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Ab Initio G3-type/Statistical Theory Study of the Formation of Indene in Combustion
Flames. I. Pathways Involving Benzene and Phenyl Radical
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Ab initio G3(MP2,CC)//B3LYP calculations of the potential energy surface (PES) for the formation of indene
involving hydrocarbon species abundant in combustion, including benzene, phenyl, propargyl, and methyl
radicals, and acetylene, have been performed to investigate the build-up of an additional cyclopenta moiety
over the existing six-member aromatic ring. They were followed by statistical calculations of high-pressure-
limit thermal rate constants in the temperature range of-3000 K for all reaction steps utilizing conventional
Rice—RamspergerKasset-Marcus (RRKM) and transition-state (TST) theories. The hydrogen abstraction
acetylene addition (HACA) type mechanism, which involves the formation of benzyl radical followed by
addition of acetylene, is shown to have low barriers{18 kcal/mol) and to be a viable candidate to account

for indene formation in combustion flames, such as the 1,3-butadiene flame, where this mechanism was
earlier suggested as the major indene formation route (Granata@brabust. Flam@002 131, 273). The
mechanism of indene formation involving the addition of propargyl radical to benzene and rearrangements
on the GHy PES is demonstrated to have higher barriers for all reaction steps as compared to an alternative
pathway, which starts from the recombination of phenyl and propargyl radicals and then proceeds by activation
of the GHg adducts by H abstraction or elimination followed by five-member ring closuregkit, @nd H

addition to the 2-indenyl radical. The suggested pathways represent potentially important contributors to the
formation of indene in combustion flames, and the computed rate constants can be utilized in kinetic simulations
of the reaction mechanisms leading to indene and to higher cyclopentafused polycyclic aromatic hydrocarbons

(CP-PAH).

1. Introduction
The formation of polycyclic aromatic hydrocarbons (PAH)

containing both five- and six-membered rings (so-called cyclo- O‘
pentafused PAH, CP-PAH) is of particular interest because these /M
compounds have been shown to play an important role in ¥

reaction mechanisms governing the mass growth of higher PAH,

soot, and fullerenes in combustion flanie8.The simple CP-

PAH species including indene, fluorene, acenaphthalene, etc.,

being abundant in flames, may be involved in further PAH Figure 1. Molecular structure of corranulene, a possible fullerene
growth by the hydrogen abstraction acetylene addition (HRCA) precursor.

sequence producing nonplanar bowl-shaped structures like

corannulene (see Figure 1), which has been considered as #adical with acetylene, followed by a closure of a cyclopenta
substructure and a possible precursor of fulleréng®¥:1lindene ~ ring. They suggested that such a HACA-type pathway is the
represents the simplest CP-PAH molecule built from one five- major contributor to indene production; however, no theoretical
and one six-membered ring fused together, and it has beenstudies of this mechanism have been reported so far. Also,
thought to be an important precursor of higher PAH, even those indenyl radical, together with benzyl, propargyl, and cyclopen-
containing only six-membered rings (e.g., phenanthrene) in tadienyl radicals, has been demonstrated to play an important
combustion flame8:8 Indene along with other CP-PAH has role in subsequent reactions of the PAH growth occurring in

been observed as an abundant product in ettaitethylenel combustion of 1,3-butadierfe.

n-butané’, butadiené® heptané? and benzerfé®flames as well Another mechanism of indene formation involving oxidation
as in thermal pyrolysis of cyclopentadiehid? benzené? of naphthyl radical has been suggested by Marinov and co-
anthracené? and pyrené! worker$~7 to account for the high yield of phenanthrene in

In their study of the 1,3-butadiene flame, Granata €t al. n-butane and ethylene flames. According to this mechanism,
suggested that indene can be formed in the reaction of benzylreaction of molecular oxygen with naphthyl radical produces
naphthoxy radical, which then undergoes five-membered ring

TPart of the special issue “James A. Miller Festschrift”. _ closure and CO elimination, leading to indenyl radical. In further
me*béggfzu.tgdtr\/hom correspondence should be addressed: e-mail growth, indenyl may undergo recombination W?th cyclopenta-
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Figure 2. Indene formation pathways involving benzene and phenyl radical. The numbers show G3(MP2,CC)//B3LYP computed barrier heights
and heats of reactions at 0 K. Asterisks denote heats of endothermic reactions, which have no exit barriers.
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has not been investigated theoretically; however, it is expected calculations are combined with statistical theory computations
to be similar to the reaction of phenyl radical with,@vhich of reaction rate constants. The mechanisms studied here only
produces another abundant cyclopenta radical, cyclopentadienylaccount for the formation of an additional cyclopenta ring over
The latter reaction has been studied thoroughly in the last two the existing six-membered aromatic cycle. Other potentially

decades by various experimental and theoretical metHoéfs, important indene formation pathways, which involve abundant

including recent rather accurate G2M calculatiéhs. cyclopenta species, in particular cyclopentadienyl and fulvene,
Indene, naphthalene and benzene have been found as majoas well as oxidation of naphthyl radical, will be reported in

reaction products in cyclopentadiene pyroly<i? indicating upcoming publications. Our goal in this work is to reveal the

that both cyclopentadienyl and cyclopentadiene represent po-most energetically favorable pathways, to compute their barriers
tential precursors of indene in combustion flames. To explain and reaction energies to the best accuracy available for the
the high indene yield in cyclopentadiene pyrolysis, Wang et system size, which can be achieved by employing the G3-type
al.® suggested the mechanism involving rearrangements of themodel chemistry approach, and to provide rate constants for
product of intermolecular addition reaction of cyclopentadieny! future kinetic modeling simulations of CP-PAH formation in
radical to amw-bond of cyclopentadiene. According to their combustion systems.
density functional theory (DFT) calculations, such a radical
molecular mechanism exhibits reasonably low barriers-8 2. Computational Methods
kcal/mol) to account for the indene formation in pyrolysis and
in combustion flames as well. Geometries of all species were optimized by use of the hybrid
Recently, the mechanisms of intermolecular addition reactions density functional B3LYP? method with the 6-311G** basis
between 1,3-butadiene and phenyl as well as benzene and 1,3set. The same method was used to obtain vibrational frequencies,
butadien-1-yl radical were investigated at the G2MP2 level, molecular structural parameters, and zero-point energy (ZPE)
followed by QRRK calculations of reaction rate const&ffEhe corrections and to characterize the stationary points as minima
computed mechanisms involve reaction pathways leading to Or first-order saddle points. Unscaled vibrational frequencies
indene (after a five-membered ring closure followed by elimina- were used to calculate ZPE corrections and reaction rate
tion of methyl radical) and naphthalene, indicating thaHg constants. In our experience, scaling of B3LYP frequencies does
and GHs species may also contribute to the formation of indene. not affect significantly the relative energies of isomers and
However, on the basis of their calculations the authors concludedtransition states and RRKM- or VTST-calculated rate constants.
that production of indene through thest + 1,3-GHs and Optimized Cartesian coordinates of all local minima and
CeHs + 1,3-CHs reaction pathways requires significant activa- transition-state structures involved in the considered pathways
tion energies (with high barriers to be overcome), which suggestsare collected in Table S1 of Supporting Information, along with
that indene is most likely formed in flames through alternative the unscaled vibrational frequencies, moments of inertia,
reaction channels. rotational constants, ZPE corrections, and B3LYP, CCSD(T),
In the present study, we focus on high-level ab initio G3- MP2, and G3 total energies at 0 K.
type calculations of various reaction pathways leading from  To obtain more accurate energies, we applied the G3(MP2,-
benzene and phenyl radical to indene, involving the most CC)/B3LYP modificatioR® of the original Gaussian 3 (G3)
abundant small hydrocarbon species: propargyHgr and schemé* for high-level single-point energy calculations. The
methyl (CH) radicals and acetylene {8,). The ab initio final energies 80 K were obtained by use of the B3LYP
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optimized geometries and ZPE corrections according to the H, and is 4.0 kcal/mol exothermic, with the highest energy

formula transition state for the last H-abstraction step from toluene lying
8.6 kcal/mol above the initial s + CHjz reactants (see the
E,[G3(MP2,CC)]= E[CCSD(T)/6-311G(d,p)}+ potential energy profile shown in Figure 4). The second
AEp, + E(ZPE) mechanism is rather simple and starts from barrierless recom-

bination of phenyl and methyl radicals, producing toluene with
an exothermicity of 101.2 kcal/mol, followed by the same
H-abstraction from the methyl group of toluefleQL — T2.
Because this reaction sequence involves three radicals and
produces a radical plus a closed-shell moleculgisCt CHs

+ H— C7H7 (T2) + Hy, it is highly exothermic, by 113.8 kcal/
mol overall. Alternatively, the chemically activated toluene

whereAEyp, = E[MP2/G3large]— E[MP2/6-311G(d,p)] is the
basis set correction an8(ZPE) is the zero-point energy.
AE(SO), a spir-orbit correction, and\E(HLC), a higher level
correction, from the original G3 scheme were not included in
our calculations, as they are not expected to make significant

contributions to relative energies. Here and below we denote L
this G3-type approach used in our computations as G3 for molecule formed by the recombination of phenyl and methyl

brevity. We applied the Gaussian®@rogram package to carry radicals can eliminate a hydrogen atom by cleaving the weakest
out BLYP and MP2 calculations and the MOLPRO 2602 C~H bond in the methy) group, dls + Chs = Coflo (TOL)
program package to perform calculations of spin-restricted CH7 (T2) + H. T IS reaction is 12.7 keal/mol exot ermic
coupled cluster RCCSD(T) energies. The G3-computed barrier ©verall and could be important under low-pressure conditions,

heights and heats of reactions (in kilocalories per mole) for all Where toluene cannot be completely stabilized by collisions.
individual reaction steps are shown in Figure 2. The third mechanism includes barrierless reactions of phenyl

Thermal rate constants at the high-pressure limit were radical with singlet or triplet methylene, both pf which may be
computed by use of conventional RRRWM3® and TSTO abundant in flames, produc[ng benzyl radmilZX. These
theories for unimolecular and bimolecular reactions, respec- '€actions also demonstrate highly exothermic effects of 129.0
tively. The partition functions were calculated by use of the @nd 119.5 kcal/mol for singlet and triplet GHespectively. It
harmonic oscillator approximation for vibrations and rigid rotor 1S Worth noting that toluene or benzyl radical can be produced
for rotational contributions. The direct count method based on from other hydrocarbons abundant in flames, for instance, by
a modified BeyerSwinehart algorithd was utilized in the GHy + CaHs or GsHy + CoH; reaction sequences. However,
calculations of the number and densities of states in RRKM the investigation of these mechanisms is beyond the scope of
computations. Tunneling corrections to the rate constants wereth€ present paper.
calculated with Wigner's formul&. All computed rate constants Intermolecular addition of methyl radical to benzeB& (+
in the 300-3000 K temperature range are collected in Table 1, CHz — T1) competes with the abstraction of H-atom by the
and the fitted expressions for the rate constants in the form of same methyl radicaBZ + CHz — Ph + CH,), which produces
k = AT" exp(—E/RT) are presented in Table S2 of Supporting phenyl+ methane. Hence, we included this reaction along with

Information. the previously computed G3 barrier and reaction erférgy
the reaction scheme shown in Figures 2 and 4 to compare the
3. Results and Discussion energetics of both reactions. Our results show that the methyl

radical addition to benzene exhibits a barrier, which is 5.0 kcal/
mol lower than that for the competitive H-abstraction reaction.
addition to benzyl radicall2 — T4 — T5 — indene, shown in Also, the former reaction is 8.9 kcal/mol exothermic, whereas

Figure 2 represents a typical HACA reaction sequence Ieadingthe Iatte_r i_s e_ndothermic by nearly the_same v_a_lue of 8.8 kcal/
to indene through &4, addition to the radical site of G (T2) mol. This indicates that the methyl radical addition to benzene

followed by closure of the cyclopenta ring4 — T5), and is a more energetically favorable channel. A comparison of

finally, elimination of an extra hydrogen atom from 9-H-indenyl individual rate constants for theZ + CHs; — T1 andBZ +
radical (T'5). The computed potential energy profile for theHg CHs; — Ph + CHjy reactions collected in Table 1”demonstrate§
+ C,H, reaction is depicted in Figure 3. The highest energy thatlat temperatures up to 1500. .K, the add.|t|on cha}nnel is
transition state on the reaction pathway relative to benzyl radical Significantly faster than the competitive abstraction reaction, and
corresponds to th&2 — T4 step and lies only 12.1 kcal/mol atT = 1500 K the former reactlon is still a factor of 1.6 faster
aboveT2 (see Figure 3). The overall exothermicity of theH than the latter. Howeve_r, at higher temperatures the rate
(T2) 4+ C,H, — CoHg (indene)+ H reaction is computed to be cons_tants for both reactlons become clqs_e and one has_ to
16.3 kcal/mol. According to the experimental study by Granata consider the competition bG_tWeen the addlthn and ab_s_trqctlon
et al.8 benzyl radical was found to be an important PAH channels in kinetic simulations. The analysis of equilibrium
precursor in the 1,3-butadiene flame, and in particular, indene constants for the ad(_jition and abstraction chf_mnels sho_vvs that
is mostly formed in the reaction of benzyl radical with acetylene. When temperature increaseleq for the addition reaction
Considering that the production of benzyl radicals may be decreases (from 250 énmol™ at 500 K to 36,14, and 1.1
sufficiently high in combustion of other hydrocarbon fuels, this ¢M® mol™* at 1000, 1500, and 2000 K, respectively), whereas
pathway should represent one of the major contributors to the Keq Of the abstraction reaction rapidly increases (from 5.7
formation of indene in combustion flames. 104 at 500 K to 3.5x 1072, 0.13, and 0.25 at 1000, 1500, and
Benzyl radical T2) itself can be formed from benzene or 2000K, respectively). Therefore, the temperature increase favors
phenyl radical by several mechanisms. The first one involves a the abstraction channel as compared to the addition.
molecular-radical reaction of benzene with methyl radidak, Toluene can be obtained from th€l adduct by the
— T1, followed by H-elimination from thd 1 adduct producing elimination of an extra hydrogen atorfl — TOL) with a
toluene,T1 — TOL, and subsequent H-abstraction from the barrier of 25.3 kcal/mol and endothermicity of 17.5 kcal/mol,
methyl group of tolueneTOL — T2, to activate a radical site  which are typical for the H-elimination reactioffsIt should
for the further addition of acetylene. The overall reaction for be noted, however, that the H loss frdr to produce toluene
this pathway can be written aslds + CHz — C;H7 (T2) + has to compete with the methyl group 1034, — BZ + CHs,

3.1. Indene Formation Pathway Involving Acetylene
Addition to Benzyl Radical. The mechanism of acetylene



TABLE 1: RRKM and TST Calculated High-Pressure Limit Thermal Rate Constants? for All Studied Reactions Involved in the Formation of Indene in the 300-3000 K

Temperature Range

reaction 300K 500K 600 K 700 K 800 K 900 K 1000 K 1100 K 1200 K 1300 K
BZ +CH;—T1 3.26x 107 2.26x 10° 2.37x 107 1.35x 1C® 5.25x 108 1.57x 10° 3.89x 10° 8.37x 1(° 1.64 x 10w 2.91x 101
Tl1—BZ + CH3 2.34x 1073 8.92x 10° 4.22x 10° 6.84x 10° 5.55x 10" 2.87x 10® 1.07x 10° 3.15x 10° 7.76x 10° 1.66x 10t
BZ + CH; — Ph+ CH,4 5.26x 101! 7.23x 10* 1.57x 10° 1.48x 107 8.67 x 10’ 3.5x 108 1.11x 1¢° 2.95x 10° 6.81x 10° 1.41x 10
Ph+ CH; — BZ + CH3 2.88x 10° 1.27x 1C® 6.81x 10° 2.44x 10° 6.81x 10° 1.57 x 10%° 3.2 x 100 5.91x 101 1.01x 101 1.61x 104
T1—TOL +H 2.78x 1076 8.58 x 10* 6.92x 10° 1.65x 1P 1.81x 1C° 1.19x 107 5.41x 107 1.87x 1C® 5.32x 10° 1.29x 10°
TOL +H—T1 3.65x 10° 49x 108 1.79x 10 4.63x 10° 9.82x 10° 1.78x 10w 2.94x 100 4.49 x 101 6.5 x 10 9.03x 10
TOL +H—T2+H; 3.02x 10° 5.34x 108 2.14x 10° 6.02x 10° 1.36x 10w 2.66x 100 4.64 x 101 7.41x 100 1.12x 104 1.61x 104
T2+ H,—TOL +H 8.31x 1073 5.50x 10® 1.68x 1P 2.0x 100 1.33x 10’ 5.99x 10’ 2.04x 108 5.75x 10® 1.38x 1 2.96x 10°
TOL +H—T3+ H; 457x 10° 3.78x 10° 7.11x 108 6.08x 107 3.14x 10° 1.16x 10° 3.38x 10° 8.19x 1¢° 1.74x 10w 3.36x 101
T3+H,—TOL +H 4.29x 10° 7.41x 10° 2.9x 10° 8.13x 10° 1.82x 10w 3.52x 101 6.14 x 101 9.94 x 101 1.51x 101 2.19x 101
T3—T2 8.99x 10719 2.12x 1078 2.67x 1073 4.47x 1071 2.11x 10* 4.29x 107 4.81x 108 3.52x 10¢ 1.86x 1C° 7.61x 10°
T2—T3 9.07x 10734 3.89x 10715 1.77x 10710 3.78x 1077 1.21x 10 1.08x 102 3.96x 10! 7.58x 10° 8.95x 10 7.26x 107
T2+ CH,— T4 3.78x 107 2.31x 10° 2.3x 10" 1.26x 108 4.72x 108 1.37x 1¢° 3.28x 10° 6.93x 10° 1.31x 10w 2.27 x 100
T4—T2 + CH>» 1.10x 1076 1.18x 1C? 1.34x 10¢ 4.03x 1P 5.27x 10° 3.98x 10’ 2.00x 108 7.59%x 108 2.30x 1 5.86x 10°
T4—T5 6.42x 10 4.85x 10° 4.60x 10° 2.30x 107 7.69x 10’ 1.98x 10° 4.22x 108 7.86x 108 1.32x 1 2.04x 10°
T5—T4 8.75x 1078 1.23x 10t 1.40x 10° 4.21x 104 5.42x 1P 3.97x 10° 1.96 x 107 7.26 x 107 2.16x 108 5.42x 10°
T5 — indene+ H 3.64x 1073 6.27x 10° 2.46x 10° 3.51x 10° 2.64x 107 1.27 x 108 459x 108 1.32x 1 3.16x 10° 6.71x 10°
indene+ H—T5 1.73x 10° 7.23x 108 3.55x 10° 1.14x 10 2.85x 10t 5.85x 100 1.07 x 104 1.77 x 104 2.73x 101 3.97x 101
BZ + CsH; — B1 1.69x 101t 9.76 x 10° 1.76 x 1¢° 1.48x 108 7.71x 10° 2.91x 107 8.73x 10’ 2.19x 108 4.84x 10° 9.64x 10°
B1—BZ + C3H3 1.69x 107 5.46x 10° 7.73x 107 5.22x 108 2.20x 10° 6.77x 10° 1.68x 10w 3.50x 10t 6.52x 100 1.10x 104
BZ + CsH; — B5 8.07x 1073 2.29x 10° 6.14x 10¢ 6.87 x 10P 4.43x 10° 1.97 x 10’ 6.68x 10’ 1.88x 1C° 456x 108 9.82x 10°
B5— BZ + C3H3 5.08x 101 2.06x 10° 5.47x 10° 5.79x 107 3.42x 10° 1.37x 1C° 4.18x 10° 1.04 x 10w 2.23x 10t 4.25x 100
B1— B2 4.13x 10°° 5.97x 101 6.55x 10 1.88x 1C° 2.33x 10* 1.65x 10° 7.93x 1P 2.86x 10° 8.32x 108 2.07x 107
B2—B1 3.22x 1073 7.40x 10° 3.09x 10° 4.60x 10° 3.51x 107 1.73x 10° 6.22x 108 1.78x 1C° 4.26x 10° 9.02x 10°
B5— B2 9.76x 10710 2.03x 10t 2.43x 10t 7.39x 1% 9.58 x 10° 7.04x 10¢ 3.47x 1P 1.28x 1C° 3.79x 108 9.50x 108
B2—B5 1.03x 1072 1.42x 10 5.21x 1P 7.03x 10° 499 x 107 2.33x 108 7.99x 108 2.20x 10° 5.14x 10° 1.05x 10
B2—C3 1.77x 1022 2.26x 1078 8.02x 10°° 2.85x 102 2.37x 10° 7.53x 10t 1.20x 10° 1.18x 10 7.91x 10 4.00x 10°
C3—B2 7.67x 104 7.55%x 1072 2.47x 10715 2.19x 1011 2.02x 108 4.18x 1076 2.98x 104 9.86x 1073 1.84x 10t 2.19x 10°
C3—T5 1.90x 10716 3.83x 10° 2.64x 102 2.86x 10° 9.67 x 10 1.53x 10° 1.40x 10* 8.56x 10¢ 3.91x 10° 1.42x 10°
T5—C3 2.27x 10724 6.81x 1078 1.64x 104 4.38x 1072 2.93x 1¢° 7.78x 10t 1.09x 10° 9.45x 10° 5.73x 10 2.64x 10°
B2— B3 1.78x 1028 4.83x 10712 6.61x 1078 6.14x 10°° 1.05x 102 5.83x 10! 1.45x 10t 2.04x 1% 1.85x 1C® 1.21x 10¢
B3— B2 3.63x 10728 7.63x 10712 9.82x 1078 8.70x 10°° 1.44%x 102 7.79% 10t 1.91x 10 2.64x 107 2.36x 10° 1.51x 10
B3— B4 7.33x 102 5.58x 1077 9.75x 104 2.07x 1071 1.18x 10t 2.77x 1% 3.51x 10° 2.82x 10¢ 1.61x 1 7.04x 10°
B4 — B3 6.81x 10750 6.84x 1072 1.27x 10718 3.89x 1014 9.21x 101t 3.90x 10°8 5.01x 10°© 2.66x 104 7.36x 1073 1.23x 10t
B4 — indene+ H 4.86x 1076 1.29x 107 1.00x 10 2.33x 1P 2.53x 1P 1.63x 10’ 7.37x 10’ 2.53x 108 7.16x 1C° 1.73x 1
indene+ H — B4 1.27x 108 9.15x 10° 2.87x 101 6.74x 109 1.32x 104 2.25x 101t 3.55x 101 5.18 x 101t 7.23x 101 9.58x 1011
B2— B6 1.73x 10732 1.75x 10 5.93x 10710 1.06x 10°© 2.97x 104 2.42x 102 8.28x 10t 1.50x 10 1.69x 17 1.33x 1C°
B6 — B2 6.08x 10710 423x 101 6.91x 10* 2.68x 10° 420x 10¢ 3.59x 1P 2.00x 10° 8.20x 1C° 2.67x 10’ 7.25x 107
B6— B4 6.57 x 101t 1.84x 10%2 2.38x 102 2.87x 1012 3.33x 1012 3.71x 102 4.08x 1012 4.41x 1012 4.70x 1012 4.96 x 1012
B4 — B6 1.34x 1074 6.18x 102 1.69x 10714 1.33x 10710 1.12x 1077 2.14x 1075 1.44x 1073 4.52x 102 8.02x 101 9.21x 10°
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TABLE 1 (Continued)

reaction 300 K 500K 600 K 700 K 800 K 900 K 1000 K 1100 K 1200 K 1300 K
B10+H—B12+H,  1.67x 10 1.35x 10° 254x 107 2.15x 10° 111x 10°  4.09x 1P  1.19x 10  2.89x 10°  6.14x 100  1.18x 104
B12+ H,—B10+H 5.23x 10° 8.49x 10° 3.29x 10° 9.09x 10° 2.03x 10t 3.9x 101 6.81x 101 1.1x 101 1.66x 10 2.41x 101
B12— B13 8.59x 10t 5.70x 10° 5.19x 10° 2.52x 107 8.25x 10’ 2.07x 108 4.37x 108 8.04x 10° 1.33x 10 2.05x 10°
B13— B12 1.18x 10°1° 1.67x 10°© 3.50x 1073 8.43x 10t 5.19x 10 1.29x 10° 1.69x 10* 1.40x 10° 8.09x 10° 3.59x 10°
B1l1+H—B14+ H, 2.58x 10° 4.62x 10P 1.06x 10’ 1.04x 108 5.97x 108 2.38x 10° 7.41x 10 1.91x 100 4.25x 101 8.43x 10t
Bl4+H,—B11+H  33x10° 6.93% 10° 2.85% 10° 8.25x 10° 1.92x 10°  3.76x 10°  6.68x 100  1.1x 10U 167x 101 2.47x 104
B14— B13 3.83x 1P 1.40x 1P 1.94x 10° 1.27x 107 527x 100 159x10°  384x 10  7.94x10°  145x10°  2.43x 10°
B13— B14 1.69x 10718 7.22x 1076 1.11x 102 2.15x 10° 1.13x 10? 2.47x 10° 2.94x 10¢ 2.24x 10° 1.21x 10° 5.10x 1C°

reaction 1400 K 1500 K 1700 K 1900 K 2000 K 2200 K 2400 K 2600 K 2800 K 3000 K
BZ +CH;—T1 4.87 x 100 7.77 x 100 1.7 x 101 3.32x 101 4.45x 101 7.53 x 104 1.2 x 1012 1.81x 10'2 2.62x 102 3.66 x 1012
T1—BZ + CH3 3.21x 101 5.69x 101 1.46x 101 3.07 x 101t 4.20x 101t 7.24x 101 1.14x 10%2 1.68x 10%2 2.33x 102 3.10x 1012
BZ + CH; — Ph+ CH, 2.67x 101 474 % 1010 1.25x 101 2.79x 101 3.98x 101 7.47 x 101 1.29x 10%2 2.08x 1012 3.19x 102 4.69 x 1012
Ph+ CH;— BZ + CH; 2.49x 101 3.64x 101 7.05x 101t 1.25x 10+ 1.59 x 10%2 2.51x 1012 3.74x 1012 5.34x 1012 7.35x 1012 9.82x 1012
T1—TOL +H 2.77x 10° 5.39x 10° 1.63x 10 3.91x 101 5.66 x 10t 1.08x 104 1.86x 101 2.95x 101t 4.36x 101t 6.17 x 101t
TOL +H—T1 1.2x 101 1.56 x 10t 2.44 x 101t 3.6 x 101 4.25x 101 5.84x 101 7.71x 101t 9.88x 1011 1.24x 10%2 1.53x 10'2
TOL +H—T2 +H, 2.22x 101t 2.94 x 101 4.84x 101 7.35x 104 8.79x 101t 1.22 x 10'2 1.63x 10%2 2.11x 1012 2.64x 102 3.25x 1012
T2+ H,—TOL +H 5.76x 10° 1.04 x 10 2.84x 100 6.5 x 10w 9.39x 10t 1.79x 104 3.1x 104 5.1x 104 7.89x 101 1.15x 10%2
TOL +H—T3 + H, 5.93x 101 9.76 x 101 2.28x 101 456 x 101t 6.14x 101 1.05x 10'2 1.65x 10%2 2.45x 1012 3.46 x 102 4.74x 1012
T3+ H,—TOL +H 3.07x 101 4.13x 10t 6.99 x 101 1.1x 10% 1.34x 10%? 1.93x 10% 2.67 x 102 3.58x 1012 4.67 x 1012 5.89x 1012
T3—T2 2.58x 108 7.40x 1P 4.23x 107 1.70x 1C® 3.07x 108 8.51x 10® 2.02x 10° 4.16x 10° 7.76x 10° 1.33x 10%
T2—T3 4.37x 108 2.09x 10¢ 2.74x 10° 2.11x 10° 5.05x 10° 2.26x 107 7.99x 107 2.31x 108 5.75x 108 1.28x 1¢°
T2+ CH,— T4 3.71x 101 5.71x 109 1.21x 104 2.25x 101 2.97 x 101t 4.85x 101 7.41x 101 1.09 x 10+ 1.53x 10% 2.07x 1012
T4—T2 + CoHy 1.32x 100 266x 100  846x 100  211x 10"  312x 10"  611x 10"  1.06x 102  171x 102  257x 102  3.67x 102
T4—T5 297x 10  414x1¢  7.09x1¢  1.08x 100  130x 100  179x 100  231x 100  2.89x 100  3.49x 100  4.12x 101
T5—T4 1.19x 10 2.39x 10 7.39x 10° 1.80x 10 2.63x 10 5.07 x 101 8.73x 10t 1.39x 104 2.07x 101 2.91x 101t
T5 —indene+ H 1.28x 10 2.26x 10 5.73x 10 1.20x 104 1.66x 101 2.87x 101t 453 x 101t 6.71x 101t 9.41x 104 1.26 x 10%2
indene+ H—T5 5.55x 101t 7.47 x 101t 1.23x 10%2 1.87 x 10'2 2.24x 102 3.11x 1012 4.13x 1012 5.29x 1012 6.62 x 102 8.07 x 102
BZ + CsH; —B1 1.76 x 1° 3.04x 10° 7.65x 10° 1.65x 10 2.31x 101 4.24 x 100 7.17 x 101 1.14 x 104 1.73x 104 2.53x 1011
Bl — BZ + C3H3 1.73x 101 2.56x 101 4.89x 101t 8.16 x 101t 1.01x 10%2 1.48 x 10%2 2.01x 102 2.62x 1012 3.29x 102 4.01x 1012
BZ + C3H; — B5 1.92x 10° 3.49x 10° 9.7 x 10° 2.25x 100 3.27x 100 6.32x 10 1.13x 101 1.86x 10 2.91x 101 4.38x 101
B5— BZ + C3H3 7.41x 101 1.19x 104 2.65x 101 4.96x 101t 6.48 x 101 1.03x 10%2 1.50x 10%? 2.07 x 1012 2.73x 1012 3.48x 1012
Bl1— B2 450x 107 8.83x 10/ 2.68x 108 6.47 x 1C° 9.39x 108 1.79x 1 3.07x 10° 4.85x 10° 7.17x 10° 1.00x 100
B2—B1 1.71x 10%0 2.99x 100 7.44 x 101 1.54 x 104 2.09x 101t 3.57x 101 5.59x 101t 8.14x 1011 1.12x 10%2 1.49x 10'2
B5— B2 2.09x 107 4.15x 107 1.28x 108 3.14x 10° 4.57x 10° 8.78x 10° 1.51x 1 2.41x 10° 3.56x 10° 5.03x 10°
B2 — B5 1.94x 10% 3.34x 101 8.06 x 10t 1.64x 101 2.19x 101 3.67x 101t 5.68x 101 8.18x 101t 1.11x 102 1.47 x 10'2
B2—C3 1.60x 10° 5.35x 10° 3.93x 10/ 1.92x 10° 3.75x 108 1.20x 1C° 3.19x 10° 7.29x 10° 1.48x 10w 2.75x 101
C3—B2 1.84x 10t 1.16x 10? 2.44x 10° 2.70x 10 7.56x 10* 4.45x 10P 1.95x 10° 6.85x 108 2.01x 10’ 5.10x 10’
C3—T5 431x 10° 1.13x 10’ 5.54x 10’ 1.96x 1C° 3.36x 108 8.58x 10° 1.87x 10° 3.61x 10° 6.37x 10° 1.04x 10
T5—C3 9.87x 10° 3.12x 108 2.05x 107 9.14x 107 1.74x 1 5.24x 10° 1.31x 1 2.87x 10° 5.62x 10° 1.01x 10
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g . . I b oo e oo and the latter process has a lower barrier (by 3.6 kcal/mol as
§ 5% 985 99 895 % 98 99 B89 ©Y compared to the former) and higher rate constants in the entire
XX XX XX XX XX XX XX XX XX 300-3000 K temperature range (see Table 1). IfTHeadduct
BL 33 B8 85 03 88 8 38 88 is produced, the further formation of benzyl radical requires
S AN M AN A0 M0 A 0O elimination of a hydrogen atom from the methyl group of
v toluene. At combustion conditions, such elimination is most
Slas 38 1% 52 L 2% 3% 3% 23 likely to be accomplished _by the I—_|-al_:)stract|on mech_a_nlsm
R A= A A A A A A A A through theTOL — T2 reaction. In principle, the competitive
JS &S S I3 35388 &4 :X: I3 TOL — T3 H-abstraction from the aromatic ring of toluene is
qe o g2 aa an an an also possible, and in this case, benzyl radical can be produced
from T3 by migration of a hydrogen atom attached to the methyl
NZ group to the ortho carbon atom of the benzene rifg T2)
gles B8 B Né B oé Né = Né‘é % Oé Né“é Oécé with a barrier of 43.2 kcal/mol. The H-abstraction from methyl
QI X% X% % %% %% 2% 2% %% group exhibitsalovy barrier relative to that for the H-abstraction
5 3 8_ S;_ 8 ’:r_ ;?_ ﬁ ”,.’ (':, 3 8 2 g ',: f\f! S 3 from the benzene ring of toluene, 8.2 versus 16.7 kcal/mol. The
O AN O~ MM ~AN 0M NN~ oA abstraction channel to form benzyl is 12.6 kcal/mol exothermic,
whereas the abstraction from benzene ring is 8.6 kcal/mol
g Be B B 5% Le L3 2% L% 88 endothermic. We note that th€OL — T3 H-abstraction
Qldad dd dd dd dd Ao Ao Ao Ao reaction from toluene shows almost the same energetics as the
Q
o gg,xr %é ég g% E’X,FZ éé ég éé éé respfective H-abstraction reaction from benzene stgdied in our
eI I o e R G An T previous paper at the same G3 letelA comparison of
bimolecular rate constants for tAi®OL + H — T2 + H, and
TOL + H — T3 + H; reactions (see Table 1) confirms that
¥ — N o N N N o NN o H H
QBB BE B B 0 L 0B 0L ©d the H-abstraction from the GHgroup of toluene is more
N ISASIRVASERCAVERS RS ERUASERVAU IR SRS RS IR . favorable than from the aromatic ring. Indeed, the former
I2 345 I8 33 8B 58RI 9N IF & reaction has rate constants that are factors of 13.7, 3.0, and 1.4
e dd dY 0 O ma 0w o oo 3 higher than those for the latter at 1000, 1500, and 2000 K,
B respectively, that is, at the temperatures relevant to combustion.
x| o « o N o o N o o 3 Considering the fact that the3 — T2 hydrogen atom migration
8|29 8% 35 8% 55 55 53 g5 9% < requires activation energy as high as 43.2 kcal/mol, resulting
QI XX XX XX XX XX XX XX XX XX E in low reaction rates (Table 1, we conclude that TeL —
I8 KR 8K 658 88 59 45 &6 o © T3 — T2 sequence is not likely to be competitive with fheL
@O O e RS ea e A Aa A © — T2 H-abstraction step in the formation of benzyl radical under
g typical combustion conditions. THeS radical may be consumed
Slos 55 3 68 LH O 6B b BB in subsequent HACA growth by reaction with acetylene, and
S L Ny N, N NS T, . e the products are not relevant to the formation of indene.
S X x xx X X XX X XX XX XX XX g ) ’ ) ]
8 g g ':r_ Oo’_ g‘ g; 8 ﬁ g 5‘ SB! 3 8 g g <,2j 9_0! § After_ benzyl radical is formed, |t.can reapt with aqetylene,
S N 0 o0 0o dd Ad dd e g producing 1-phenyl-2-propenyl radical4) with a barrier of
5 12.1 kcal/mol and reaction exothermicity of 14.4 kcal/mol. The
« N o o N o o a4 a4 o o computed barrier for the acetylene addition to the,@rbup
8 5% 3% B3 8% 33 32 3% 38 3% o of benzyl radical is 23 times higher than barriers for,8,
N §§ é% §§ %g §§ gé §§ é;)é §§ g angtI(Tn tohphelnyla_naltphthyl, styryl, phenyl}athehn-?-yl, a_nd
N $08 NN vd 185 O~ o 8© I~ & phenyl-2-ethynyl radicals in HACA sequences for the formation
o of naphthalene, acenaphthalene, and phenantitéim those
£ cases, the barrier heights for acetylene additions were within
X e on 20 55 65 55 5B B 2 By 3 3—6 kcal/mol, and respective reaction exothermicities had values
§ ISASERSESERVAVERSASIRCASERUAU ISR = SR ?\5 in the range of 36-40 kcal/mol, as compared to 12.1 and 14.4
= % % § E E § § % ﬁ % :% 3 § § § :r_ % § 9 'I[<caI/moI, respecnve_ly, f?r &7 + CoHa. I_:or mstan_ce, according
5 0 our G3 calculationé! the well-studied reaction of phenyl
@ radical with acetylene exhibits a low barrier of 3.5 kcal/mol
N N . oo %’ and reaction exothermicity of 39.2 kcal/mol, whereas the most
X188 88 83 3% 335 é’&". 5% 95 B5 é accurate experimental estimate for the barrier of this reaction
QXX XX XX XX XX T X XXX X XX is 3.1 kcal/mol*® The higher barrier (12.1 kcal/mol) for tHe2
— | OW NN 0 N NO N OO 1N~ NI = s . . .
QN M Cd R AN 90 ad e e g — T4 acetylene addition reaction results in lower reaction rate
oo 5 constants (32 orders of magnitude) in the= 1000-2000 K
e range.
~ c
K TT T 3 The subsequent closure of a cyclopenta ring infthedduct
2 Ty x g jr i ? leads to the formation of the indene core in the resulting 9-H-
= = g o . . ; : o ;
S § e P oo 2 indenyl rad|(_:al _1‘5). This reaction eXthH.ZS a barrier of 13.7
Cle ST 11 0Nt | oS o kcal/mol, which is close to the corresponding value of 16.6 kcal/
2|2 3R By 8 ¥ TT v = @ § mol obtained at the same level of theory for the five-membered
w Pttt ot 54 Li) td lHI) E ring closure in 1-vinylnaphthalerfé. The latter reaction is
o Vo o 22 @ oo dAdd A At A D relevant to the formation of .another important (.tP-PAH,.
[ acenaphthalene, and both reactions demonstrate similar reaction
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Figure 3. Potential energy diagram for the reaction of benzyl radical Figure 5. Potential energy diagram for the reaction of benzBe

T2 with acetylene calculated at the G3(MP2,CC)//B3LYP level. ;Nithlpmpargyl (GH3) radical calculated at the G3(MP2,CC)//B3LYP
evel.

mechanism involving recombination of two propargyl radicals
was first investigated by Miller and Melius and co-workér¥
using bond additivity-corrected fourth-order Mgller-Plesset
perturbation theory (BAC-MP4). The crucial role ofHg; radical
in the formation of aromatics has also been generally accepted
by the combustion communify2¥-53 Taking into account the
potential importance of §3 radical, we expect its reactions
with benzene and phenyl to be viable sources of indene. Pro-
pargyl radical can react with both benzene and phenyl radical.
In the case of benzene, one needs to consider a molecular
radical mechanism, that is, intermolecular addition gfiCto
thesz-system of benzene, whereas in the latter case, the reaction
sequence is initiated by the association of phenyl and propargyl
radicals followed by radical activation of a recombination
product. Both mechanisms are depicted in Figure 2.

Reaction coordinate The reaction of propargyl radical with benzene proceeds
Figure 4. Potential energy diagram for the reaction of benzBie through several rearrangements on thgipotential energy
with methyl radical calculated at the G3(MP2,CC)//B3LYP level. surface (PES), which follow the initial addition step. Figure 5

shows the computed potential energy profile for thgl£C+

rate constantt As compared to six-membered ring closure Cs3Hs reaction. According to our calculations, some of the
reactions, which normally exhibit barriers of less than 6 kcal/ reaction steps, in particular hydrogen migrati@&&s— B3, B2
mol,*! the T4 — T5 five-membered ring closure displays a — C3,B2— B6, B3— B4, andC3 — T5, exhibit considerable
significantly higher barrier of 13.7 kcal/mol, and this value is barriers of 56.2, 48.5, 61.8, 44.4, and 39.3 kcal/mol, respectively.
similar to barrier heights for the other five-membered closure On the other hand, the pathway that starts from barrierless and
steps B12 — B13 andB14 — B13) considered in the present  highly exothermic {-90—95 kcal/mol) association of phenyl
study. Such a difference is not surprising because a five- and propargyl radicals subsequently involves activation of the
membered cycle is more strained than a six-membered aromatiocecombination products, either 1-phenyl-2-propyB&0 or
ring and suggests-810 kcal/mol difference in strain of five-  1-phenyl-1,2-propadien11, by the H-abstraction mechanism
membered rings iMT5 and B13 and a six-membered ring in  followed by a cyclopenta ring closure, directly producing
napthyl radicaf! The final reaction along the considered 2-indenyl radicaB13. The latter either recombines with a free
pathway is elimination of an extra hydrogen atom from 9-H- H radical, leading to indene, or can be involved in further HACA
indenyl radicall’5, producing indene with a barrier of 21.1 kcal/ growth of higher CP-PAH. Obviously, the¢Bs + Cs3Hs
mol and endothermicity of 11.8 kcal/mol. These values and recombination mechanism requires less reaction steps to form
computed rate constants are in close agreement with thosendene and these steps exhibit lower barriers (withir-1%
observed for a variety of hydrogen elimination reactions in other kcal/mol), as compared to the pathway starting fromH{

E . kcal/mol

HACA pathways*42 addition to benzene. However, it costs energy to produce phenyl
3.2. Indene Formation Pathways Involving Reactions of  radical from benzene and the contribution of each pathway will
Benzene and Phenyl with Propargyl Radical.Propargyl depend on combustion conditions, such as temperature, pressure,

radical (GHs3) has been shown to be an abundant and resonantlyfuel type, radical concentrations, etc., and can be clarified in
stabilized hydrocarbon radical, which plays an important role kinetic simulations of particular combustion systems.

in the formation of PAH and soot in combustion flanig4:53 The GH3 radical addition to benzene can result in two
The contribution of the gH3z species to the formation of the possible product®81 andB5 radicals, corresponding to the head
first aromatic ring has been studied in def4it?” The detailed or tail attack of propargyl toward benzene, respectively, as both
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Figure 6. Potential energy diagram for the reaction of phePfgland
propargyl (GHs) radicals calculated at the G3(MP2,CC)//B3LYP level.

resonance structures oflds (HC=C—C*H, and HC=C=CH,)
should be considered. Both reactions demonstrate similar
energetics; the barriers are in the-1B kcal/mol range and
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rearrange to 2-indenyl radicBIL3 by closing a cyclopenta ring.
The computed barriers (16.6 and 17.8 kcal/mol for Bi® —
B12andB11— B14steps, respectively) and heats of reactions
(8.6 and 9.4 kcal/mol for thB10— B12andB11— B14 steps,
respectively) are found to be very close to each other, and the
calculated values of rate constants for both reactions are also
similar (see Table 1). We emphasize that the energetics of the
B10— B12andB11— Bl4reactions are very similar to that
calculated for the hydrogen abstraction reactions from the
aromatic ring in various hydrocarbons, such as benzene,
phenylacetylene, vinylacetylene, and naphthafénor ex-
ample, the G3 computed barrier height and reaction endother-
micity for the H-abstraction from benzene were found to be
17.0 and 8.8 kcal/mol, respectivelyAbstraction of hydrogen
atoms from positions other than the ortho position in the six-
membered rings oB10 and B11 is also possible. However,
these pathways to 2-indenyl radicBll3 would require H
migrations, which usually exhibit high barriers. Under low-
pressure and high-temperature conditidds? andB14 radicals

may also be produced by H-elimination from tB&0 andB11
recombination products; the H-loss reactions are calculated to
be endothermic by 109.8 and 110.5 kcal/mol, and the overall

the heats of reactions are close to zero. Calculated rate constant@;GH5 + C3Hs — B10— B12+ H and GHs + C3Hs — B11—

for theBZ — B1 andBZ — B5 addition reactions are similar

B14 + H reactions are endothermic by 19.1 and 15.0 kcal/mol,

at the temperatures relevant to combustion (see Table 1). Theyggpectively.

five-membered ring closures iB1 and B5 lead to the same
product, 9,10-dihydro-2-indenyl radic&2, with barriers of
28.5-29.1 kcal/mol and endothermicities of #8.6 kcal/mol.

The 8,9-dihydro-2-indenyl radicaB2 may then undergo
various H-migration steps, but only three of them, the 1,2-H-
shift B2 — C3, the 3,2-H-shiftB2 — B3, and the 9,3-H-shift
B2 — B6, are relevant to the formation of indene. Tha —

B6 H-migration has a barrier of 61.8 kcal/mol and leads to an
unstable triradical structu®6. This pathway is not competitive.
The 1,2-H-shiftB2 — C3 exhibits a barrier height 7.7 kcal/
mol lower than that for the alternative 3,2-H-shiBq — B3)
leading to 8,9-dihydro-3-indenyl radical. TB2 — C3 reaction

is exothermic by 27.2 kcal/mol, where82 — B3 is nearly
thermoneutral. A comparison of rate constants in Table 1 shows
that theB2 — C3 hydrogen shift is 82, 22, and 12 times faster
than the competing§2 — B3 reaction at 1000, 1500, and 2000
K, respectively. A comparison of rate constants for the reverse
reaction steps also shows that t82 — C3 hydrogen shift is
practically irreversible, whereas the forward and reverse rate
constants oB2 = B3 are similar. The 8,9-dihydro-1-indenyl
radical (C3) rearranges to th&5 radical after the 8,1-H-shift
with a barrier of 39.3 kcal/mol; subsequently, elimination of
the 9-H-atom fromT5 produces indene. ThB2 — C3 — T5

— indene channel is identified as the major indene formation
route in the reaction of propargyl radical with benzene at
combustion temperatures.

The indene formation mechanism starting from recombination
of phenyl and propargyl radicals appears to be more straight-
forward than GH3 addition to benzene. The entranceHg +
CeHs recombination step is barrierless, highly exothermic{90
95 kcal/mol, see the potential energy diagram shown in Figure
6), and has two similar paths, head and tail attackf:CTwo
initial adducts are possible, either 1-phenyl-2-propyBi&Q) or
1-phenyl-1,2-propadiené3(1); B11is about 5 kcal/mol more
stable thanB10. The recombination reaction leads to the
formation of singlet closed-shell species, but the aromatic ring
in B10andB11can be activated by reactions with free radicals
abundant in combustion flames. For instance, B + H —

B12 + H, andB11 + H — B14 + H; hydrogen abstraction
steps produce reactiil2 andB14 radical species, which then

In contrast to the rearrangements on th#l§£PES leading
to indene from GH3 + benzene, isomerization on theHi PES
starting fromB12 or B14 involve only two reaction steps to
form indene. The first step is a five-membered ring closure,
which produces the indene core in the form of 2-indenyl radical
B13 with the barriers as low as 13.3 and 15.8 kcal/mol for the
B12 — B13 andB14 — B13 steps, respectively. These values
are close to the 13.7 kcal/mol barrier height obtained for the
similar T4 — T5 five-membered ring closure producing 9-H-
indenyl radical. The second stage involves recombination of
B13 with an available free H radical, which leads to indene
without a barrier and is exothermic by 112.8 kcal/mol. The
2-indenyl radicaB13 may be involved in a further HACA PAH
growth by reacting with acetylene, which can lead to higher
CP-PAH such as fluorine. This mechanism will be considered
in future work.

Summarizing this section, we conclude that Bi& + CzHs
— B1/B5 — B2 — C3 — T5 — indene andPh + CzH;z —
B10/B11 — B12/B14 — B13 — indene sequences can be
viewed as potentially important mechanisms of indene forma-
tion, involving the reactions of propargyl with benzene and
phenyl radical, respectively. The computed rate constants for
all considered reaction steps may be utilized in future kinetic
simulations aimed to improve the prediction of concentrations
of indene and other CP-PAH in combustion flames.

3.3. Remarks on the Accuracy of Calculated Indene
Formation Pathways. On the basis of a large number of
benchmark calculations, it is well-known that G2 and G3 model
chemistry approaches are able to provide chemical accuracy of
1-2 kcal/mol for reaction energies and barrier hiegh.
Therefore, we can expect similar accuracy for the indene
formation network considered in the present study. To test this,
we computed reaction energies at 298 K for several crucial
reactions relevant to the indene formation mechanisms utilizing
experimental heats of formation for benzene, toluene, acetylene,
methane, phenyl, methyl, and H radicals from the NIST
databasé&? The data for indene and propargyl radical were
obtained from different sources, refs 55 and 56, respectively.
As seen in Table 2, our G3 calculated values are in good
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TABLE 2: G3 Calculated Heats of Chemical Reactions involving the formation of benzyl radical with subsequent

Relevant to the Formation of Indene and Respective addition of acetylene is shown to have relatively low barriers

Experimental Values® of 12—16 kcal/mol and is likely to be one of the major indene

AH(calcd),  AH(exp), formation pathways in combustion flames. This conclusion is

reaction kcal/mol  kcal/mol in agreement with the experimental results measured in 1,3-

Ph+ CH; —TOL —-101.2 —104.0 butadiene flames, where the reaction of benzyl with acetylene

BZ+CH;—~TOL +H 8.6 9.4 was shown to be a dominant source of indéne.

BZ+ CH;— Ph+ CH, 8.8 8.5 The reaction of propargyl radical with benzene leading to

BZ + CsHsz — indene+ H —14.8 —13.3 : . .

BZ + CHs + CoHp — indenet Hy + H 203 177 !ndene—i— H is calgulated to be 14.7 kcal/mol exothgrm|c but

Ph+ CsHs + 2H— indene+ H, —126.6 —124.5 involves high barriers of at least 56.5 kcal/mol relative to the

. . . . initial reactants, where the rate-determining step is the intramo-
a Experimental values were obtained from available thermodynamic lecular H shift from the GH, intermediateB2 to C3. On the
dat heats of f ti t 298 K. LT : .
ata on heats of formation & other hand, the recombination of phenyl and propargyl radicals

leading to the @Hg adductsB10 and B11 is barrierless and

agreement with the experimental heats of reactions. Indeed, thehighly exothermic, by 90.6 and 95.5 kcal/imol, respectively. The

observed deviations between experimental and G3 computed . . . .
. B10 andB11 intermediates can be activated by H-abstraction
results do not exceed-13 kcal/mol. Good agreement with the through theB10 + H — B12 1 H, andB11+ H — B14 + H,

experimental data is also an indication that our B3LYP reactions, endothermic by 8.6 and 9.4 kcal/mol with barriers of

calculated geometries for all minima and transition states are .
sufficiently accurate and represent well the structures obtained ;gHGBiZ?eg.iﬁ/ ﬁ%%lérpgool’arﬁigegg\slﬁ% t?}fgﬁﬁ%‘ﬁ r(;ttleﬁyllﬁggical
at the MP2 or CCSD level (MP2 geometries are used in the B13 with the barriers of 13.3 and 15.8 kcal/mol, respectively,

original G3 scheme). Itis known that BSLYP usually performs and then 2-indenyl radical can barrierlessly recombine with H

better than MP2 for open-shell systems, especially for those roducin indeneywith exothermicity of 1)1/2 8 kcal/mol The,

characterized by high-spin contaminatf8On the other hand, g He 4 CgH mechanism is more fa\)//orable e.nergeticall)./ than
H 7 i 615 313

B3LYP is superior to CCSD in terms of the cost of geometry CeHe + CaHs: however, it requires H-abstraction to activate

optimization. Although CCSD might produce more accurate A o -
geometry than B3LYP, such calculations and especially the the initial Q’HB recpmblnanon_products. Th_e importance of the
two mechanisms in combustion flames will also be controlled

calculanons of V|brat|(_)nal frequencies are prohibitively expen- by relative concentraions of the species involved, suchysis,C
sive for the system size.
CgHs, H, and GHa.

The suggested pathways represent potentially important
contributors to the formation of indene in combustion flames,
Chemically accurate ab initio G3-type calculations of PES and the high-pressure limit rate constants generated here can
for the formation of indene starting from benzene and phenyl be utilized in future kinetic simulations of various combustion
radical have been performed, followed by statistical calculations systems.
of high-pressure limit thermal rate constants. The reaction of

4. Conclusions
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abstraction from the methyl group ofgdsCHs. The GHg + Supporting Information Available: Calculated total ener-
CHs; — toluene+ H reaction is calculated to be 8.6 kcal/mol gies at the B3LYP, CCSD(T), MP2, and G3 levels of theory,
endothermic and to have a critical barrier of 16.4 kcal/mol. In zero-point energy corrections, vibrational frequencies, moments
turn, the toluenet H — benzyl+ H; abstraction reaction is  of inertia, rotational constants, and optimized Cartesian coor-
12.6 kcal/mol exothermic and exhibits a barrier of 8.2 kcal/ dinates of all species involved in the studied mechanisms (Table
mol. The addition of methyl radical to benzene competes with S1) and fitted rate expressioks—= AT" exp(—E/RT) for the

the alternative abstraction channel leading to the formation of rate constants of all studied reactions in the -38000 K
CsHs + CHy4. The addition reaction is significantly faster than temperature range (Table S2). This material is available free of
the abstraction at temperatures up to 1500 K, but at higher charge via the Internet at http://pubs.acs.org.
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