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The rate constants for the reactions of OH radicals with benzene and toluene have been measured directly by
a shock tube/pulsed laser-induced fluorescence imaging method at high temperatures. The OH radicals were
generated by the thermal decomposition of nitric acid ortert-butyl hydroperoxide. The derived Arrhenius
expressions for the rate constants werek(OH + benzene)) 8.0× 10-11 exp(-26.6 kJ mol-1/RT) [908-1736
K] andk(OH + toluene)) 8.9× 10-11 exp(-19.7 kJ mol-1/RT) [919-1481 K] in the units of cubic centimeters
per molecule per second. Transition-state theory (TST) calculations based on quantum chemically predicted
energetics confirmed the dominance of the H-atom abstraction channel for OH+ benzene and the methyl-H
abstraction channel for OH+ toluene in the experimental temperature range. The TST calculation indicated
that the anharmonicity of the C-H-O bending vibrations of the transition states is essential to reproduce the
observed rate constants. Possible implications to the other analogous H-transfer reactions were discussed.

Introduction

Elucidation of the oxidation/formation mechanisms of the
aromatic hydrocarbons is one of the most important research
areas in combustion chemistry. The aromatic compounds are
major constituents of practical fuels, and for example, their
contents are∼30% in gasoline and∼20% in diesel fuel. Because
of the high resistance toward autoignition, they are used as
antiknock additives to enhance the octane number of gasoline.
Also, the aromatic hydrocarbons are produced in combustion,
even in the combustion of aliphatic fuels, and are known to
play central roles in the mechanism of the formation of PAHs
(polycyclic aromatic hydrocarbons) and particulate matters, or
soot. However, the kinetic information is still limited for the
reactions of aromatic hydrocarbons, especially at elevated
temperatures, mainly due to the experimental difficulties.

The reactions of OH radicals with benzene and toluene

are important initial oxidation steps of benzene and toluene in
combustion. Also, the reactions are important key reactions in
PAH formation. For example, the C6H5 (phenyl) radical formed
as one possible product by OH+ benzene (reaction 1), produces
the cyclopentadienyl (C5H5) radical, an important key species
for aromatic ring growth, via subsequent reactions, C6H5 + O2

f C6H5O + O and C6H5O + M f C5H5 + CO + M.
Because they are also important in the atmospheric photo-

oxidation processes, reactions 1 and 2 have been investigated
extensively at around room temperature.1-22 Under atmospheric
conditions, they are known to proceed mainly via the formation
of OH adducts, hydroxycyclohexadienyl radicals (C6H6OH and
HOC6H5CH3), though the subsequent oxidation mechanism is
still controversial. The H-atom abstraction channels have been
reported to be minor,∼5% for OH + benzene and∼10% for
OH + toluene at room temperature.3

Because of the small binding energy, the OH-benzene or
OH-toluene adduct is no longer stable at elevated temperatures.
Lin et al.23 observed the equilibrium reaction, OH+ C6H6 T
C6H6OH, in the temperature range 345-385 K and derived the
heat of reaction,∆H (365 ( 20 K) ) -84 ( 4 kJ mol-1.
Though limited, a few kinetic studies have been also reported
at higher temperatures.24-27 Tully et al.24 employed the flash
photolysis-resonance fluorescence technique for the study of
reactions 1 and 2 up to 1150 K. Madronich and Felder25

determined the rate coefficient for reaction 1 over the temper-
ature range 790-1410 K using the high-temperature photo-
chemistry technique. It has been well-established that, as
temperature increases, the apparent rate constant for reaction 1
or 2 steeply drops in the region around 350-400 K and starts
to increase over∼500 K.26 This strange temperature dependence
has been well-interpreted by the equilibrium around 350-400
K as observed by Lin et al.23 and the opening of the H-
abstraction channels above∼500 K. The observed kinetic
isotope effect for OH+ benzene,5,24 k1(H)/k1(D) ≈ 2, also
supports the dominance of the H-abstraction channel for reaction
1 above 500 K. Further, Tully et al.24 used partially deuterated
toluenes for the elucidation of the mechanism of the reaction
2, and the side-chain H-abstraction channel has been shown to
be predominant above 500 K.

Recently, Tokmakov and Lin28 and Chen et al.29 reported
extensive theoretical investigations on the OH+ benzene
(reaction 1). The thermochemical properties of intermediates,
OH adduct, and prereaction complex and the structures and
properties of the important transition states were estimated by
ab initio and density functional calculations. Their RRKM or
QRRK calculations succeeded in reproducing the observed rate
constants semiquantitatively and concluded that the H/OH-
substitution channel at high temperatures is negligible. However,
neither study reproduced the experimental rate constants ac-
curately above 500 K. The slope of the Arrhenius plot seems
to be significantly different. Considering the importance of the
reaction in the combustion of benzene, as an initial oxidation
step and as a possible key reaction in PAH formation, extension
of the experimental and/or theoretical investigations is needed

* Corresponding author. E-mail address: miyoshi@
chemsys.t.u-tokyo.ac.jp.

OH + C6H6 f products (1)

OH + C6H5CH3 f products (2)

5081J. Phys. Chem. A2006,110,5081-5090

10.1021/jp0575456 CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/25/2006



for the high-temperature region. As for OH+ toluene (reaction
2), theoretical calculations on the formation of OH adduct
isomers have been reported by Suh et al.30 No theoretical
investigation including the H-abstraction channels has been
reported so far.

In the present work, high-temperature reactions of OH radicals
with benzene and toluene have been investigated by a shock
tube/pulsed laser-induced fluorescence imaging method31 de-
veloped recently in our laboratory. The kinetic measurements
were extended to high temperatures up to 1736 K for OH+
benzene and up to 1481 K for OH+ toluene, in order to provide
reliable experimental rate constants in the temperature range of
combustion interest. The result for OH+ benzene was analyzed
by the transition-state theory (TST) based on quantum chemical
calculations, in order to resolve the disagreement between the
theory and the experiments. The reaction of OH+ toluene was
also analyzed on the basis of TST calculations.

Experimental Section

Experiments were carried out by a shock tube/pulsed laser-
induced fluorescence imaging method (ST-PLIFI)31 developed
recently by the authors, and the details of the apparatus have
been described elsewhere.31 A brief description is given here.
The PLIFI detection system is located at the end of the shock
tube. An image of a laser-irradiated cylindrical fluorescing part
of the shock-heated gas sample is focused upon the photocathode
plate of an image intensifier (Hamamatsu V4436U) by ultra-
violet focusing lenses. The intensified fluorescence image is
digitized by a digital CCD camera. The OH radicals were excited
at the overlapping Q1(1) and R2(3) lines of the A-X (1, 0) band
at 281.99 nm. A band-pass filter with peak transmission at 310
nm and 5-nm fwhm was used to select the A-X (1, 1) band
fluorescence of the OH radical. The probe laser light was
generated by a XeCl excimer laser (Lambda Physik ComPex
102) pumped dye laser (Lambda Physik Scanmate 1) with a
frequency doubler (Lambda Physik Scanmate UV). The typical
laser pulse energy was∼1 mJ at 281.99 nm by using coumarin
540A dye and aâ-barium borate (BBO) frequency-doubling
crystal.

The OH radicals were generated by the thermal decomposition
of HONO2 (gaseous nitric acid) or TBHP (tert-butyl hydrop-
eroxide, (CH3)3C-OOH).

The nitric acid was useful for temperatures above 1300 K, where

it decomposes within a sufficiently short time (<10-5 s)
compared to the time scale of observation of reaction 1 or 2.
For temperatures below 1300 K, TBHP was used for the OH-
radical source, since it decomposes much more rapidly than the
nitric acid and was useful down to 900 K.32 The use of TBHP
was limited below∼1300 K, since it starts to decompose in
the incident shock wave. It should be noted that the other
dissociation product of TBHP, thetert-butoxy radical [(CH3)3C-
O], rapidly decomposes to methyl radicals and acetone

and the effect of side reactions is relatively large in comparison
to the case of HONO2. Details of the secondary kinetics will
be discussed in the following section.

The gaseous nitric acid was prepared by adding concentrated
nitric acid (Wako, 70%) to two to three times the volume of
concentrated sulfuric acid (Wako, 98%)33 and was purified by
trap-to-trap distillation. The sample containing TBHP was
prepared by evaporating the aqueous solution of TBHP (Wako,
70%). The concentration of TBHP in the sample gas was
estimated by assuming the ideal solution, which seems to be
allowable since the vapor pressure of TBHP is similar to that
of water. Ar (Nihon Sanso, 99.9999%), which was used as
diluent throughout the present study, was purified by passage
through a cold trap. He (Japan Helium Center, 99.9999%) for
the driver gas was used without further purification. Benzene
(Wako, 99.8%) and toluene (Katayama Chemical first grade,
99%) were purified by repeated trap-to-trap distillation cycles.
The typical sample gas contained 1-4 ppm of OH-radical
precursor (HONO2 or TBHP) and 200-1100 ppm of benzene
or toluene in Ar.

Results

A. Experiments Using HONO2 for OH-Radical Source.
Figure 1 shows three typical OH-PLIF images recorded with
gas samples containing HONO2 as the OH-radical source and
derived concentration-time profiles of OH. Upon the arrival
of reflected shock waves (time) 0), the OH radicals were
generated nearly instantaneously and stayed at constant con-
centration during the observation period without hydrocarbon
reactant (Figure 1a), while a decay of OH concentration was
observed due to reaction 1 or 2 when benzene (Figure 1b) or
toluene (Figure 1c) was added to the gas sample. The time
variation of the fluorescence intensity was well-described by a
single-exponential function

Figure 1. Observed PLIF images and derived [OH] time profiles for (a) HONO2/Ar mixture, (b) HONO2/benzene/Ar, and (c) HONO2/toluene/Ar
mixtures. Experimental conditions: (a)T ) 1455 K,P ) 1.80 atm, and [HNO3]0 ) 1.36× 1013 molecules cm-3. (b) T ) 1451 K,P ) 1.80 atm,
[HNO3]0 ) 1.38 × 1013 molecules cm-3, and [C6H6]0 ) 1.87 × 1015 molecules cm-3. (c) T ) 1442 K, P ) 1.79 atm, [HNO3]0 ) 3.11 × 1013

molecules cm-3, and [C6H5CH3]0 ) 4.32× 1015 molecules cm-3. The solid and broken lines denote the results of the numerical simulation with
k8 ) k9 ) 1 × 10-10 andk8 ) k9 ) 1 × 10-9 cm3 molecule-1 s-1, respectively (see text for details).

HONO2 + M f OH + NO2 + M (3)

(CH3)3C-OOH + M f OH + (CH3)3C-O + M (4)

(CH3)3C-O + M f CH3 + CH3COCH3 + M (5)

I(t) ) I0 exp(-k′t) (E1)
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whereI0 is the fluorescence intensity att ) 0 andk′ is the pseudo
first-order decay rate of OH radicals. Since the experiments were
performed under pseudo first-order conditions, that is, [benzene
or toluene]0/[OH]0 ) 130-440, the rate constant for reaction 1
or 2, k1 or k2, was derived from a simple relation,k′ )
k1[benzene]0 or k′ ) k2[toluene]0.

Although the absolute concentrations of OH radicals are not
important in the pseudo first-order analysis, they are needed
for the assessment of the possible effect of side reactions, most
of which are radical-radical reactions. The absolute OH-radical
concentration was evaluated by assuming [OH]0 ) [HONO2]0,
since the nitric acid is known to dissociate to OH+ NO2

quantitatively.34 The typical initial concentration of OH radicals
was around 2× 1013 molecules cm-3. Possible side reactions
of the species originating from HONO2 are as follows:

The contribution of these reactions can be readily excluded from
the time profile in Figure 1a, which was observed without
benzene or toluene since no decay of [OH] was visible. This
can also be confirmed from the rate constants for these reactions,
that is, by usingk6 ) 2 × 10-12, k7 ) 5 × 10-12 (both in units
of cm3 molecule-1 s-1 and at 1500 K),35,36 and the maximum
possible concentration of NO2 and OH,e[HONO2]0 ≈ 2 ×
1013 molecules cm-3. Their contributions to the first-order decay
were estimated to be 40 s-1 and 100 s-1, respectively, which
are less than 1% of the observed decay rate, typically (2-8) ×
104 s-1.

The dominant channels of reactions 1 and 2 are expected to
be H-atom abstraction reactions (1a and 2a) at high temperatures.
The minor substitution channels (1b, 2c, and 2d) and ring
H-abstraction channel (2b), which will be discussed in the
following section, are neglected here.

The most significant side reactions will be the reactions of OH
radicals with the reaction products.

Since no direct kinetic measurement has been reported for these

reactions, possible interference was evaluated by numerical
simulation by varying the rate constants for these reactions. The
reactions used in the numerical simulation are listed in Table
1S (Supporting Information). Although other reaction products,
three isomers of methyl phenyl radicals, can be expected for
OH + toluene, and the products may decompose further to other
species such as benzyne and its derivatives, these are represented
by a single species C6H5 or C6H5CH2 in the numerical
simulation. The distinction of these species makes no practical
difference because of the lack of their rate constants with OH
radical.

The calculated OH radical concentrations are compared with
experiments in Figure 1b,c. The solid lines show the calculations
with k8 (or k9) ) 1 × 10-10 cm3 molecule-1 s-1 (typical rate
constant for radical-radical reactions), while broken lines denote
those with 1× 10-9 cm3 molecule-1 s-1 (estimated maximum
rate constant≈ gas kinetic collision rate constant). The effect
of reaction 8 or 9 was found to be minor, though it was slightly
larger for the OH+ benzene experiment (Figure 1b) than for
OH + toluene (Figure 1c), reflecting the smaller rate constant
for reaction 1 than that for reaction 2. Furthermore, a trial was
also made to investigate the rate constant,k8, for OH + C6H5

(reaction 8) by separate experiments using nitrosobenzene (C6H5-
NO) as a pyrolytic source of phenyl radical. The upper limit
for k8 was evaluated to be∼10-10 cm3 molecule-1 s-1. This
indicated that the contribution of reaction 8 was sufficiently
small in the present experimental conditions. Other side reactions
were also concluded to be negligible by the numerical simula-
tions.

B. Experiments using TBHP.Since HONO2 is useful as an
OH radical source only for temperatures above∼1300 K,
measurements were extended to lower temperatures by using
TBHP. Figure 2 shows typical fluorescence images and time
profiles of [OH]. Similarly to Figure 1, Figure 2a-c indicates
the results without reactants, with benzene, and with toluene,
respectively. Unlike the case of HONO2, a slight decay of [OH]
was observed even in the absence of reactants (Figure 2a),
mainly due to the subsequent reactions of OH radicals with the
dissociation products of (CH3)3C-O radicals, acetone (CH3-
COCH3), and CH3 radicals.

By using the rate constants for reactions 1037 and 1138 at 1200
K, k10 ) 9 × 10-12 andk11 ) 2.7× 10-11 cm3 molecule-1 s-1,
and [CH3COCH3]max ) [CH3]max ) [TBHP]0 ∼2 × 1013

Figure 2. Observed PLIF images and derived [OH] time profiles for (a) TBHP/Ar mixture, (b) TBHP/benzene/Ar, and (c) TBHP/toluene/Ar
mixtures. Experimental conditions: (a) [TBHP]0 ) 1.5 × 1013 (open circles, observed [OH]; solid gray line, simulated [OH]) and 8.0× 1013

molecules cm-3 (open triangles, observed [OH]; solid black line, simulated [OH]). (b)T ) 1058 K, P ) 1.08 atm, [TBHP]0 ) 1.94 × 1013

molecules cm-3, and [C6H6]0 ) 8.49× 1015 molecule cm-3. (c) T ) 1097 K,P ) 1.14 atm, [TBHP]0 ) 1.67× 1013 molecules cm-3, and [C6H5-
CH3]0 ) 5.16× 1015 molecules cm-3. The solid and broken lines denote the results of the numerical simulation withk8 ) k9 ) 1 × 10-10 andk8

) k9 ) 1 × 10-9 cm3 molecule-1 s-1, respectively (see text for details).

OH + NO2 f HO2 + NO (6)

OH + OH f H2O + O (7)

OH + C6H6 f C6H5 + H2O (1a)

OH + C6H5CH3 f C6H5CH2 + H2O (2a)

OH + C6H5 f products (8)

OH + C6H5CH2 f products (9)

OH + CH3COCH3 f products (10)

OH + CH3 f products (11)
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molecules cm-3, contributions to the [OH] decay rate were
estimated to be 180 and 540 s-1, respectively, both of which
are less than 2% of the measured decay rates of OH, (3-6) ×
104 s-1. To confirm the estimated mechanism, an experiment
was also performed with about five times larger TBHP
concentration, and the result is also shown in Figure 2a. The
decay rate was found to increase as expected, and the profiles
could be fairly well reproduced by the numerical simulation.
To avoid the effect of these reactions, experiments were
performed with lowest possible concentration of TBHP,∼2 ×
1013 molecules cm-3.

Similar to the case of HONO2 experiments, numerical
simulations were performed by using the reactions listed in Table
2S (Supporting Information), and the time profiles calculated
for two cases withk8 (or k9) ) 1 × 10-10 and 1× 10-9 cm3

molecule-1 s-1 are shown in Figure 2b,c by solid and broken
lines, respectively. The effect of side reactions 8 and 9 was
confirmed to be negligible.

C. Temperature Dependence of the Rate Constants.The
measured rate constants are summarized in Table 3S (Supporting
Information) with experimental conditions and are shown in the
Arrhenius plots (Figure 3). The rate constants for OH+ toluene
(reaction 2) were found to be two to three times larger than
those for OH+ benzene (reaction 1). No significant difference
was found between the results with HONO2 and TBHP. By a
least-squares analysis, Arrhenius rate constant expressions for
reactions 1 and 2 were derived to be (in units of cm3 molecule-1

s-1)

Here, the error limits for preexponential factor and activation
energy are at the two standard deviation (2σ) level. F is the
uncertainty factor (also, at the 2σ level) of the rate constants in

the specified temperature range. The present results for reactions
1 and 2 agree well with those of Tully et al.24 and Madronich
and Felder.25 Derived activation energies are slightly larger (by
5-8 kJ mol-1) than those reported in the earlier works for the
lower temperature range, suggesting non-Arrhenius behavior of
the rate constants.

Discussion

For the reaction of OH radicals with benzene (reaction 1),
previous extensive theoretical analyses28,29 have clearly estab-
lished the mechanism based on the experimental kinetic data.
However, the agreement between experimental and theoretical
rate constants was not satisfactory at temperatures above∼500
K. In the present study, previous high-temperature rate constants
for OH + benzene have been confirmed and extended up to
1740 K. Since this reaction is an important initial oxidation step
for the simplest aromatic hydrocarbon, the theoretical investiga-
tion was also extended in the present study in order to resolve
the discrepancy. A theoretical investigation was also made for
the reaction of OH radicals with toluene (reaction 2).

A. Energetics of OH + Benzene and OH+ Toluene
Reaction Systems.The energetics of the reaction systems were
estimated from the experimental heats of formation, the
estimates proposed in the previous theoretical investigations,
and quantum chemical calculations of G3(MP2)//B3LYP39 and
CBS-QB340 models carried out using theGaussian 98or 03
programs.41 Although the previous studies seem to have well-
established the dominance of the H-abstraction channel (reaction
1a) for OH+ benzene at high temperatures, the barrier for the
H/OH-substitution reaction 1b was estimated to lie only 10-
20 kJ mol-1 above that of the H-abstraction channel, and this
channel may contribute significantly at elevated temperatures.

Thus, the quantum chemical calculations were made for both
channels. Other reaction channels, which have been extensively
investigated by Chen et al.,29 were excluded, since the barrier
heights were reported to be much higher, by at least 50 kJ mol-1,
than that for the H-abstraction channel. Similarly, for OH+
toluene (reaction 2), four H-abstraction channels (reactions 2a,
2b-o, 2b-m, and 2b-p) and four substitution channels (reactions
2c, 2d-o, 2d-m, and 2d-p) have been investigated. The calculated

internal energy at 0 K relative to the reactants,Erel(0 K), are
summarized and compared with experimental thermodynamic
data and previous estimations in Table 1. The last column of
the table shows the best estimates ofErel(0 K), which are used
in the TST calculations described in the following subsection.
For OH + benzene, the best-estimate energetics for H/OH-
substitution steps were taken from the previous work by
Tokmakov and Lin,28 who have chosen these so as to reproduce
the reported rate constants for OH+ benzene at low temper-
atures, as well as those for reverse OH/H-substitution reaction,

Figure 3. Arrhenius plots for the rate constants for OH+ benzene
and toluene in the high-temperature region. The symbols in lower left
legend are measurements for OH+ benzene (b and2, present studies
with HONO2 and TBHP, respectively;O, Madronich and Felder;25 4,
Tully et al.24), and those in the upper right legend are measurements
for OH + toluene ([ and1, present studies with HONO2 and TBHP,
respectively;3, Tully et al.24). Solid lines correspond to the Arrhenius
expressions, derived in the present work.

k1 ) (8.0( 1.7)× 10-11 ×
exp{-(26.6( 2.0[kJ mol-1])/RT}

F ) 1.32 (908-1736 K)

k2 ) (8.9( 2.9)× 10-11 ×
exp{-(19.7( 2.7[kJ mol-1])/RT}

F ) 1.20 (919-1481 K)

OH + C6H6 f C6H5 + H2O (1a)

f C6H5OH (phenol)+ H (1b)

OH + C6H5CH3 f C6H5CH2 + H2O (2a)

f o-, m-, p-C6H4CH3 + H2O

(2b-o, 2b-m, 2b-p)

f C6H5OH + CH3 (2c)

f o-, m-, p-C6H4CH3OH (cresol)+ H

(2d-o, 2d-m, 2d-p)
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H + C6H5OH f OH + C6H6. The height of TSabs, transition
state for the H-abstraction channel, was adjusted so as to
reproduce the high-temperature rate constants determined in the
present and previous24,25studies. Details of this procedure will
be described below. It should be noted that the CBS-QB3 model
reproduces the experimental and best estimated energetics quite
well. The differences were only∼3 kJ mol-1 on average and
6.3 kJ mol-1 at maximum. The best-estimate energy diagram
for the OH+ benzene system is shown in Figure 4.

For the OH+ toluene system, experimental thermochemical
information is available only for the methyl H-abstraction
products (H2O + benzyl) and substitution products (CH3 +
phenol and H+ cresol). Again, because the CBS-QB3 model
well-predicted the experimental relative energies of these
products, the unknown energetics were estimated from the CBS-
QB3 results. Since the CBS-QB3 model overestimated theErel-
(0 K) of H2O + phenyl by 6.3 kJ mol-1, theErel(0 K) values of
aromatic ring H-abstraction products, H2O + o-, m-, and
p-methyl phenyl radical, were estimated by shifting the CBS-
QB3 energy lower by 6.3 kJ mol-1. Similarly, the height of
ring H-abstraction transition states, TSabs-o, TSabs-m, and TSabs-p,
were estimated asE(CBS-QB3) - 2.7 kJ mol-1. A similar
procedure was applied to the OH/H-substitution channels, but

not for the ipso-OH/CH3-substition channel, for which CBS-
QB3 energies were used without shifting. The barrier height
for the methyl H-abstraction channel, which is most sensitive
to the rate constants at high temperatures, was adjusted so as

TABLE 1: Estimated Energetics for OH + C6H6/C6H5CH3 Systems

Erel(0 K)a/kJ mol-1
G3(MP2)//

B3LYP CBS-QB3 exp.b
Tokmakov

& Lin c
TST
fit d

best
est.e

OH + C6H6 (benzene) system
OH + benzene (C6H6) 0 0 0 0 0 0
TSabs 32.5 14.7 12 12.0
H2O + phenyl (C6H5) -12.1 -16.6 -23.0 -23.0
vdW (OH‚‚‚C6H6) -10.9 -10.9
TSadd 18.4 2.1 0.4 0.4
adduct (C6H6OH) -52.7 -67.5 -71.1 -71.1
TSelim 53.5 38.5 34.7 34.7
H + phenol (C6H5OH) 7.9 1.1 1.3 1.3 1.3

OH + C6H5CH3 (toluene) System
OH + toluene (C6H5CH3) 0 0 0 0 0
TSabs-CH3 11.6 5.2 2.5 2.5
H2O + benzyl (C6H5CH2) -107.1 -119.1 -122.8 -122.8
TSabs-o 25.4 12.6 9.9f
TSabs-m 27.8 15.5 12.8f
TSabs-p 29.7 13.9 11.2f
H2O + o-CH3-Phenyl -12.3 -20.2 -26.5g

H2O + m-CH3-Phenyl -12.3 -20.4 -26.7g

H2O + p-CH3-Phenyl -9.8 -15.5 -21.8g

vdW (OH‚‚‚C6H5CH3) -10.9h

TSadd-ipso 12.4 -4.3 -4.3
ipso-adduct (ipso-HOC6H5CH3) -71.4 -86.0 -86.0
TSelim-ipso 35.6 18.5 18.5
CH3 + phenol (C6H5OH) -33.2 -36.2 -37.9 -37.9
TSadd-o 11.1 -4.6 -6.3i

TSadd-m 18.0 0.7 -1.0i

TSadd-p 16.6 -0.4 -2.1i

o-adduct (o-HOC6H5CH3) -67.0 -82.6 -86.2j

m-adduct (m-HOC6H5CH3) -62.6 -77.4 -81.0j

p-adduct (p-HOC6H5CH3) -63.5 -79.0 -82.6j

TSelim-o 46.2 30.8 27.0k
TSelim-m 53.4 37.0 33.2k
TSelim-p 54.7 38.7 35.0k
H + o-cresol (o-HOC6H4CH3) 5.5 -2.1 1.1 1.1
H + m-cresol (m-HOC6H4CH3) 12.2 0.9 -1.9 -1.9
H + p-cresol (p-HOC6H4CH3) 9.7 2.4 5.0 5.0

a All energies reported here,Erel(0 K), are the internal energies at 0 K relative to the reactants, OH+ benzene or OH+ toluene, in kJ mol-1.
b ExperimentalE(0 K) was derived from experimental∆fH298 andH298 - H0 calculated from the B3LYP/6-31G(d) optimized geometry and frequencies.
For OH, experimental spin-orbit splitting was used, and for toluene and cresols,-CH3 group was treated as a hindered rotor. Experimental∆fH298

values were taken from thermodynamic tables,42-44 except for OH,45 CH3,46 and phenyl,47 for which revised heats of formation have been reported
recently.c Energetics used by Tokmakov and Lin28 in their final rate-constant evaluation.d Derived by the best fit to the experimental rate constants
measured in this study. See text for details.e Best estimates evaluated in the present study.f Estimated asE(CBS-QB3)- 2.73 kJ mol-1, based on
the difference between TST fit (best estimate) and CBS-QB3 energies for H-atom abstraction transition state of OH+ benzene.g Estimated as
E(CBS-QB3)- 6.34 kJ mol-1, based on the difference between experimental and CBS-QB3 energies for H2O + phenyl (C6H5). h Estimated to be
same as vdW (OH‚‚‚C6H6). i E(CBS-QB3)- 1.68 kJ mol-1. j E(CBS-QB3)- 3.59 kJ mol-1. k E(CBS-QB3)- 3.76 kJ mol-1.

Figure 4. Estimated energy diagram for the OH+ benzene system.
The ordinate,Erel(0 K), is the internal energy at 0 K (in other words,
the potential energy corrected for the zero-point vibrational energy)
relative to the reactant, OH+ benzene. See text and footnotes of Table
1 for details.
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to reproduce the present and previous measurements (see
following subsection for detail). The best-estimate energetics
for the OH+ toluene system is shown in Figure 5.

The OH‚‚‚C6H6 and OH‚‚‚C6H5CH3 van der Waals (vdW)
complexes are also shown in Table 1 and Figures 4 and 5 based
on the calculation by Tokmakov and Lin.28 For addition or
insertion reactions without high entrance barriers, such com-
plexes are known to be important in the theoretical treatment
of the rate constants at low temperatures.28,48 However, their
roles are minor at high temperatures, and no further investigation
was made for these complexes in the present study.

B. TST (Transition-State Theory) Calculations.Molecular
properties required for the TST calculations, structures, and
vibrational frequencies, were estimated by B3LYP/6-31G(d)
density functional calculations. The optimized structures of
reactants, products, intermediates, and transition states are shown
in Figures 1S and 2S (Supporting Information), and properties
used in the TST calculations are summarized in Tables 4S and
5S. Since the methyl torsion of toluene was found to have an
extremely low vibrational frequency, 30.6 cm-1, and a low
barrier, 6.7 cm-1, by B3LYP/6-31G(d) calculations, its partition
function was calculated by assuming a sinusoidally hindered
rotor with sixfold symmetry by using the Pitzer-Gwinn
approximation.49 The methyl torsion modes of OH+ toluene
transition states and products were treated similarly except for
the methyl H-abstraction transition state. The spin-orbit splitting
of the 2Π ground state of the OH radical was incorporated in
the calculation by using the experimental coupling constant,50

A0 ) -139.21 cm-1, for the vibrational ground state. The
molecular models thus estimated were confirmed by comparing
the calculated entropies and heat capacities with experimental
values, if available, as shown in Table 6S. The one-dimensional
tunneling correction was applied to the canonical TST rate
constants by assuming an asymmetric Eckart potential,51 though
the effect was found to be minor at high temperatures.

The benzene-OH or toluene-OH adducts, which are domi-
nant products at low temperatures, are not likely to be formed
and stabilized as a product under high-temperature conditions
in the present study, because the binding energies are estimated
to be small, 71-86 kJ mol-1. Since the H-elimination or CH3-
elimination barriers (18-35 kJ mol-1) are higher than the OH-

addition barriers (-6-1 kJ mol-1), it is reasonable to assume
pre-equilibrium between the reactants and the OH adduct. In
this situation, TST rate constants for the substitution channel,
ksub, become

whereK is the equilibrium constant between the reactants and
the OH adduct,kelim is the rate constant for the H-elimination
(or CH3-elimination) step,κ is the tunneling correction factor;
Qr, Qad, andQelim

/ are the partition functions of the reactants,
the OH adduct, and the H-elimination transition state;D0 is the
backward dissociation energy of the OH adduct to reactants,
andE0 is the threshold energy for the H-elimination reaction.
Note that eq E2 is the same as the TST rate constant derived
by ignoring the OH adduct, except that the parameters for the
Eckart potential used to evaluateκ are determined for the
H-elimination step from the OH adduct.

C. Rate Constant for OH + Benzene.The rate constant
for the H/OH-substitution channel, OH+ C6H6 f C6H5OH +
H (reaction 1b), was calculated by eq E2 with the best-estimate
Erel(0 K) in Table 1. The result is shown in Figure 6 by a dotted
broken line, and the H/OH-substitution channel was confirmed
to be minor; that is, it is less than 10% of the measured rate
constant. Then, the rate constant for the dominant H-abstraction
channel, OH+ C6H6 f C6H5 + H2O (reaction 1a), was
calculated with the harmonic oscillator (HO) approximation for
all internal motions of the transition state (HO model). The
barrier height was adjusted so that the calculated total rate
constant reproduces the experiments. However, as shown by a
broken line in Figure 6, the HO model did not reproduce the
temperature dependence of the experimental rate constant
properly, and the derived threshold energy,E0 ) 24 kJ mol-1,
was significantly higher than the CBS-QB3 estimate (14.7 kJ
mol-1; see Table 1). Since such disagreement is often caused
by the overestimated partition function of the transition state

Figure 5. Estimated energy diagram for the OH+ toluene system. The ordinate,Erel(0 K), is the internal energy at 0 K relative to the reactant,
OH + toluene. For detail of the estimation procedure, see text as well as footnotes of Table 1.
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due to improper harmonic oscillator approximation, three low-
frequency vibrational modes, C-H-O wagging (a′′ bending),
C-H-O rocking (a′ bending), and-OH torsion, were inves-
tigated in detail.

Figure 7 shows a potential energy curve for the C-H-O
wagging vibration of the H-abstraction transition state estimated
by B3LYP/6-31G(d) calculations. The potential curve is highly
anharmonic, and the reduced moment of inertia depends
significantly on the bending coordinate. The reduced moment
of inertia for the C-H-O bending vibration was calculated by
the same protocol as for the asymmetric internal rotor described
by Pitzer,52 except that the axis of rotation is set to pass through
the center H atom and perpendicular to the C-H-O bending
plane. The bending coordinate,θ, was transformed to the inertia-

weighted coordinate,φ, by

where,I0 is the reduced moment of inertia at the equilibrium
geometry. Then, the vibrational energy levels were calculated
by solving the time-independent Schro¨dinger equation,-(p2/
2I0)(d2ψ/dφ2) + V(φ)ψ ) Eψ, with the BEx1D program.53 The
potential energy curve along the inertia-weighted coordinate,
φ, and the derived energy levels are shown in Figure 8. The
potential energy and the energy levels were significantly
different from those estimated from the frequency analysis,
which are also shown in Figure 8 by broken lines for
comparison. The partition function was calculated directly from
the energy levels.

Similarly, the partition functions for C-H-O rocking (a′
bending) and-OH torsion vibrations were calculated from the
energy levels obtained by solving the Schro¨dinger equation. For
the torsion vibration, theI0 for inertia weighting was chosen as

by which the intuitive and convenient periodicity is retained,
becauseφ ) 2π at θ ) 2π.

By using the partition functions derived above, TST calcula-
tion well-reproduced the experimental rate constant, as shown
by the solid line in Figure 6. The derived threshold energy,E0

) 12 kJ mol-1, was also reasonable, being slightly smaller than
the CBS-QB3 estimate, 14.7 kJ mol-1. It should be noted that
the theoretical investigations by Tokmakov and Lin28 and Chen
et al.29 did include similar anharmonic correction for the-OH
torsion vibration. However, the effect on the partition function
was not large for the-OH torsion vibration. The correction
factor, (that is, the ratio of the anharmonic partition function to
that calculated by harmonic oscillator approximation using
frequency analysis results),Q(anh)/Q(HO), was 0.79-0.95
(1800-500 K) for -OH torsion, while it was 0.43-0.53 for
C-H-O rocking and 0.55-0.62 for C-H-O wagging in the
same temperature range. The anharmonicity of the two C-H-O
bending vibrations was essential for the reproduction of the
experimental rate constants by TST.

Figure 6. Comparison of the TST calculations with experimental rate
constants for OH+ benzene. The symbols denote the experimental
rate constants (see the caption of Figure 3 for their legends). The solid
(s) and broken (- - - -) lines show the overall TST rate constant
calculated with and without one-dimensional anharmonic corrections
for two bending and one torsional vibration of the transition state,
respectively. The estimated rate constant for the H/OH-substitution
channel is also shown by the dotted broken line (-‚-‚-).

Figure 7. Variation of the potential energy,V, (middle trace) and the
reduced moment of inertia,I, (upper trace) along the C-H-O wagging
(a′′-bending) vibration coordinate,θ, of the H-abstraction transition
state for OH + benzene, estimated by B3LYP/6-31G(d) density
functional calculations. Definition of the wagging coordinate,θ, is
shown schematically in the bottom.

Figure 8. Potential energy curve along the inertia-weighted C-H-O
wagging (a′′-bending) vibration coordinate,φ, (solid curve,s) based
on B3LYP/6-31G(d) calculations, and the energy levels of the
vibrational states (horizontal solid lines,s) of the H-abstraction
transition state for OH+ benzene. The broken curve (- - -) and the
broken horizontal lines (- - -) show the potential energy curve and the
energy levels, respectively, for the harmonic oscillator approximation
based on the conventional frequency analysis, that is, the frequency
estimated from the second derivative of the potential energy at the
minimum.
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1/2 dθ (E3)
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D. Rate Constant for OH + Toluene. The TST rate
constants for all four substitution channels of OH+ toluene
(reaction 2) were calculated by eq E2. The sum of the rate
constants for substitution channels is shown in Figure 9 by a
dotted broken line and was confirmed to be minor as in the
similar case, OH+ benzene. Rate constants for the three (ortho-,
meta-, and para-) aromatic-ring H-atom abstraction channels
were calculated by the harmonic oscillator approximation and
corrected by multiplying the anharmonic correction factor,
Q(anh)/Q(HO), calculated for OH+ benzene. The sum of the
rate constants for three ring H-abstraction reaction channels is
also shown by a dotted line with crosses in Figure 9, which
was larger than that for substitution channels, but was still minor,
less than 30% of the experimental overall rate constant. The
barrier height for the major reaction channel, H abstraction from
the CH3 group, was adjusted so that the total rate constants agree
with the experiments. The harmonic oscillator model cannot
reproduce the temperature dependence of the rate constant, as
shown by broken line in Figure 9.

The potential energy curves for the three internal motions
corresponding to the three lowest vibrational frequencies of the
methyl H-abstraction transition state were investigated by
B3LYP/6-31G(d) calculations. The calculated potential energy
curve and the vibrational energy levels for the C-H-O rocking
(a′-bending) mode are shown in Figure 10. Obviously, the
harmonic approximation based on the frequency analysis results
in a significant overestimate of the partition function. Thus, the
partition functions were evaluated from the energy levels.
Similar calculations were also done for the-OH torsion mode
and the C6H5-CH3(OH) torsion. After correction for anhar-
monics, the TST rate constant agreed well with the experiments
as shown in Figure 9. The best-fit threshold energy was derived
to be,E0 ) 2.5 kJ mol-1, which is slightly smaller than, but in
good agreement with, the CBS-QB3 estimate, 5.2 kJ mol-1.
Unlike the case of OH+ benzene, the-OH torsion is nearly
a free rotor with a barrier less than 70 cm-1. The major

anharmonicity originated from the-OH torsion and the
C-H-O rocking.

E. Effect of the Anharmonic Vibrations. The present direct
experimental investigation at high temperatures, along with the
theoretical investigation, indicates the importance of the anhar-
monic vibrational motions in the transition state. Although
similar problems are well-known for the loose transition states
of bond-fission reactions54 and have also been pointed out for
H-abstraction reactions,55 no quantitative approach based on the
quantum chemical calculations has been reported for H-
abstraction reactions. Although the experimental rate constants
may be reproduced parametrically by adjusting the relevant
vibrational frequencies and/or by assuming a two-dimensional
spherically hindered rotor with an adjustable hindrance angle,
the anharmonicity was incorporated as a priori as possible in
the present study. The experimental rate constants could be well-
reproduced by only slight adjustment of the barrier height from
the CBS-QB3 result, though it should be noted that further
precise investigations are necessary for the problems arising
from the limited accuracy of the potential energy calculation
(at B3LYP/6-31G(d)) and the one-dimensional assumption
ignoring the possible coupling between the internal motions,
and so forth.

Because similar bending vibrations are expected in many
other H-atom abstraction reactions from hydrocarbons, consid-
erations on the possible effect of the anharmonicity seem to be
useful. The effect of the anharmonicity of the bending vibrations
was found to be larger for OH+ benzene (reaction 1) than for
OH + toluene (reaction 2). The major reason for this difference
can be explained as follows: In the OH+ toluene transition
state, the coupling between the C-H-O wagging (a′′-bending)
and the-CH3 torsion results in two normal modes: One is the
in-phase torsion, in which the-CH3(OH) rotates as a whole
against the phenyl group, and the other is the reversed-phase
torsion, in which nearly only the-CH3 group rotates against
the rest of the molecule, with OH staying still. As a result, the
reduced mass of the latter normal mode, which dominantly

Figure 9. Comparison of the TST calculations with experimental rate
constants for OH+ toluene. The symbols denote the experimental rate
constants (see the caption of Figure 3 for their legends). The solid (s)
and broken (- - -) lines show the overall TST rate constant calcu-
lated with and without one-dimensional anharmonic corrections for
one bending and two torsional vibrations of the transition state,
respectively. The dotted line with open rhombus (‚‚‚]‚‚‚]‚‚‚) indi-
cates the rate constants for methyl H-abstraction channel, and the dot-
ted line with crosses (‚‚‚+‚‚‚+‚‚‚) denotes the sum of the rate con-
stants for aromatic ring H-abstraction channels. The total rate constant
for the four substitution channels is shown by the dotted broken line
(-‚-‚-).

Figure 10. Potential energy curve along the inertia-weighted C-H-O
rocking (a′-bending) vibration coordinate,φ, (solid curve,s) based
on B3LYP/6-31G(d) calculations, and the energy levels of the
vibrational states (horizontal solid lines,s) of the methyl H-abstraction
transition state for OH+ toluene. The broken curve (- - -) and the
broken horizontal lines (- - -) show the potential energy curve and the
energy levels, respectively, for the harmonic oscillator approximation
based on the conventional frequency analysis. Definition of the rocking
coordinate,θ, is shown in the bottom figure.
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contains the change of the C-H-O angle, becomes smaller
than that in the OH+ benzene transition state, and a relatively
large vibrational frequency is calculated (266 cm-1 by B3LYP/
6-31G(d)). This significantly reduces the partition function of
the mode, and the effect of anharmonicity to the total partition
function becomes much smaller. A similar reduction of the effect
of anharmonicity is also expected for the alkane hydrocarbons
with many loose torsion vibrational modes, though the precise
theoretical investigations based on the reliable experimental rate
constants is needed for further assessment of the possible effect
of anharmonicity. The effect of the anharmonicity of C-H-O
bending in the transition state is expected to be most prominent
in the H-abstraction reactions from a tight molecule like
benzene, and similar ring H abstractions from aromatic hydro-
carbons.

F. Recommended Rate Constants.On the basis of the TST
fit of the experimental results, the recommended overall rate
constants for reactions 1 and 2, as well as the rate constants
for each channel, are listed in Table 2. The estimated uncer-
tainty factor is 1.35 for the overall rate constants,k1 and k2,
which have been measured directly in the present and previous
studies; while the rate constants for minor channels, such as
substitution channel, should deserve a larger uncertainty factor
as large as 2, since they depend significantly on the estimated
energies.

Conclusions

The direct measurements of the high-temperature rate con-
stants for the reactions of OH radicals with benzene and toluene
have been extended up to 1740 and 1480 K, respectively, and
were in good agreement with the previous measurements.
Theoretical investigations were also extended in order to resolve
the disagreement between the TST calculations and experiments,
and the anharmonicity of the C-H-O bending vibrations was
found to be essential in order to reproduce the experimental
rate constants by TST. The energetics of the possible channels
have been estimated on the basis of the quantum chemical
calculations, experimental information, and the previous theo-
retical investigations, and the dominant channels were confirmed
to be the H-atom abstraction channel for OH+ benzene and
the methyl H-abstraction channel for OH+ toluene in the
present experimental temperature range.
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