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Density functional B3LYP and ab initio CASSCEF calculations with the 6-31G* basis set have been performed
to investigate various mechanisms of phenanthrene formation from biphenyl and naphthalene. Three competitive
reaction pathways contributing to the PAH formation in combustion have been studied. The first one (R1)
involves abstraction of a hydrogen atom followed by acetylene addition, ring closure, and hydrogen loss
(disproportionation). In the other two routes, the acetylene addition is followed by H loss (disproportionation),

H abstraction, ring closure, and H addition (R2) or by H addition and H abstraction (can be replaced by an
H shift), ring closure, and H loss (disproportionation) (R3). Additionally, a new mechanism of phenanthrene
formation from biphenyl is suggested, which does not require a presence of H radicals and invéiks [4
acetylene cycloaddition to biphenyl followed by Elimination. Although the highest barrier for this reaction

is calculated to be-45 kcal/mol, it can take place at high temperatures. The reaction steps of hydrogen
elimination from radical intermediates can occur not only by direct hydrogen loss but also by H
disproportionations, which typically have much lower barriers and are highly exothermic. Equilibrium constants
and rate constants for various reaction steps have been computed using the transition state theory and ab
initio energies and molecular structural parameters and can be used for future kinetic modeling of the PAH
formation networks. The calculations demonstrate that the proposed hydrogen absti@mtiytene addition
(HACA) scheme provides viable mechanisms for the PAH formation and growth in flames.

I. Introduction acetylene molecule adds to the first one, and then the formation
of the additional ring takes place by ring closure reaction of
dthe second acetylene with the existing ring. Another HACA

carcinogenic air pollutants;# present in our environment in route, beginning. with th.e. formation of biphenyl and followed
the form of volatile particles or atmospheric aero$disThe by the sequential addition of acetylene, was proposed by
major sources of PAH emission are the processes of incomplete™"€nklach and co-workefsin the benzene pyrolysis, where

combustion used in transportation, manufacturing, and power PiPhenyl was found to be the major product during fuel
generation: e.g., diesel and gasoline exhatrdisfuel oil or decomposition. The mechanism of PAH synthesis beginning

coal-fired electricity generating power pladtsl4 residential from biphenyl is one of the subjects of the present paper.
heating using wood or coal combustiriétobacco smoké’ 19 A considerable attention has been paid to ab initio studies of
burning of plasticg%-2% and also uncontrolled forest fires and some elementary reaction steps leading to the formation of the
agricultural burning426 PAH were found as the nuclei to  second aromatic ring adding to the first df§e3! however, the
technologically important soot formatidit, 3 where a rise in entire reaction network leading to PAH and soot has not been
soot production is strongly related to higher PAH levels. The investigated so far by accurate ab initio calculations. Mebel et
synthesis of polyhedral fullerenes and fullerenic nanostructuresal*¢ used the G2M(rcc,MP2) method to calculate potential
also involves PAH intermediaté4:3° Because of the great energy surface (PES) for theslds + H abstraction reaction,
environmental health effects of PAH and their importance in which represents the most important step in the HACA PAH
different applications of combustion technology, a better synthesis. A quantum chemical study of PES for another
understanding of reaction pathways leading to PAH is required. important step in HACA PAH synthesis, the acetylene addition
Several mechanisms have been proposed for the formationto the phenyl radical has been conducted by Yu éf aking
of first species in the homologous series of PAH (i.e. naphtha- the BAC-MP4 method (bond-additivity corrected Mgtter
lene, phenanthrene, and pyrene). The first mechanism wasplesset 4th order perturbation) in conjunction with experimental
suggested by Frenklach and co-workér& for acetylene  measurements of absolute rate constants. RRKM theory was
combustion as the principal reaction pathway leading to applied to study the temperature and pressure dependence of
naphthalene. This route involves two successive losses of ringthe reaction rate constants using calculated thermochemical and
hydrogen atoms followed by acetylene additions to the radical molecular structure data. For the acetylene addition stéfs C
sites with subsequent ring closure reaction. A similar hydrogen 1 c,H, leading to the @HsCH, intermediate (phenylvinyl
abstractior-acetylene addition (HACA) scheme was introduced  ragiical), the calculated barrier and reaction heat w8l and
by Bittner and Howartf with the difference that a second 45 2 kcalimol, respectively. ThegBsCoHs radical then can
*To whom correspondence should be addressed. undergo a decomposition (hydrogen loss) giving phenyl-

t Permanent address: Institute of Solution Chemistry of Russian acetylene, €HsCoHz — CeHsCoH + H. This step was found to
Academy of Sciences, Akademicheskaya St., 1, lvanovo, 153045 Russia.have a barrier of 41.2 kcal/mol and to be 38.2 kcal/mol
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Polycyclic aromatic hydrocarbons (PAH) and their active
metabolites are known as the most toxic, mutagenic, an
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Figure 1. Reaction network for the phenanthrene synthesis from biphenyl. The numbers given along reaction pathways represent barriers and
heats of reaction (in kcal/mol) computed at the B3LYP/6-31G* level. Molecular symmetry groups and electronic states are also given for symmetric
species. Asterisks mark the barriers calculated at the CASSCF/6-31G* level. Double asterisks label imaginary frequencies for transition states
calculated at the UHF/6-31G* level.

endothermic, according to the BAC-MP4 calculations. On the Both Frenklach and BittherHoward mechanisms were found
other hand, the hydrogen migration in thgHgC;H, radical to have low barriers and therefore to be equally probable.
was studied by Frenklach and co-workérat various levels of However, the calculated sequences were not complete, because
theory, who found the barrier 0f~28—30 kcal/mol and the authors did not locate transition states for several important
concluded that the reaction rate is sufficiently fast to play a steps, in particular, for hydrogen elimination from thg4gC,H>

role in high-temperature aromatic chemistry. In a recent intermediate to form phenylacetylene. Some other reactions were
theoretical work, Bauschlicher and Rié®acalculated the also missing in their calculations.

reaction sequences leading to formation of the second aromatic In this paper, we consider the dominant HACA reaction
ring (i.e., naphthalene) from benzene at the B3LYP/4-31G level. networks for the formation of phenanthrene (i.e., PAH contain-
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Figure 2. Reaction networkl for the phenanthrene synthesis from naphthalene. The numbers given along reaction pathways represent barriers
and heats of reaction (in kcal/mol) computed at the B3LYP/6-31G* level. Molecular symmetry groups and electronic states are also given for
symmetric species. Asterisks mark the barriers calculated at the CASSCF/6-31G* level. Double asterisks label imaginary frequenciestrfor transitio
states calculated at the UHF/6-31G* level.

ing three condensed aromatic rings), which is known as the et al?%~43 and Bittner and Howard for the formation of the
precursor and substructure for the most of PAH exhibiting second aromatic ring. We also calculated additional reaction
tumorogenic activity= The first mechanism depicted in Figure steps, not considered in the original mechanisms.

1 represents acetylene addition to biphenyl, giving phenanthrene,

and was proposed previously as the dominant pathway IeadlngII Computational Methods

to PAH in benzene combustidh.The second network shown The geometries for most intermediates and transition states
in Figure 2 involves various HACA routes for the phenanthrene were fully optimized using the hybrid density functional B3LYP
formation from naphthalene, originally suggested by Frenklach method, i.e., the Becke’s three-parameter nonlocal exchange
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functionab? with the nonlocal correlation functional of Lee, of moles in the reaction, andGy is the Gibbs free energy of
Yang, and Part® The 6-31G* basis s&t was applied for all the reaction. All calculated equilibrium constants are collected
calculations. B3LYP/6-31G* geometry optimization was fol- in Table 2. The Supporting Information provides calculated total
lowed by analytical evaluation of harmonic frequencies at the energies for reactants and products, moments of inertia, and
same level of theory whereupon optimized structures were harmonic frequencies of all species involved.

characterized as either local minima (no imaginary frequencies)

or transition states (one imaginary frequency). Zero-point energy |||. Results and Discussion

(ZPE) corrections were taken into account during calculation . .

of barrier heights and heats of reactions using B3LYP/6-31G* _ 1. Reaction Network I: Phenanthrene Synthesis from
frequencies without scaling. Biphenyl. The reaction network for the HACA phenanthrene

The multireference CASSCF metH8dvith four electrons ~ Synthesis from biphenyl is shown in Figure 1 along with
distributed on six orbitals in the (4,6) active space has been computed barriers and heats of reactions. The network involves
employed for optimization and energy evaluation of open-shell four most probable pathways (RR4), which can be suggested
singlet transition state¥S4b, TS50, and TS11H (reaction taking into accour]t the resul'gs of the previous experimental
networkl) andTS5b', TS6b', andTS14b' (reaction network study?® and theoretical calcualtiorf8In contrast to the phenan-
Il'). Before CASSCF optimization, geometries of these transition thréne synthesis from naphthalene or naphthalene synthesis from
states were optimized at the UHF/6-31G* level and then the benzene, the synthess starting from biphenyl requires onlylone
calculated structures were reoptimized at the CASSCF(4,6)/6- 2cétylene addition step. Therefore, all routes proposed differ
31G* level using UHF geometries and wave functions as the only by reaction steps leading to the ring closure. Bec_:a_u_se of
initial guess. Barriers for the reactions involving transition states that, three suggested routes (R3) have the same two initial
mentioned above were also computed using the CASSCFSteps, abstraction of biphenyl's ortho-hydrogen at&h(B2)
method. We were unable to calculate CASSCF frequenciesW'th supsequent_acetylene addition to the ra_d|cal site to forr_n a
because this requires large computational costs; instead, harfadical intermediaté83. After that, the reaction sequence is
monic frequencies of respective transition states were calculated®ranched into three routes leading to the ring closure via
at the UHF/6-31G* level, and ZPE corrections were evaluated different intermediates.
using the HF frequencies scaled by a factor of 0.89. All of the ~ The first route (R1),B1 — B2 — B3 — B4 — P, was
calculations have been carried out using the Gaussian 980riginally proposed by Frenklach et ‘&l.in their study of
program packag®. The calculated barrier heights energies and benzene combustion as the dominant route leading first to
heats of reactions are given in Figures 1 and 2 for reaction Phenanthrene and then to pyrene. After the ring closure step
networksl andll , respectively, along with considered reaction 9iving the B4 intermediate, the reaction sequence proceeds to
pathways (electronic states and molecular symmetry point Phenanthrene via aloss of an “extra” hydrogen atom. The latter
groups are also given for the species, which belong to a point reaction occurs either directly (such pathway was considered
group higher thaiT,). Optimized geometries of all intermediates by Frenklach et &) or by means of hydrogen disproportion-
and transition states for the species involved in reaction networksation. The second route (RB1 — B2 — B3 —B5—B6 —
| and Il are shown in Figures S1 and S2 of the Supporting B7 — P, has two more steps and involves formation of

Information, respectively. biphenylacetylene GH;o as an intermediate, with subsequent
Reaction rate constants were estimated using the transitionabstraction of another ortho-hydrogen atom givirigearadical
state theor§/ (TST) according to the following formula: and a ring closure step. A similar pathway involving formation

of phenylacetylene was calculated eaffiém the ab initio study
RT\-anksT _\GorT of the Frenklach HACA naphthalene synthesis. The route R3,
k= (p—;) e B1 — B2 — B3 — B8 — B9 — B10 — P, involves a 1,4-

hydrogen shift B3 — B9) giving a radicalB9 (it can be also
formed via production of intermediai8 followed by abstrac-
tion of the ortho-hydrogen atom), which then undergoes the ring
closure giving the phenanthrene core with subsequent loss of
an “extra” hydrogen atom. We also suggest an additional R4
route,B1— B11— P, which proceeds to phenanthrene without
formation of radical species (i.e., does not involve hydrogen
abstraction steps). In this pathway, the acetylene addition and
ring closure occur in one reaction stepl(— B11) giving the
phenanthrene core with two “extra” hydrogen atoms, and then
1 (hog)2 the reaction proceeds to phenanthrene by elimination of the H
Qu=1- Zl(__IS_) (1 + kg T/Ey) molecule.
Kg Now let us discuss the calculated barriers, reaction heats,
) N ) ] structures of intermediates, and transition states for the consid-
whereus is the transition state imaginary frequency dags ered reaction pathways. The first reaction sBp— B2, the
the barrier height including ZPE correction. All calculated rate gpstraction of ortho-hydrogen atom from biphenyl, was found
constants are presented in Table 1. Equilibrium constants wereyg have a barrier of 11.6 kcal/mol. The reaction is 5.2 kcal/mol
computed using ab initio energies and molecular structural gndothermic, and therefore, transition st&&4' exhibits a late

whereR is the Rydberg constarkg is the Boltzmann constant,

h is the Planck constant, andp? are the temperature and the
standard pressure, respectivelyy’ is the change of the number

of moles from reactants to the transition state, Aniﬁf, is the
change of the Gibbs free energy from reactants to the transition
state. For the reactions involving hydrogen atoms, tunneling
corrections Qu) to the TST rate constants were computed using
the Wigner formule®

parameters as follows: character. Our results agree well with available experimental
RT \-an and theoretical data for thes8s + H abstraction reactioff4°
Keq:( > ) g AGURT The experimental reaction heat, 8% 0.6 kcal/mol® is
P~ Ny determined by the strength of the-#H bond in K and the

C—H bond in benzene. The activation energy and heat of the
whereN, is Avogadro constaniyn is the change of the number CsHg + H reaction calculated by Mebel at 4l.at the
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TABLE 1: Calculated Rate Constants for All Reaction Steps Involved in Reaction Networks | and Il

reaction K
T,K 300 500 1000 1500 2000 2500 3000 fitted expression

Hydrogen Abstraction (Disproportionation), st molecule*
B1+H — B2+H; 4.35x 10719 1.10x 10715 7.06x 10713 8.52x 10712 3.45x 10711 8.73x 10711 1.71x 10710 3.14x 10716 TL87exp(—10270/RT)
B4+H — P+H, 1.25x 1075 1.06x 10713 1.05x 1011 9.30x 10711 3.55x 10710 8.98x 10710 1.79x 10° 3.19x 1072t T348exp(—4166/RT)
B3+H — B5+H; 3.15x 10718 2.14x 10715 8.85x 10718 1.27x 1011 6.25x 1011 1.86x 10719 4.16x 101° 1.66x 1021 T3*exp(—~7194/RT)
B5+H — B6+H; 557x 10720 1.88x 10716 1.50x 10718 1.94x 10712 8.18x 10712 2.11x 10711 4.21x 101 8.06x 10717 T187exp(—10696/RT)
B8+H — B9+H, 1.05x 1071 2.74x 10716 1.80x 10713 2.19x 10712 8.90x 10712 225x 101! 4.43x 1071t 8.30x 10717 T18exp(—10317/RT)
B10+H — P+H, 1.64x 10712 585x 10712 4.64x 101 1.71x 10710 4.19x 1010 8.14x 10710 1.36x 10° 6.09x 10721 T326exp(467/RT)
N1+H — N2+H; 1.10x 107 211x 10735 1.11x 10712 1.25x 10711 4.92x 1071t 1.22x 10710 2.36x 10710 3.71x 10716 T18exp(—9853/RT)
N5+H — P+H; 6.67x 10712 2.43x 1071t 2.70x 1070 1.31x 10° 4.00x 10° 9.29x 10° 1.81x 108 3.06x 10722T423exp(1158/RT)
N3+H — N6+H; 258x 10 7.02x 10713 2.30x 10711 1.32x 10710 4.07x 10°1© 9.03x 10710 1.65x 10° 3.88x 10°20T312exp(—2615/RT)
N6+H — N7+H; 262x 1020 131x 10716 1.38x 1018 1.95x 10712 8.52x 1012 225x 10711 453x 1011 1.41x 10°16T182exp(—11318/RT)
N10+H — N11+H, 1.50x 10720 6.23x 10717 5.65x 10714 7.60x 10713 3.25x 10712 8.46x 10712 1.69x 1011 5.04x 10717 T18exp(—~11033/RT)
N13+H — P+H; 1.37x 1011 3.13x 10711 1.73x 10710 548x 10710 1.24x 10° 227x10° 3.66x 10° 3.94x 10720T314exp(1032/RT)

H/H, Loss, st

B3— B5+H 5.02x 10717 6.76x 105> 1.51x 1(P 241x 108 1.01x 10 9.69x 10°© 4.41x 10" 4.31x 10" exp(—42633/RT)
B4 — P+H 6.89 5.22x 10° 3.55x 10° 7.89x 1000 3.89x 10" 1.03x 102 1.98x 102 3.02x 102 exp(—17479/RT)
B10— P+H 1.19x 1071t 4.60x 102 1.14x 10° 3.94x 10° 7.69x 10°  4.64x 100 1.55x 10"  3.54x 103 exp(—33735/RT)
B11— P+H, 12.4 3.26x 10° 8.06 x 108 1.30x 100 559x 10© 1.38x 10" 2.54x 10 2.79x 10 exp(—15680/RT)
N5 — P+H 8.63x 102 3.35x 10* 7.80x 108 2.61x 100 1.58x 10 4.72x 10" 9.88x 10  2.26 x 108 exp(—19920/RT)
N3 — N6+H 9.39x 1077 9.63x 105 1.73x 1(P 2.55x 108 1.03x 109 9.60x 10° 4.29x 10 3.94x 10" exp(—42200/RT)
N13— P+H 7.07x 10°® 10.3 2.13x 107 3.21x 10° 4.12x 1010  1.94x 10" 5.48x 101 5.51x 10 exp(—28815/RT)
Ring Closure/H Migration, st
B3— B4 5.75x 1C° 1.01x 100 9.05x 10°° 1.91x 10" 2.78x 10" 3.50x 10" 4.07x 10"  8.27x 10 exp(—4348/RT)
B6 — B7 4.11x 1C° 1.36x 1010 1.92x 101  4.67x 1011  7.32x 10"  9.60x 10t 1.15x 102 2.74x 102 exp(—5256/RT)
B3— B9 1.16x 10* 1.65x 100  4.60x 10° 3.40x 101 9.67x 10 1.85x 10 2.86x 10 1.60x 102 exp(—11254/RT)
B9 —B10 4.69x 1011 1.03x 102 1.90x 102 2.34x 102 2.61x 1012 2.78x 1022 2.90x 102 3.53x 102 exp(—1208/RT)
N4 — N5 6.35x 10° 3.17x 100 1.12x 10"t 1.74x 10" 2.19x 10 2.51x 10" 2.75x 10  4.07 x 10" exp(—2498/RT)
N8 — N9 1.23x 10° 1.84x 100 1.45x 101 2.92x 10! 4.16x 10 516x 10 5.95x 10 1.16x 102exp(—4095/RT)
N3 —N11 1.53x 108 2.14 3.06x 10° 3.90x 18  4.62x 10° 2.08x 1010  572x 100 5.62x 102 exp(—28295/RT)
N12— N13 2.70x 1@ 536x 100 513x 10" 1.10x 102 1.61x 10 2.02x 102 2.36x 10 4.96x 10%exp(—4486/RT)

Acetylene Addition, cris™ molecule!
B1+C,H, — B11 1.65x 10747 2.55x 10734 4.10x 1024 1.62x 1020 1.27x 10718 1.99x 1077 1.36x 10716 1.67 x 10 3 exp(—47004/RT)
3.19x 10722 T252exp(~43285/RT)

B2+C,H, — B3 4.95x 10716 8.79x 10715 1.64x 1018 6.75x 108 1.70x 10712 3.36x 10712 575x 10712 1.76x 10720T250exp(—2383/RT)
N2+C,H, — N3 9.86x 10715 1.33x 1018 2.06x 1012 8.18x 10712 2.10x 1011 4.32x 10711 7.80x 1071 2.52x 10720T276exp(—1705/RT)
N3+C,H, — N4 257x 10716 755x 10715 1.98x 10713 9.06x 10713 2.40x 10712 4.89x 10712 8.54x 10712 4.08x 10°20T246exp(—3140/RT)
N7+C,H, — N8 7.43x 10715 564x 10 557x 1018 1.86x 1012 4.22x 1012 7.83x 1072 1.29x 10 2.60x 10720T252exp(—1089/RT)
N11+CoH, —~N12  3.08x 10717 1.30x 10715 4.67x 10714 2.39x 108 6.71x 1018 1.42x 1012 2.54x 10712 8.05x 10 21 T252exp(—3652/RT)

G2M(rcc,MP2) level are 19.9 and 11.1 kcal/mol, respectively. the BAC-MP4 level 3.1 and—45.2 kcal/mol, respectively)
For the same reaction, Bauschlicher afdlound the barrier ~ and Bauschlicher at &.at the B3LYP/4-31G level{2.5 and
height and heat of reaction to be 11.5 and 6.9 kcal/mol, —42.2 kcal/mol, respectively) for the acetylene addition to the
respectively, at the B3LYP/4-31G level, substantially lower than phenyl radical. Transition staléS2 exhibits an early character
the G2M(rcc,MP2) predictions of Mebel et al. This indicates (reactant-like structure); the forming<C bond is elongated
that the barrier height aiS1' may be underestimated by the by 0.9 A in comparison with that i3 and the geometry of
B3LYP calculations. The hydrogen abstraction transition state the biphenyl moiety is close to that iB2. The acetylene
TS1' has no symmetry, like most of the intermediates and fragment in TS2 has a nonlinear structure; otherwise, its
transition states in the considered network. The critical CHH geometry is similar to that for the acetylene molecule; theQC
fragment is linear and lies in the plane of the aromatic ring. Its and G-H bonds are elongated only by 0.015 and 0.003 A,
geometry and imaginary frequency are close to those in the respectively, as compared with respective bondsad,CThe
corresponding transition state for theHg + H reaction. In twisting angler between two aromatic rings of 38.th TS2
fact, our calculated €H and H-H bond lengths are 1.48 and s practically the same as that in biphenyl (38.4s well as in
0.86 A, respectively, whereas the corresponding values for the TS1' (38.2). The B3 intermediate, which plays a key role in
CeHs + H reaction are 1.49 and 0.85 A at the MP2/6-31G* the considered network, has the geometry of the biphenyl moiety
level and 1.48 and 0.85 A at the B3LYP/6-31G** levélin similar to that in biphenyl itself, except the twisting angle
TS1, the C-H bond elongates by 0.4 A as compared to a which is about 20 larger in B3, probably because of the
regular C-H bond in biphenyl, and the HH bond, which is electrostatic repulsion between the acetylene fragment and
being formed, is 0.1 A longer as compared to that in the H hydrogen atoms of the second aromatic ring. The acetylene
molecule. Becaus&S1 has a late character, the geometry of fragment inB3 lies almost in the plane of the benzene ring.
the G2Hg fragment in this transition state is close to that in the  After the formation ofB3, the reaction network is branched
biphenyl radicalB2. into three different channels, RR3, with all of them leading
The next stepHB2 — B3) is the acetylene addition to the to the ring closure and formation of the phenanthrene core. For
radical site. This reaction has a low barrier of 3.1 kcal/mol and the R1 channel, the ring closure stB3 — B4 takes place
is exothermic by 40.4 kcal/mol. Our calculated barrier height immediately after the acetylene addition to biphenyl radiBal (
and reaction heat are close to those obtained by Yu Btal. — B3) giving aB4 intermediate, which has three fused aromatic
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TABLE 2: Calculated Equilibrium Constants for All Reaction Steps Involved in Reaction Networks | and I

reaction Keq
T, K 300 500 1000 1500 2000 2500 3000
Hydrogen Abstraction (Disproportionation), Dimensionless
B1+H — B2+H, 5.04x 1072 0.261 5.27 13.1 19.3 23.2 254
B4+H — P+H; 4.69 x 10°° 5.78 x 10" 5.49x 102 4.47 x 1013 1.15x 10 7.66x 107 2.61x 10°
B3+H — B5+H; 1.44x 10 4.04x 107° 8.52x 10% 9.49x 10° 2.89x 107 8.45x 10P 7.76x 10¢
B5+H — B6+H; 2.39x 103 9.34x 102 1.52 3.51 4.97 5.84 6.32
B8+H — B9+H; 1.74x 10 2.18x 10¢ 3.31x 10¢ 4.45x 10 5.60x 10¢ 6.76 x 10* 7.92x 10¢
B10+H — P+H; 1.50x 10° 5.67 x 10°** 4.19x 101° 1.50x 101 2.57x 10/ 5.33x 1P 3.89x 10*
N1+H — N2+H, 1.06x 10 8.53x 1072 2.40 6.67 10.3 12.9 14.4
N5+H — P+H; 1.11x 10¢7 1.35x 10% 7.18 x 10% 1.04x 101 3.58x 10 2.83x 10/ 1.08x 1C°
N3+H — N6+H, 1.05x 10 3.27x 10 7.42x 10 8.47x 10° 2.61x 10 7.70x 10° 7.10x 10¢
N6-+H — N7+H, 3.28x 1075 6.29x 1073 0.332 1.13 1.93 2.53 2.95
N10+H — N11+H; 3.10x 10 1.74x 1072 0.367 0.924 1.36 1.64 1.80
N13+H — P+H, 3.23x 107  2.87x 10%  1.24x 107 1.71x 101 1.82x 108 2.83x 10 1.70x 10P
H/H; Loss, molecule cr?
B4 — P+H 1.57 x 108 3.52x 102 1.91x 107 6.42x 1072 1.08x 102 1.38x 108 1.56x 10
B3 — B5+H 4.83x 1078 2.46x 10° 2.97 x 10 1.36x 10'° 2.69x 102 1.52x 107 4.62x 107
B10— P+H 50.3 3.46x 10%° 1.46 x 10Y 2.15x 10¥ 2.40x 1070 9.60x 107 2.32x 107
B11— P+H, 2.38x 10 3.49x 10t 1.34x 108 3.57x 10% 1.56x 10 5.37x 10° 5.27x 10
N5 — P+H 3.71x 10% 8.20x 10 2.50x 10% 1.49x 107 3.34x 107 5.09x 107 6.46 x 1072
N3 — N6+H 3.50x 1073 1.99x 10 2.59x 106 1.22x 10° 2.43x 102 1.39x 10 4.23x 107
N13— P+H 1.08x 1¢° 1.75x 10 4.33x 10'8 2.45x 10%° 1.70x 10** 5.09x 10% 1.01x 10?2
Ring Closure/H Migration, Dimensionless
B3— B4 1.38x 108 1.56 x 10%° 1.40x 10 1.30x 1(? 12.6 3.09 1.21
B6 — B7 4.41x 10%7 4.82x 107t 3.53x 1 2.93x 1° 2.64x 10¢ 1.56x 1% 23.6
B3— B9 2.28x 1078 2.72x 1072 0.164 0.291 0.386 0.457 0.510
B9 — B10 1.60x 10%7 5.28x 107 1.06x 10% 1.29x 1¢° 1.42x 10 9.52x 17 1.57x 1(?
N4 — N5 5.05x 10%¢ 1.56x 10% 2.93x 10° 3.48x 10° 1.19x 17 15.8 4.10
N8 — N9 1.70x 10* 2.81x 10% 1.32x 104 1.94x 10° 7.31x 10 2.55x 1Q? 27.2
N3— N11 0.325 0.546 0.745 0.803 0.827 0.839 0.846
N12— N13 9.53x 10% 1.26x 1072 1.11x 10% 9.99x 10° 9.38x 10° 5.69x 107 87.8
Acetylene/H Addition, crhimolecule™

B2+C,H, — B3 4.15x 17 5.80x 10710 1.09x 10718 1.92x 1072 9.87x 1028 1.89x 1028 6.82x 10724
B7+H—P 1.27x 10°° 8.12x 1072 4.82x 1072 4.16x 1070 4.11x 10°* 1.71x 10716 4.59% 1078
B3+H — B8 2.74x 10°? 2.26x 107 8.62x 1073 1.35x 10710 1.79x 1071 8.84x 10°Y 2.66x 10718
B1+C,H, — B11 1.91x 10% 2.38x 103 1.15x 107%° 5.89x 1072 1.65x 10728 3.47x 10728 6.22x 10728
N2+CoH, — N3 1.26x 1° 2.30x 1078 9.36x 1078 9.88x 1072 3.94x 1072 6.47x 1072 211x 102
N3+CH, — N4 2.02x 17 540x 107  1.41x 1078 2.66x 102 1.41x 107%? 2.73x 107 9.94x 1024
N7+CoH, — N8 3.76x 1C° 3.48x 107° 4.95x 10718 8.01x 10 3.96x 1072 7.40x 1072 2.63x 1072
N9+H — P 1.54x 10°° 9.27 x 107 5.30x 1072 4.52x 10710 4.44x 10714 1.84x 10716 4.93x 10718
N3+H — N10 3.13x 10 5.15x 107 5.81x 1072 6.05x 1071 6.51x 107 2.84x 10716 7.88x 10718
N11+CoH, — N12 11.3 577« 10711 2.88x 10°%° 7.05x 10722 4.28x 107 9.03x 10 3.49x 107

rings. In the case of R2 and R3 channels, the ring closure is calculated barrier of 11.6 kcal/mol is 16.9 kcal/mol lower, and
preceded by several steps. For R2, we see a hydrogen eliminathe reaction heat of 3.7 kcal/mol is 2.6 kcal/mol higher than
tion from the acetylene fragmerB3 — B5, giving biphenyl- the respective values for the 1,4-hydrogen shift in the phenyl-
acetyleneB5 (this step has two channels, which correspond acetylene radical §Hs—C,H; obtained by Bauschlicher et 4.
either to the H disproportionation by free H radical or direct H at the B3LYP/4-31G level.

loss) followed by the hydrogen abstraction from another  Allring closure steps in the biphenyt phenanthrene reaction

aromatic ringB5 — B6, giving intermediateB6 with a radical network exhibit low barriers (about 5 kcal/mol) and are strongly
site. The former step has the barrier of 12 kcal/mol and reaction exothermic (25-50 kcal/mol). Therefore, transition staf€S3,
heat of 4.8 kcal/mol very close to those for tBd — B2 TS7, andTS10 for these steps should have an early, reactant-
hydrogen abstraction reaction. Also, the CHH fragment structure like character. The forming €C bond in the transition states
and imaginary frequency iffiS7 are close to those iiS1. is still long, 0.75 TS3), 0.98 IS7), and 1.56 ATS10) longer
The R3 route proceeds via the formation of a radigalby as compared to those in the produc®4, B7, and P,

two possible channels, via the formation of intermedizégH respectively. The barrier atS10 is very low, ~1.0 kcal/mol,

addition,B3 — B8, has no barrier) followed by the hydrogen indicating that theB9 intermediate is unstable and rearranges
abstractionB8 — B9, or in one step, by the 1,6-hydrogen shift, to B10 immediately. For theB3 — B4 ring closure step, the
B3 — B9. Both channels seem equally probable because thecalculated barrier (4.4 kcal/mol) and heat of reactier2§.3
B8 — B9 andB3 — B9 steps have almost the same barrier and kcal/mol) closely agree with respective values obtained by
reaction endothermicity. We can see that all H abstraction stepsBauschlicher et &? at the B3LYP/4-31G level for the ring
from the singlet molecules involving ring hydrogen atoms (i.e., closure step in the BitthetHoward naphthalene synthesis. In
B1— B2, B5 — B6, andB8 — B9) have similar barriers~12 their case, the ring closure leads to an intermediate with an
kcal/mol), heats of reaction (about 6 kcal/mol), as well as “extra” hydrogen similar toB4 and the barrier, and reaction
transition state structures. As discussed above, these values arexothermicities are 7.3 and 23.6 kcal/mol, respectively.

also close to those found for the hydrogen abstraction from  Now let us discuss the hydrogen elimination st8ds— P,
benzendb49 For the 1,6-hydrogen shift channel vi&8, our B3 — B5, andB10— P. From our point of view, these reactions
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are most interesting in the considered network because, besidebreaking C-H bond in these transition states is elongated by
direct H loss, they can occur by disproportionation of a hydrogen 0.58 (TS4d), 0.83 IS54d), and 0.87 A TS114d) as compared
atom from radical species, which can play an important role in to those in the reactant84, B3, andB10, respectively. The
combustion chemistry. We were unable to optimize transition heats of theB4— P andB3 — B5 hydrogen loss channels are
state structure3S4b, TS50, and TS11H for the hydrogen in good agreement with those calculated by Bauschlicher*dt al.
disproportionation channel using the B3LYP method; the for similar steps in the HACA naphthalene synthesis. Namely,
calculations did not converge during transition state optimiza- they found the heats of reaction of 34.8 and 2.9 kcal/mol for
tion. In the disproportionation reactions, the wave functions the hydrogen loss from the ¢85—C;H, radical (hydrogen
change their character from an open shell singlet in the reactantslimination from the acetylene fragment) and for hydrogen loss
to a closed shell singlet in products. Such a situation is difficult from CyHg (phenanthrene with an ‘extra’ hydrogen), respec-
to describe by single reference methods and by UB3LYP tively. Our values for th&4 — P andB3 — B5 steps are only
calculations in particular, despite the fact that this method is slightly higher, 35.8 and 7.5 kcal/mol, respectively. The
remarkably stable for radical species and largely removes spincomputed barrier of 41.2 kcal/mol and reaction heat of 38.2
contamination. The failure in the transition state search may kcal/mol obtained by Yu et 4l at the BAC-MP4 level for the
indicate that either the barrier does not exist or the UB3LYP CgHsC,H, — CgHsCoH + H hydrogen loss step are also close
method does not properly describe the wave function in the to our B3LYP/6-31G* calculated values for the similar hydrogen
transition state vicinity. Therefore, we tried to calculate transi- loss channel irB3 — B5 reaction.

tion state structure§S4b, TS5H, and TS11b using the Although the disproportionation pathways have much lower
CASSCF(4,6)/6-31G* method. Additionally, we reoptimized parriers than the direct hydrogen loss, they have to compete
geometries and recalculated total energies ofBAeB3, and with recombination of the radical intermediates with the

BlOradicals using the same CASSCF method. The results ShOWhydrogen atom. The recombination process where H adds to

that the barriers for the disproportionation reactions do exist at the radical site normally does not have any barrier and therefore
the CASSCF level, although their heights may be somewhat js expected to be faster than the disproportionation reaction, at
overestimated as compared to the B3LYP resflfs quantita- least, when the temperature is not very high. Eafflene
tive comparison can be done only if the whole set of calculations calculated and compared reaction rate constants for recombina-
is performed at the same level of theory which should be able tion and disproportionation channels of theHg + H reaction
to describe properly all reactions in the network, for example, and found that the disproportionation process becomes more
CASMP2/ICASSCF. However, for the SyStem under consider- important than recombination at> 2000 K. Therefore, both
ation, such an approach is unfeasible at the moment. disproportionation and unimolecular H loss from radical inter-
According to our results, the H disproportionation mechanism mediates have to be considered in kinetic models of PAH
is more favorable energetically for til — P, B3 — B5, and formation.
B10— P reactions than the direct H loss mechanism; the former  Finally, the R4 route consists of only two steps, direct
channel has much lower barrier and is strongly exothermic, acetylene addition to biphenyB1 — B11, followed by
whereas the H loss channel is endothermic by few tens of aelimination of molecular hydroge81 — P. The B1 — B11
kcal/mol. The preference of the hydrogen disproportionation step requires a relatively high barrier of 45.2 kcal/mol; therefore,
mechanism has an obvious explanation, namely, in this mech-the R4 route should be less probable as compared to the other
anism two radicals react to give two singlet molecules, whereas routes in the network. The reaction proceeds without formation
in the case of the direct hydrogen loss, the products are an Hof radicals and requires higher activation energy than for the
radical and a closed shell molecule. The lowest barrier (of only reactions involving radicals. However, such a process may occur
1.5 kcal/mol) is found for thd310 — P step, whereas for the  in special conditions (e.g., at higher temperatures and when the
B4 — P and B3 — BS5 reactions, the barriers are higher, 5.8 concentration of free radicals is low) and should be taken into
and 9.5 kcal/mol, respectively. TH#&4 — P, B3 — B5, and account in kinetic modeling. The first reaction stBg,— B11,
B10— P reaction steps are highly exothermic, 95.9, 67.6, and can be characterized as at2] cycloaddition or a Diels Alder
73.6 kcal/mol, respectively. Interestingly, our calculated heat type reaction. Two new €C bonds between carbon atoms of
for the B3 — B5 reaction (-67.6 kcal/mol) is close to that  acetylene and biphenyl are formed simultaneously resulting in

(—64.6 kcal/mol) obtained by Bauschlicher et*&lfor the the third carbon ring. Interestingly, a similar reactionaié-
CeHsCH, + H reaction at the B3LYP/4-31G level. According  putadiene and acetylene exhibits a twice lower barrier 22
to our CASSCF computations, transition stafé&ib, TS50, kcal/mol5® However, the HCCHCHCH + C,H, reaction is

and TS118 have an early character, in accord with the fact 56 kcal/mol exothermié® whereas thé81 — B11 step is 8.1
that the corresponding reactions are exothermic. The forming kcal/mol endothermicTS12 is C-symmetric and has a loose
H—H bond is 1.19TS4b'), 0.51 (TS50, and 0.65 A {S11b) character. The forming €C bonds are 0.54 and 0.63 A longer
longer as compared to the;Hond length, whereas the breaking  than those irB11 and phenanthrene, respectively. The geometry
C—H bond is stretched only by 0.06 and 0.05 ATi85b and of the acetylene fragment iS12 is slightly deformed as
TSllH, as Compared to the reactant structtB8sandB10. In Compared to the acety|ene molecule; theCand C-H bonds
transition statél'S4b/, we found almost the same bond length gre elongated only by 0.05 and 0.01 A, respectively, but the
for the critical C-H bond as in the reacta@4. CHH angle, 145, is far from the linear arrangement. The
In contrast to the H disproportionation channels, we were addition of acetylene slightly deforms the biphenyl moiety in
able to optimize transition states and calculate barriers for the TS12, which is found to have a more planar structure, with
H loss channels using the UB3LYP method for doublet the twisting angle between two aromatic rings close to/9
electronic states. In all cases considered here, direct hydroger88° in biphenyl. However, the biphenyl fragment 512
loss requires much higher barriers as compared to the respectiveemains nonplanar; it is slightly bent along the,€Cpp, bond.
hydrogen disproportionation channel. Moreover, the hydrogen The B11 intermediate and’S13 also belong to theCs point
lossB4 — P, B3 — B5, andB10— P reactions are endothermic, group. Interestingly, th®&11 — P reaction (loss of molecular
with late transition state§S4d, TS5d, and TS11d. The hydrogen) exhibits a relatively small barrier of 16 kcal/mol that
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is close to the barriers for hydrogen abstraction reactions (for kcal/mol, respectively? but somewhat higher values (19.9 and
example, 11.6 kcal/mol foB1—B2). On the other hand, the  11.1 kcal/mol, respectively) were obtained using more accurate
reaction is highly exothermic by 62.1 kcal/mol, so the heat of G2M(rcc,MP2) calculations. The optimized—& and H-H
reaction is much higher than for a typical abstraction reaction. bond lengths fof S1', TS7", andTS11" slightly (within ~0.01
As a result,TS13 has an early character. One can see that in A) differ from those for the transition state oflds + H, 1.49
B11 and TS13 the C-C bond in the acetylene fragment is and 0.85 A at the MP2/6-31G* level and 1.48 and 0.85 A at
parallel to the G,—Cppbond of the biphenyl fragment, and-El B3LYP/6-31G**.46
bonds of extra hydrogens are almost perpendicular to the plains  The acetylene addition steps usually following hydrogen
of respective aromatic rings. The criticaHt bond inTS13 abstraction aré&N2 — N3, N3 — N4, N7 — N8, andN11 —
is 0.38 A longer as compared to that in the hydrogen molecule, N12. Among those, onlfN3 — N4 represents acetylene addition
and the breaking €H bonds are elongated by 0.27 A relative to another acetylene fragment, wher&— N3, N7 — N8,
to those in theB11 radical. and N11 — N12 correspond to the acetylene addition to the
2. Reaction Network II: Phenanthrene Synthesis from aromatic ring. All of the addition steps have low barriers in the
Naphthalene.The calculated reaction network for the HACA  1.8—4.5 kcal/mol range and are exothermic ©¢0 kcal/mol.
phenanthrene synthesis from naphthalene is summarized inSimilar values of+2.5 and—42.2 kcal/mol for the barrier and
Figure 2. Computed barriers, heats of reactions, electronic statesheat of reaction, respectively, were found for the acetylene
and molecular symmetry groups are also given. This network addition to the phenyl radical at the B3LYP/4-31G letfl.
is similar to that for the HACA mechanism of the naphthalene Because the reactions are exothermic, transition s&&4,
formation from benzene investigated by Bauschlicher 8% al. TS3', TS8', andTS12' have an early, reactant-like character;
at the B3LYP/4-31G level. The R1 and R2 channels representthe forming C-C bond is quite long and elongated by about
the Bittner-Howard* and Frenklact—43 mechanisms of the 0.9 A as compared to those in the produ®8, N4, N8, and
PAH synthesis, respectively, whereas the route R3 was sug-N12. The geometry of the adding acetylene moiety is only
gested by Bauschlicher et ¥l.The difference between the slightly changed in comparison to isolated acetylene. Although
Bittner—Howard and Frenklach mechanisms is that the former the acetylene fragment is found to be nonlinear in all transition
involves addition of the second acetylene molecule to the first states, the €C bond is stretched only by about 0.02 A, and
one, whereas in the latter, both acetylene molecules add to thethe C—H bonds are elongated by about 0.005 A with respect to
aromatic ring. The third route (R3) is similar to the Frenklach those in GHa. All acetylene addition transition states have no
mechanism with the difference that aHG fragment and a &, symmetry with the adding £, molecule usually lying out of
fragment containing a radical site are involved in the ring closure the naphthalene moiety plane, whereas some reactants and
step. All proposed mechanisms start from the abstraction of aproducts N2, N3, andN11) of the acetylene addition reactions
B-hydrogen atom in naphthalene followed by acetylene addition are planar.
to the radical site giving thBI3 intermediate. Then, the reaction All calculated ring closure reactionbl4 — N5, N8 — N9,
mechanism is branched into three different routes eventually and N12 — N13, exhibit only small barriers in the range of
leading to a ring closure step, which gives the phenanthrene2.5-4.2 kcal/mol and are 4660 kcal/mol exothermic. Interest-
core. We found that all considered pathways have low barriers ingly, the ring closure involving two acetylene fragmerits(
and are therefore feasible during the PAH formation in combus- — N9 andN12 — N13) requires higher activation energy and
tion processes. is more exothermic than in the case of the ring closure between
TheN1— N2, N6 — N7 andN10— N11 steps correspond  the acetylene fragment and the aromatic riNg (— N5). An
to abstraction of hydrogen atoms from theor 3 positions in almost twice-higher barrier height of 7.3 kcal/mol and a heat
carbon rings of the naphthalene moiety and involve singlet PAH of reaction of —23.6 kcal/mol were calculated for the ring
intermediates. All the three steps have similar barrier heights closure step in the BittneiHoward naphthalene synthesis at
(within 11—13 kcal/mol) and heat of reactions (withir-3 kcal/ the B3LYP/4-31G levet? This indicates that more accurate
mol), as well as geometries of respective transition sfESd calculations may reduce the barrier and heat of reaction for the
TS7', andTS11" (see Figure 2). In fact, the computed lengths ring closure reactions in the HACA PAH synthesis. The ring
for the critical breaking €H and forming H-H bonds are  closure steps are exothermic, and transition stB&# , TS9',
within 1.49-1.50 and 0.850.86 A, respectively. In contrast andTS13' exhibit an early character; the forming-C bonds
to TS1" andTS7, the CHH fragment imS11" was found to ~ are almos 1 A longer inTS4'" and TS9' and almost 1.5 A
have a slightly nonlinear structure with the CHH angle of}76 longer in TS13' as compared to the regular—C bond in
most likely because of steric repulsion between the adjacentphenanthrene. The structure and imaginary frequen@sas'
CHH and GHs fragments. Because the abstraction reactions indicate that this transition state corresponds to the rotation of
are about 57 kcal/mol endothermic, the transition states exhibit the GHs fragment, which eventually leads to the ring closure
a late character. The-€H bond distances are elongated-b§.4 involving two acetylene fragments. The same conclusion is valid
A as compared to the respective-8 bonds in naphthalene,  for TS10 calculated for thé89 — B10ring closure step in the
whereas the forming HH bond is 0.16-0.15 A longer as  phenanthrene synthesis from biphenyl (see above).
compared to that in the Hnolecule. The transition statgd$1" There are three hydrogen elimination steps in the considered
and TS7' belong to theCs point group (planar structures), network,N3 — N6, N5 — P, andN13 — P, which involve
whereasTS11" has no symmetry, because theHg fragment removal of an H atom from radical speci®$3, N5, andN13,
lies out of the aromatic ring plane. The results of our calculations respectively. These reactions can proceed by two mechanisms,
are in a relatively good accord with the respective energetic either by direct hydrogen loss or by hydrogen disproportionation.
parameters for the ¢€ls + H abstraction reactioff-#° Indeed, Although these steps are crucial both in the Bittridoward
the experimental heat of thesids + H reaction as determined  and Frenklach mechanisms of the PAH synthesis, it was unclear
from the strength of the HH bond in H, and C-H bond in which pathway, i.e., the H disproportionation or direct H loss,
benzene is 8.7 0.6 kcal/mol#® the barrier height and heat of is more favorable energetically. It should be noted that only
reaction calculated at the B3LYP/4-31G level are 11.5 and 6.9 the H loss channel was considered in the originally proposed
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mechanisnf®43 and no information was available so far reaction energies for reaction steps involved in the HACA PAH
concerning barrier heights and transition state structures for thesynthesis.

H disproportionation reactions from radical intermediates inthe 3, Reaction Rate ConstantsUsing the calculated reaction
PAH synthesis, except our earlier study of theHE+ H — energetics and molecular parameters (shown in the Supporting
CeHs + H disproportionatiort? The barriers of analogous  Information), we can employ the transition state theory to
reactions in the Frenklach and Bittredoward mechan-  compute rate constants at various temperatures. For the reactions
isms of naphthalene formation have not been computed bywhich have a unimolecular character in the forward or reverse
Bauschlicher et &° The geometries of singlet open-shell direction, the TST rates correspond to the high-pressure limit,
transition state3 S5b', TS6b', andTS14H' for the hydrogen whereas their pressure dependence can be evaluated using the
abstraction channels could not be optimized using the UB3LYP RRKM theory, which is beyond the scope of this paper. Results
method. On the other hand, for the direct H loss transition statesare presented in Table 1. Table 2 shows equilibrium constants,
TS5d!, TS6d', andTS144d' in the doublet electronic state, the  which can be applied for calculations of reverse reaction steps.
UB3LYP optimization was successful. Instead of using DFT, Although, to assess the competition among several reaction
we calculatedTS5h!, TS6H!, and TS140' structures first at pathways, a kinetic simulation of the entire reaction network
the UHF/6-31G* level, and then they were reoptimized using Would be required, some comparisons can be made based on
the CASSCF(4,6)/6-31G* method. The same method was the calculated reaction rates.

applied for geometries dfi5, N3, andN13in order to obtain Let us first compare the calculated rates with available
barriers for the hydrogen disproportionation channels. experimental data. Arrhenius plots for various H abstraction

Similar to the biphenyl— phenanthrene reaction network, reactions are shown in Figure 3a. The three-parameter fit of
the H disproportionation mechanism is more favorable energeti- the hydrogen abstraction rates to the= AT' exp(~EJ/RT)
cally for theN3— N6, N5 — P, andN13— P reactions because ~ €Xpression (in cfimolecule! s™) gave the values of 5
the calculated barriers are 4.7, 0.9, and 0.7 kcal/mol, respec-10*"=3.7 x 107° for A, 1.82-1.88 forn, and 9856-11320
tively, as compared to 40.2, 19.0, and 27.5 kcal/mol, respec- fOr Ea (see Table 1). Among these reactioNd, + H —~ N2 +
tively, for the unassisted hydrogen loss. TH& — N6, N5 — H, with a barner of 11.1 kcal/mol is the fastes'g, aNdo + H
P, andN13 — P steps are found to be 67-82.5 kcal/mol — N11 + H; with a barrier of 12.4 kcal/mol is the slowest

exothermic and transition statdSeb', TS50, and TS14b! one. The commonly used expression for hydrogen abstrac-
tion rate constants from aromatic species is 4<1%0 1%xp-

have an early character. It should be mentioned that the barrier L1238 o
for the GHs + H — 0-C¢H4 + Ha disproportionation reaction (~16000RT) cn? molecule”™ 57 As seen in Figure 3a, our
calculated at the higher G2M(cc,MP2)//ICASSCF(10,10)/6- computed values are in close agreement with the recommended
31G** level is somewhat higher~9, keal/mol. but the éxo- rate coefficients for the temperature range between 500 and 3000
thermicity of this reaction is lower, 29 kcal/m&lOn the other K. Forinstance, at 1500 K, the calculated rates for&bet H

— B6 + Hp, B8 + H — B9 + Hj, andN6 + H — N7 + H;

hand, the hydrogen lo943 — N6, N5 — P, andN13 — P . v identical with th ded val h
reactions are endothermic by 36.0, 10.9, and 24.2 kcal/mol reactions are nearly identical with the recommended value, the
! ’ "Bl1+ H—B2+ H;andN1+ H— N2 + H, rates overestimate

respecltively, and show late transition stal&el', TS5d, and this value by factors of 4.4 and 6.5, respectively, andNi@
ITSMdh' Thel heats of th&\3 a NG. ?]nthS _] P hydt:ogend b + H — N11 + H; rate underestimates it by a factor of 2.5.
0SS channels argz comparable W'_t the values obtaine yConsidering that a single expression was recommended for
Bauschl.lcherat & for similar steps in the HACA naphthalene various hydrogen abstraction reactions, the agreement of
synthesis, 34.8 kcal/mol for the hydrogen loss from tgB4£ theoretical rate coefficients with experiment is satisfactory.
CzH, radical (hydrogen elimination from the acetylene fragment) H disproportionation reactions where the H atom attacks an
and 2.9 keal/mol for the hydrogen loss fromifs (naphthalene aromatic radical to produce ;Hare in general faster than

with an ‘extra’ hydrogen). For th&i3 — N6 hydrogen loss hydrogen abstraction processes, because they show lower

chzn?hel, we_tfoufnéjeag lt()ar:}er |Of ‘:loﬁ keall |m°| ??: reaction barriers, from 0.7 to 9.5 kcal/mol. In the fitted three-parameter
endothermicity of 55.9 kcal/mol, which areé aimost the same as expressions for the calculated rate constants (Tabl&idyies

for the H elimination from @HsC,H, radical, leading to the between 3x 10-2 and 4x 1029, nis in the 3.1-4.2 range

production of phenylacetylene. Indeed, for the latter reaction, andE, is spread between1160 and 7190. To our knowledge,

Yu et al’ found a barrier of 41.2 kcal/mol and reaction |\, exnerimental data are available for these types of reactions.
endothermicity of 38.2 kcal/mol using the BAC-MP4 method. gecayse of the high rate coefficients, the H disproportionation

Meanwhile, the hydrogen loss from the phenanthrene with an reactions are expected to play a significant role in PAH
“extra” hydrogen in another position (in an external ring),3 formation, although they have to compete with H addition to
— P, exhibits a higher endothermicity of 24.2 kcal/mol. the radical site.

TheN3— N1lreaction represents a hydrogen atom transfer  Figure 3b shows calculated rate constants for acetylene
from the carbon atom of the aromatic ring and that of the side aqdition reactions. The reactions ofHG addition to aromatic
chain. A similar hydrogen migration process in thgig-CzH, radicals exhibit barriers of 1-84.5 kcal/mol. TheN2 + C,H,
radical has been studied by Frenklach and co-wofR@s a  — N3 rate is computed to be the fastest in this group, whereas
simplest example of hydrogen transfer in PAH molecules. They k(N11 + C,H, — N12) is the slowest. In the three-parameter
found the barrier height of 26.9 kcal/mol and the reaction energy expressionsA changes in the & 10214 x 10 2°rangen is
of 0.7 kcal/mol for the hydrogen migration at the B3LYP/6- close to 2.5, andE, varies between 1090 and 3650. Numerous
31G** level, which are very close to our B3LYP/6-31G* experimental data are available for this type of reactions. In
calculated values for the3 — N11case. Moreover, the values  Figure 3b, we plotted rate constants measured for ¥t &
obtained at their best G2ZMP2 level (28.4 and 5.6 kcal/mol for C,H, — CgHsC,H, reaction by Wang and Frenkla@mand by
the barrier height and reaction energy, respectively) are alsoLin and co-workerg/ as well as for theN3 + C,H, — N4
similar with our estimates. This fact again confirms that the reactiorf? at 760 Torr. The rates are pressure-dependent and
B3LYP method provides quite accurate barrier heights and show a falloff behavior atf > 1000 K. Our calculations provide
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T ' T ' ' ' only a high-pressure limit. Nevertheless, the agreement with
experiment is good at 1000 K f@2 + C,H, — B3 andN3 +
CoH, — N4, for which the calculated rates of .0 x 10713

cm® molecule’l s~1 are close to the experimental values of4.5
2.6 x 10713, Acetylene addition to biphenyl is a slow reaction
because the barrier is high;45 kcal/mol. TheA factor and
activation energy are fitted as 1710713 cm® molecule® s71

and 47.0 kcal/mol, respectively. Evenat> 1500 K, theB1

+ C,H, — Bllrate constant is47 orders of magnitude lower
than those for acetylene additions to the radical species.

H elimination rate constants from radical intermediates are
well fitted by two-parametek = A exp(—E4RT) expressions
(in s71). The rates shovA factors in the 2.3x 103—4.3 x
] 10" range, and the activation energi&s are close to the
R computed barriers varying between 17 and 41 kcal/mol. Mo-
. lecular H loss fromB11to form phenanthrene is characterized
T T by the 2.8x 10'2 A factor and~16 kcal/mol activation energy.
The unimolecular reactions of ring closure are much faster,
especially atT < 1500 K, because they have low activation
energies, 1.25.3 kcal/mol. On the other hand, théirfactors,
in the 8.3 x 10"-5.0 x 10 range, are 43 orders of
magnitude lower than those for the H elimination reactions. The
rate coefficients for hydrogen migratioB3 — B9 andN3 —
N11 are also well described by two-parameter expressions and
haveA factors of 1.6x 102 and 5.6x 10, respectively. The
former reaction corresponding to a 1,6-H shift is faster than
the latter (1,4-H shift) because of the lower activation energy.
The N3 — N11reaction is analogous to hydrogen migration in
the phenylethen-2-yl radical investigated by Frenklach and co-
workers at various theoretical levéfsBoth reactions exhibit
similar barriers of 2729 kcal/mol, and for the 10062500 K
temperature range, th3 — N11 high-pressure-limit rate
coefficient is about 1 order of magnitude higher than those
reported by Frenklach and co-work&rsee Figure 3c). Because
the activation energies for the two reactions are close, the
difference arises from the preexponential factors.

In the reaction network, acetylene addition t81 (B1 —
B11) is much slower than the hydrogen abstractiBt {~ B2)
for the whole 306-3000 K temperature range. Therefore, the
B1— B11— P reaction mechanism can contribute only if the
concentration of H radicals is insignificant but that ofH3 is
high. If one considers unimolecular reactions of the B8
intermediate, the ring closure B4 is faster than the hydrogen
migration to produceB9 at all T, but atT = 2000 K, the
difference in their rates is small. Ring closure B6 (B6 —
B7) is up to 3 times faster thaB3 — B4, especially at high
temperaturesB9 — B10 is the fastest among the ring closure
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1000/T barrier is only 1.0 kcal/mol. For hydrogen abstraction/dispro-
Figure 3. Arrhenius plots of calculated reaction rate constants (a) for porui)natlon (rjeactlaonsBé* I|3 IS aIW:ys fastﬁr thaB3<—> BS,
hydrogen abstraction reactiorB1 + H — B2 + H, (solid square, B5 — B6, andB8 — B9 but slower tharB10— P at T < 2500
solid line),B5 + H — B6 + H; (open circle, dashed line38 + H — .
B9 + H; (open diamond, solid lineN1 + H — N2 + H; (x, dashed In the naphthalene> phenanthrene synthesis, the reaction

I(Igci?d '(\:li?cl—:. ga;\ggli:e;%g:a I?r?e“(ii:icar\]/(\zrgign?mznged'\l rlalte+ cc|J_|nZstants rates ofN3 with CzH, are about 2 orders of magnitude lower
215 % 10-10 exp(-16000RT) cr® molecule’ s (from ref 38). (b) ‘than those for th&3 — N6 hydrogen disproportionation. The

For acetylene addition reactiorB2 + C,H, — B3 (solid square, solid  ing closure process along the reaction route R4 { N5) is
line), N2 + C;H, — N3 (open circle, dashed line]N3 + C;H, — N4 slower than those in RN8 — N9) and R3 N12— N13) at T
(open diamond, solid lineN7 + C,H, — N8 (x, dashed line)N11 + > 1000 K. On the other hand, a comparison of the hydrogen
CoH> — N12(+, solid line). Bold lines show experimental rate constants abstraction/disproportionation raté$5 — P in R1, N6 — N7
for the GHs + C;H, — CgHsCoH, reaction from refs 32 (dashed line) in R2, andN10— N11andN13— P (atT = 1000 K) in R3,

and 47 (solid line) and foN3 + C,H, — N4 from ref 32 (dotted line). :
(c) For 1.4-H migration reaction$y3—N11 (solid square, solid line) show a preference of the reaction route R1. For the acetylene

and GHsCoHo—CaH+C,Hs from ref 48 calculated at the B3LYP/6-31G+  addition reactiondN7 — N8in R2 has the fastest rate followed

(open circle, dashed line) and G2MP2 (diamond, solid line) levels of by N3 — N4 in R1 andN11— N12in R3. Certainly, a more
theory. detailed assessment of different reaction mechanisms can be
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made only based on a detailed kinetic modeling of the entire pathways starting fronfN3, namely, R2 (the Frenklach mech-
reaction network taking into account the pressure dependenceanism), H loss (disproportionation) followed by H abstraction,
of reaction rate constants, which can be obtained from RRKM second acetylene addition to the aromatic ring, ring closure and

calculations.

IV. Conclusions

The results of density functional B3LYP and ab initio
CASSCEF calculations of the biphenyt phenanthrene reaction
network indicate that three reaction pathways, B1 {~ B2
— B3 — B4 — P), involving hydrogen atom abstraction from
biphenyl followed by acetylene addition, ring closure, and
hydrogen loss (disproportionation), RR3 — B5 — B6 — B7
— P), where the acetylene addition to prodig® is followed
by H loss (disproportionation), H abstraction, ring closure, and
H addition, and R3B3 — B8 — B9 — B10 — P), where the
formation of B3 is followed by H addition and H abstraction
(can be replaced by a 1,6-H shift), ring closure, and H loss
(disproportionation), are competitive in the phenanthrene syn-
thesis from biphenyl in the combustion of aromatic fuels

completed by H addition, as well as R3H addition followed
by H abstraction (which can be replaced by a 1,4-H migration),
second acetylene addition to the aromatic ring, ring closure,
and H loss (disproportionation), show somewhat higher barriers
but have faster reaction rates for some individual steps and also
can significantly contribute to the phenanthrene formation.
The calculations demonstrate that the HACA scheme provides
viable mechanisms for the PAH formation and growth in flames.
On the other hand, a new mechanism is suggested for the
formation of three fused aromatic rings (phenanthrene-like
structures) from biphenyl-like precursors. This pathway does
not require a presence of H radicals and involves acetylene
addition between two aromatic rings followed by élimination.
Although the highest barrier for this reaction is about 45 kcal/
mol, it can take place in high-temperature combustion. The
reaction rate constants and equilibrium constants obtained in
the present study should facilitate kinetic simulation of various

according to the calculated energies and reaction rate constantSyechanisms of the PAH formation.

R1 exhibits lower barriers for the reaction st&gs— B4 and
B4 — P following the formation of the radical intermedia3
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the formation of phenanthrene from biphenyl in combustion,

especially, at high temperatures and when the amount of free

H radicals needed to carry on routes-/&3 is insufficient.
Another interesting finding is that the reaction st&s—
P, B3 — B5 and B10 — P, i.e., hydrogen elimination from
radical intermediateB3, B4, andB10, can occur not only by

direct hydrogen loss as it was proposed in the series of

experimental works (see, for example, a recent retAgbut
also by the disproportionation mechanism. From our CASSCF
calculations, barriers for the disproportionation channels are
much lower than those for the hydrogen loss channels. Ad-
ditionally, the disproportionation reactions are hightysQ kcal/
mol) exothermic, whereas the hydrogen loss reactions are 10

mized geometries for all species involved in the considered
networks, total energies of the reactants and products, harmonic
frequencies, zero-point energy corrections, and moments of
inertia for all structures calculated at the B3LYP/6-31G* level.
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