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Lille, 59655 VilleneuVe d’Ascq Cedex, France

ReceiVed: December 17, 2008; ReVised Manuscript ReceiVed: January 19, 2009

The rate constants of the 2-, 3-, and 4-methylbenzylperoxy isomerization reactions have been computed using
the elaborated CASPT2 method. Geometry optimizations and vibrational frequency calculations are performed
with two methods (B3LYP and MPW1K) combined with the cc-pVDZ and 6-31+G(d,p) basis sets, respectively.
Single-point energy calculations are performed at the CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ level of
theory as recommended by Canneaux et al. (J. Phys. Chem. A 2008, 112, 6045). Canonical transition-state
theory with a simple Wigner tunneling correction is used to predict the high-pressure limit rate constants as
a function of temperature. They are given by the following relations for the 2-, 3-, and 4-methylbenzylperoxy
(MBP) (1,3s) isomerizations and for the 2-methylbenzylperoxy (1,6p) isomerization, respectively:
k2-MBP(1,3s)(600-2000 K) (in s-1) ) (3.33 × 1010)T0.79 exp((-142.6 in kJ mol-1)/RT); k3-MBP(1,3s)(600-2000
K) (in s-1) ) (0.74 × 1010)T0.79 exp((-130.7 in kJ mol-1)/RT); k4-MBP(1,3s)(600-2000 K) (in s-1) ) (1.12 ×
1010)T0.79 exp((-133.6 in kJ mol-1)/RT); k2-MBP(1,6p)(600-2000 K) (in s-1) ) (5.10 × 108)T0.85 exp((-87.1 in
kJ mol-1)/RT). These parameters can be used in the thermokinetic models involving aromatic compounds at
high pressure. In the case of the 2-methylbenzylperoxy radical, the (1,6p) H-atom transfer reaction is consistently
the most important channel over the studied temperature range, and the (1,3s) H-atom transfer reaction is not
energetically favored.

I. Introduction

One of the main research objectives of our laboratory is to
develop detailed thermokinetic combustion models valid in a
wide range of operating conditions: from low to high pressures
(subatmospheric pressure to a dozen of bars) and from low to
high temperatures (600-2000 K). The building of these models
is not easy due to the considerable lack of thermochemical and
kinetic data, especially in the case of aromatic compounds.

At low temperature, the internal H-atom transfer reactions
of peroxy radicals are rate-determinant steps in the oxidation
process of many fuels,1 but practically no experimental kinetic
parameters are available for these reactions. The reason is that
on one hand they are difficult to isolate and on the other hand
they lead to the formation of many isomers. The use of quantum
chemistry methods, statistical thermodynamics, and canonical
transition-state theory is a valuable solution to fill in the lack
of experimental kinetic data. This approach has already been
adopted with success in our laboratory to determine the high-
pressure limit rate constant of the (1,3s) internal H-atom transfer
reaction of benzylperoxy radical.2 In this previous article, a
methodological study using 54 different levels of theory has
been carried out and has shown that standard theoretical methods
are not adequate to obtain a quantitative rate constant for the
considered reaction: the use of the elaborated CASPT2 method
is needed. This methodological study has allowed the determi-
nation of the appropriate level of theory to obtain an excellent
agreement between the calculated value and the only single

experimental value reported by Ellis et al.3 at 773 K. The
CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ level of theory has
been identified as the most appropriate one leading to a ratio of
the calculated rate constant over the experimental one equal to
0.9. In the present article, which is part of a series devoted to
the generation of kinetic data for alkyl side chain aromatic
compounds, the CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ level
of theory is used to calculate the rate constants of internal
H-atom transfer reactions of 2-, 3-, and 4-methylbenzylperoxy
radicals (o-, m-, and p-xylylperoxy radicals). Table 1 gathers
the structures and names of some species mentioned in the text
as well as their common and systematic names.

Useful properties of aromatic hydrocarbons and their negative
impact on environment and health have been mentioned in our
recent articles2,4 and will not be recalled here. In order to reduce
the emission of pollutants and toxic compounds, engines builders
perform combustion modeling studies in engine. This numerical
work needs thermokinetic models for the combustion of
surrogate fuels including representative fuels of each family of
compounds present in commercial fuels. The family of alkyl-
benzenes is present in gasoline, diesel fuel, and kerosene. The
percentages in weight of this family in a European gasoline, a
diesel fuel, and a kerosene are 32, 9, and 24%, respectively.5

Xylenes are good candidates to represent this family in a
surrogate fuel. Their percentages in mass in a European gasoline
are 3.06, 5.70, and 1.96% for o-, m-, and p-xylene, respectively.5

Xylenes exhibit good combustion properties for use in spark-
ignited engines due to their high research octane numbers6,7

(113.0 for o-xylene, 117.5 for m-xylene, and 116.4 for p-xylene).
Few experimental and modeling studies on oxidation of o-,

m-, and p-xylene have been conducted at temperatures of interest
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in combustion. The most recent of them are high-temperature
(T > 900 K) studies.8-14 Emdee et al.8,9 have studied the
oxidation of the three xylene isomers in an atmospheric flow
reactor, with a high dilution by nitrogen (mole fraction of N2 >
0.97), from 1093 to 1199 K, and for equivalence ratios (φ) from
0.47 to 1.7. The major aromatic intermediates which have been
analyzed during the oxidation of o-xylene include benzene,
toluene, o-tolualdehyde, o-methylstyrene, benzaldehyde, and
styrene. In the case of m- and p-xylenes, the major aromatic
intermediates which have been detected for both isomers are
benzene, toluene, tolualdehyde, ethyltoluene, benzaldehyde,
ethylbenzene, styrene, methylbenzyl alcohol, methylstyrene, and
1,2-ditolylethane. Reaction schemes for the high-temperature
oxidation of the three xylenes have been proposed. Gregory and
Jackson10have investigated the combustion chemistry leading
to the formation of aromatic hydrocarbons from deuterium-
labeled isomeric xylenes in the exhaust of a single-cylinder
spark-ignition engine under stoichiometric conditions. The major
aromatic hydrocarbons produced by the oxidation of each xylene
were benzene, toluene, ethylbenzene, styrene, and ethyltoluene.

Gaı̈l and Dagaut13 have studied the oxidation of p-xylene in a
jet-stirred reactor, at 1 atm, under high dilution conditions (mole
fraction of N2 > 0.97), over the temperature range 900-1300
K, and for equivalence ratios from 0.5 to 1.5. The mole fraction
profiles of the reactants, stable intermediates, and final products
have been measured versus temperature by sonic probe sampling
and gas chromatography analyses. The experiments have been
successfully modeled using a detailed thermokinetic model
including 160 species and 1175 reactions. The proposed model
has been also successfully tested against the ignition delays of
p-xylene/O2/Ar mixtures measured in a shock tube12 and against
some species mole fraction profiles obtained by Dupont11 in a
low-pressure CH4/O2/N2 flame doped with p-xylene. Battin-
Leclerc et al.14 have conducted an experimental and modeling
study of the oxidation of xylene isomers. Ignition delay times
of xylene/O2/Ar mixtures from 3 to 800 µs have been measured
in a shock tube at pressures from 6.7 to 9 bar, between 1330
and 1800 K, for three equivalence ratios (φ ) 0.5, 1, and 2),
for two mole fractions of xylene (0.375 and 0.625), and under
high dilution (mole fraction of Ar > 0.91). A detailed thermo-

TABLE 1: Structures and Names for Some Species Mentioned in the Text
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kinetic model (190 species and 1290 reactions) has been
proposed. It reproduces well the ignition delay times measured
in this study as well as mole fraction profiles of reactants and
main intermediates versus residence time from the flow reactor
studies of Emdee et al.8,9 Flux and sensitivity analyses have
allowed an explanation of the differences of reactivity observed
between the three isomers.

Low-temperature (T < 900 K) studies on the oxidation of
xylenes are sparse, and most of them have been carried out in
the sixties. Loftus and Satterfield15 have studied the partial
oxidation of a lean (φ ) 0.5) o-xylene/air mixture in a flow
reactor at 1 atm from 728 to 798 K, at a residence time of 6-7
s. Eleven aromatic oxidation products have been identified by
gas chromatography, infrared spectroscopy, and nuclear mag-
netic resonance spectroscopy. o-Xylene oxide (phtalan) followed
by o-tolualdehyde are the major oxidation products. o-Xylene
oxide and 2,2-dimethyldibenzyl are formed early, whereas
o-tolualdehyde is produced by subsequent reactions. A reaction
scheme has been suggested to account for the formation of the
following aromatic oxidation products: o-xylene oxide, o-
tolualdehyde, o-phthaldialdehyde, phthalide, phthalic anhydride,

benzaldehyde, and benzene. This scheme involves the formation
of o-xylyl radical Ph(CH2°)(CH3) (Ph stands for the aromatic
nucleus) by hydrogen abstraction from o-xylene by O2 and OH
radical. o-Xylylperoxy radical Ph(CH2OO°)(CH3) is then pro-
duced by addition of O2 to o-xylyl radical. Two internal H-atom
transfer reactions are proposed to explain the formation of
o-xylene oxide and o-tolualdehyde from o-xylylperoxy radical.
The (1,6p) H-atom transfer reaction of o-xylylperoxy radical
yields the Ph(CH2OOH)(CH2°) radical. Subsequent cleavage of
the weak O-O bond coupled with a cyclization leads to the
formation of o-xylene oxide. The (1,3s) H-atom transfer reaction
of o-xylylperoxy radical yields the Ph(C°HOOH)(CH3) radical.
Subsequent cleavage of the weak O-O bond leads to the
formation of o-tolualdehyde. Barnard and Sankey16,17 have
studied the slow oxidation of the three xylene isomers in a static
reactor, from 733 to 785 K, at pressures below 250 Torr, and
for rich (φ ranging from 2.63 to 5.2) fuel/O2 mixtures. m-Xylene
and p-xylene have shown a similar reactivity. o-Xylene has
exhibited a higher reactivity toward molecular oxygen than the
other isomers: under identical conditions, its maximum reaction
rate was about 10 times higher than that of m- and p-xylenes.

Figure 1. Structure and atom numbering of the different species involved in the reaction.
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Oxidation products have been analyzed by gas chromatography.
Aromatic oxidation products of m- and p-xylenes are m- and
p-tolualdehydes, respectively, as well as toluene, benzene, and
benzaldehyde. Aromatic oxidation products of o-xylene are
o-xylene oxide, o-tolualdehyde, benzofuran, and benzaldehyde.
A reaction scheme involving a (1,6p) internal H-atom transfer
reaction of o-xylylperoxy radical has been proposed to explain
the formation of o-xylene oxide. Roubaud et al.18 have
performed an autoignition study of stoichiometric fuel/O2/inert
mixture in a rapid compression machine, at core gas tempera-
tures ranging from 600 to 900 K and pressures up to 25 bar
after compression, and at two dilutions: O2/inert ) 0.27 (dilution
of air) and O2/inert ) 0.37. The autoignition features of 11
alkylbenzenes including the three xylene isomers have been
compared in this study. The fuels have been classified into two
groups: the first one includes fuels that ignite only above 16
bar at temperatures near 900 K. The second one includes fuels
that may ignite below 16 bar. m-Xylene and p-xylene belong
to the first group, whereas o-xylene belongs to the second group.
Thus o-xylene is more reactive than the two other isomers. The
autoignition delay times of stoichiometric o-xylene/O2/inert
mixtures (at a dilution O2/inert ) 0.37) have been measured
between 600 and 900 K, and the following characteristics have
been observed: a two-stage autoignition at temperature below
700 K, a one-stage autoignition at higher temperatures, and a
slight negative temperature coefficient between 720 and 780
K. In a second study, Roubaud et al.19 have measured the
oxidation products of o-xylene formed at a time after the first
stage and before the second stage of the autoignition under the
following conditions: 15.6 bar, 704 K, stoichiometric fuel/O2/
inert mixture, dilution O2/inert ) 0.37. The consumption of
o-xylene was ∼10% at this time. The amounts of product have
been expressed in terms of carbon selectivities, i.e., in number
of carbon atoms in the species normalized to 100 carbon atoms
of fuel consumed. The products exhibiting the highest selectivi-
ties are, in decreasing order, 2-hydroxybenzaldehyde (∼14%),
o-xylene oxide (∼13%), and 2-methylbenzaldehyde (o-tolual-
dehyde) (∼9%). Toluene, isobenzofuran, 3-hydroxybenzalde-
hyde, o-phthaldialdehyde, and phthalide are among the minor
aromatic oxidation products. The formation of the main oxida-
tion products is explained by a low-temperature oxidation
scheme involving the formation of the o-xylylperoxy radical
Ph(CH2OO°)(CH3) by addition of molecular oxygen to o-xylyl
radical. Then, two internal H-atom transfer pathways of o-
xylylperoxy radical are considered: a (1,6p) one yielding the
radical Ph(CH2OOH)(CH2°) and a (1,3s) one yielding the radical
Ph(C°HOOH)(CH3). The radical Ph(CH2OOH)(CH2°) produces
o-xylene oxide after the breaking of the weak O-O bond with
removal of an OH radical and a cyclization. The radical
Ph(C°HOOH)(CH3) forms o-tolualdehyde after breaking of the
O-O bond with removal of an OH radical and the formation
of a CdO bond. To explain the formation of 2-hydroxyben-
zaldehyde, the following reaction sequence is suggested. The
radical Ph(CH2OOH)(CH2°) undergoes an O2 addition followed
by an internal H-atom transfer reaction to form the radical
Ph(C°HOOH)(CH2OOH). This radical produces an oxohydro-
peroxide Ph(CHO)(CH2OOH) and an OH radical through the
breaking of the weak O-O bond. Then, the oxohydroperoxide
undergoes the breaking of the weak O-O bond to produce the
radical Ph(CHO)(CH2O°) and an OH radical. This step is a
branching pathway postulated in the low-temperature oxidation
schemes of many fuels. Then, the radical Ph(CHO)(CH2O°)
produces methanal and the o-formylphenyl radical °Ph-CHO
by breaking of the C-C bond between the fragment CH2O°

and the aromatic nucleus. Finally, this latter radical adds an
OH radical to produce 2-hydroxybenzaldehyde.

The bibliographic synthesis of low-temperature studies on
oxidation of xylene isomers shows the importance of the internal
H-atom transfer pathways of methylbenzylperoxy radicals. The
(1,6p) internal H-atom transfer reaction of 2-methylbenzylperoxy
radical is postulated to explain the formation of o-xylene oxide,
whereas (1,3s) internal H-atom transfer reactions of 2-, 3-, and
4-methylbenzylperoxy may be implicated in the formation of
o-, m-, and p-tolualdehyde. In the case of the 2-methylbenzylp-
eroxy radical, there could be a competition between the (1,6p)
and (1,3s) transfer reactions. To our knowledge no experimental
or calculated rate constant values are available for these
aforementioned reactions. Thus a determination of the rate
constants of these reactions is of high interest because it will
allow us to incorporate them in a low-temperature oxidation
model of xylene isomers. The aim of this article is to calculate
accurate values of these rate constants using a highly correlated
level of theory, statistical thermodynamics, and canonical
transition-state theory.

Few theoretical studies have been carried out on the (1,3s)
isomerizations of the alkylperoxy20-24 and arylperoxy2,25,26

radicals. More detailed discussion can be found in our previous
article.2 Concerning the (1,6p) isomerizations, only three previ-
ous studies have been reported in the literature concerning the
butylperoxy24,27 and pentylperoxy20 radicals. Jungkamp et al.27

worked on the atmospheric oxidation mechanism of n-butane.
Part of this study concerned the (1,6p) isomerization of the
butylperoxy radical for which the reaction barrier was 106.3 kJ
mol-1 at the CBS-lq//B3LYP/6-31G(d,p) level of theory. Zhu
et al.24 performed theoretical calculations at the CBS-QB3 level
of theory on the kinetics of the intramolecular hydrogen shift
reactions of the butylperoxy radical. The energy barrier of the
(1,6p) isomerization was estimated at 0 K to 94.6 kJ mol-1.
Chan et al.20 performed BHandHLYP/6-311G(d,p) calculations
estimating the activation energies and pre-exponential factors
for a series of intramolecular hydrogen-atom abstraction reac-
tions in alkylperoxy radicals containing up to five carbons. In
particular, the calculated activation energy was about 125.1 kJ
mol-1 for the (1,6p) isomerization reaction of the pentylperoxy
radical.20

In this work, highly correlated quantum chemical calculations
were performed in order to directly compute the barrier for the
(1,3s) and (1,6p) isomerizations without any energy adjustments.
The energetics of the reactant and the transition state (TS) was
used together with transition-state theory (TST) calculations to
compute the rate constants in the temperature range 600-2000
K. To our knowledge, this is the first time that the temperature
dependence of the rate constant for the 2-, 3-, and 4-methyl-
benzylperoxy radical isomerizations has been computed at a
highly correlated level of theory.

This article is organized as follows. Computational methods
are reported in Section II, while the results are presented and
discussed in Section III.

II. Computational Methods

Theoretical calculations were performed using the GAUSS-
IAN0328 and MOLCAS 6.029 software packages. Reactants (2-,
3-, and 4-methylbenzylperoxy radicals) and TS structures were
fully optimized at HF-DFT (B3LYP)30,31 and MPW1K32 levels
of theory using, respectively, the Pople-style 6-31+G(d,p) basis
set33 and the Dunning’s correlation consistent double-� plus
polarization cc-pVDZ34 basis set. Product geometries were fully
optimized at the MPW1K/6-31+G(d,p) (2-, 3-, and 4-methyl-
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(hydroperoxy)benzyl and 2-(hydroperoxy)methylbenzyl radicals)
and B3LYP/cc-pVDZ (2-(hydroperoxy)methylbenzyl radical)
levels of theory. All TSs have been characterized by one
imaginary frequency (first-order saddle points) on the potential
energy surface. Special care was taken to determine minimum
energy pathways, performing intrinsic reaction coordinate (IRC)
analyses35 using all levels of theory, in order to confirm that a
specific TS connects the different local minima. Vibrational
frequencies were determined within the harmonic approximation
at the same level of theory as for geometries. For the reactants
and TS structures, single-point energy calculations were carried
out on B3LYP/cc-pVDZ geometries at the CASPT236-39 level
of theory with the ANO-L-VDZP40 basis set.

It has been shown previously on the benzylperoxy radical
isomerization2 that it was necessary to obtain energy differences
between the TS and the reactant at the CASPT2/ANO-L-VDZP//
B3LYP/cc-pVDZ level of theory, particularly to carry out rate
constant calculations through TST at a later stage. The CASPT2
method was carried out to incorporate both dynamic and
nondynamic correlation effects on the relative energy ordering
of the calculated stationary points. The CASPT2 approach is
based on a second-order perturbation treatment where the
CASSCF wave function is taken as the reference function. In
this study, single-point CASPT2/CAS(3,3) calculations were
obtained using again the ANO-L-VDZP basis set on the
optimized geometries and excluding inner shells and corre-
sponding virtual counterparts from the perturbation calculation.
For the abstraction mechanism, the active space (3, 3) that best
describes the C-H bond breaking and O-H bond forming
includes the σC-H bonding molecular orbital (MO) with the
associated σ*C-H antibonding MO and the single-electron MO.

Canonical TST41 was used to predict the temperature depen-
dence of the rate constants. Accordingly, the high-pressure limit
rate constants, k(T), were computed using the following
expression

where Γ(T) indicates the transmission coefficient used for the
tunneling correction at temperature T, and the terms QTS(T) and
Qmethylbenzylperoxy radical(T) are the total partition functions for the
TS and the methylbenzylperoxy radical at the temperature T.
In eq II-1, the vibrationally adiabatic barrier height, E0, is
computed as the energy difference between the TS and the
reactant, including zero-point energy corrections. kB is Boltz-
man’s constant, and h is Planck’s constant.

The calculation of the reaction rate constants using the TST
formulation given by eq II-1 requires the proper computation
of the partition functions of the reactant and the TSs. The total
partition function QX(T) of a species X can be cast in terms of
the translational QT

X(T), electronic Qe
X (T), rotational QR

X(T),
and vibrational QV

X(T) partition functions:

In this work, we adopt the simple and computationally
inexpensive Wigner method42 in the calculation of all tunneling
corrections for the reactions reported here

where ν* is the imaginary frequency at the saddle point. This
choice seems to be appropriate for the tunneling corrections
applied to rate constants at typical incineration/combustion
temperatures (600-2000 K) for which the values of transmission
coefficients Γ(T) are small to moderate (e2).24,43 More sophis-
ticated and computationally demanding algorithms such as the
ones developed by Truhlar et al.44 and Miller et al.45 should
be used if the transmission coefficients are much higher than
the ones computed in this study. The rate constant calculations
were performed over the temperature range of interest using
the KISTHEP software.46

III. Results and Discussion

1. Geometric Parameters and Vibrational Frequencies.
Geometric Parameters. Figure 1 shows the structures and atom
numbering of the reactants (2-, 3-, and 4-methylbenzylperoxy
radicals), the (1,3s) and (1,6p) isomerization TSs, and the
products (2-, 3-, and 4-methyl(hydroperoxy)benzyl and 2-(hy-
droperoxy)methylbenzyl radicals). Table 2 gathers the selected
bond lengths calculated at the two levels of theory. More detailed
information regarding optimized Cartesian coordinates for these
species is presented in Tables 1S-11S of the Supporting
Information.

2-, 3-, and 4-Methylbenzylperoxy Radicals. The global
minima for the 3- and 4-methylbenzylperoxy radicals are found
at the B3LYP and MPW1K levels of theory to be in a
conformation in which the dihedral angles C3C2C1O2 and
C2C1O2O1 are equal to about -90° and 180°, respectively. The
same results were obtained for the benzylperoxy radical by
Garcia et al.47 using the UHF/6-31G(d,p) and UHF/6-31+G(d,p)
levels of theory and by Canneaux et al.2 using 18 different
geometry levels (B3LYP, MPW1K, and MP2 methods com-
bined with six basis sets). The lowest energy conformer of the
2-methylbenzylperoxy radical is found to be at the two levels
of theory in a slightly different conformation than those obtained
for the 3-, and 4-methylbenzylperoxy radicals (C3C2C1O2 and
C2C1O2O1 are equal to about -73° and 172°, respectively). This
change in the structure can be explained with a more favored
position in which hydrogen intramolecular bonding exists
between the H2 and O2 atoms (in Figure 1). The hydrogen bond
lengths H2 · · ·O2 estimated at the B3LYP/cc-pVDZ and MPW1K/
6-31+G(d,p) levels of theory are 2.619 and 2.655 Å, respectively.

It can be observed that the calculated geometric parameters
for all methylbenzylperoxy radicals do not vary a lot as a
function of the level of theory. For example, the O1O2 bond
lengths estimated at the B3LYP/cc-pVDZ and MPW1K/6-
31+G(d,p) levels of theory are 1.316 and 1.292 Å, respectively.
The O1O2 and O2C1 key bond lengths in B3LYP geometries
are slightly longer than those in MPW1K geometries. A similar
but no so marked trend is observed for the C1C2, C1H1, C4H2,
and C4C3 bond lengths. All the optimized geometric parameters
are consistent with the ones reported for the benzylperoxy radical
by Garcia et al.,47 Murakami et al.,26 and Canneaux et al.2

Transition States. For both (1,3s) and (1,6p) isomerizations,
the unpaired electron on the OO σ-bond attacks one of the CH
σ-bonds of the methyl fragment. The two electrons in the CH
bond become unpaired, and one of these pairs with the peroxy
function electron to form the OH bond in the corresponding
product.

(1,3s) Transition States. The TS for isomerization of meth-
ylbenzylperoxy to methyl(hydroperoxy)benzyl radical is a four-

k(T) ) Γ(T) ×
kBT

h
×

QTS(T)

Qmethylbenzylperoxyradical(T)
×

exp(- E0

kBT) (II-1)

QX(T) ) QT
X(T)Qe

X(T)QR
X(T)QV

X(T) (II-2)

Γ(T) ) 1 + 1
24(hν*

kBT)2

(II-3)
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membered ring. The O1O2 bond length in the transition state is
longer than the O1O2 bond length in the methylbenzylperoxy
radical, but the H1O1 bond in TS is longer than the H1O1 bond
in the methyl(hydroperoxy)benzyl radical. The peroxy function
approach is calculated to occur nearly in the plane containing
the C1H1O1O2 atoms. Structural parameters depend slightly on
the level of theory.

(1,6p) Transition State. The TS for isomerization of 2-me-
thylbenzylperoxy to 2-(hydroperoxy)methylbenzyl radical is a
six-membered ring. The O1O2 bond length in the transition state
is longer than the O1O2 bond length in the 2-methylbenzylperoxy
radical, but the H2O1 bond in TS is shorter than the H2O1 bond
in the 2-(hydroperoxy)methylbenzyl radical. The peroxy function
approach is calculated to occur nearly in the two planes
corresponding to the dihedral angle C1O2O1H2. Structural
parameters depend slightly on the level of theory with the
exception of the O2H1 bond length (1.354 and 1.204 Å using
B3LYP/cc-pVDZ and MPW1K/6-31+G(d,p) levels, respec-
tively). Application of diffuse functions tends to make this
transition structure slightly more product-like. In the case of
aliphatic compounds, the calculated O2H1 bond lengths were
1.140 Å (B3LYP/6-31G(d,p)) and 1.164 Å (BHandHLYP/6-
311G(d,p)) for the (1,6p) transition states involved in the
butylperoxy27 and pentylperoxy20 radical isomerization. The
aromatic ring tends to strengthen the O2H1 bond length which
takes place in the reaction coordinate.

2-, 3-, and 4-Methyl(hydroperoxy)benzyl Radicals. The
global minimum is found with the MPW1K method in a
conformation allowing the intramolecular interaction between
the oxygen atom and the nearest hydrogen atom in the ring.
Geometry optimizations at the B3LYP levels predict the absence
of this stationary point on the potential energy surface. Similar
results have been observed for the (hydroperoxy)benzyl radical2,26

and for some alkylperoxy radicals.21-24 The B3LYP method
seems not to be adequate to obtain optimized RĊHO2H

structures as discussed in our previous paper.2 Structural
parameters depend slightly on the position of the methyl group
on the ring.

2-(Hydroperoxy)methylbenzyl Radical. The global minimum
is found with both B3LYP and MPW1K methods. Calculated
geometric parameters do not vary a lot as a function of the level
of theory. The unpaired electron is located on the C4 atom. The
C4C3 bond (about 1.40 Å) acts indeed as a double bond because
of the delocalized electron.

Vibrational Frequencies. Unscaled vibrational frequencies
for these species are presented in Tables 12S-14S of the
Supporting Information. The eigenvector in the TS correspond-
ing to the imaginary frequency is primarily a motion of the
reactive hydrogen atom being transferred between the C1 and
the O1 centers for the (1,3s) isomerization, and between the C4

and the O1 centers for the (1,6p) isomerization. Vibrational
frequencies have been scaled using appropriate scaling factors48

for the computation of the partition functions as a function of
the temperature (0.970 and 0.952 for B3LYP/cc-pVDZ and
MPW1K/6-31+G(d,p), respectively).

2. Energetics. Table 3 lists the reaction enthalpies (∆rH)
computed at 0 K. The results obtained with the MPW1K method
indicate that the reaction is predicted to be endothermic for both
(1,3s) and (1,6p) isomerization channels. The calculated reaction
enthalpies at 0 K for 2-, 3-, and 4-methylbenzylperoxy radicals
(1,3s) isomerizations are very close to the value obtained at the
same level of theory for the benzylperoxy radical (1,3s) isomer-
ization (8.7 kJ mol-1). It can be noticed that the (1,6p) isomerization
is far more endothermic than the (1,3s) isomerization.

Table 3 shows also the computed vibrationally adiabatic
barriers, E0, for the studied reactions. The following relation
defines these barriers

TABLE 2: Selected Bond Lengths in Angstroms for the Reactive Species Involved in the Isomerization Reactionsa

2-methylbenzylperoxy 2-methylbenzylperoxy 3-methylbenzylperoxy 4-methylbenzylperoxy

(1,3s) isomerization (1,6p) isomerization (1,3s) isomerization (1,3s) isomerization

B3LYP
cc-pVDZ

MPW1K
6-31+G(d,p)

B3LYP
cc-pVDZ

MPW1K
6-31+G(d,p)

B3LYP
cc-pVDZ

MPW1K
6-31+G(d,p)

B3LYP
cc-pVDZ

MPW1K
6-31+G(d,p)

O1O2 R 1.316 1.292 1.316 1.292 1.315 1.292 1.315 1.292
TS 1.488 1.444 1.403 1.369 1.490 1.445 1.490 1.445
P - 1.408 1.448 1.406 - 1.411 - 1.412

O2C1 R 1.477 1.446 1.477 1.446 1.477 1.446 1.478 1.446
TS 1.392 1.377 1.427 1.406 1.390 1.376 1.390 1.376
P - 1.354 1.430 1.411 - 1.352 - 1.352

C1C2 R 1.500 1.492 1.500 1.492 1.496 1.491 1.498 1.490
T 1.470 1.462 1.521 1.509 1.470 1.462 1.469 1.460
P - 1.402 1.511 1.499 - 1.402 - 1.402

H1O1 R 2.594 2.543 2.520 2.488 2.511 2.490
TS 1.337 1.307 1.337 1.306 1.339 1.308
P - 0.960 - 0.960 - 0.960

C1H1 R 1.099 1.086 1.100 1.087 1.100 1.087
TS 1.304 1.295 1.303 1.294 1.302 1.293
P - 2.710 - 2.683 - 2.672

H2O1 R 3.347 3.396
TS 1.354 1.204
P 0.976 0.960

C4H2 R 1.101 1.088
TS 1.354 1.312
P 3.622 3.693

C4C3 R 1.510 1.499
TS 1.467 1.466
P 1.409 1.402

a R, TS, and P are, respectively, the reactant, the transition state, and the product of the reaction under study.

E0 ) ETS-ER + ZPETS-ZPER (III-1)
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where ETS and ER are the computed energies of the TS and
reactant, whereas ZPETS and ZPER are their corresponding zero-
point energy corrections.

The (1,3s) isomerization appears to have a large electronic
barrier by comparison to the (1,6p) isomerization. The E0 values
calculated with the B3LYP density functional are systematically
lower by about 20 kJ mol-1 when compared to those obtained
with the MPW1K density functional. Similar results are
observed with the CASPT2 method, although the barriers are
lower by about 15-40 kJ mol-1 compared to those calculated
with the B3LYP and MPW1K methods. The barriers computed
with both density functionals depend slightly on the position
of the methyl group on the aromatic ring and are very close to
the ones obtained for the benzylperoxy radical (1,3s) isomer-
ization2 (155.6 and 174.7 kJ mol-1 at the B3LYP/cc-pVDZ and
MPW1K/6-31+G(d,p) levels of theory, respectively). For the
butylperoxy and pentylperoxy radicals (1,6p) isomerizations, the
barriers calculated by Jungkamp et al.27 at the CBS-lq//B3LYP/
6-31G(d,p) level, Zhu et al.24 at the CBS-QB3 level, and Chan
et al.20 at the BHandHLYP/6-311G(d,p) level were 106.3, 94.6,
and 125.1 kJ mol-1, respectively. Our calculated barriers with
B3LYP and MPW1K density functionals for the 2-methylben-
zylperoxy radical (1,6p) isomerization are close to those reported
for alkylperoxy radicals. Using the CASPT2 method, the barrier
calculated for the 2-methylbenzylperoxy radical (1,3s) isomer-
ization is higher by about 9-12 kJ mol-1 than the ones
computed for the 3- and 4-methylbenzylperoxy radical (1,3s)
isomerization.

3. Kinetic Parameters Calculations. Rate Constants. Table
4 and Figure 2 present the calculated high-pressure limit rate
constants over the temperature range 600-2000 K at the
CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ level of theory. At
600 K, the rate constants obtained for the 3- and 4-methylben-
zylperoxy (1,3s) isomerizations are only higher by a factor of

about 2 than the values of the 2-methylbenzylperoxy (1,3s)
isomerization. The opposite trend is observed at 2000 K while,
at a temperature of about 1000 K, all the computed rate constants
are very close to each other. These reactivity trends can be
attributed to the small changes of the Arrhenius parameters over
the studied temperature range (see section below). Using the
Arrhenius parameters, which are gathered in Table 5, one can
compute the rate constants at 773 K. We obtain respectively
1.8 × 103, 2.4 × 103, and 2.4 × 103 s-1 for the 2-, 3-, and
4-methylbenzylperoxy (1,3s) isomerizations. These values are
very close to the value calculated at the same level of theory
for the benzylperoxy (1,3s) isomerization (2.5 × 103 s-1).2

Branching Ratio. We can define the branching ratio τX (in
percent) as the ratio of the rate constant for the X-isomerization
pathway to that of the overall rate constant of the reaction. For
example, in the case of the 2-methylbenzylperoxy radical, the
branching ratio for the (1,3s) isomerization channel is given by
the following equation

where k(1,3s)(T) and k(1,6p)(T) are the rate constants for the (1,3s)
and (1,6p) isomerization channels at temperature T, respectively.
The results of these calculations are summarized in graphical
form in Figure 3, where the temperature dependence of the
branching ratios of the two channels is depicted. The (1,6p)
isomerization is consistently the most important channel over
the temperature range 600-1800 K. At 1800 K, the two
isomerization channels are competitive. At higher temperature,
the (1,3s) isomerization becomes the most important channel.
Nevertheless, it can be noticed that both channels should be

TABLE 3: Reaction Enthalpies ∆rH at 0 K and Vibrationally Adiabatic Barriers E0 Calculated at Different Levels of Theory

∆rH (kJ mol-1) E0 (kJ mol-1)

B3LYP/cc-pVDZ MPW1K/6-31+G(d,p) B3LYP/cc-pVDZ MPW1K/6-31+G(d,p)
CASPT2/ANO-L-VDZP//

B3LYP/cc-pVDZ

2-methylbenzylperoxy (1,3s)
isomerization

- 8.9 157.2 174.7 146.1

2-methylbenzylperoxy
(1,6p) isomerization

33.9 26.3 90.4 109.3 94.6

3-methylbenzylperoxy
(1,3s) isomerization

- 9.1 154.6 173.6 134.4

4-methylbenzylperoxy
(1,3s) isomerization

- 9.9 154.4 173.5 137.3

TABLE 4: Calculated Rate Constants in s-1 over the Temperature Range 600-2000 K at the CASPT2/ANO-L-VDZP//B3LYP/
cc-pVDZ Level of Theory

T (K)
2-methylbenzylperoxy
(1,3s) isomerization

2-methylbenzylperoxy
(1,6p) isomerization

3-methylbenzylperoxy
(1,3s) isomerization

4-methylbenzylperoxy
(1,3s) isomerization

600 2.02 × 100 3.16 × 103 4.93 × 100 4.13 × 100

700 1.34 × 102 4.33 × 104 2.33 × 102 2.12 × 102

800 3.18 × 103 3.14 × 105 4.27 × 103 4.15 × 103

900 3.78 × 104 1.49 × 106 4.16 × 104 4.25 × 104

1000 2.77 × 105 5.23 × 106 2.60 × 105 2.76 × 105

1100 1.42 × 106 1.47 × 107 1.17 × 106 1.29 × 106

1200 5.60 × 106 3.52 × 107 4.14 × 106 4.66 × 106

1300 1.79 × 107 7.39 × 107 1.21 × 107 1.39 × 107

1400 4.88 × 107 1.40 × 108 3.05 × 107 3.58 × 107

1500 1.17 × 108 2.45 × 108 6.81 × 108 8.12 × 108

1600 2.51 × 108 4.00 × 108 1.38 × 108 1.67 × 108

1700 4.93 × 108 6.18 × 108 2.57 × 108 3.16 × 108

1800 9.01 × 108 9.12 × 108 4.49 × 108 5.57 × 108

1900 1.55 × 109 1.29 × 109 7.39 × 108 9.27 × 108

2000 2.52 × 109 1.77 × 109 1.16 × 109 1.47 × 109

τ(1,3s) )
k(1,3s)(T)

k(1,3s)(T) + k(1,6p)(T)
× 100% (III-2)

2-, 3-, and 4-Methylbenzylperoxy Radical Isomerization J. Phys. Chem. A, Vol. 113, No. 12, 2009 3001



taken into account for the calculation of the pseudoglobal rate
constant (considering only the (1,3s) and (1,6p) channels) over
the whole temperature range.

Other dissociation channels do exist for the methylbenzylp-
eroxy radical such as the ones depicted by Murakami et al.26

for the benzylperoxy radical. They are not taken into consid-
eration here and could be studied in order to explain the fate of
the methylbenzylperoxy radical under combustion conditions.

Arrhenius Parameters. The modified three-parameter Ar-
rhenius expression, k(T) ) A × Tn exp(-Ea/RT), fitted to each
elementary rate constant computed at the CASPT2/ANO-L-
VDZP//B3LYP/cc-pVDZ level of theory over the temperature

range 600-2000 K, is reported in Table 5. Based on our
previous work on the kinetics of the benzylperoxy radical
isomerization,2 we are confident in our predicted Arrhenius
parameters for the 2-, 3-, and 4-methylbenzylperoxy radicals
isomerization. Therefore, these values can be recommended for
use in the thermokinetic models involving aromatic compounds.

Conclusion

Theoretical calculations combined with canonical TST were
performed on the reaction of the four-center and seven-center
isomerizations of the 2-, 3-, and 4-methylbenzylperoxy radicals.
The geometry parameters for the reactants, the products, and
the TSs were fully optimized with the B3LYP and MPW1K
methods combined with the cc-pVDZ and 6-31+G(d,p) basis
sets, respectively. Following our previous recommendation, the
CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ level of theory was
used for the calculation of the high-pressure limit rate constants
over the temperature range 600-2000 K. It has been shown
that, in the case of the 2-methylbenzylperoxy radical, the (1,6p)
H-atom transfer reaction is consistently the most important
channel over the studied temperature range. As previously
discussed in the Introduction, two internal H-atom transfer
reactions of 2-methylbenzylperoxy radical were considered to
explain the observed oxidation products. In particular, the (1,3s)
H-atom transfer reaction was used to explain the o-tolualdehyde
formation. In the light of our calculations, this reaction pathway
is not energetically favored. Another mechanism leading to
o-tolualdehyde should be considered to explain its formation.
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