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The rate constant of the benzylperoxy isomerization reaction has been computed using 54 different levels of
theory and has been compared to the experimental value reported at 773 K. The aim of this methodology
work is to demonstrate that standard theoretical methods are not adequate to obtain quantitative rate constants
for the reaction under study. The use of the elaborated CASPT2 method is essential to estimate a quantitative
rate constant. Geometry optimizations and vibrational frequency calculations are performed using three different
methods (B3LYP, MPW1K, and MP2) and six different basis sets (6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p),
6-311G(d,p), 6-311+G(d,p), and cc-pVDZ). Single-point energy calculations are performed with the highly
correlated ab initio coupled cluster method in the space of single, double, and triple (pertubatively) electron
excitations CCSD(T) using the 6-31G(d,p) basis set, and with the CASPT2 level of theory with the ANO-
L-VDZP basis set. 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. We recommend the use of the
CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ level of theory to compute the temperature dependence of the
rate constant of the four-center isomerization of the benzylperoxy radical. It is given by the following relation:
k(600-2000 K) (in s-1) ) (1.29 × 1010) T0.79 exp[(-133.1 in kJ mol-1)/RT]. These parameters can be used
in the thermokinetic models involving aromatic compounds at high pressure. This computational procedure
can be extended to predict rate constants for other similar reactions where no available experimental data
exist.

I. Introduction

Aromatic compounds are currently used in everyday life. For
example, they are used as solvents and are components of
automotive and aeronautical fuels. Their percentage in mass in
a European gasoline, a Californian reformulated gasoline, a
diesel fuel, and a jet fuel are 35, 31, 30, and 15%, respectively.1

The European directive 2003/17/CE2 fixed the maximum amount
of benzene to 1% in volume in gasoline and for other aromatic
compounds to 35%; in diesel fuel the amount of polyaromatic
compounds must not exceed 11% in mass. The presence of
aromatic compounds in gasoline is desirable because they have
high octane numbers. It must be noted that combustion systems
using fossil fuels can emit under certain conditions aromatic
compounds, even if the fuel composition does not contain any.
Aromatic compounds are at the origin of polycyclic aromatic
hydrocarbon (PAH) and soot particle formation as reported in
many studies.3–15 Toxicological studies show that some of these
PAHs (especially benzo(a)pyrene, fluoranthene, and cyclopenta-
[c,d]pyrene) have mutagenic and carcinogenic properties.16–18

Useful properties of aromatic compounds and their negative
impact on environment and health have motivated many studies
on their oxidation process. These studies have been mainly
devoted to the simplest monoaromatic compounds, which are
benzene and toluene. We have recently pointed out the major
studies on this topic in two articles.19,20 The main objective of
these studies was to identify the formation and/or destruction

pathways of aromatic compounds by means of detailed thermo-
kinetic model validation. Detailed kinetic mechanisms of these
models contain hundreds of elementary reactions and about 100
chemical species. The assignation of thermochemical data to
species and kinetic rate constants to reactions is a complicated
task because of the lack of information in the literature. This
task is rendered more difficult because thermokinetic data must
be known in large ranges of pressure and temperature to allow
the use of thermokinetic models in conditions encountered in
practical combustion systems. For example, temperature varies
from 500 to 2500 K and pressure from 1 to about 60 bar in the
combustion chamber of a spark ignition engine. Pressure has
an influence on the rate constant of reactions exhibiting a falloff
behavior and on rate of reactions requiring a third body.
Temperature influences almost all reactions and modifies
considerably the oxidation pathways. It is now well identified
that a low-, an intermediate-, and a high-temperature oxidation
mechanism exist.21,22 In automotive and aeronautical engines,
the three mechanisms are implied because of the large range of
temperatures encountered.

Many studies have been performed on the development of
high-temperature oxidation thermokinetic models in our
laboratory.19,20,23–26 Some of these models relate to formation
and/or thermal depletion of benzene20 and toluene19 in premixed
flames. Low-temperature oxidation thermokinetic models have
been also elaborated in our laboratory: they concern n-butane,27

n-pentane,28 pent-1-ene,28 n-butylbenzene,29 and cyclohexene.30

We have also built an oxidation thermokinetic model for
methane/benzene and n-heptane/benzene mixtures.20 This model
has been tested against experimental data obtained at low and
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high temperatures and at sub- and upper-atmospheric pressures.
If benzene does not react at low temperature as shown in ref,20

aromatic compounds with an alkyl side chain (such as toluene,
o-xylene, and ethylbenzene) exhibit a low-temperature reacti-
vity.31–33 However, with the exception of n-butylbenzene,29 only
high-temperature oxidation thermokinetic models have been
published for these aromatic compounds.34–51 It is not surprising
because of the considerable lack of experimental data for low-
temperature reactions of aromatic compounds. Determination
of thermochemical data and kinetic parameters by means of
quantum chemistry tools is a valuable solution to fill in the
absence of experimental data. This article is the first one of a
series devoted to the generation of thermokinetic data for alkyl
side-chain aromatic compounds (namely, toluene and xylene
isomers) by using quantum chemistry methods, statistical
thermodynamics, and canonical transition-state theory. These
new thermokinetic data will be included later in low-temperature
oxidation thermokinetic models developed in our laboratory.

At low temperature, addition of molecular oxygen to aryl
radicals (C6H5-Ṙ) occurs in the oxidation process of alkylben-
zenes (C6H5-RH):

C6H5 - Ṙ+O2 )C6H5 -RŎ2 (R1)

This reaction is an equilibrium that is very sensitive to the
temperature. It shifts toward the products C6H5-Ṙ + O2 when
temperature overcomes the “ceiling temperature”, this later
depending on the structure of C6H5-Ṙ and C6H5-RȮ2 radicals
and O2 partial pressure.52 Reaction R1 is followed by an internal
H-atom transfer producing an aryl hydroperoxide radical
C6H5-Q̇O2H:

C6H5 -RŎ2 )C6H5 - Q̆O2H (R2)

The internal transfer is easier when the transferred hydrogen
atom is benzylic.29 In the case of toluene, the only possible
transfer is a 1,3sb transfer involving one of the two secondary
benzylic hydrogen atoms of benzylperoxy radical:

C6H5 -CH2Ŏ2 )C6H5 - C̆HO2H (R3)

In the notation 1,3sb, Number 1 indicates the position of the
radical oxygen; Number 3 indicates the relative position of the
carbon atom bonded to the transferred hydrogen atom. The letter
s stands for secondary and the letter b for benzylic. After
formation by reaction R3, the benzyl hydroperoxide radical
decomposes to yield benzaldehyde and ȮH radical by the
following reaction:

C6H5 - C̆HO2H)C6H5 -CHO+ ŎH (R4)

Benzaldehyde has been identified as a major oxidation product
of pure toluene or alkane/toluene mixtures in studies at temper-
ature below 800 K: in a static reactor between 723 and 788
K,31 in a jet-stirred reactor between 580 and 620 K,32 and in a
rapid compression machine at 750 K.53 The reaction sequence
R1-R3-R4 is often suggested to explain the benzaldehyde
formation in the low-temperature oxidation mechanism of
toluene.

In the reaction sequence R1-R3-R4, reaction R3 is certainly
the rate-limiting step as it involves a strained four-center cyclic
transition state. Thus, a reliable value for the rate constant of
this reaction is needed. In the literature, only one experimental
determination of this rate constant is available.54 It is a
measurement based on an indirect method using addition of
toluene to mixtures of H2 and O2. The reported rate constant
value is 2.8 × 103 s-1 at 773 K under 0.67 bar total pressure.

This experimental value will be used to validate our theoretical
methodology for the estimation of the rate constant.

A few theoretical studies have been carried out on
the reactions of four-center isomerization of the alkyl-
peroxy55–59 and arylperoxy60 radicals. Chan et al.55 performed
BHandHLYP/6-311G(d,p) calculations estimating the activa-
tion energies and pre-exponential factors for a series of
intramolecular hydrogen-atom abstraction reactions in ali-
phatic peroxyl radicals containing up to five carbons. In
particular, the calculated activation energy by Chan et al.55

was about 209 kJ mol-1 for the four-center isomerization
reaction of the pentylperoxy radical. Sheng et al.56 studied
the detailed kinetics and thermochemistry for the reaction
between the C2H5 ethyl radical and molecular oxygen. The
isomerization transition state (TS) of the ethylperoxy adduct
(CH3-CH2Ȯ2) leading to the formation of acetaldehyde
(CH3CHO) and OH radical was characterized at the B3LYP/
6-31G(d,p) level of theory. The energy barrier was estimated
at 0 K to 174.7 kJ mol-1 at the CBS-Q//B3LYP/6-31G(d,p)
level of theory. Sun and Bozzelli57 worked on the reactions
of neopentyl and neopentyl hydroperoxide radicals with
molecular oxygen. Part of this study concerned the four-center
isomerization of the neopentylperoxy radical (C4H9-
CH2Ȯ2) for which the CBS-Q reaction barrier was 174.0 kJ
mol-1. Lee and Bozzelli58 studied the reaction of the allyl
radical with molecular oxygen. The thermochemical and
kinetic parameters were obtained using the CBS-Q composite
method. The energy barrier of the four-center isomerization
was estimated to 157.9 kJ mol-1. Zhu et al.59 performed
theoretical calculations at the CBS-QB3 on the kinetics of
the intramolecular hydrogen shift reactions of the butylperoxy
(C3H7-CH2Ȯ2) and pentylperoxy (C4H9-CH2Ȯ2) radicals.
Both energy barriers of the four-center isomerizations were
estimated at 0 K to 170.7 kJ mol-1. It is worth noticing that,
in all these mentioned studies,56–59 no structure for the alkyl
hydroperoxide radicals was characterized. Clothier et al.60

worked on the simulation of diesel fuel ignition by benzyl
radicals and showed, by using ab initio molecular orbital
calculations, that there is a plausible mechanism by which
benzylperoxy radical thermal decomposition could lead to
the production of OH radicals. The calculations were done
at the low level of theory ROMP2/3-21G//ROHF/3-21G. The
pre-exponential factor and the activation energy for the
benzylperoxy radical isomerization were estimated to be 1013

s-1 and 121 kJ mol-1, respectively.

A very recent theoretical study was performed by Murakami
et al.61 to determine the kinetics, the mechanism, and the product
branching ratios of the benzyl + O2 reaction at the CBS-QB3
level of theory. The authors found that the reaction proceeded
with an exothermic barrierless addition of molecular oxygen to
the benzyl radical to form the benzylperoxy radical. The
benzylperoxy radical can be dissociated (i) backward with a
93.3 kJ mol-1 energy barrier (called channel E in their article),
(ii) into the C6H4CH2OOH radical with a 135.6 kJ mol-1 energy
barrier (channel C), (iii) into the cyclic O2 adduct with a 128.0
kJ mol-1 energy barrier (channel D), and (iv) leading to the
formation of benzaldehyde and OH radical with a 161.9 kJ
mol-1 energy barrier (channel B), which is higher than the one
predicted by Clothier et al.60 In the reaction system of the O2

addition to the allyl radical, Lee and Bozzelli58 reported energy
barriers for the same channels that were very close to the ones
obtained by Murakami et al.61 The temperature dependence
of the high-pressure limit rate constant for these reaction
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channels was computed by Murakami et al.61 to be between
300 and 1500 K.

In this work, highly correlated quantum chemical calculations
were performed to directly compute the barrier for reaction R3
without any energy adjustments. The energetics of the reactant
and the 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
benzylperoxy radical isomerization has been computed at a
highly correlated level of theory.

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

II. Computational Methods

Ab initio and DFT calculations were performed using the
Gaussian0362 and MOLCAS 6.063 software packages. Reac-
tant and TS structures were fully optimized at HF-DFT
(B3LYP),64,65 MPW1K,66 and MP267 levels of theory using the
following Pople-style 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p),
6-311G(d,p), and 6-311+G(d,p) basis sets68 and Dunning’s
correlation consistent double-� plus polarization cc-pVDZ69

basis set. Product geometries were fully optimized at MPW1K
and MP2 levels of theory with the same six basis sets. 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) analyses70 using all levels
of theory, 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 reactant and TS structures, single-point
energy calculations were carried out at different high levels of
theory using in each case the optimized B3LYP, MPW1K, and
MP2 geometrical parameters. Electron correlation was calculated
with second Møller-Plesset perturbation theory with full
annihilation of spin contamination71 as implemented in the
GAUSSIAN package (noted in our results as PMP2). Thus,
electronic energies were obtained: (i) employing the single and
double coupled cluster theory with inclusion of a perturbative
estimation for triple excitation72–75 (CCSD(T)) with the 6-31G(d,p)
basis set (the frozen-core approximation has been applied in
CCSD(T) calculations, which implies that the inner shells are
excluded at estimating the correlation energy), and (ii) CASPT2
76–79 level of theory with the ANO-L-VDZP80 basis set. In this
work, it is necessary to obtain energy differences between the
TS and the reactant at a high level of theory such as, for
example, CCSD(T) or CASPT2, particularly to carry out rate
constant calculations through TST at a later stage. The cost of
optimizing geometries at these levels can be very prohibitive.
In these conditions, it is helpful to perform calculations at a
higher level of theory using the geometries optimized at a lower
level. 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 wavefunction is taken as the reference
function. Thus, the parameters of the CASPT2/CASSCF cal-
culations are those of the CASSCF step. 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 corresponding virtual counterpart
from the perturbation calculation. For the abstraction mecha-

nism, 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 TST81 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 expres-
sion:

k(T))Γ(T) ×
kBT

h
×

QTS(T)

Qbenzylperoxy radical(T)
×

exp(- E0

kBT) (II-1)

where Γ(T) indicates the transmission coefficient used for the
tunneling correction at temperature T, and the terms QTS(T) and
Qbenzylperoxy radical (T) are the total partition functions for the TS
and the benzylperoxy radical at 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 Boltzmann’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:

QX(T))QT
X(T)Qe

X(T)QR
X(T)QV

X(T) (II-2)

In this work, we adopt the simple and computationally
inexpensive Wigner method82 in the calculation of all tunneling
corrections for the reactions reported here:

Γ(T)) 1+ 1
24(hν‡

kBT)2

(II-3)

where ν‡ is the imaginary frequency at the saddle point. This
choice seems to be appropriate to 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).59,83 More sophis-
ticated and computationally demanding algorithms such as
the ones developed by Truhlar et al.84 and Miller et al.85 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 suite.86

III. Results and Discussion

III.1. Geometric Parameters and Vibrational Frequencies.
Geometric Parameters. Figure 1 shows the structures and atom
numbering of the reactant (benzylperoxy radical), the isomer-
ization TS, and the product (benzyl hydroperoxide radical).
Table 1 gathers the selected bond lengths calculated at the
different levels of theory. More detailed information regarding
optimized geometric parameters for these species is presented
in Tables 1S-8S of the Supporting Information.

Benzylperoxy Radical. At all levels of theory, the global
minimum for the benzylperoxy radical is found to be in a
conformation in which the dihedral angles C3C2C1O2 and
C2C1O2O1 are equal to about -90° and 180°, respectively. The
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same results were obtained by Garcia et al.87 using the UHF
approximation combined with the 6-31G(d,p) and 6-31+G(d,p)
basis sets.

First, it can be observed that the calculated geometric para-
meters do not vary a lot as a function of the level of theory.
For example, the O1O2 bond lengths estimated at the B3LYP/
6-31G(d,p) and MP2/6-311+G(d,p) levels of theory are 1.321
and 1.295 Å, respectively. All the optimized geometric
parameters are consistent to the ones reported by Garcia et
al.87 and Murakami et al.61 The O1O2 and O2C1 key bond
lengths in B3LYP geometries are slightly longer than those
in MP2 and MPW1K geometries. A similar but not such a
marked trend is observed for the C1C2 and C1H1 bond lengths.

Transition State. The TS for isomerization of benzylperoxy
to benzyl hydroperoxide radical is a four-member ring. 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 benzyl
hydroperoxide 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. The O1O2 bond length in the transition
state is shorter than the O1O2 bond length in the benzyl
hydroperoxide radical, but the H1O1 bond in TS is longer

than the H1O1 bond in the benzyl hydroperoxide radical.
Application of diffuse functions tends to make a transition
structure more reactant-like. In addition, the MP2 method
predicts a transition state on the potential energy surface more
reactant-like than that predicted by the B3LYP and MPW1K
methods. Our optimized structures using the B3LYP levels
are similar to the one reported at the B3LYP/6-311G(2d,d,p)
level by Murakami et al.61

Benzyl Hydroperoxide Radical. The global minimum is
found with the MP2 and MPW1K methods in a conformation
allowing the intramolecular interaction between the oxygen
and hydrogen atoms (i.e. O2H3 and H2O1). Geometry
optimizations at the B3LYP levels predict the absence of this
stationary point on the potential energy surface. The same
results have been observed by Murakami et al.61 Instead of
the energy minimization, the O2O1 bond cleaves to form the
molecular complex C6H5CH(O) · · ·OH although IRC calcula-
tions from the TS structure indicate that the B3LYP transition
state does not connect the isomerization transition state with
the C6H5CH(O) · · ·OH molecular complex. Despite exhaustive
searches involving relaxed scans and IRC calculations, we
were not able to locate a C6H5ĊHO2H structure using the
B3LYP method. Theoretical studies on the four-center
isomerization of some alkylperoxy radicals did not report
any optimized structure for the RĊHO2H radical when using

Figure 1. Structure and atom numbering of the different species involved in the reaction.

TABLE 1: Selected Bond Lengths in Degrees for the Benzylperoxy Radical (Reactant R), the Transition State (TS), and the
Benzyl Hydroperoxide Radical (Product P)

coordinate

O1O2 O2C1 C1C2 H1O1 C1H1

basis set method R TS P R TS P R TS P R TS P R TS P

6-31G(d,p) B3LYP 1.321 1.493 × 1.478 1.392 × 1.500 1.469 × 2.529 1.332 × 1.093 1.299 ×
MPW1K 1.293 1.447 1.412 1.443 1.375 1.351 1.491 1.462 1.402 2.513 1.298 0.960 1.087 1.295 2.646
MP2 1.312 1.438 1.461 1.472 1.397 1.371 1.493 1.486 1.407 2.512 1.288 0.972 1.089 1.271 2.667

6-31+G(d,p) B3LYP 1.321 1.494 × 1.481 1.394 × 1.499 1.469 × 2.529 1.342 × 1.093 1.298 ×
MPW1K 1.292 1.445 1.410 1.445 1.376 1.352 1.491 1.462 1.403 2.505 1.305 0.960 1.087 1.295 2.693
MP2 1.312 1.437 1.466 1.479 1.399 1.372 1.492 1.489 1.410 2.523 1.295 0.973 1.089 1.271 2.742

6-31++G(d,p) B3LYP 1.321 1.494 × 1.481 1.394 × 1.499 1.469 × 2.529 1.342 × 1.093 1.298 ×
MPW1K 1.292 1.445 1.410 1.445 1.376 1.352 1.491 1.462 1.403 2.501 1.305 0.960 1.087 1.295 2.695
MP2 1.312 1.437 1.466 1.479 1.399 1.372 1.493 1.489 1.410 2.523 1.296 0.973 1.089 1.271 2.738

6-311G(d,p) B3LYP 1.315 1.491 × 1.478 1.388 × 1.497 1.467 × 2.521 1.336 × 1.091 1.298 ×
MPW1K 1.285 1.440 1.403 1.445 1.371 1.349 1.489 1.460 1.399 2.507 1.300 0.957 1.086 1.297 2.671
MP2 1.295 1.429 1.445 1.465 1.386 1.361 1.496 1.491 1.409 2.509 1.287 0.966 1.092 1.274 2.657

6-311+G(d,p) B3LYP 1.315 1.490 × 1.481 1.389 × 1.497 1.466 × 2.531 1.343 × 1.091 1.301 ×
MPW1K 1.285 1.439 1.403 1.444 1.371 1.350 1.489 1.460 1.399 2.507 1.306 0.957 1.086 1.297 2.732
MP2 1.295 1.428 1.450 1.470 1.388 1.362 1.500 1.491 1.411 2.518 1.294 0.968 1.092 1.274 2.763

cc-pVDZ B3LYP 1.315 1.490 × 1.476 1.390 × 1.500 1.470 × 2.541 1.336 × 1.099 1.304 ×
MPW1K 1.287 1.445 1.405 1.439 1.373 1.351 1.491 1.462 1.403 2.550 1.300 0.964 1.093 1.299 2.674
MP2 1.301 1.434 1.454 1.466 1.392 1.366 1.500 1.494 1.414 2.488 1.292 0.974 1.101 1.277 2.666
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the B3LYP method.56–59 From these results, the B3LYP
method seems not to be adequate to obtain optimized
RĊHO2H structures.

Bond lengths in MP2 geometries are longer than those in
MPW1K geometries except CC bonds in the aromatic ring. The
H1O1, O2C1, and O1O2 bonds in MP2 geometries are longer
than those in MPW1K geometries by 0.009-0.013, 0.012-0.020,
and 0.042-0.056 Å, respectively. The C1C2 bond in the benzyl
hydroperoxide radical is ca. 1.406 Å, which is far shorter than
the MP2/6-31G(d,p) calculated C-C bond in the benzaldehyde
(value ca. 1.478 Å88) and the experimental C-C bond in the
toluene (value ca. 1.513 Å89). By comparison to the CdC value
in the toluene (ca. 1.395 Å89), our C1C2 bond acts indeed as a
double CdC bond because of the delocalized electron. Differ-
ences of bond angles and dihedral angles are within 5° between
MP2 and MPW1K geometries.

Vibrational Frequencies. Unscaled vibrational frequencies
for these species are presented in Tables 9S-16S of the
Supporting Information. The eigenvector in the TS corre-
sponding to the imaginary frequency is primarily a motion
of the reactive hydrogen atom being transferred from the C1

to the O1 centers. Whatever the method, the calculated
imaginary frequency does not depend on the basis set size.
The values calculated at the MP2 levels are about 25 and
15% larger than those obtained at the B3LYP and MPW1K
levels, respectively. Vibrational frequencies have been scaled
using appropriate scaling factors88 for the computation of the
partition functions as a function of the temperature. Their
values are given in Table 17S of the Supporting Information.

III.2. Energetics. Table 2 lists the reaction enthalpies (∆rH)
computed at 0 K. The results obtained with the MPW1K method
indicate that adding diffuse functions to the basis sets or
increasing the basis set size has a small effect on the calculated

reaction enthalpy (∆∆rH e 3.1 kJ mol-1). This trend is less
important when using the MP2 method (∆∆rH < 1.3 kJ mol-1).
We noticed that the reaction is predicted to be endothermic
whatever the level of theory. Our computed reaction enthalpy
at 0 K is 10.1 kJ mol-1 at the MP2/6-311+G(d,p) level, which
is lower than the value calculated by Clothier et al.60 at the
ROMP2/3-21G//ROHF/3-21G level (i.e., 33 kJ mol-1).

Table 3 shows the computed vibrationally adiabatic barriers,
E0, for the reaction under study. The following relation defines
these barriers:

E0 ) ETS -ER +ZPETS -ZPER (III-1)

where ETS and ER are the computed energies of the TS and
reactant, whereas ZPETSand ZPER are their corresponding zero-
point energy corrections.

The four-center isomerization appears to have a large elec-
tronic barrier. The calculated values with one method and six
different basis sets are very consistent. If we compare the results
obtained using the double � basis sets, 6-31G(d,p) and cc-pVDZ,
it can be seen that the barriers decrease slightly. The E0’s
calculated with the B3LYP density functional are systematically
lower by about 14-40 kJ mol-1 when compared to those
obtained with the MPW1K density functional and the correlated
ab initio method PMP2. The barriers calculated at the CCSD(T)//
B3LYP levels are very close to the ones computed at the
CCSD(T)//MPW1K levels but are lower by about 38 kJ mol-1

than those obtained at the CCSD(T)//PMP2 levels. Similar
results are observed with the CASPT2 method although the
barriers are lower compared to those calculated with the
CCSD(T) method. We found also the UMP2 method was
unsuitable because of severe spin contamination for the TS, with
an expectation value of S2 between 1.21 and 1.25, instead of

TABLE 2: Reaction Enthalpies ∆rH Calculated at 0 K in kJ mol–1 at Different Levels of Theory

basis set

level of theory 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) cc-pVDZ

MPW1K/“basis Set” 11.1 8.7 8.6 8.4 8.0 10.5
PMP2/“basis Set” 10.9 10.2 9.8 10.7 10.1 11.1

TABLE 3: Vibrationally Adiabatic Barriers E0 Calculated in kJ mol–1 at Different Levels of Theory

basis set

level of theory 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) cc-pVDZ

B3LYP/“basis set” 159.7 160.1 159.9 162.1 162.3 155.6
CCSD(T)/6-31G(d,p)//B3LYP/“basis set” 178.7 178.6 178.6 177.7 177.9 178.7
CASPT2/ANO-L-VDZP//B3LYP/“basis set” 145.0 145.1 145.2 143.3 141.6 137.1
MPW1K/“basis set” 174.1 174.7 174.4 175.6 176.2 170.0
CCSD(T)/6-31G(d,p)//MPW1K/“basis set” 178.4 178.9 179.0 178.0 178.6 177.7
CASPT2/ANO-L-VDZP//MPW1K/“basis set” 143.1 139.3 139.2 139.7 139.5 138.4
PMP2/“basis set” 196.9 201.0 200.2 201.0 204.2 194.5
CCSD(T)/6-31G(d,p)//PMP2/“basis set” 218.6 216.9 217.0 217.4 216.5 211.2
CASPT2/ANO-L-VDZP//PMP2/“basis set” 182.9 180.5 180.7 180.2 179.8 172.3

TABLE 4: Calculated Rate Constants at 773 K in Seconds at Different Levels of Theory

basis set

level of theory 6-31G(d,p) 6-31+G(d,p) 6-31++G(d,p) 6-311G(d,p) 6-311+G(d,p) cc-pVDZ

B3LYP/“basis set” 7.51 × 101 1.04 × 102 1.07 × 102 5.97 × 101 7.19 × 101 1.40 × 102

CCSD(T)/6-31G(d,p)//B3LYP/“basis set” 3.90 × 100 5.92 × 100 5.77 × 100 5.26 × 100 6.36 × 100 3.85 × 100

CASPT2/ANO-L-VDZP//B3LYP/“basis set” 7.34 × 102 1.08 × 103 1.05 × 103 1.11 × 103 1.79 × 103 2.51 × 103

MPW1K/“basis set” 5.37 × 100 8.64 × 100 8.88 × 100 6.65 × 100 6.98 × 100 6.83 × 100

CCSD(T)/6-31G(d,p)//MPW1K/“basis set” 2.74 × 100 4.46 × 100 4.36 × 100 4.52 × 100 4.77 × 100 2.06 × 100

CASPT2/ANO-L-VDZP//MPW1K/“basis set” 6.68 × 102 2.13 × 103 2.13 × 103 1.77 × 103 2.09 × 103 9.27 × 102

PMP2/“basis set” 7.27 × 10-2 8.13 × 10-2 8.09 × 10-2 4.88 × 10-2 4.55 × 10-2 2.93 × 10-2

CCSD(T)/6-31G(d,p)//MP2/“basis set” 2.48 × 10-3 6.80 × 10-3 5.93 × 10-3 3.76 × 10-3 6.76 × 10-3 2.15 × 10-3

CASPT2/ANO-L-VDZP//PMP2/“basis set” 6.46 × 10-1 1.96 × 100 1.69 × 100 1.24 × 100 2.04 × 100 6.17 × 10-1

Ellis et al.54 2.8 × 103
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<S2> ) S(S + 1) ) 0.75, whereas after spin projection, the
<S2> values are 1.10. The barriers calculated by Clothier et
al.60 at the ROMP2/3-21G//ROHF/3-21G level and Murakami
et al.61 at the CBS-QB3 level were 121 and 161.9 kJ mol-1,
respectively. By comparison to our values, none of our levels
of theory converge toward the value reported by Clothier et
al.60 The vibrationally adiabatic barriers computed at the B3LYP
levels are very close to the one reported by Murakami et al.61

at the CBS-QB3 level. All the values calculated here apparently
seem to diverge, but it can be observed that for one given
method there is little influence of the basis set size. For an
accurate rate constant estimation, it is essential to choose the
appropriate level of theory. In the literature, only one determi-
nation at 773 K of the rate constant for the benzylperoxy
isomerization reaction is available.54 Thus, the calculations of
the rate constants with different methods are essential to allow
us an assessment of the appropriate level of theory (see section
III.3). It is worth noticing that the CASPT2-computed energy
barriers from intramolecular abstraction are lower than those
in alkylperoxy radical systems because of the weak benzyl-H
bond energy resulting from resonance.

III.3. Kinetic Parameters Calculations. Rate Constants.
Table 4 lists the calculated high-pressure limit rate constants at
773 K for each level of theory together with the literature value.
As presented in Table 4, the computed rate constants range from
10-3 to 103 s-1, showing the strong dependence of the rate constant
on the level of theory. As discussed before, the MP2 method is
unsuitable because of severe spin contamination in the TS. The
calculated rate constants using CCSD(T) energies on the density
functional geometries are, at 773 K, 3 orders of magnitude lower
than the experimental value. We observe at 773 K a very good
agreement between the experimental value of 2.8 × 103 s-1

(obtained at P ) 0.67 bar) and our high-pressure limit calculated
values at the CASPT2//B3LYP and CASPT2//MPW1K levels
which range from 6.68 × 102 to 2.51 × 103 s-1. By comparison
to the experimental value, the most appropriate level of theory is
the CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ. Murakami et al.61

calculated the high-pressure limit rate constants at six different
temperatures (300, 500, 700, 1000, 1200, and 1500 K). Using these
values, one can derive from a linear regression the value at 773 K
(k ) 1.23 × 101 s-1), which is 200 times lower than the value
calculated using the CASPT2 method. To conclude, we recom-
mend the use of the CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ
level of theory to compute quantitatively the temperature
dependence of the high-pressure limit rate constant of the four-
center isomerization of the benzylperoxy radical. Table 5 lists
the calculated rate constants over the temperature range
600-2000 K.

Arrhenius Parameters. The rate constants calculated at the
CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ level of theory were
fitted to a three-parameter Arrhenius expression by the least squares,
giving the following relation (in units of s-1):

k(600- 2000 K))

(1.29 × 1010)T0.79 exp[-133.1 in kJ mol-1)/RT] (III-2)
Given the excellent agreement with the experimental rate con-
stant at 773 K (see section), we recommend the Arrhenius
parameters computed here for use in the thermokinetic models
involving aromatic compounds. In addition, this excellent
agreement gives us confidence in our predicted kinetic parame-
ters.

IV. Conclusions

Ab initio and DFT theoretical calculations combined with
canonical TST were performed on the reaction of the four-center

isomerization of the benzylperoxy radical. The geometry
parameters for the reactant, the product, and the TS were fully
optimized with the B3LYP, MPW1K, and MP2 methods
combined with six different basis sets. The calculation of the
energetics of the reaction proved to be more dependent on the
level of theory than on the nature and extent of the basis set.
The use of the MP2 method is unsuitable because of severe
spin contamination in the TS. The high-pressure limit calculated
rate constant at 773 K with a Wigner tunneling correction using
CASPT2 on density functional geometries is in very good
agreement with the experimental value. In addition, we recom-
mend using the CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ
level of theory to calculate the kinetic parameters as a function
of the temperature. In this article, we showed that standard
theoretical methods were not adequate to obtain quantitative
rate constants for the reaction under study. The use of the
elaborated CASPT2 method was crucial to estimate a quantita-
tive rate constant.
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