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The lowest-lying triplet and singlet potential energy surfaces for the O(3P) + C6H6 reaction were theoretically
characterized using the “complete basis set” CBS-QB3 model chemistry. The primary product distributions
for the multistate multiwell reactions on the individual surfaces were then determined by RRKM statistical
rate theory and weak-collision master equation analysis using the exact stochastic simulation method. It is
newly found that electrophilic O-addition onto a carbon atom in benzene can occur in parallel on two triplet
surfaces,3A′ and3A′′; the results predict O-addition to be dominant up to combustion temperatures. Major
expected end-products of the addition routes include phenoxy radical+ H•, phenol and/or benzene oxide/
oxepin, in agreement with the experimental evidence. While c-C6H5O• + H• are nearly exclusively formed
via a spin-conservation mechanism on the lowest-lying triplet surface, phenol and/or benzene oxide/oxepin
are mainly generated from the lowest-lying singlet surface after inter-system crossing from the initial triplet
surface. CO+ c-C5H6 are predicted to be minor products in flame conditions, with a yielde 5%. The O+
C6H6 f c-C5H5

• + •CHO channel is found to be unimportant under all relevant combustion conditions, in
contrast with previous theoretical conclusions (J. Phys. Chem. A2001, 105,4316). Efficient H-abstraction
pathways are newly identified, occurring on two different electronic state surfaces,3B1 and3B2, resulting in
hydroxyl plus phenyl radicals; they are predicted to play an important role at higher temperatures in hydrocarbon
combustion, with estimated contributions of ca. 50% at 2000 K. The overall thermal rate coefficientk(O +
C6H6) at 300-800 K was computed using multistate transition state theory:k(T) ) 3.7 × 10-16 × T 1.66 ×
exp(-1830 K/T) cm3 molecule-1 s-1, in good agreement with the experimental data available.

I. Introduction

Benzene is recognized as a key intermediate in almost all
hydrocarbon flames,1,2 playing an important role as the “first
aromatic ring” in the formation of polycyclic aromatic hydro-
carbons (PAHs) and soot. It is hypothesized to be formed mainly
by a combination of two propargyl radicals,3,4 or by degradation
of higher aromatics5 if present in the fuel such as in current
gasolines to increase the octane rating.6 Under fuel-lean to
moderately fuel-rich combustion conditions, one of the major
benzene consumption pathways is its reaction with triplet ground
state oxygen atoms.4,5,7-10 Therefore, elucidating the reaction
mechanism and predicting the product branching ratios of the
elementary C6H6 + O reaction over wide temperature and
pressure ranges is of key importance to our understanding of
the overall reaction mechanisms of hydrocarbon flames as well
as to the optimization of combustion processes.

The reaction of benzene with triplet O atom can in principle
result in various primary products, presented in Table 1 with
their experimental reaction enthalpies, when available.11 With
the exception of the direct H-abstraction channel 3, all these
channels proceed via electrophilic O-addition onto a C atom
forming an initial triplet, vibrationally excited, biradical adduct
(triplet oxybenzene). While the spin-conserving reaction chan-
nels 1, 2, and 3 occur on a triplet electronic state surface, the
remaining channels 4-9 occur via a spin-forbidden mechanism,
involving intersystem crossing (ISC) of the initial triplet

oxybenzene to either singlet phenol or singlet benzene oxide.
These “hot” intermediates, possessing high internal energies by
chemical activation, are either deactivated by multiple collisions
with the bath gas or isomerize to other singlet isomers and/or
decompose to various products on the singlet electronic state
surface.

Reaction channel 1, producing phenoxy plus hydrogen
radicals, was first detected in the crossed molecular beam
experiments by Lee and co-workers12 and recently confirmed
in the multicollision work by Fontijn et al.,13 while recent
theoretical calculations carried out at the high CBS-QB3 level
of theory also supported phenoxy+ H formation.14 Both the
experimental12,13 and theoretical14 work showed this channel
to be major. Although there is no experimental evidence yet
for reaction channel 2 forming c-C5H5

• + •CHO, earlier
theoretical calculations predicted that this channel could be
important at high temperatures.14 Reaction channel 3, producing
phenyl plus hydroxyl radicals via direct H-abstraction, is
endoergic by ca. 12 kcal/mol. Therefore, atT e 1300 K, it
cannot compete with the exothermal O-addition/elimination
mechanisms.15 However, OH radical production was detected
in a crossed molecular beam experiment at high collisional
energies of 16.5 kcal/mol.16 This product channel was theoreti-
cally predicted to play an important role at higher temperatures
(T g 1500 K).17

The product of singlet phenol arising from the reaction
channel 4 is well established.12,18-21 Phenol was even found
under collision-free conditions in crossed molecular beam
experiments,12,21 due to the very long lifetime of the nascent,
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chemically activated singlet intermediates.12 The production of
CO, via reaction channel 5, is a subject of some controversy.
Earlier, Sloane21 observed CO as a major product in his crossed
molecular beam experiment. In contrast with this finding, Lee
and co-workers12 observed CO as a very minor product in a
similar experiment, but at higher collision energies. In two recent
multicollision experiments, the yield of CO, if produced, was
estimated to be less than 5%.13,22The production of H2O, from
the reaction channel 6, has not been reported so far. Other singlet
products such as benzene oxide, cyclohexadienone, and buta-
dienyl ketene arising from the channels 7-9, have recently been
detected in theλ g 280 nm photolysis of benzene/ozone
mixtures in an argon matrix at 12 K,23 where ozone photolysis
was assumed to lead to triplet ground state O atoms.

Thermal rate coefficients for the O(3P) + C6H6 reaction have
been measured over a wide temperature range (298 Ke T <
1500 K).15,22,24-29 From these data, the Arrhenius activation
energy was derived to be about 4-5 kcal/mol; at room
temperature, a rate coefficient of (1.7( 0.3) × 10-14 cm3

molecule-1 s-1 is recommended.30

There are two published theoretical studies relevant to the
title reaction. Barckholtz et al.17 characterized the O-addition
and H-abstraction channels using the B3LYP/6-311+G(d,p)//
B3LYP/6-31G(d) level of theory; additionally, these authors
computed thermal rate coefficients using conventional transition
state theory.17 Unfortunately, their computed B3LYP barrier
height of 0.2 kcal/mol17 is significantly lower than the experi-
mental Arrhenius activation energy of 4-5 kcal/mol. Subsequent
decomposition and/or isomerization steps of the initial oxyben-
zene adduct were not considered. Hodgson et al.14 characterized
the triplet3A′′ electronic state surface using the high-level CBS-
QB3 theory, supplemented by RRKM calculations. Neither the
H-abstraction channel, the triplet3A′, nor the singlet electronic
state surface and its crossing seams with the triplet surfaces
were investigated.

As seen above, the O(3P)+ C6H6 reaction mechanism appears
to be rather complicated, comprising among others multistep
isomerization/decomposition processes and also nonradiative
transitions from triplet to singlet electronic state surfaces. In
addition, the yields of the various primary products are likely
to be very sensitive to temperature and pressure. It is worth
noting that in the various kinetic modeling studies of the
oxidation of benzene by O different reaction channels were
adopted as dominant; some authors31,32 assumed that the title

reaction mainly occurs via the channels 1 and 3, while others33,34

considered the channels 3 and 4 as predominant.
Therefore, high-level quantum chemical calculations on all

relevant reaction surfaces, in combination with state-of-the-art
statistical kinetic analyses over wide temperature and pressure
ranges, appear to be in order for elucidating the detailed
mechanisms and predicting the product distributions of the
fundamental and important O+ C6H6 reaction.

II. Methodology

II.1. Quantum Chemical Calculations. Geometries of
stationary points on the triplet and singlet surfaces were
optimized at the hybrid density functional B3LYP/6-311G(d,p)
level of theory,35,36followed by analytical frequency calculations
at the same level to verify the stationary points located (one
imaginary frequency for a transition structure and all positive
frequencies for a minimum). Intrinsic reaction coordinate
(IRC)37,38 calculations were also performed at this level to
establish the correct connections between the reaction intermedi-
ates; all IRC calculations are shown in Figures S14 and S20-
S57 in the Supporting Information. To obtain more accurate
relative energies, the complete basis set model chemistry CBS-
QB339 was used.

For some stationary points, e.g., the singlet biradicalsS1,
S1ex, andS10, whose wave function possesses a multireference
character or near-degeneracy effects, we used the CASSCF-
(8,8)/cc-pVDZ level of theory40,41 to reoptimize geometries.
Energies were subsequently refined employing the CASPT2-
(8,8)/cc-pVDZ level42 based on the CASSCF reference wave
function, thereby taking dynamic electron correlations into
account.

To investigate the proximity or possible overlap of the triplet
and singlet potential energy surfaces at or near the geometry of
the initial triplet oxybenzene adduct, and so to explore possible
nonradiative transitions to singlet phenol or benzene oxide (see
further), we employed the CASPT2(8,8)/cc-pVDZ level based
on the CASSCF reference wave function to compute single-
point energies at each point along IRC(triplet UB3LYP)
optimized geometries.

The DFT-B3LYP and CBS-QB3 calculations were performed
using the Gaussian 03 package,43 while the CASSCF and
CASPT2 calculations used the Dalton44 and Molpro45 packages;
all optimized stationary-point geometries, energies, harmonic
vibration frequencies, and rotational constants are given in the

TABLE 1: Calculated Reaction Enthalpies (kcal/mol) at 0 K (∆H0
r) for Various Reaction Channels in the O(3P) + C6H6

Reaction Using the CBS-QB3 Level of Theory, Where Experimental Enthalpies Reduced to 0 K Are Also Listed When
Available11

reaction channels ∆H0
r experimenta

O(3P) + c-C6H6 f c-C6H5O• + H• (1) -15.8 -14.6( 3
O(3P) + c-C6H6 f c-C5H5

• + •CHO (2) -7.3 -6.5( 2
O(3P) + c-C6H6 f c-C6H5

• + •OH (3) 12.2 10.2( 2
O(3P) + c-C6H6 f phenol (4) -101.5 -101.9( 1
O(3P) + c-C6H6 f c-C5H6 + CO (5) -73.7 -74.0( 1
O(3P) + c-C6H6 f c-C6H4 + H2O (6) -28.0 -30.8( 4
O(3P) + c-C6H6 f benzene oxide/oxepin (7) -56.6/-57.2
O(3P) + c-C6H6 f 2,4-/2,5-cyclohexadienone (8) -82.5/-84.0
O(3P) + c-C6H6 f butadienyl ketene (9) -54.2

a Mainly taken from ref 11; all values were obtained at 0 K:∆H0
f(O) ) 58.98 kcal/mol;∆H0

f(H) ) 51.63 kcal/mol;∆H0
f(CO) ) -27.2

kcal/mol;∆H0
f(OH) ) 8.84 kcal/mol;∆H0

f(HCO) ) 9.95 kcal/mol;∆H0
f(H2O) ) -57.10 kcal/mol;∆H0

f(c-C5H6) ) 36.19 kcal/mol;∆H0
f(c-C6H6)

) 24.0 kcal/mol;∆H0
f(c-C6H5) ) 84.3 kcal/mol;∆H0

f(c-C6H5OH) ) -18.93( 1 kcal/mol, derived from∆H298
f (c-C6H5OH) ) -23.03 kcal/mol

and∆E(thermal correction-TC)) 4.1 kcal/mol computed at the CBS-QB3 level;∆H0
f(c-C5H5) ) 67 ( 2 kcal/mol, derived from∆H298

f(c-C5H5)
) 63.5( 1 kcal/mol73 and∆E(TC) ) 3.5 kcal/mol;∆H0

f(o-C6H4) ) 109.3( 4 kcal/mol, derived from∆H298
f(c-C6H4) ) 105.9( 3.3 kcal/mol74

and∆E(TC) ) 3.4 kcal/mol;∆H0
f(c-C6H5O) ) 16.8 ( 3 kcal/mol, derived from∆H298

f(c-C6H5O) ) 12.9 ( 1.5 kcal/mol75 and∆E(TC) ) 3.9
kcal/mol.
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Supporting Information. To simplify the notation for stationary
points, in this paperT, S, andTS stand for a triplet minimum,
singlet minimum, and transition structure, respectively.

II.2. RRKM/Master Equation Calculations. Product dis-
tributions as a function of temperature and pressure (P ) 10-4-
105 Torr, T ) 300-2000 K) for the O(3P) + C6H6 reaction
proceeding on the triplet and singlet surfaces-considered as being
adiabatic-were separately obtained by solution of the weak-
collision master equation using Gillespie’s exact stochastic
simulation method,46-48 explained in detail in our earlier paper49

and discussed briefly here. In the energy-grained master
equation, the ceiling energy considered was 200 kcal/mol above
the initial triplet oxybenzene adductT1 and a small energy band
size of 0.03 kcal/mol (10 cm-1) was chosen to ensure that the
density of states does not change significantly within the band.
To obtain the product distribution with high statistical precision,
a large number of stochastic trials of∼107 were used. In this
application, the Mersenne Twister (MT19937)50 random number
generator was used.

The Lennard-Jones collision parameters for bath gas Ar are
σ ) 3.47 Å andε/kB ) 114 K.51 Since no collision parameters
for [C6H6O] are available in the literature, the valuesσ ) 5.92
Å andε/kB ) 410 K were estimated based on those of toluene
C6H5CH3.51 Thus, the collision frequencyZLJ[M] was estimated
at ∼1.1 × 1010 s-1 at 1 atm and room temperature. The
probability density function for collisional energy transfer was
computed using the biexponential model of Troe.52 An average
energy transferred per collision〈∆E〉all of -200 cm-1 was
adopted. The initial vibrational energy distributionFv(E) of
formation of the triplet•C6H6O• adductT1 from O(3P) + C6H6

via TS1 was derived in the usual way from detailed balance
considerations.53 A “sink” was used to collect intermediates
stabilized by deactivating collisions with the bath gas; the cutoff
energy is located at 8 kcal/mol below the lowest-lying decom-
position transition structure. The fraction of intermediates
collected in these sinks will assume thermal energy distributions
through collisions with the bath gas; their subsequent fate in
unimolecular or bimolecular reactions depends on the reaction
conditions and can be accommodated in chemical kinetic
modeling studies.

The statistical RRKM theory53-58 of unimolecular reaction
rates is used to compute the energy-specific rate constantsk(E)
for a reactant with an internal energyE:

where R is the reaction pathway degeneracy, h is Planck’s
constant,E* is the barrier height for the reaction,G*(E - E*)
is the sum of vibrational states of the transition state (TS) for
energies from 0 up toE - E*, andF(E) is the density of states
for a reactant molecule with internal energyE. The Beyer-
Swinehart-Stein-Rabinovitch algorithm59,60 was used to cal-
culate the sum and density of states in eq 10, employing a grain
size of 0.003 kcal/mol (1 cm-1).

III. Results and Discussion

III.1. Potential Energy Surfaces. According to the spin-
conservation rule, the reaction of triplet O atom with benzene
can initially proceed on the triplet electronic state surface via
either electrophilic O-addition onto a C atom or by direct
H-abstraction, as discussed separately below. All the various
reaction pathways on these initial triplet electronic state surfaces
(PES) are depicted in Scheme 1; the relative energies of the

main, rate-determining reaction routes effectively determining
the reaction product distribution on the triplet PES are presented
in Figure 1. Unless mentioned otherwise, the CBS-QB3 energy
values will be used in the following discussions; they are in
good agreement with the available experimental data (see Table
1) with discrepancies of about 1-2 kcal/mol. Optimized
geometries for all key stationary points on the triplet PES are
shown in Figure 2.

O-Addition ont o a C Atom. As mentioned above, the
electrophilic attack of O atom onto a benzene C atom leadingk(E) ) R

h
× G*(E - E *)

F(E)
(10)

SCHEME 1: Various Reaction Pathways for the O+
C6H6 Reaction on Triplet PES, Where Bold Arrows
Indicate Dominant Reaction Routes

Figure 1. Energy diagram of the most important routes for the O+
C6H6 reaction on triplet PES, as computed at the CBS-QB3 level of
theory.
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to the vibrationally excited•C6H6O• triplet biradical adduct,
followed by its decomposition and/or isomerization on the triplet
PES, was already theoretically characterized at the CBS-QB3
level by Hodgson et al.14 Interestingly, although we used the
same level of theory as Hodgson et al.,14 our results show
important differences, significantly affecting the reaction mech-
anism. First, our CBS-QB3 total energy for benzene, calculated
using both Gaussian 98 and Gaussian 03, is about 0.6 kcal/mol
above the value computed by Hodgson et al.14 using Gaussian
98; the reason for this difference is unclear. Second, and more
importantly, the3A′′ electronic state triplet biradical•C6H6O•

adductsdenoted asT1ex in this workswas characterized by
Hodgson et al.14 as the lowest-energy initial triplet adduct and,
failing an IRC analysis, erroneously assumed to connect directly
to the other triplet isomers and to the main products phenoxy
+ H, all in their ground states. However, we newly identified
another electronic state,3A′, of triplet •C6H6O•, denoted here
asT1, as the true ground state, 5.2 kcal/mol lower in energy
thanT1ex. Our IRC calculations show that bothT1 andT1ex
connect directly with the initial reactants O+ C6H6, via TS1
and TS1ex, respectively (see Figures S14 and S15 in the
Supporting Information). Analogous O-onto-carbon addition
mechanisms in parallel on3A′ and3A′′ electronic state surfaces
have been characterized earlier for the reactions of O atoms
with C2H2,61 C2H4,62 and C3H4.63 As a result, for the case at
hand, reaction pathways on the lowest-lying triplet PES rather
start from the triplet3A′ •C6H6O• ground-state adductT1 instead
of the excited3A′′ T1exstate of Hodgson et al.14 Third, Hodgson
et al.14 suggested the O(3P) + C6H6 f TS1ex f 3[•C6H6O•]
T1exf TS3f 3[C6H5CHO] f TS10f c-C6H5 + CHO route
(see Figure 4 in ref 14) to be significant at higher temperatures
as, according to their work, the3[•C6H6O•] f TS3 f 3[C6H5-

CHO] step faces a barrier height of 7 kcal/mol, only 1.6 kcal/
mol higher than the3[•C6H6O•] f TS2 f c-C6H5O• + H• step
(see Figure 4 in ref 14). In contrast, our IRC calculations (see
Figure 3) show that the3[•C6H6O•] T1 f 3[C6H5CHO] T5
isomerization is a two-step process and goes through a triplet
intermediateT4, which lies about 1-2 kcal/mol below the initial
reactants (see Scheme 1). The formation ofT4 from the initial
adduct•C6H6O• T1 is not competitive even under combustion
conditions, as it proceeds through a ring-closureTS4 facing a
very high barrier of 32.3 kcal/mol, about 22 kcal/mol higher
than that for the dominantT1 f TS2 f c-C6H5O• + H•

pathway. As such, the subsequent chemistry ofT4 (see Scheme
1) leading ultimately to decomposition to c-C5H5

• + •CHO after
conversion toT5, is irrelevant. Note that no experimental
evidence supports the formation of c-C5H5

• + •CHO.
We will now shortly discuss the remaining reaction pathways

depicted in Scheme 1; only the kinetically important pathways
are show with their energies in Figure 1. Attack of the oxygen
atom onto a C atom in benzene can take place via bothTS1
andTS1exleading to the vibrationally excited•C6H6O• adduct
biradicalsT1 (3A′ state) andT1ex (3A′′ state), respectively,
facing barrier heights of 4.1 and 4.3 kcal/mol. It is of interest
to note thatTS1 is slightly earlier thanTS1ex, i.e. the C-O
bond distance of 1.917 Å inTS1 is slightly longer than that of
1.884 Å inTS1ex(see Figure 2). AsTS1andTS1exdetermine
the initial addition rate coefficient, we carried out IRCMax-
(CBS-QB3:B3LYP)64 calculations to obtain more precise ener-
gies, generating the values of 4.7 and 4.8 kcal/mol, respectively.
These values are in excellent agreement with the experimental
Arrhenius activation energy of ca. 4-5 kcal/mol.15,22,24-29 T1
and T1ex, both belonging to theCs point group but having
distinct electronic states, lie-14.5 and-9.3 kcal/mol below
the initial reactants, respectively. Note that optimization of
•C6H6O• without imposing aCs symmetry always converged to
T1. The two highest, singly occupied molecular orbitals
(SOMOs), depicted in Figure 4, are the key to the difference
between T1 and T1ex. Both SOMOs of T1 have an A′
symmetry, resulting in a3A′ electronic state forT1. While the
first SOMO is formed by a combination of fourπ orbitals
located at four different atom centers, the second SOMO mainly
concentrates at the O atom. In contrast, the two SOMOs ofT1ex
have distinct symmetries, an A′ for the first SOMO and an A′′
for the second, resulting in a3A′′ electronic state forT1ex. While
the first SOMO is completely located at the O atom center and

Figure 2. B3LYP-optimized geometries for some key stationary points
on triplet PES.

Figure 3. IRC(B3LYP/6-311G(d,p)) calculations for theT1 f TS4
f T4 f TS5 f T5 route.
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is perpendicular to the molecular symmetry plane, the second
is generated by a combination of three differentπ orbitals.

T1ex, once formed, either can preferably redissociate back
to the initial reactants viaTS1exwith a low barrier height of
13.6 kcal/mol or could decompose by a H-elimination viaTS2ex
leading to excited products c-C6H5O•(A2B2) + H•, facing a
higher barrier of 25.8 kcal/mol, or third could carry out an
nonradiative internal conversion (IC) process toT1, the lowest-
lying triplet adduct. Clearly, the second pathway cannot compete
with the first. Hence, the fate ofT1ex is expected to depend
mainly on its rate of redissociation and on the IC rate. Our
RRKM rate coefficients for redissociation averaged over the
internal energy distributions, as a function of temperature,
showed that this rate sharply increases with temperature, i.e.,
from 1.7× 108 s-1 at 300 K through 8.6× 1010 s-1 at 1000 K
to 1.2× 1012 s-1 at 2000 K (see Figure S16 in the Supporting
Information). Lack of accurate dynamic calculations prohibited
us from gaining an accurate IC rate, which can only be estimated
to be roughly 1011 s-1.65,66Therefore, it is reasonable to conclude
that redissociation likely predominates at high temperatures (T
g 1500 K), whereas the IC is likely to be faster at low
temperatures (T e 800 K). In the intermediate range, 800 K<
T < 1500 K, these two routes are competitive.

The lowest-lying triplet•C6H6O• adductT1 can either undergo
H-elimination viaTS2 to yield ground state product radicals
phenoxy+ H, facing a low barrier height of 10.5 kcal/mol, or
it can redissociate back viaTS1 to the initial reactants, after
clearing a higher barrier of 18.6 kcal/mol. AsTS2 is furthermore
looser thanTS1, this should result in the dominance of the
H-elimination step. A third pathway of tripletT1 is nonradiative
transition to the singlet biradical•C6H6O• S1, followed by
isomerization ofS1to singlet phenol and/or benzene oxide (see
discussions below). Scheme 1 shows a number of other reaction
pathways forT1 which where not included in Figure 1 as they
are all energetically highly unfavorable and were found in the
kinetic analysis to be ineffective in the product formation. The

lack of importance of the route ofT1 to CHO + cyclopenta-
dienyl viaT4 andT5 has already been addressed in detail above.
An alternative channel is ring-closure ofT1 leading toT6 via
the tightTS8, facing a barrier of 14.1 kcal/mol, i.e., higher than
that many of the otherT1 pathways above.T6 could subse-
quently undergo ring-opening toT7 after clearing a barrier of
18.8 kcal/mol, but will much more rapidly reisomerize back to
T1, over a barrier of only 1.9 kcal/mol. As a result, theT1 f
T6 f T7 pathway is entirely negligible.T1 could also undergo
a ring-opening viaTS9 giving rise toT8 after overcoming an
energy barrier of 22.4 kcal/mol, i.e., 11.9 kcal/mol above that
of theT1 f TS2 f phenoxy+ H channel. In addition,TS9 is
much tighter thanTS2. Hence, theT1 f TS9 f T8 route and
all of its subsequent chemistry plays only a very minor role,
estimated to be∼1% of the total chemical reactive flux from
T1 (vide infra), and will therefore not be discussed in detail.
The 1,2-H shift of T1 leading to T2, via TS10, needs to
surmount a huge barrier of 29.2 kcal/mol, and is therefore
kinetically irrelevant. The lack of reaction flux through these
last two channels also closes a different potentialT5 formation
routesand hence c-C5H5 + CHO formation fromT5sthrough
T3 f T10 f T11 f T9 f T13 f T12 f T5.

It is of interest to briefly discuss the two lowest-lying
electronic states (X2B1 and A2B2) of the phenoxy radical formed
in the reactions described above, as it is common as a key
intermediate in aromatic flames.4,5,67The ground state X2B1 of
phenoxy lies 23.1 kcal/mol (ca. 1 eV) lower in energy than the
first excited state A2B2. The single occupied molecular orbital
(SOMO) in the X2B1 state is formed by a combination of four
π orbitals, located at four different centers and all being
perpendicular to the molecular symmetry plane (see Figure 4),
while the SOMO in the A2B2 state is completely located at the
O atom center and lies in the molecular symmetry plane. This
results in the C-O bond length of 1.251 Å in the X2B1 state
being closer to a CO double bond length, whereas the length
of 1.321 Å in the A2B2 state is closer to a CO single bond. In
the O+ C6H6 reaction, the yield of the excited A2B2 state is
very small and estimated to be less than 5% of the total amount
of phenoxy radical. If the A2B2 state is formed, it is expected
to rapidly perform an IC process to the X2B1 state. In flames,
the major phenoxy consumption pathway is well established to
be its pyrolysis to yield c-C5H5 + CO.67

In summary, the O-addition onto a C atom in benzene yields
both T1 and T1ex. At low temperatures,T1ex preferably
undergoes an IC process toT1, whereas redissociation ofT1ex
back to the initial reactants is predominant at high temperatures.
T1 will mainly eliminate H to yield the phenoxy radical, which
is hence expected as the major product of the O-addition
mechanism on the triplet PES, in good agreement with experi-
ments.12,13

H-Abstraction by O Atom. The O atom can also attack an
H atom in benzene in an H-abstraction mechanism. The attack
takes place in the molecular plane of symmetry; the two
transition structuresTS3a andTS3b are planar and belong to
a C2v point group (see Figure 1), in good agreement with
observations on the rotational energy of the OH product in a
crossed molecular beam experiment.16 The H-abstraction can
occur on both the3B1 and3B2 electronic state surfaces, which
directly correlate to hydroxyl radical in itsΠ electronic state.
The pathway on the3B1 surface goes throughTS3arepresenting
a barrier of 11.6 kcal/mol and leads to a weak complex C6H5‚
‚‚HO bound by only 2 kcal/mol relative to the separated phenyl
and hydroxyl radicals, and as such readily decomposing to these
products. The pathway on the3B2 electronic state passes over

Figure 4. Highest singly occupied molecular orbitals (SOMO) for the
two key triplet •C6H6O• adducts and the product phenoxy radical.
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TS3b to directly yield products c-C6H5
• + •OH, after clearing

a barrier height of 12.3 kcal/mol, only 0.1 kcal/mol above the
products. Therefore, bothTS3a andTS3b are loose and very
late, i.e., product-like. Note that the H-abstraction mechanism
was earlier characterized by Barckholtz et al.17 using the B3LYP/
6-31G(d) level. However, only the3B1 channel O+ c-C6H6 f
TS3a f c-C6H5

• + •OH was considered, giving rise to an
underestimation for the H-abstraction rate.

It is of interest to evaluate the role and contribution of the
chemical flux for the H-abstraction pathways compared to the
O-addition channels. For this purpose, we evaluated the tem-
perature-dependent rate coefficientsk(T) for both mechanisms
using conventional transition state theory (see eqs 11 and 12
below). Since the O+ c-C6H6 f c-C6H5

• + •OH reaction
channel faces a barrier of ca. 12 kcal/mol, it is expected to play
a role only at high temperatures. We therefore limit this
branching ratio evaluation to theT ) 1000-2000 K range,
where we can further make the assumption that the O-addition
route on the3A′′ surface is only marginal. The latter route may
indeed be neglected safely above 1500 K, where redissociation
of T1ex should predominate over the IC process (see above),
but in theT ) 1000-1500 K range its neglect should entail
some underestimation of the overall O-addition fraction.

with

and

whereQX is the complete partition function of the given X,
including the rotational symmetry number,kb is Boltzmann’s
constant,h is Planck’s constant,R is the universal gas constant,
E*

TS is the energy of transition structure TS relative to the initial
reactants, andκTS is the one-dimensional tunneling correction
for H-abstraction, which is computed by assuming an asym-
metric Eckart potential.68,69 The reaction pathway degeneracy
is derived from the symmetry numbers in the partition function
for rotation and is equal to 12 for the O-addition and 6 for two
H-abstraction channels. This is obvious for the H-abstraction
(6 hydrogens) with transition structures being planar and also
easy to see for the addition to C atoms: there are six of these
carbons, and attack can come from two sides, exactly equivalent
for each of the lobes of theπ-bond.

The computed results presented in Figure 5 show that the
fraction of the H-abstraction flux depends strongly on temper-
atures, i.e.,∼8% at 1000 K and∼32% at 1500 K, which rises
to ∼53% at 2000 K, indicating that the H-abstraction reaction
channels contribute in a major way at combustion temperatures.
It should be repeated here that the•OH product in the O+
C6H6 reaction was observed in the crossed molecular beam

experiment at a high collisional energy of 16.5 kcal/mol,16 but
could not be detected earlier in thermal experiments atT <
1500 K.13,15,22 In contrast, the fraction of the O-addition flux
almost linearly decreases with increasing temperatures, from
∼92% at 1000 K to∼47% at 2000 K. These results can explain
the over-prediction of the phenoxy radical yield in kinetic
modeling studies of C6H6/O2 flames because the H-abstraction
pathway was not taken into account.14

The Lowest-Lying Singlet Surface.As mentioned above,
almost all experimental studies12,18-21 show singlet phenol to
be one of most important products for the title reaction. In
addition, benzene oxide was experimentally detected earlier18

and very recently cyclohexadienone, butadienyl ketene, and
benzene oxide have been observed in an argon matrix study.23

Moreover, the product CO was found by some groups.19,21 All
these products must be formed on a singlet PES, reached via a
spin-forbidden mechanism starting from the initial triplet
•C6H6O• adduct. Hence, the title reaction must also involve the
(lowest-lying) singlet surface following an intersystem crossing
(ISC) process.

Our RRKM calculations of the decomposition rate of the
chemically activated triplet•C6H6O• T1 via the two channels
T1 f TS1 f O + C6H6 and T1 f TS2 f c-C6H5O• + •H
(see Figure 1) show that the summed〈k(E)〉 averaged over the
nascent energy distribution increases sharply with temperature,
i.e., ∼1010 s-1 at 300 K, through∼3.5 × 1011 s-1 at 1000 K,
and to ∼3 × 1012 s-1 at 2000 K (see Figure S17 in the
Supporting Information). So, the lifetime ofT1 is very short,
especially at higher temperatures; i.e.∼100 ps at 300 K,∼3 ps
at 1000 K, and down to∼0.35 ps at 2000 K. Therefore, the
triplet-to-singlet intersystem crossing of•C6H6O• is only ex-
pected to occur at low to moderate temperatures (T < 1000 K)
since the ISC rate can be estimated to be ca. 1010 s-1.65,66 In
addition, a (near-)crossing region of the triplet and singlet
surfaces is expected to occur in the vicinity of the equilibrium
geometry of triplet•C6H6O• T1, since a small triplet-singlet
energy gap of 2.7 kcal/mol was obtained at the CASPT2//
CASSCF level and spin-orbit coupling is small for first-row
elements. Thus, at low temperatures where the decomposition
lifetime of T1 is ∼100 ps, the chemically activated, vibrating
T1 adduct can access the crossing region many times, resulting
in an increased transition probability and ISC rate.

Because there are 33 degrees of freedom for C6H6O species,
it is prohibitive to characterize the entire crossing seam between

Figure 5. Multistate TST-computed contributions of the H-abstraction
and O-addition fluxes as a function of temperature in theT ) 1000-
2000 K range.
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the two electronic states,3A′ and1A′, of oxybenzene. One could
restrict the search for a crossing region by determining which
modes would promote the nonradiative3A′ f 1A′ transition in
oxybenzene. Such dynamic calculations would be very helpful,
but are beyond the scope of this paper.

For the singlet•C6H6O• species, we characterized two forms,
S1 and S1ex, with different electronic states,1A′ and 1A′′,
respectively; their geometries differ mainly in C-O bond length
and C-C-O angle (see Figure S58 in the Supporting Informa-
tion). S1 andS1ex lie 2.7 and 5.1 kcal/mol higher in energy,
respectively, than triplet•C6H6O• T1, as computed at the
CASPT2/CASSCF level. We thus find that singletS1 lies
slightly higher than its triplet counterpartT1, whereas singlet
phenol (S2) and singlet benzene oxide (S6) lie much lower that
their triplet counterpartsT2 and T6. Therefore, it can be
expected that there are intersections between the triplet and
singlet potential energy curves along these two reaction
pathways, namely:T1 f TS10f T2 intersecting withS1f
S2; and T1 f TS8 f T6 intersecting withS1 f S6. We
therefore used triplet UB3LYP optimized geometries along two
IRC routes,T1 f TS10 f T2 and T1 f TS8 f T6, to
compute energies of the triplet and singlet wavefunctions at the
CASPT2(8,8)/cc-pVDZ level, also allowing us to examine the
vertical energy difference between the triplet and singlet
surfaces. The results are presented in Figure 6, parts A and B,
for phenol and benzene oxide, respectively. These figures show
that the crossing regions are very close to the harmonic
vibrational regions of triplet•C6H6O• T1. As shown in Figure
6, two crossing points were located, each about 5 kcal/mol above
T1, one intersecting the singlet surface directly connecting to
phenol, the other to benzene oxide. The intersection leading to
phenol appears much more prone to result in actual ISC, as the
triplet and singlet surfaces are much closer to one another over
a larger RC range than for the intersection yielding benzene
oxide. It should be mentioned that in crossed molecular beam
experiment the ISC process was found to speed up when the
collision energy increased from 2.5 to 6.5 kcal/mol,12 suggesting
that crossing is facilitated by activation of the triplet adduct
T1.

In any case, once formed from the initial triplet adductT1
by ISC, the chemically activated singlet oxybenzene will rapidly
rearrange either to singlet phenol by 1,2-H migration or to singlet
benzene oxide by ring closure. The various reaction pathways

starting at singlet phenol or benzene oxide are schematically
presented in Scheme 2, and the most important channels are
depicted in Figures 7 and 8. During the course of this work, an
article of Xu and Lin70 was published, presenting ab initio-based
kinetics for the unimolecular reaction c-C6H5OH f CO +
c-C5H6. Various reaction routes on the singlet PES starting at
singlet phenol were theoretically characterized at the G2 M level
and discussed in detail by these authors. Our CBS-QB3 values
are in good agreement with the G2 M results, generally within
2-3 kcal/mol (see Table S2 in the Supporting Information),
similar to the energy differences found in our previous stud-
ies.61,62,71Therefore, we would like to refer to the work of Xu
and Lin70 for an extensive discussion of the singlet PES, and
only summarize that the most favorable reaction routes where
found to be: S2 f S3 f S10f S9 f CO + c-C5H6 andS6/
S7 f S3 f S10f S9 f CO + c-C5H6. Under low-pressure
conditions, the product cyclopentadiene together with CO is
theoretically predicted to be always major, whereas other
products such as H2O + c-C6H4 or c-C6H5O• + •H all appear
to be minor. However, at moderate to high pressures the
chemically activated singlet phenol and/or singlet benzene oxide/
oxepin will be thermally stabilized rapidly by deactivating
collisions with the bath gas. As a result, under these conditions
singlet phenol and/or singlet benzene oxide/oxepin are the major
products formed on the singlet PES.

III.2. Quantification of the Product Distribution Resulting
from O-Addition. The overall contributions of the independent
O-addition and H-abstraction channels, as a function of tem-
perature, have already been discussed (see, e.g., Figure 5). In
this section, we will first discuss the product distributions
resulting from O-addition, as predicted for the separate triplet
and singlet surfaces, considered as adiabatic.

On the Triplet PES. As already mentioned above, there are
two lowest-lying triplet surfaces (i.e.,3A′′ and3A′, see Figure
1). For the3A′′ surface, redissociation back to the initial reactants
is the predominant fate at high temperatures (T g 1500 K),
whereas internal conversion (IC) ofT1ex to T1 prevails at low
temperatures (T e 500K). At intermediate temperatures, redis-
sociation and IC both contribute and compete with each other,
such that the product distribution on this3A′′ surface strongly
depends on the IC rate, which can be obtained only by very
demanding dynamic calculations that are beyond the scope of
this paper. Therefore, in a first approximation, we assumed that

Figure 6. Crossing seams between triplet and singlet surfaces: (A) leading to singlet phenol; (B) yielding singlet benzene oxide.
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T1ex either completely redissociates back to the reactants or
goes entirely towardT1, which subsequently proceeds along
various reaction pathways on the3A′ surface. The consequences
of this assumption and how it could affect the overall thermal
rate coefficients will be discussed in section III.3.

The product formation on the3A′ surface will first be
discussed without yet accounting for the fraction of ISC fraction
of T1 toward singlet phenol or benzene oxide. There are only
three channels of any importance occurring on the3A′ surface:
redissociation back into the reactants, production of c-C6H5O•

+ •H, and collisional stabilization of the initial adductT1. The
yields of these three product channels, as a function of
temperature and pressure (T ) 300-2000 K; P ) 10-1-105

Torr), have been obtained by solving the weak-collision master
equation and are presented in Figure 9. As can be seen, the
fraction of redissociation back to the initial reactants increases
with temperature, but is almost pressure-independent. However,
the redissociation route remains minor even atT ) 2000 K with
a yield <10%. The most important product is c-C6H5O• + •H,
which actually makes up close to 100% of all final products

over wideT andP ranges. It is only at low temperatures (e500
K) combined with very high pressure (g100 atm) that collisional
stabilization of the initial oxybenzene adductT1 becomes
important also as a product route, increasing monotonously with
increasing pressure. Actually, under all relevant conditions of
hydrocarbon combustion, phenoxy radical+ H is the quasi-
unique O-addition product formed on the triplet surface, whereas
the yield of stabilizedT1 is negligible,< 1% even atT ) 1500
K and P ) 105 Torr. This result is a consequence of the very
short lifetime of the nascent chemically activatedT1 adduct
(<1 ps at T ) 1500 K), given also that it requires many
collisions to bring its energy below the lowest-lying decomposi-
tion transition structure,TS2. Any thermally stabilized triplet
oxybenzeneT1 is predicted to then undergo the ISC step to the
singlet surface, followed by either ring-closure to lead to singlet
benzene oxide/oxepin or a 1,2-H shift to yield singlet phenol.
It is worth stressing here that the nascent, vibrationally excited
triplet oxybenzene can also undergo a same ISC process leading
to singlet phenol or benzene oxide, in competition with its

SCHEME 2: Various Reaction Pathways for the O+ C6H6 Reaction on the Lowest-Lying Singlet PES Starting at
Phenol or Benzene Oxide, Which Are Formed by an ISC Process from the Initial Triplet PES to the Singlet PES, Where
Bold Arrows Indicate Dominant Reaction Routes

Figure 7. Part of the lowest-lying singlet PES starting at singlet phenol,
as computed at the CBS-QB3 level of theory. The arrow indicates ISC
crossing from the initial triplet to singlet surfaces.

Figure 8. Part of the lowest-lying singlet PES starting at singlet
benzene oxide, as computed at the CBS-QB3 level of theory. The arrow
indicates ISC crossing from the initial triplet to singlet surfaces. Dashed
lines present a connection from singlet benzene oxide to singlet 2,4-
cyclohexadienone (S3) in Figure 7.
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chemically activated fragmentation on the triplet surface, leading
to phenoxy+ H.

On the Singlet PES.Singlet phenol and benzene oxide when
formed from triplet oxybenzene by ISC will undergo subsequent
isomerization/decomposition steps or collisional stabilization.
The product distribution on the singlet surface is of course
dependent on the ratio of the initial singlet phenol and benzene
oxide formation, i.e., the ratio of the ISC rates from triplet
oxybenzene to singlet phenol and benzene oxide, respectively.
Again, ISC rate calculations are beyond our capabilities.
Therefore, calculations of the product distribution on the singlet
surface were carried out for two extreme cases: the first for
the ISC ofT1 yielding only singlet phenol and the second for
this process giving only singlet benzene oxide. Note however
that the entire singlet PES is included in the master equation
analyses; i.e., both regions shown in Figures 7 and 8 are included
in the kinetic reaction scheme at all times. It is worth stressing
here that, as a result, products distributions for any intermediate
case, i.e., initial fractionsf of phenol and 1- f of benzene oxide,
will simply be the correspondingly weighted sum of the product
distributions for the two extreme cases. A number of other
important points should also be mentioned here first. (i) Since
the c-C6H5OH f c-C6H5O• + •H channel is barrierless, we
characterized the kinetic bottleneck structure using variational
transition state theory. The variational TS thus located has a
O-H bond length of 2.0 Å at an internal energy of 6.5 kcal/
mol above the reactants (see Figure S18 in the Supporting
Information); the rovibrational parameters of this TS will be
used in subsequent product distribution analyses. (ii) The
benzene oxide (S6) T oxepin (S7) internal rearrangement
appears to occur very fast, quickly achieving a microcanonical
equilibrium before decomposition can take place, such that their

effective density of states is taken as the sum of the two
individual densities. (iii) Ring-opening of 2,4-cyclohexadienone
(S3) leads to butadienyl ketene (S8, denoted as BDK) (see
Figure 7), which by rapid internal rotation around the C-C axis
gives rise to various rotamers. We characterized in total eight
different rotamers, four ofZ (cis) configuration and four ofE
(trans) configuration, according to the orientation of the
molecule about the central CdC bond (see Table 1), in
agreement with previous findings.23 However, onlyZ-configura-
tions can readily be generated by the internal rotation around
the C-C bond starting atS8ain a cis-form, whereas it requires
some 60 kcal/mol to break the central CdC π-bond and so form
an E-configuration. At high temperatures,S8 may contain
sufficient initial energy for this (see Figure 7), but other
processes are energetically much more favorable and much
faster. On the other hand, rates of internal rotation about the
C-C bond of BDK-Z are much faster than those of the ring-
closure or decay steps (see Figure S19 in the Supporting
Information). Thus, it is entirely justified to treat the density of
states for the BDKS8 intermediate as the sum of the individual
densities of the fourZ configurations. Note that each BDK
structure without symmetry (C1) has a mirror configuration, the
density of states of which was also included.

Yields of various product channels computed as a function
of T ) 300-2000 K andP ) 10-4-105 Torr are presented in
Figure 10 for 100% singlet phenol initially formed by ISC from
triplet oxybenzene; and in Figure 11 for 100% initial singlet
benzene oxide. An important observation is that the product
distributions predicted for these two extreme cases do not differ
overly much, except of course for stabilized phenol and benzene
oxide at the highest pressures. Hence, the unknown relative
contribution of the two ISC processes will not have a major

Figure 9. Product distribution on the triplet PES as a function of temperature and pressure: (A) for H• + c-C6H5O•; (B) for O + C6H6; (C) for
collisional stabilization of triplet oxybenzene.
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impact on the predicted product distribution over the examined
T, P ranges. Figures 10 and 11 also show that the products
c-C5H6 + CO, phenol, and benzene oxide/oxepin are major, at
least in some conditions, while the products phenoxy radical+
H, c-C6H4 + H2O, the ketoneS3and BDKS8are always minor.
These results are in agreement with earlier experimental
observations for key products such as phenol and CO.19-21 As
can be seen, the fractions of the various products depend in a
complex way onT andP. In general, an increase of temperature
enhances the yields of c-C5H6 + CO, phenoxy radical+ H,
and c-C6H4 + H2O. On the other hand, increasing the pressure
will reduce the yields of c-C5H6 + CO, phenoxy radical+ H,
and c-C6H4 + H2O, but increase those of phenol and benzene
oxide/oxepin. These temperature and pressure effects are entirely
in keeping with the competition between isomerization/
decomposition reactions on one hand, and collisional stabiliza-
tion on the other.

Comparison of Predictions with Experiment. Let us
compare our predicted major products to the experimental
observations. First, following O-addition, the route to phenoxy
radical+ H is found to be the dominant if not the sole product
pathway on the triplet PES under all hydrocarbon combustion
conditions. The phenoxy product was detected not only in earlier
collision-free experiment,12 but also in recent thermal, multi-
collision experiments.13 Second, phenol was established as an
important product of the title reaction in several experimental
studies,12,18-21 and recognized to result solely from spin-
forbidden ISC from the triplet to singlet surfaces. Our present
study shows that phenol is preferably generated under lowT
(e1000 K) conditions where ISC to the singlet surface can more
easily outrun the decomposition of the triplet adductT1 to
phenoxy + H (see further). While formation of phenol in
multicollision conditions is easily explained by ISC and
collisional stabilization by bath gas molecules/atoms, the

Figure 10. Product distribution on the singlet PES as a function of temperature and pressure, assuming that singlet phenol is the only initial singlet
intermediate resulting from ISC of triplet oxybenzene.
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observation of phenol in single-collision crossed molecular beam
experiments12 is not understood completely. Lee et al.12 rational-
ized their detection of important amounts of phenol at a flight
time of 200µs after the reactive O+ C6H6 encounter as being
due to a long lifetime of the hot singlet c-C6H5OH intermediate
formed upon ISC. To test this hypothesis, we investigated the
time evolution of the abundance of the various intermediate and
product species in the O+ C6H6 reaction, assuming that of the
6.5 kcal/mol collision energy in the mentioned experiment, only
the 4.1 kcal/mol required to surmount the addition barrier
contributes to the internal energy of the initial adduct and
ensuing singlet intermediates, i.e., either phenol or benzene
oxide. In this RRKM analysis, the motion of the hydroxyl-H
about the O-C axis in phenol was treated as a free internal
rotation, quite justifiable at the 105.6 kcal/mol internal energy
of the hot phenol at issue. The results, plotted in Figure 12,
parts A and B, indicate that after 200µs much of the initial

singlet phenol/benzene oxide should still survive, while most
of the remainder should have decayed to CO+ c-C5H6. Given
the abundance changes predicted around 100µs (see Figure 12),
and considering the estimated uncertainties of a factor of 2 or
3 regarding our theoretical RRKM lifetimes of the singlet
intermediates, the present results are consistent with the Lee et
al. findings and rationalizations,12 even though their observation
that CO is only a minor product after 200µs suggests an
overestimation on our part of the hot phenol/benzene oxide
decomposition rate. At the same time, our analysis offers an
qualitative explanation why in the crossed-beam experiment of
Sloane,21 at only 0.6 kcal/mol collision energy and hence longer
flight times, CO and C5H6 were observed as major products, at
least on a par with singlet [C6H6O] compounds. It may be noted
that only the fragmentation products CO+ c-C5H6 and in a
minor way H+ phenoxy resulting from the hot singlet [C6H6O]

Figure 11. Product distribution on the singlet PES as a function of temperature and pressure, assuming that singlet benzene oxide is the only initial
singlet intermediate resulting from ISC of triplet oxybenzene.
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intermediates should be considered as true singlet-surface “end”-
products in single-collision conditions.

Third, in thermal conditions, the product benzene oxide/
oxepin is predicted to be produced on the singlet PES at lowT
and moderateP; it was indeed detected earlier as a transient
intermediate18 in the O+ C6H6 reaction and also observed in a
recent argon matrix study at 12 K.23 Fourth, H-abstraction
pathways on triplet surfaces leading to phenyl plus hydroxyl
radicals are theoretically characterized and evaluated to con-
tribute significantly at high temperatures; e.g., atT ) 2000 K
their contribution is predicted to be comparable to that of
O-addition. The•OH radical was indeed detected in crossed
molecular beam experiments at a high collision energy of 16.5
kcal/mol.16 Finally, the production of CO, which should be
formed together with c-C5H6, has been a subject of some debate.
In our present analysis, we resolve this controversy by rational-
izing the production of CO as a major end-product in the
particular conditions of crossed molecular beam experiments
at longer flight times as reported by Sloane,21 making clear at
the same time why in similar but short flight-time experiments
such as that of Lee et al.,12 CO formation is still less important.
It should be noted that the two other studies reporting a
negligible CO production with yielde 5%, i.e. Nicovich et al.22

and Bajaj and Fontijn,13 were both conducted under thermal,
multicollision conditions, atT ) 298-950 K/P ) 100 Torr and
at T ) 405 K/P ) 3-12 Torr, respectively. Again, our present
investigation clarifies why CO+ c-C5H6 production in multi-
collision conditions differs greatly from that in single-collision
experiments. Figures 10 and 11 show that the predicted CO
yield from the singlet surface is<10% in T and P ranges of
both the above-mentioned thermal experiments.13,22 If we
roughly assume that 50% of the reactive flux goes through ISC,
the overall CO yield is estimated to be<5%, in agreement with
the experimental findings.13,22

A quantitative prediction of the overall product branching
ratios spanning all potential energy surfaces is at this time
difficult due to the need for accurate dynamic calculation on
the rates of the IC and ISC processes involved. For these systems
such calculations are extremely demanding and beyond our
current computational resources. An alternative approach, used
successfully in earlier work,61,62where the ratio of ISC crossing
vs on-surface unimolecular reactions is calibrated against
experimental product measurements, is not possible here due
to the current lack of sufficiently complete experimental product
distribution data.

III.3. Overall Thermal Rate Coefficient. The overall
temperature-dependent rate coefficientk(T)overall for the O(3P)
+ C6H6 reaction can be computed according to

where thek(T) in the right-hand-side (RHS) are the rate
coefficient derived from multistate transition state theory:

with

k(T)O-add
TS1 and k(T)H-abs already defined in eqs 14 and 13

above, respectively, andγre is the fraction of redissociation of
the initial adducts back to the initial reactants, as a function of
temperature and pressure (for example, see Figure 9B). At low
temperatures (T e 800 K), redissociation is minor if not
negligible and the value ofγre is close to 0. Above 1000 K,
redissociation becomes non-negligible, but its contribution is
the result of a complicated competition between redissociation,
further isomerization, and IC/ISC processes (IC forT1ex).
Accurate quantification ofγre therefore again requires dynamic
calculations that are beyond our capabilities. We therefore
limited ourselves to the calculation ofk(T)overall for T e 800 K;
furthermore, for these lower temperatures experimental data are
well established and available for comparison. The rotational
symmetries for C6H6, the O-addition, and H-abstraction transi-
tion states are 12, 1, and 2, respectively, such that the reaction
path degeneracy is 12 for each O-addition channel, but 6 for
each H-abstraction channel as already discussed earlier. The
electronic partition function of the O atom explicitly includes
the three lowest-lying electronic states (3P2 with electronic
degeneracyg ) 5, 3P1 with g ) 3, and3P0 with g ) 1), with
relative energies of 0.0000, 0.4525, and 0.6490 kcal/mol,
respectively.72 Also, the electronic degeneracy of 3 for the
transition structures, having a triplet electronic state, is duly
taken into account.

The rate predictions are plotted in Figure 13 and can be well-
represented by a modified Arrhenius equationk(T)overall ) 3.7

Figure 12. Time-evolution of abundances of species on the lowest-lying singlet surface under single-collision conditions at a total energy equal
to the lowest-lying entrance TS, i.e., 4.1 kcal/mol above the reactants (see text). Case A starting at singlet phenol and case B starting at singlet
benzene oxide, respectively, as initial activated singlet intermediate.
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× 10-16 × T1.66× exp(-1830 K/T) cm3 molecule-1 s-1; recent
experimental data are also shown for comparison. Ourk(T)
results are in near-perfect agreement with the experimental data
of Nicovich et al.22 and Avramenko et al.24 over the entire range
300 to 800 K, while they are slightly below the measurements
by other authors at low temperatures. At room temperature, our
predicted rate coefficient is 1.0× 10-14 cm3 molecule-1 s-1,
in good agreement with the 1.2× 10-14 cm3 molecule-1 s-1

measurement by Nicovich22 but ca. 40% below the 1.7× 10-14

cm3 molecule-1 s-1 recommended in the literature.30 However,
at higher temperatures, the agreement with experimental data
improves considerably. It should be noted that our CBS-QB3
computed barrier heights prove to be reliable and within
“chemical accuracy”, given that 0.5 kcal/mol difference alters
the computedk(T) values at room temperature by a factor of
2.3.

IV. Concluding Remarks

In the present theoretical study, the lowest-lying triplet and
singlet potential energy surfaces for the O(3P) + C6H6 reaction
were characterized, uniformly using the high level quantum
chemical CBS-QB3 method. RRKM master equation calcula-
tions to evaluate primary product distribution for each of these
surfaces separately and to qualitatively predict the overall major
products were carried out using the exact stochastic simulation
method. In addition, overall thermal rate coefficients were
determined in the 300-800 K range using multistate transition
state theory. A number of important results emerge from this
study and can be summarized as follows:

(i) The O(3P) + C6H6 reaction is confirmed to occur mainly,
but not exclusively, via an electrophilic O-addition mechanism
as the first reaction step. The predicted major products from
this addition reaction are c-C6H5O• + H• together with phenol
and/or benzene oxide/oxepin. c-C6H5O• + H• are the most
important products in flame conditions and nearly exclusively
formed on the lowest-triplet PES, whereas phenol and/or
benzene oxide/oxepin are mainly produced from the lowest-
lying singlet surface following an ISC process; these results
confirm the available experimental observations. CO+ c-C5H6

are predicted to be formed in flames, but with yields that can
be important only around atmospheric pressure or below. In
single-collision crossed molecular beam experiments,21 CO +
c-C5H6 should be major end-products at long enough flight
times, resulting from the decomposition of chemically activated

singlet phenol/benzene oxide formed after ISC. Ketones should
be produced as minor products under moderateT and P
conditions. The O+ C6H6 f c-C5H5

• + •CHO channel is
predicted to be unimportant under all relevant combustion
conditions, in contrast with previous theoretical conclusions.14

(ii) Separate from O-addition, H-abstraction by O proceeds
on two electronic surfaces,3B1 and 3B2, and results in OH-
(X2Π) + c-C6H5

• products, predicted to be major at high
temperatures. The contribution of H-abstraction to the overall
product formation is estimated to be ca. 50% at 2000 K. Further
experimental studies are awaited to validate these predictions.

(iii) The entrance barrier heights and reaction enthalpies
computed at the CBS-QB3 level of theory are in good agreement
with available experimental data, within 0.5 kcal/mol.

(iv) The lack of accurate dynamic calculations for ISC and
IC rates and/or of available experimental product branching
ratios prohibits us from quantitatively predicting the overall
primary product distribution for the title reaction. However, the
present study elucidates the detailed reaction mechanism and
semiquantitatively predicts all products, as observed in widely
different reaction conditions.

(v) The multistate TST computed overall rate coefficient for
this complex multichannel reaction, over the range 300-800
Ksk(T) ) 3.7 × 10-16 × T1.66 × exp(-1830 K/T) cm3

molecule-1 s-1sis in good agreement with the experimental
data in the literature, within a factor of<2.
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