.4 3.8 0.6 0.1 0.1
1400 83.8 121 4.1 6.4 54 0.3 3.4 0.6 0.1 0.1
1500 87.3 9.1 3.6 4.5 4.4 0.3 2.9 0.6 0.1 0.1
1700 91.6 56 28 2.4 3.1 0.2 2.2 0.5 0.1 0.1
1900 939 39 22 1.4 2.4 0.1 1.7 0.5 0.1 0.1
2000 94.6 34 20 1.2 2.1 0.1 1.4 0.5 0.1 0.1
2200 95.7 27 16 0.8 1.8 0.1 1.1 0.4 0.1 0.1
2400 96.3 23 14 0.6 1.6 0.1 0.9 0.4 0.1 0.2
2600 96.8 2.0 1.2 0.5 1.5 0.0 0.7 0.4 0.1 0.2
2800 97.0 19 11 0.5 1.4 0.0 0.6 0.4 0.1 0.2
3000 97.2 1.8 1.0 0.4 1.3 0.0 0.6 0.4 0.1 0.2

trinydrofulvalenyl radical A1) adduct formed at the first step  requires 41.3 kcal/mol of internal energy to eliminate the
further undergoes H-elimination, producing eitl8%or 1,10- hydrogen atom. The alternative H-elimination at the 10- position
dihydrofulvalene A2). The former H-elimination step does not  exhibits a barrier of 41.7 kcal/mol and is endothermic by 39.7
have an exit barrier (this was confirmed by a PES scan) and kcal/mol. Both steps seem to be competitive and should be taken



9536 J. Phys. Chem. A, Vol. 111, No. 38, 2007 Kislov and Mebel

into accountS1can be obtained from th80 and A2 species proceeds to another produdtL, through two consecutive
by hydrogen elimination or abstraction reactions; the latter H-atom migrations, 9,1- H-migration producing tB26radical,
exhibits low barriers of 4.4 kcal/mol and 5.8 kcal/mol for the followed by 1,2- H-atom shift leading to 2-H-fulvalen§32
SO0+ H— S1+ Hy;andA2 + H— S1+ H; steps, respectively.  which then undergoes H-elimination, produciRg. FL is not

A2 may also rearrange t80 through the 1,9 H-shift reaction likely to be a precursor oNP or AZ on the GgHg PES but

A2 — SO overcoming a barrier of 27.5 kcal/mol. Another may further be involved in H-abstractioni@-addition se-
possibility involves H-elimination or abstraction at the 10- quences, giving rise to a variety of cyclopentafused PAHSs, which
position inA2, leading to the 1-H-fulvalenyl radic&826(which are the possible fullerene precursétd>The pathways leading
turns out to be an important fulvalene precursor on thgHe to the S6 adduct via theS5 tricyclic intermediate and theL
PES; see below), which then rearrangesSt by the 1,9 pathway were not considered in previous theoretical studies,
H-migration. As will be shown below in Section 3.C, at medium although the spiran mechanism was thoroughly investigated by
and high temperatures, the fate of ®26radical is to produce  the DFT method. As follows from the reaction scheme shown
fulvalene EL). Therefore, at those conditions, thd — A2 in Figure 2, all threeS1 rearrangement pathways exhibit low
— S26reaction channel should be considered && dormation barriers regarding the combustion conditions and therefore
pathway instead of a means of productBy However, at low should be competitive.

reaction temperatures (e.g., in the case of low-temperature The spiran pathway starts with the three-membered-ring

pyrolysis of cyclopentadiene), the contribution of the— A2 closureS1— S2, endothermic by 9.5 kcal/mol and producing
— S26— S1 mechanism to the formation of 9-H-fulvalenyl 3 metastable tricyclic intermedia&2 which then rearranges
may be significant. to the more stable £-symmetric spiro adduc83 by ring
Another issue, which is not addressed in the present study,expansion. The reverse barrier for t&— S2ring closure is
concerns various rearrangements on thgH¢; PES involving, only 3.5 kcal/mol, much lower than the forward barrier of 13

for example, the\l radical. Indeed, this intermediate may take kcal/mol, and that for the subsequent ring expan§@n—- S3
part in further rearrangements, instead of undergoing theis 21.2 kcal/mol. Therefore, the equilibrium of tisd — S2
previously consideredAl — A2 + H and A1 — SO + H reaction should be shifted toward the initial reactant, and one
hydrogen elimination steps, which require more than 40 kcal/ has to consider the overall barrier of 30.7 kcal/mol for 8t
mol of internal energy for the H loss. In principle, naphthalene, — S2— S3rearrangement. From this point of view, tB& —
azulene, or other PAHs (e.g., indéfemay be formed as a  S5and S1— S26reactions appear to be strong competitors
result of such rearrangements on thgHG1 surface. with the spiran pathway in spite of the fact that both of them
B. PES for Unimolecular Rearrangements of S1Figure 2 exhibit higher barriers than that for tt&1 — S2ring closure.
depicts all rearrangements 8fl explored in this study, along  TheS3bicyclic adduct can then either rearrange to the tricyclic
with G3-computed barrier heights, reaction energies, and G3 intermediateS4 by three-membered-ring closure or undergo a
relative energies (in brackets) of intermediates and transition C—C bond scission leading to the opening of the five-membered
states with respect t&1 We tried to map out all possible  ring and producingcis-4-phenylbutadienyl §11). The latter
rearrangements &1, which have reasonably low barriers with ~ reaction is less favorable energetically because it exhibits a
regard to combustion conditions. For a variety of intermediates barrier about 10 kcal/mol higher than that for ®&— S4three-
(S7-S9 S15 S18-S21, S25 S27-S31, and S33-S35 with membered-ring closure, and is ats@0 kcal/mol endothermic.
high relative energies, we have omitted a detailed investigation Therefore, the €C bond scission pathwa$3— S11— S10
of transition states for their formation and further transformations — NP is expected to give only a minor contribution to the
because they are hardly competitive with the majgii4=-CsH,4 production ofNP, whereas th&3— S4rearrangement controls
transformation routes in combustion. The major reaction the spiran mechanism, eventually leading to eitNeror AZ
products ofS1rearrangements appeared to be naphthalB ( after the formation of the tricyclyl radic&4. Interestingly, both
azulene AZ), and fulvalene EL). Let us further discuss all ~S1— S2andS3— S4three-membered-ring closure reactions
considered pathways in more detail. exhibit very similar barriers of 13.0 and 15.0 kcal/mol and
After being formed, theS1 radical can rearrange by three reaction endothermicities of 9.5 and 7:8 kcal{mol, respectively.
most energetically favorable pathways. The first one is the so- Although theS3— S11C—C bond scission is not favorable
called spiran mechanism passing through the formation of the energetically, the subsequent six-membered-ring cloSure
Co-symmetric spiro addu@3to the tricyclyl radicalS4, which — Sl0easily transform$11to S10with a barrier of only 3.8
then undergoes ring opening, producing either the 9-H-naphthyl kcal/mol.S10is aNP precursor that proceeds P by a one-
radical 610 with a barrier of 13.2 kcal/mol, or, more likely, ~ Step elimination of an “extra” hydrogen atom. We also
the 9-H-azulyl radical $6) with a barrier height of only 0.8  considered the alternative—-C t_>ond scission leading to the
kcal/mol. S10 and S6 can lose an “extra” hydrogen atom, Opening of the six-membered rin§3— S18 and found that
producingNP andAZ, respectively. The spiran pathway leading this process is unlikely at typical combustion temperatures.
to NP (S1 — S2— S3— S4 — S10— NP) was initially Indeed, theS3— S18reaction is computed to be 50 kcal/mol
suggested and investigated by Melius et at.the BAC-MP2 endothermic, indicating that the corresponding barrier is ex-
level, whereas the rearrangement of S#adduct leading to pected to be even higher, and therefore this process should not
AZ was studied recently by Alder et &t the B3LYP/6-31G*  be competitive with th&3— S4or S3— Sllrearrangements
level along with a variety oAZ -to-NP isomerization pathways. ~ at the conditions relevant to combustion.
The secon®1radical rearrangemers1— S5— S6, involves At this stage, th&s1— S2— S3— S4sequence appears to
the formation of the tricyclic intermediat85 with two five- be the dominant route within the spiran pathway. Aferis
membered and one four-membered ring. After the ring opening, formed, the reaction sequence is branched, leading to two
which is 33.4 kcal/mol exothermic, ttf&5adduct rearranges to  different products, eithedP or AZ. The expansion of the five-
the 10-H-azulyl radical%6), a precursor oAZ. Whereas the membered ring i84 (S4— S10 leads to the formation ¢810
first two pathways lead tblP or AZ and are interconnected at  (anNP precursor) with a barrier of 13.2 kcal/mol, whereas the
the S6 intermediate, the third rout§1 — S26— S32— FL, expansion of the six-membered rin§4— S6) producesS6
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(an AZ precursor) over a very small barrier of 0.8 kcal/mol.
One can see that tH@4— S6 six-membered-ring expansion is
significantly more favorable energetically than t8é — S10
five-membered-ring expansion. From this point of view, it seems
that theS4— S10— NP route is hardly competitive with the
S4— S6 — AZ pathway, and thalNP should be considered

only as a minor product of the spiran rearrangement. However,
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B3LYP/6-311G** level, the reverse barrier was found to be
9.7 kcal/mol; however, it disappears at the G3 level, at which
the energy of the transition state is 1 kcal/mol lower than that
of S16 The barrier for the 9,10-ring closure 8il6leading to
S1Q which is positive at the B3LYP/6-311G** level (5.1 kcal/
mol), also becomes negative-4.8 kcal/mol) at the G3 level.
We suppose that th&16intermediate, if it exists, can be only

this is not the case because one has to take into account the very shallow local minima on the;@Hs PES with respect to

barriers for further transformations &6 Indeed, theAZ
formation fromS6 by H-elimination requires a high activation
energy of 38 kcal/mol. The other rearrangements of $ite
adduct,S6— S13 S6— S14 andS6— S12 also demonstrate

the transition states f@6— S16andS16— S1Q The B3LYP
method apparently overestimates the barrier heights for these
reactions. A similar mechanism on the¢8; PES passing
through the 9,10- bond cleavage in the 4-azulenyl radical

rather high barriers (36.9, 22.5, and 30.8 kcal/mol, respectively) followed by the formation of the 1-naphthalenyl radical was

as compared to the contesti8§— S4reverse step, which has
a barrier of only 14.1 kcal/mol. In this situation, tBd— S10

considered by Alder et dl.in their BSLYP study of the
AZ —NP rearrangement. The B3LYP/6-31G* computed barrier

rearrangement can give a considerable contribution to the for the 9,10- bond cleavage in the 4-azulenyl radical was found

formation of S10and, eventually, to the production BifP. In

to be 38 kcal/mol, which is significantly lower than the barrier

the subsequent section, we discuss this issue in more detaiffor the 9,10- bond cleavage 86. Therefore, such a mechanism
considering the computed rate and equilibrium constants as wellmay contribute to thélP production on the @H7 PES, but is

as the relative product yields.

S6, which is 13.3 and 10.2 kcal/mol more stable than$de
intermediate and the initi@1radical, respectively, is an obvious
precursor ofAZ. The AZ molecule can be obtained either by
direct elimination of an “extra” hydrogen atom fro&6 with a
barrier of 38 kcal/mol or by prior H-migrations producing 4-H-
azulyl (513 or 1-H-azulyl §14) radicals followed by subsequent
H-eliminations. The formation 0614 the most stable inter-

not likely to be competitive on theigHg PES where th&6—
S16isomerization requires 64.5 kcal/mol of activation energy.
Another rearrangement d86 which is not relevant to the
production of NP or AZ, is the formation of the tricyclic
intermediateS12 via a 1,4-ring closure. This reaction has a
barrier of 30.8 kcal/mol and, in principle, can compete with
other transformation routes &6. However, theS12radical is
most likely to be a dead end on the surface because its further

mediate within the spiran mechanism, appears to be the mostpossible transformations through 1,9-, 9,10- or 4,9- bond-
energetically favorable process among these three reactionsscission reactions are expected to have high barriers and
because it has a barrier of only 22.5 kcal/mol, whereas the othertherefore would hardly be competitive with tHf#12 — S6

transformations 056 exhibit much higher barriers, normally
above 30 kcal/mol. On the other hand, the H-elimination from
Sl14 has a higher barrier of 43 kcal/mol as compared to the
respective H-eliminations fror$6 and S13 S13 may further

be involved in the methylene walk rearrangem&#3— S17

— S22 — S23— S24— NP, instead of the H-elimination
processS13— AZ because the 11.1 kcal/mol barrier for the
S13— S17three-membered-ring closure reaction is significantly
lower than the 38 kcal/mol barrier for the H-elimination from
S13 Keeping this in mind, we consider that the most probable
AZ production reactions are the direct H-elimination fr&®
and theS6— S14— AZ sequence. The formation of tI813
intermediate by th&6— S13H-migration acts as a sink of the
S6 adduct, promoting the production dfiP through the
competitive methylene walk mechanism. In princifgdé4may

reverse step, which exhibits a low barrier of 3.2 kcal/mol. Thus,
we expect that th&6adduct is not consumed by tE6— S12
rearrangement, but rather is involved in t86 — AZ, S6—
S13 andS6— Sl4transformations.

The methylene walk pathway was suggested by Alder &t al.
to explain the thermal rearrangement to NP, which takes
place at temperatures above 40C. The B3LYP/6-31G*
calculation8 have shown this radical-promoted mechanism to
exhibit low barriers, and therefore it can account for the
production of NP both in thermolysis and in combustion,
together with the spiran mechanism. The methylene walk
pathway,S13— S17— S22— S23— S24— NP, starts from
the formation ofS13 the creation of a Ckgroup is required
for the subsequent 5,9-closure of a three-membered ring. This
mechanism acts as #&¥ sink, converting a certain amount of

undergo alternative rearrangements competing with the H-atomAz or its precursors§6 and S13in our case) td\P. In other

eliminationS14— AZ, which require higher activation energies

of at least 43 kcal/mol. For instance, the 7,10- or 5,7- three-

membered-ring closure reactions produce isor8ésandS19
respectively, and the 1,9 -€C bond scission in the five-
membered ring leads to tH&21 radical. Taking into account
the relative energies @15 S21, andS19with respect td514

words, the methylene walk pathway competes with the spiran
mechanism, providing a higher yield 6fP. We recomputed

all the structures obtained previoushpr the methylene walk
pathway at the higher B3LYP/6-311G** level and refined their
energies at the G3 level. For all B3LYP-computed geometries
and relative energies, we obtained good agreement with the

all these steps are expected to have barriers higher than 43 kcalprevious results by Alder et & The only exception is the
mol, but they may be comparable to the reaction barrier for the transition state for methylene transfer from the six-membered

H-atom elimination fron514 However, further rearrangements

ring in 4,9-cyclopropylyl 6§17 to the five-membered ring to

of these intermediates are not relevant to the formation of any form 1,9-cyclopropylyl §23. According to their B3LYP/

stable PAH molecules, such &8, AZ, or even indene, and
hence we excluded them from the present consideration.

6-31G* calculations, the 9-methylyl radic822 was identified
as a transition state with one imaginary frequency ofi, 1@Qich

We have also investigated two additional rearrangements of interconnects th&17 and S23 intermediates. We tested their

S6, which are hardly competitive with the previously discussed

reported structure g22with intrinsic reaction coordinate (IRC)

reactions consuming this intermediate. The first route involves calculation and found that it represents a transition state for a

9,10- bond cleavage ir§6, producing the &-symmetric
monocyclic radical intermedia®16with a high barrier of 64.7
kcal/mol. This reaction is also highly endothermic. At the

degenerate rotation of the GHragment around the adjoining
C—C bond, but not a transition state for the interconversion of
S17to S23 Moreover, at the B3LYP/6-311G** level, we were
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able to obtain a local minimum structure 822, it has a slightly
different orientation of the Cplfragment compared to the
structure reported by Alder et al. A further search ofS#2—

S23ring-closure transition state was unsuccessful, and a careful

scan of the PES in this vicinity showed that this reaction is
essentially barrierless. We suppose t82p corresponds to a
shallow local minimum on the PES with regard td&5a2 —
S23 transition state, and hence this transition state is very
difficult to locate. For the purpose of rate constant calculations,
we suggest that the transition state for ring open®gy7 —

Kislov and Mebel

SCHEME 2: Most Probable Cyclopentafused PAHs
Originated from FL.

sSeNoSe s

Indacene

Pyracylene Cyclopenta[cd]fluoranthene

S22 can be treated as the transition state for interconversion the spiran mechanism above). Therefore,Rhemechanism is

betweenS17andS23

All considered steps within the methylene walk pathway
exhibit quite low barrier heights at the G3 level, indicating that
this mechanism is highly competitive. Indeed, the initial 5,9-
three-membered-ring closure product®igj’has a barrier of only
11.1 kcal/mol, which is significantly lower than the competing
H-eliminationS13— AZ process leading t&Z and exhibiting
a barrier of 37.6 kcal/mol, or the rearrangemensa@Bback to
S6 with a barrier of 37.2 kcal/mol. Such a large difference in
reaction barriers indicates that, once formed, #i8 adduct
mostly rearranges thP by the methylene walk pathway. The
highest barrier of 22.2 kcal/mol within the methylene walk
pathway is calculated for the interconversion3if7to S23
After that, the S23 intermediate easily rearranges to 1-H-
naphthyl S24 (the most stable radical within the considered
CioHg PES) over a barrier of only 4.7 kcal/mol. Tig23—
S24reaction is 34 kcal/mol exothermic. FinalllJP can be
obtained by H-atom elimination fror§24

In the present study we also found an additional competitive
rearrangement pathway 8fL proceeding through the formation
of the tricyclic intermediat&5to S6, which then transforms to
AZ or NP as discussed above. The route starts from the 4,8-
ring closure of a four-membered rin§1l — S5 with a barrier
of 29 kcal/mol. The moderate barrier height indicates that this
reaction may compete with the other rearrangement$ bf

likely to be the majoiS1 consumption route, meaning that.

is expected to be the major reaction product within the
considered network. It will be shown below that the route
accounts for-50% of theS1consumption al > 1000 K.S26
may undergo a direct H-atom eliminatior536 — FL),
producingFL with a barrier of 52.2 kcal/mol, which is close to
the barrier of 48.7 kcal/mol for the H-elimination fro®32
However, the direc626— FL channel is hardly competitive
with the S26— S32hydrogen migration, which is prior to the
subsequent H loss from tH&32 radical. This follows from a
comparison of respective barriers: the barrier $@&6— S32
isomerization (29.4 kcal/mol) is 22.8 kcal/mol lower than the
52.2 kcal/mol barrier for the direct H loss froi826 This
indicates that the formation oFL proceeds via a prior
isomerization ofS26 to the S32 radical, and then the latter
undergoes H-atom loss, which is significantly faster than the H
loss fromS26 (the comparison of rate constants will be given
in the subsequent section).

Because the H eliminations from very stal826 and S32
radicals exhibit rather high barriers-50 kcal/mol), we inves-
tigated other possible rearrangementS2§ which are expected
to compete with the considered H-migration and H-loss reac-
tions. TheS26 — S33— S30— S31route is similar to the
spiran pathway, but it involves the formation of energetically
high-lying isomers, especially the triradical intermedi&tQ
From this point of view, this pathway requires very high

considered here. However, the subsequent 7,8- ring expansion,ciyation energies and therefore is hardly competitive. The

in S5 requires 20.9 kcal/mol of activation energy, which is
almost four times higher than the contending rev&Se~ S1
step with a barrier of only 5.8 kcal/mol. Hence, we expect the
S1— S5— S6route to give only a minor contribution to the
total AZ/NP yields as compared to the spiran pathway. In the
following section, we discuss this issue in more detail. The
alternative 9,10- ring expansion Bb leading to the triradical
intermediate S9 is hardly competitive with the 7,8- ring

formation of the tricyclic radicaB27 which is akin toS5 may

be a viable alternative, but the further rearrangemerns27
involves highly energetically unfavorable ring expansion, lead-
ing to the triradical structur828 The 4,9- hydrogen-atom shift
within the S26radical can produce the triradical struct829

but the corresponding barrier is expected to be higher than 70
kcal/mol. All this makes the other transformations $26
unlikely at the combustion conditions and not relevant to the

expansion because the former process is expected to have @rodyction ofNP or AZ. FL can be considered as an important

barrier higher than 44 kcal/mol. Therefore, we conclude that
the S5— S9reaction is not relevant to the productionAZ or
NP within the studied network.

Now let us discuss the most energetically favorable—
S26— S32— FL rearrangement of th81 radical leading to
the formation ofFL. This route was not considered previously,
but our calculations show it to be a major pathway for
rearrangements dd1 The pathway involves three steps: the
9,1- hydrogen-atom migration produci®®6with a barrier of
20.3 kcal/mol followed by a 1,2- hydrogen atom shift with a
barrier of 29.4 kcal/mol leading t832 and in the final step,
S32undergoes H-atom elimination from the €gtoup produc-
ing FL with a relatively high barrier of 48.7 kcal/mag26is
12.5 kcal/mol more stable th&8il, hence, the initial hydrogen
shift reaction is exothermic. The barrier for this reaction is
almost 10 kcal/mol lower than that for the competBig— S5
reaction and also 10.4 kcal/mol lower than the effective barrier
for the S1 — S2 — S3rearrangement (see the discussion on

precursor for a variety of cyclopentafused PA33especially
those relevant to the formation of bowl-shaped PAHSs, fullerenes,
and fullerenic nanostructures. For example, the 1-H abstraction
from FL followed by subsequent acetylene addition and ring
closure can lead to the formation of indacengJg) at the
first stage, and the addition of another acetylene produces
pyracylene (@4Hs), and so on (see Scheme 2).

As was mentioned above, we excluded from our consideration
several isomerization pathways 81 involving the formation
of unstable and energetically high-lying radic8g S8 S2Q
S34 and triradicalS25because they are not competitive with
the discussed rearrangementsSdfat combustion conditions
and ultimately are not relevant to the formation of PAHs
addressed in this study. Theoretically, the 5,9- bond scission,
S1— S2Q may lead tdS6if followed by closure of the seven-
membered ring. However, the barrier for t8& — S20bond
scission process is expected to be higher than 40 kcal/mol, and
this value is significantly higher than the barriers for the other
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contendingS1 transformations. Another issue is that t820 consequence, to higher cyclopentafused PAHs, which are
isomer, which has a planag€ymmetric structure, has to change potential precursors of fullerenes and fullerene-containing soot.
its conformation prior to the seven-membered-ring closure. This We suppose that, at high combustion temperatures, where the
process passes through an out-of-plane configuration &@20e  concentration of H radicals is expected to be large, Nfe
radical. According to our calculations, during geometry opti- formation is mostly governed by the conventional HACA
mization starting from an out-of-plane configuration, 820 mechanism.

radical undergoes the five-membered-ring closure and returns  The analysis of rate constants for t8& — S2 and S1—

to the initial S1 structure with no barrier; all attempts of  S26reactions collected in Table 2 shows that, at 700 K, the
geometry optimization of nonplanar structures in the vicinity former reaction is 23 times faster than the latter, and therefore

of S20converged tcS1 Therefore, the 5,9- bond scissi@1 the first step of the spiran sequence is more favorable than the
— S20reaction is also unlikely to be a viable competitor among competitiveS1 — S26 hydrogen atom shift, which starts the
the considered isomerizations 8L In the following section, reaction sequence leading k& . The spiran sequence is more

on the basis of the statistical calculations of reaction rate kinetically favorable, even though the equilibrium of B&—
constants, we discuss relative product yields in rearrangementss2 reaction is shifted toward the reactant at these conditions.
of S1 Then, with increasing temperature, (81— S2)/k(S1— S26

C. Relative Product Yields.Utilizing the RRKM-computed ratio rapidly decreases, and, at 1500 K, both reactions have
high-pressure-limit thermal rate constants collected in Table S2 similar rates. On the other hand, tk&1— S26/k(S2— S3)
of the Supporting Information, we performed calculations of ratio does not change significantly and remains within—2.7
relative yields ofNP, AZ, andFL at infinite time by solving 1.5, indicating that botl$1— S26andS2— S3reactions have
the kinetic equations for rearrangementsSif including all comparable reaction rates, especially at medium and high
unimolecular reaction steps. Considering that B3LYP/6-311G** temperatures. Taking into account that the equilibrium constant
frequencies and chemically accurate barriers and reactionfor the S1 — S2 reaction is less than 18 even at high
energies computed at the G3 level were utilized in the RRKM temperatures, bu{e(S1— S26 is always higher than 1, the
calculations, we expect that the resulting thermal rate constantsS1— S26H-shift reaction starts to dominate Bt~1000 K. At
are of high accuracy, as long as the high-pressure limit higher temperatures, these trends dramatically increase, espe-
adequately describes the reaction conditions. The calculated totatially whenk(S1— S2)/k(S1— S26 drops below 1.0, and the
product yields are collected in Table 1, along with contributions S1 — S26 — S32 — FL route becomes the majosl
of different pathways to these yields. consumption pathway, accounting for more than 90% of the

At low temperature conditions~700—900 K), the major total product yield af > 1500 K. In principle, theS26adduct
reaction product ifNP, followed byFL andAZ. Starting from may undergo H-atom loss and prodiite directly, without prior
1000 K (~700°C), where theNP andFL yields are similar, a isomerization to th&32radical. However, if we compare rate
further temperature increase promotesfheproduction, which ~ constants for th&26— S32andS26— FL reactions (see Table
then becomes the major reaction productTAt 1500 K, NP 2), it is clear that the latter step is not competitive because, at
becomes only a minor product, accounting for less than 10% typical combustion temperatures, its rate constants have several
of the total product yield, along witAZ. The AZ production orders of magnitude lower values than those for§Ré— S32
reaches its maximum value of 4.8% at 1200 K and is below isomerization. Even & = 2000 K, theS26— S32hydrogen
5% at all studied temperatures. This indicates #iaiis a minor migration is still more than 10 times faster than 26— FL
product ofS1rearrangements. Our results can explain the high hydrogen atom loss. Additionally, the hydrogen atom elimina-
NP production in the cyclopentadiene pyroly&i€swhereNP tion from theS32radical demonstrates significantly higher rates
and indene were identified as the major reaction products. (3.8-2.8 times within the 15062000 K range) than those of
Indeed, at the pyrolytic conditions in a laminar flow reactor, the similarS26— FL reaction, although the barriers for both
the temperatures of the cyclopentadiene pyrolysis were within reactions are very close to each otheB(kcal/mol). Therefore,
700-850°C or 1000-1150 K. As follows from our calculations, ~We assume that th€1 — S26— S32— FL reaction is the
NP yields are high in this temperature range. Interestirly, major FL production channel, and the contribution of tB26
which is a structural isomer dfiP, was not identified by the =~ — FL reaction should be negligible.
gas chromatographymass spectrometry technique among the  The calculatedAZ product yields indicate thakZ is only a
products of the cyclopentadiene pyroly¥i&8but another major minor product in rearrangements®f and, in particular, within
detected product was indene. However, the formation of indenethe spiran mechanism. Hence, the cyclopentadienyl self-
at the pyrolytic conditions most likely involves the radieal recombination is hardly a significant sourceAZ in combus-
molecule reaction between cyclopentadienyl and cyclopentadi-tion flames. In contrastNP is the major product within the
ene leading to th&1 adduct (see Figure 1) followed by further  spiran mechanism, and its relative yield is also generally higher
rearrangements to indene on thgi;; PES® This mechanism compared to that oAZ. Only at high temperatures above 1500
is not relevant to the rearrangementsSif which take place K do the relative yields oNP andAZ become close. This may
on the GgHy PES considered here. In flame combustion, the look surprising because the equilibrium of thé— S6reaction
concentration of cyclopentadienyl radicals is high because theyis considerably shifted toward tf&6 adduct Key(S4— S6) >
can be produced by the oxidation of phenyl radical with? 8 1(? at T < 1500 K), which is anmAZ precursor. To understand
The major source 081 at these conditions should arise from why NP production through the spiran pathway is much higher
c-CsHs self-recombination by the mechanism described above, than that ofAZ, one has to consider the competition between
and further transformations mostly take place on tig¢igPES, the S4 — S10 six-membered ring expansion, ti86 — S14
prohibiting the formation of indene. The productionNf® from hydrogen-atom migration, and the reve®@— S4 step. The
S1in flame combustion is expected to be significant only at S6— Sl14reaction is crucial for the production 8 because,
low temperatures or in low-temperature flame zones. At higher as follows from the computed contributions to the tétl yield
temperatures, theNP production is predicted to become shown in Table 1, the majdkZ precursor isS14 whereas the
negligible, giving way to the production dfL and, as a contributions of theS6 — AZ and S13 — AZ hydrogen-
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TABLE 2: RRKM- and TST-Calculated Rate Constants, Equilibrium Constants, and Their Ratios for Critical Reactions
Involved in Rearrangements of 9HFLR at Temperatures Relevant to Combustion

temperature, K

rate constants 700 900 1000 1100 1300 1500 1700 2000
k(S1—S2,s? 1.8x 1¢° 1.4x 10 29x 10° 5.2x 10 1.3x10° 26x 100 43x10° 7.7x 109
k(S2— S1), s 1.7x 102 32x10% 40x10? 48x10? 6.4x10?% 79x10?% 93x10? 1.1x 1083
Ke(S1— S2 1.0x10*% 44x10* 7.2x10*% 11x10°% 21x10°% 33x10°% 46x10°% 6.9x10°3
k(S2— S3, st 28xx 10F 94x 10 32x10® 87x10® 41x10® 13x10° 3.1x10° 8.3x 10w
k(S1— S26, st 76x 10 20x10° 63x10¢ 16x10° 7.2x10° 21x10° 49x10° 1.3x 10"
k(S26— S1), st 2.8x 10° 57x 105 3.7x 10° 1.8x 107 19x 1¢® 1.1x 1@ 42x 10° 1.9x 10%
KeS1— S26 27x10° 35x10* 17x1¢® 94x100 38x100 19x100 12x10* 65
k(S1— S2/K(S1— S26 23.2 7.0 4.6 3.2 1.8 12 0.9 0.6
k(S1— S26/k(S2— S3) 2.7 2.1 2.0 19 17 16 16 15
k(S26— S32,s! 19x 100 22x10¢ 12x10 47x10 39x10 19x10° 6.2x10° 2.4x10°
k(S26— FL),s? 9.2x 10% 6.0x 10 1.3x 10 1.7 x 10 8.4x 1P 1.5x 10 14x 10 1.7x 1@
k(S32—FL),s* 14x101 51x10% 9.1x10° 99x10* 39x10¢ 58x10 46x10° 48x1C
k(S6— S14, st 95x 1P 3.6x 100 13x10® 37x10 19x10® 64x10° 16x 100 4.6x 10
k(S14— S6), st 4.4x 10° 5.6 x 1P 3.1x 10° 1.3x 107 1.1x 1 53x 10 1.8x 1 7.2x 10
KeS6— S19 22x 10 6.4x100 42x100 29x100 1.7x10t 12x10" 89 6.4
k(S6— S13, st 4.3x 10 1.6 x 10 1.3x 10 7.2x 10° 1.0x 10/ 7.1x 10/ 3.2x 10° 1.7x 10
k(S13—S6), st 3.0x 100 12x10* 9.6x10* 54x10P 7.7x10° 55x100 25x10 14x10C
Ke(S6— S13 1.42 1.36 1.36 1.34 1.29 1.29 1.27 1.25
k(S4— S6), st 35x 102 42x 102 44x102 47x102 50x 102 53x10%? b55x 10 58x 10%
k(S6— S4), st 14x 10 14x10® 32x10° 6.3x10° 1.8x10° 3.8x10°° 6.8x10° 1.3x 10"
Ke{S4— S6) 25x 10¢ 3.0x 10° 14x 10 7.5x 1% 2.8x 17 1.4x 17 8.1x 10 45x 10
k(S4— S10,s* 7.0x 10° 6.1x 10° 1.3x10° 24x10° 6.3x10° 13x10% 22x 10" 4.0x 10%
k(S10— S4), st 2.4x 10 1.1x 10 9.8 x 10* 5.8x 10° 8.8 x 10° 6.6 x 10’ 3.0x 10° 1.7x 1@
Ke(S4— S10 29x 10 5.6 x 10° 1.3x 10 4.1x 10¢ 7.2x 10 2.0x 10 7.2x 10 24x 10
K(S4— S10/k(S6— S14 738 168 99 64 33 20 13 9
k(S6— S4/k(S6— S14 146 39 25 17 9 6 4 2.8
k(S3— S4), st 2.0x 10° 2.3x 10 5.4x 10° 1.1x 100 3.2x10° 7.2x10° 1.3x10% 2.6x 104
k(S4—S3, s 52x 1010 18x 10" 27x 10" 3.9x 10" 6.7x10" 1.0x 102 1.4x 102 1.9x 10%?
KeS3— S9 39x10°% 13x102%2 20x102%2 28x102 48x10? 72x10? 97x10? 14x107*
k(S3— S11), st 41x100 29x10 13x10° 43x10° 29x10° 1.1x10° 33x100 1.1x10%
k(S11—S3, st 1.3x 100 33x10° 47x10° 6.1x10° 92x10° 13x 10" 1.6x10% 2.1x 10"
KeS3— S1)) 32x10°% 88x10* 28x10°% 7.1x10°% 32x102 85x10? 21x10! 52x101?
K(S3— S4/k(S3— S11) 488 80 42 25 11 6 4 2.4
k(S6— S14/k(S6— S13 22144 2246 1009 522 190 90 51 27

k(AZ + H—S6),cnPsimolt 24x 10 91x10%¥ 15x10%? 23x10%? 44x10%? 74x10% 1.1x10' 19x 10
k(AZ + H—S13,cnmPstmol? 57x 101 2.0x 102 3.1x10% 46x 10 87x 10" 14x10%" 22x10%" 35x 10
K(AZ + H—S14,cnmPs*mol? 3.4x 101 86x10% 1.2x 10 17x10%" 27x10* 40x 10" 55x 101 82x 10

k(S1— SH, s 93x 1* 9.2x10* 45x10° 17x10° 13x10 56x10 18x1¢ 63x 10
k(S5— S1), st 16x 10" 46x 10" 6.6x 10% 89x 107 1.4x102? 20x10?% 26x10? 3.5x 102
KeS1— SH 58x10° 20x107 6.9x107 19x10°® 9.0x10% 28x10° 6.7x10° 1.8x10*
k(S1— S26/k(S1— SH 8108 2182 1394 970 560 376 279 200
k(S1— S2/k(S1— S5H 188518 15274 6376 3095 1026 455 246 122

elimination steps are insignificant. Although the equilibrium of AZ vyield. The relative contribution oAZ to the totalNP +

the S4— S6seven-membered-ring expansion is shifted toward AZ production also increases within this temperature range,
the formation ofS6, the subsequer86 — S14H-migration is since theNP production is inhibited with increasing temperature
much slower than the competing reve®é&— S4 and S4 — by the competingS1 — S26 — S32 — FL FL -formation
S10steps. Indeed, if we look at tH€S4— S10/k(S6— S14 channel. AtT = 1100 K, the maximal production oAZ is
ratios presented in Table 2, t8d— S10reaction is 738 times  observed, and then it starts to decrease as the temperature rises.
faster tharS6— S14at 700 K, and it is still 20 times faster at  This happens for two reasons. The first is that the thifal+
1500 K. On the other hand, as follows from the calculd&6 AZ yield rapidly drops af above 1100 K since the contending
— SA/k(S6 — S14 ratios, theS6 — S4 reverse step is also  FL formation route starts to dominate; at 1500 K tie +
significantly faster than th&6 — Sl14reaction by factors of  AZ production contributes only 12.7% to the overall final
146, 25, 9, and 6 at 700, 1000, 1300, and 1500 K, respectively. products. The second reason is that the relative contribution of
Thus, onceS6is formed, it tends to return back to tBd adduct, the C-C bond scission mechanisr8f— S11— S10— NP)
which then rapidly rearranges 81Q This explains, in general,  to the NP production increases with increasing temperature; for
why NP is the major product within the spiran mechanism. A example, these contributions are 11%, 32%, and 48% at 700,
decrease of th&(S4 — S10/k(S6 — S14 and k(S6 — S4)/ 1100, and 1500 K, respectively. This means that the significant
k(S6— S14 ratios with increasing temperature also elucidates reduction of the spiran mechanism contribution to the total yield
the growth ofAZ production within the low-temperature regime of NP and AZ is accompanied by an increasing relative
(T < 1100 K). Indeed, when these ratios decrease,Shé contribution of the bond scission mechanism to tN@
production is favored, which is reflected in a rise of the total formation. Obviously, the bond scission mechanism competes
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with the S3— S4ring closure, inhibiting the production of the
S4adduct. Indeed, the calculatk(E3— S4)/k(S3— S1]) ratio

J. Phys. Chem. A, Vol. 111, No. 38, 2009541

seen from Table 1 that the highest contributions of the methylene
walk mechanism to thé&P yields correspond to the highest

rapidly decreases when the temperature increases, from 488 aAZ production yields, indicating that an increase in thé
700 K to 42 and 6 at 1000 and 1500 K, respectively. In other concentration should result in high&P production by the

words, theS3 — S11 C—C bond-scission reaction acts as a
sink of the spiro addu@&3 reducing the production &4 which
is the onlyAZ precursor within the spiran pathway.

The relative contribution of the bond-scission mechargan
— S11— S10— NP to the NP yield is insignificant at low
temperatures as compared to t88 — S4 — S10 — NP
pathway involving the formation of tricyclyl intermedia&d.
Here and below, we denote the later route as a “tricyclic”

methylene walk channel.

In the previous section, we suggested an alternative rear-
rangement of th&1radical, S1— S5— S6, which proceeds
via the formation of the tricyclic addu&5to S6, and therefore
may contribute to thé\Z production. However, the calculated
contributions of this pathway to the totdlP + AZ yields
appeared to be negligible at all studied temperatures. As follows
from Table 2, the equilibrium constants for t8& — S5 four-

pathway; both the tricyclic and bond-scission routes are within membered-ring closure step are very low within 7@000 K;
the spiran mechanism, which proceeds via the formation of the for instance,Ke(S1 — S5 < 103 even atT = 2000 K.

spiro intermediateS3 The tricyclic pathway gives the major
contribution to theNP production. However, when the temper-

Moreover, this reaction demonstrates significantly lower rate
constants than the competiti8l — S2 and S1— S26 steps.

ature increases, the relative contribution of the bond-scission In particular, the calculatek(S1— S2)/k(S1— S5 andk(S1
route rapidly increases and accounts for 26%, 40%, and 48%— S26/k(S1— S5 ratios shown in Table 2 indicate that the

of the totalNP yield at 1000, 1300, and 1500 K, respectively.
At T > 1500 K, the bond scission route becomes the midjer
formation pathway. The calculatddS3 — S4)/k(S3 — S1J)

S1— S2rate constant is higher than that for tB&— S5step
by 5—2 orders of magnitude within the 76@000 K temper-
ature interval, and th&1 — S26 hydrogen shift rate is also

ratios shown in Table 2 rapidly decrease as the temperature risesfaster thark(S1— S5 by 3—2 orders of magnitude within the

indicating that the competition between tB8 — S11C—-C
bond scission an&3 — S4 ring-closure reactions increases.

same temperature range. As a consequenc&lhe S5— S6
rearrangement is not competitive with the spiran did

But even at 2000 K, the latter reaction is still 2.5 times faster pathways at the combustion conditions, and this mechanism can
than the former, and therefore it seems that the relative be safely excluded from consideration in kinetic modeling of

contribution of the tricyclic pathway to theP yield should be
higher than that from the bond scission route. HoweverSthe
— S10ring-expansion step also competes with the very $ast
— S6reaction, which consumes some amount of$d@dduct
to the AZ side; note thaAZ accounts for~30% of the total
NP + AZ yield at T = 1500 K and even more at higher

flame combustion.

D. Implications for Kinetic Simulations. The results of our
calculations of PESs for rearrangementsSafcombined with
RRKM calculations of rate constants and product yields predict
the relative yields oNP, FL, andAZ at various combustion
temperatures at the high-pressure limit. The computed contribu-

temperatures. These facts explain the high relative contributiontions of different pathways to the final product yields help to

of the bond-scission mechanism to e production at medium
and high temperatures, keeping in mind, of course, MRt
becomes only a minor product in rearrangementSIHt these
conditions.

AnotherNP formation route considered in the present study
is the methylene walk pathwa$13— S17— S22— S23—
S24— NP. According to the data presented in Table 1, the
contributions of this mechanism to theP yields are negligible

qualitatively clarify the relative importance of each reaction

channel in the production of these PAHs in both combustion
and pyrolysis. Under real combustion conditions, however, the
complete picture must be more complicated. The most important
issue is that, in real systems, intermediate complexes or
bimolecular products encounter numerous collisions, which can
stabilize or destabilize them. In this case, the unimolecular or
bimolecular reactions require a much more sophisticated

at all studied temperatures. This is not surprising because thetheoretical description in terms of a time-dependent, multiple-

S6— Sl4hydrogen shift is significantly faster (by 3 orders of
magnitude at 1000 K) than the competi8§— S13hydrogen
migration, and it is still faster by a factor of 26 at 2000 K, as
follows from thek(S6 — S14/k(S6 — S13 ratios shown in
Table 2. It is worth noting that théZ production from the

well master equation (ME). By solving this equation, one can
generate rate coefficients as a function of temperature and
pressurek(T,p), which are required for modeling the macro-
scopic systems in combustion. The PES information for the
reactions considered here will provide the raw data for the future

S13— AZ reaction is also negligible for the same reason. We RRKM/ME calculations of their temperature- and pressure-
may conclude that the methylene walk pathway does not play dependent rate constants, which can be further incorporated in
a significant role in rearrangements 81 with regard to the the existing kinetic schemes for flame combustion to improve
NP formation. However, this mechanism may be important if the prediction of PAH concentrations, especially those related
other AZ formation routes not necessarily related to the to the cyclopentadienyl recombination. For the high-pressure
cyclopentadienyl recombination are considered. Indeetizif ~ limit, rate constants within the 366000 K temperature range

is formed by another reaction pathway, for example, by computed with a 100 K step and given in Table S2 of the

sequential additions of acetylene and propargytGsHs, it
may be activated by the hydrogen-addition reactah + H
— S13 and thenS13can rearrange t&IP by the methylene

Supporting Information can be fit to various analytical expres-
sions convenient for kinetic modeling.

In this section, we would like to discuss several issues, which

walk mechanism. The calculated bimolecular rate constants formay be important for and may affect the results of kinetic

the AZ + H— S13 AZ + H — S14 andAZ + H — S6

simulations of real combustion systems. First of all, to complete

hydrogen-addition reactions shown in Table 2 demonstrate the picture, rearrangements on thghti; and GoHip PES with
similar values at medium and high temperatures, indicating that regard to the formation dfiP, FL, AZ, and, especially, indene,
all three reactions are competitive at these conditions, and theshould be investigated. As was discussed above, the molecular

formation of theS13adduct by H-addition may contribute to
the NP formation via the methylene walk pathway. It can be

radical reactions of cyclopentadiene with the cyclopentadienyl
radical (see Figure 1) may contribute to the production of the
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PAHs considered in the present study. Th€sHg + c-CsHs concentrations. This can also help to better understand the role
reaction producefl (CsHg—CsHs), which may further be of the methylene walk pathway in tH& -to-NP rearrangement,
involved in rearrangements on thegd11 PES leading ti\NP, especially when some oth&Z formation mechanisms can be

AZ, and also indene. For instance, indene was identified as arealized.

major reaction product in the cyclopentadiene pyrolysis, and

the mechanism accounting for the indene formation starting from 4. Conclusions
the A1l adduct was proposéd.As has been suggested by
Carpenter, the formation P from the recombination of two
cyclopentadienyl radicals may take place on thgHz PES

by the isomerization o050 to 9,10-dihydronaphthalene. This
pathway involves the formation of a tricyclic intermediate with

a singlet biradical wave function, followed by ring-opening to
a 10-membered cyclic structure, which finally rearranges to
9,10-dihydronaphthaleneNP can be produced from 9,10-
dihydronaphthalene by the elimination of a Holecule. This
pathway should also be taken into consideration in a complete
study of the reaction mechanisms from cyclicpecies tiNP.
However, the @Hi; and GgHjo rearrangements are beyond

the scope of the present study and will be discussed in Separate gy of the total reaction yield. The computed branching ratios
publications. ] ] ) demonstrate that the cyclopentadienyl radical recombination is
The second issue concerns the role of H radicals in the ot likely to be a significant source dfP in combustion flames
formation of PAH species. In our previous study of the HACA 5t medium and high temperatures and at the high-pressure limit.
NP synthesis?® we suggested a bimolecular hydrogen dispro- more likely, in this case, the common HACA mechanism gives
portionation mechanism as an alternative to the commonly the major contribution to thé&lP formation. In contrast, at a
accepted unimolecular H-loss reaction for elimination of an |0W_temperature pyr0|yt|c regime, the contribution of t8é&
“extra” hydrogen atom from PAH radicals such$§ S13 S14 rearrangements to theP production is expected to be high,
S1Q S24 andS26 It is worth noting that elimination of such  which is in agreement with experimental observations in the
an “extra” hydrogen atom produces singlet PAH species (i.e., cyclopentadiene pyrolysi§:26 AZ has been found only as a
NP, AZ, FL, etc.). We suppose that, at high concentrations of minor product, and its branching ratio does not exceed 5% at
free H radicals, the disproportionation mechanism may be all studied temperatures. Since FL is predicted to be the major

Chemically accurate ab initio G3-type calculations of PESs
for rearrangements &1 (CsHs—CsH,4) have been performed,
followed by RRKM computation of high-pressure-limit thermal
rate constants and relative product yieN®, FL, andAZ have
been shown to be the reaction products, with relative yields
depending on temperature. HitP yields have been calculated
at low temperaturesl(< 1000 K), whereNP is inferred as the
major reaction product. AT > 1000 K, the production oNP
rapidly decreases with increasing temperature, whereas the
production ofFL increases, and the latter becomes the major
reaction product. Starting frofi = 1500 K,NP becomes only
a minor product accounting for, together wilZ, less than

favored over the direct H-loss considered for ®&— AZ, product atT > 1000 K, the cyclopentadienyl recombination is
S13 — AZ, S14 — AZ, S10 — NP, S24 — NP, and more likely to be a significant source of various cyclopentafused
S26— FL steps. According to our previous IRCMeznergy- PAHs (possible fullerene precursors) at medium and high
[G3(MP2,CC)H/IRC{ Geom[UMP2/6-31G*] calculations, the combustion temperatures.

barriers for theS10+ H — NP + H; and 2-naphthyk- H — The spiran pathway originally suggested by Melius et al.

NP + H, disproportionation steps were found to be 1.2 kcal/ has been shown as the major contributor toNtReproduction

mol and 2.3 kcal/mol, respectively . These values are signifi-  at low combustion temperatureB € 1000 K). The alternative
cantly lower than the respective barriers for the H-loss reactions C—C bond scission route, which proceeds via the formation of
S$10— NP + H (14.8 kcal/mol) and 2-naphthyt NP + H the S11radical, becomes important only at higher temperatures,
(27.8 kcal/mol). The hydrogen disproportionation reactions are where the totaNP yields are low. The contributions of the
also highly exothermic (by 86100 kcal/mol), whereas the  previously suggested methylene walk pathtaythe production
H-loss steps are usually strongly endothermic. Therefore, the of NP is found to be negligible at all temperatures relevant to
hydrogen disproportionation mechanism may represent a viablecombustion; however, this route may be importana# is
alternative to the simple H-loss mechanism for the elimination produced by different mechanisms.

of an extra hydrogen atom if the concentration of H radicals is  Our RRKM-computed rate constants for the consideséd
sufficiently high. At this point, considering the disproportion- rearrangement pathways are expected to be of high accuracy
ation mechanism instead of the H-loss, we could expect differentfor the conditions where the high-pressure limit is adequate,
NP/AZ branching ratios within the spiran rearrangement. Indeed, and they can be included in the existing kinetic schemes for
if H-elimination from the S6 intermediate occurs via the modeling of flame combustion to improve the prediction of
disproportionation mechanis®6 + H — AZ + Hy, which is various PAHs (especially\\P, AZ, FL, and cyclopentafused
considerably faster than tf& — AZ + H reaction, theS6— PAH) and their concentration profiles.

S4— S10sequence may no longer be competitive, as compared

to the case when only the direct H-loss mechanism is taken Acknowledgment. This work is funded by the Chemical
into account. This would result in high&Z yields, which may Sciences, Geosciences and Biosciences Division, Office of Basic
then become the major reaction product within the spiran Energy Sciences, Office of Sciences of the U.S. Department of
mechanism. On the other hand, at high H-radical concentrations,Energy (Grant No. DE-FG02-04ER15570).

AZ may be activated by the hydrogen additids@ + H —

S13 followed by the rearrangement dP through the meth- Supporting Information Available: Calculated total ener-
ylene walk mechanism. As one can see, the consideration of Hgies at the B3LYP, CCSD(T), MP2, and G3 levels of theory,
disproportionation considerably complicates the kinetics of the ZPE corrections, vibrational frequencies, moments of inertia,
Slrearrangements. We suppose that the role of H radicals androtational constants, and optimized Cartesian coordinates of alll
the hydrogen disproportionation mechanism in particular re- species involved in the studied mechanisms (Table S1); RRKM-
quired a separate investigation using kinetic simulations of real and TST-calculated high-pressure-limit thermal rate constants
flame combustion with explicit consideration of H-radical for all studied reactions within the 36@B000 K temperature
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