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xploration of potential energy
surfaces for radical generation in the initial stage of
benzene oxidation†

Hai-Bei Li * and Qingqing Jia

The potential energy surfaces (PESs) of benzene oxidation by molecular oxygen were explored using the

anharmonic downward distortion following (ADDF) and artificial force induced reaction (AFIR) methods

of the global reaction route mapping (GRRM) strategy. The reaction mechanism of benzene activation by

initial molecular oxygen depends on the combustion temperature. At high temperature, the benzene

molecule could be oxidized by abstracting hydrogen atoms and form the radical fragments, C6H5 and

OOH. However, before reaching its auto-ignition point, the formation of a singlet bridging peroxide

molecule C6H6O2 from the triplet reactants via electronic non-adiabatic transition will play a critical role

in the increase of the combustion temperature by the generation of initial free radicals. Bridging

peroxide C6H6O2 could isomerize to other stable isomers by a consecutive series of oxygen and

hydrogen atom transfers. Importantly, these C6H6O2 isomers are vital sources of free radical generation

in the initial stage of benzene oxidation. Free radicals, such as OOH, O, and OH, could be generated

during the further oxidation of these oxygenated hydrocarbon species C6H6O2 due to the presence of

active groups or sp3-C–H bonds.
1. Introduction

The pervasive use and importance of aromatic compounds in
fuels contrast strikingly with uncertainties in their major reac-
tion pathways and limited chemical kinetic and thermody-
namic data. Benzene is one of the simplest aromatic
hydrocarbons and its chemical kinetics of combustion have
long been of interest as a mirror to the study of the chemical
and physical processes of the formation of polycyclic aromatic
hydrocarbons (PAH) and soot.

Many efforts have been made experimentally and theoreti-
cally in benzene combustion over the last three decades to
understand and evaluate the important reaction pathways and
to validate the mechanisms.1–15 It is well known that hydro-
carbon combustion follows a chain reaction mechanism, where
free radicals play a dominant role in the destruction of reactant
molecules. Free radicals such as OOH, OH, O, and H, are well
known to be active in the benzene ame10,16–18 as well as in other
hydrocarbon combustion.14,19–21 In near-sooting premixed low-
pressure ames of benzene, Bittner and Howard2 have
observed an abundance of the free radicals OH, O, OOH, and H
in the benzene ame and suggested that the activation and
decomposition of benzene are initiated by the oxidation of
hai 264209, People's Republic of China.

(ESI) available: The Gibbs free energy
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08
atomic O, while that by molecular oxygen and other free radicals
would be too slow to account for their experimental observa-
tions, which is consistent with the observations by Ko et al.22

While, Madronich and Felder17 found that the hydrogen
abstraction channel by OH radical plays a critical role in
benzene consumption, giving an important intermediate
phenyl radial. In contrast, in hydrogen-rich environments,
hydrogen abstraction by atomic H is predicted to be important
in the benzene oxidation, due to its low activation barrier.8

These benzene destruction mechanisms by free radical
species have been well proven by a large number of kinetic
modeling studies, which are used to present a quantitative
description of the combustion processes.6–9,16–18,22 In addition to
these combustion models, investigations of the reaction path-
ways of benzene activation by OH and H radicals have been
undertaken using high-level ab initio methods,23,24 which
provide evidence that hydrogen abstractions from benzene by
these radicals are favorable with a low activation energy of
around 10 kcal mol�1. All of these investigations indicated that
free radicals, such as OH, O and atomic H, play crucial roles in
benzene decomposition and subsequent PAH formation. A
chain reaction mechanism consists of several steps, which are
the initiation of radicals, then their propagation and branching,
followed by a termination process. It is obvious that, until now,
almost all investigations of benzene combustion have focused
mainly on the reactions between free radicals and benzene or its
derivatives, that is, on the propagation and branching reactions.
This journal is © The Royal Society of Chemistry 2019
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The signicance of these free radicals in benzene combus-
tion makes it reasonable to raise questions such as how these
free radicals are generated in the initial stage of benzene
oxidation. The proposed mechanism for the initiation step of
benzene oxidation by molecular oxygen is the generation of
a phenyl radical through hydrogen abstraction.4,25 Westbrook
and coworkers16 using chemical kinetic modeling have
proposed that in benzene combustion, hydrogen abstraction by
molecular oxygen is the principal initiation reaction as well as
that by various free radicals. However, theoretical studies of
benzene oxidation, that is C6H6 + O2, are still rare, except for
recent work,26 where the barrier to hydrogen abstraction by
molecular oxygen was calculated to be around 250 kJ mol�1 by
density functional theory calculations. The higher activation
barrier implies that it is difficult to generate the free radicals via
direct hydrogen abstraction by molecular oxygen in the initial
stage of benzene oxidation. Despite many experimental and
modeling efforts, a large number of uncertainties still exist
regarding the main benzene combustion kinetics and reaction
pathways, such as the initial chemical reactions of benzene
oxidation, C6H6 + O2, the chemistry of free radical generation,
and the fate of the oxygenated C6 and C5 species. For instance, it
was reported that an oxygenated hydrocarbon compound
C6H6O2 achieves a certain population in an early stage of
benzene combustion.2 However, its generation mechanism and
how this species decomposes into free radicals have not yet
been explained well. The importance of the generation of free
radicals in the initial stage of combustion could be imagined,
which will induce and simultaneously determine the subse-
quent ignition and combustion processes. Therefore, it is
necessary to systematically investigate the elementary processes
of free radical production in the initial stage of benzene
oxidation.

Global reaction route mapping (GRRM)27 has been
conrmed as nding all local minima and transition states on
single potential energy surfaces and providing a systematic
elucidation of complex chemical reaction mechanisms. Thus,
for free radical generation in benzene oxidation, GRRM is
a powerful tool to globally explore its reaction mechanism. The
present work focuses on systematically elucidating the funda-
mental chemical and physical processes taking place in the
initial stage of benzene oxidation, with special attention on free
radical generation. The lowest reaction routines for benzene
activation and the generation of free radicals will be presented
by systematically exploring all the possible chemical processes
which involve a series of competitive reaction paths. This
detailed theoretical study could provide deeper insights into the
chemical kinetics and important reaction pathways involved in
benzene oxidation.

2. Computational methods

All the potential energy surfaces (PESs) were explored by the
global reaction route mapping (GRRM) program28 in which
energies, gradient, and Hessian were calculated using the
Gaussian 09 program29 as an external subroutine. The reaction
pathways between two molecules were searched using the
This journal is © The Royal Society of Chemistry 2019
articial force induced reaction (AFIR) method.27 The isomeri-
zation and dissociation pathways starting from stable inter-
mediates were explored by the GRRM method,30,31 where the l-
ADDF option of the GRRM method, which searches for the 10
lowest barrier paths around each intermediate, was adopted in
this study.32 These automated searches, performed at the
UB3LYP/6-31+G(d) level, gave several reaction pathways starting
from each intermediate. The pathways with barriers higher than
Elowest + 50 kJ mol�1 were omitted, where Elowest is the barrier
height for the most preferred path among them. All obtained
structures were re-optimized at the UB3LYP/cc-pVTZ level, and
frequency analysis calculations were performed to conrm the
local minima (with zero imaginary frequency) and the transition
states (TSs, possessing one and only one imaginary frequency)
on the potential energy surfaces. The intrinsic reaction coordi-
nate (IRC) method33 was also performed to ensure that the TS
connects two appropriate local minima in the reaction pathway.
Zero-point energy (ZPE) corrections were taken into account
during the calculation of barrier heights. The Gibbs free ener-
gies, which are presented in the ESI,† were calculated including
ZPE and thermal correction at 1000.0 K. Some minimum energy
structures on seam-of-crossing hyperspaces (MESXs) were
searched as critical points of non-adiabatic transitions between
the ground singlet and triplet PESs at the same level. The
UB3LYP method might result in signicant error due to the
absence of dispersion or signicant spin contamination. For
MESXs searching, Maeda and coworkers26 have conrmed that,
for the oxidation of hydrocarbon, the UB3LYP method in
combination with the aug-cc-pVDZ basis set could give similar
results and correct energy trends which were obtained at
CASPT2/aug-cc-pVDZ. Thus, considering the high requirement
for computing resources in this work, we applied UB3LYP/cc-
pVTZ to investigate the potential energy surfaces of benzene
oxidation.

Based on the thermodynamic parameters obtained from the
above calculation, we calculated the reaction rate constant for
the rst step of benzene oxidation, utilizing the well-known
Rice–Ramsperger–Kassel–Marcus (RRKM) theory with the
expression as follows:

kðEÞ ¼ WðE � E0Þ
hrðEÞ (1)

where W(E � E0) is the rovibrational sum of states at the
geometry of the transition state, E0 is the reaction activation
energy, r(E) is the density of rovibrational states of the reactant
at energy E, and h is Planck's constant. Based on micro-
canonical nonadiabatic transition state theory,34 we also calcu-
lated the rate constant for spin-hopping processes using the
Landau–Zener spin-hopping model.35

kðEÞ ¼ WMESXðEÞ
hrðEÞ (2)

WMESXðEÞ ¼
ðE
0

rMESXðE � EHÞPSHðEÞdEH (3)

PSH(EH) ¼ (1 + P)(1 � P) (4)
RSC Adv., 2019, 9, 16900–16908 | 16901
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P ¼ exp

��2pH12
2

hDF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m

2ðE � EMESXÞ
r �

(5)

whereWMESX(E) is the convolution of the density of states at the
geometry of MESX, r(E) has the samemeaning as in formula (1),
rMESX(E � EH) is the density of rovibrational states for the
degrees of freedom within the crossing seam at the MESX, EH is
the part of the available energy which is in coordinates
orthogonal to the seam, and PSH(E) is the spin-forbidden
hopping probabilities. In formula (5), H12 is the matrix
element for coupling between the two surfaces, m is the reduced
mass for movement along the vector orthogonal to the singlet/
triplet crossing seam, and DF is the slope of two surfaces at
the crossing seam. All of the computational details are
described elsewhere.34 We calculated the rate constants using
the open-source code, MESMER.36
3. Results and discussion
3.1 Activation of benzene

Fig. 1 shows all of the optimized structures of intermediates,
transition states, and MESXs with their energies for the
considered reaction pathways during benzene interacting with
the rst molecular oxygen. The singlet and triplet PESs for all
possible reaction pathways of benzene activation are presented
in Fig. 2. The corresponding Gibbs free energies are supplied in
the ESI (Fig. S1–S4†). In the initial stage of benzene oxidation,
ground state triplet molecular oxygen instead of excited singlet
state would have a high population. Interestingly, for the triplet
reaction pathways, two well-known radicals, phenyl and phe-
noxy, are generated through the reaction pathways 10 / TS10/90

/ 90 / C6H5 + OOH, and 10 / TS10/110 / 110 / TS110/120 /
120/ C6H5O + OH, respectively. The generation of a phenyl
radical is directly by the hydrogen abstraction process (C6H6 +
3O2/ C6H5 + OOH). This hydrogen abstractionmechanism has
been proposed for the activation of benzene in previous
studies.4,25 Direct hydrogen abstraction from benzene by triplet
molecular oxygen is quite endothermic, requiring around
260.0 kJ mol�1 in order to generate the radical fragments C6H5

and OOH. This high barrier makes it difficult to activate
benzene through direct hydrogen abstraction by initial molec-
ular oxygen at a low temperature. This is consistent with
a theoretical study concerning the initial chemical events of
benzene oxidation by molecular dynamic simulation using
a reactive force eld,37 where there is no C–H bond cleavage by
molecular oxygen. Compared to hydrogen abstraction, the
generation of a phenoxy radical is much more difficult. The
initial molecular oxygen inserts into the C–H bond forming
phenyl hydroperoxide, followed by the dissociation of O–O
peroxide group generating phenoxy, C6H5O and OH. It has been
proposed from kinetic modeling that species C6H5O is highly
abundant and is considered to play critical roles in the subse-
quent formation of small fragments.18 While here in the former
insertion process, transition state TS10/110 lies 332.1 kJ mol�1

higher than the reactants. This higher barrier indicates that
species C6H5O is not produced by initial molecular oxygen, but
might be by atomic oxygen, as suggested by Richter et al.18 On
16902 | RSC Adv., 2019, 9, 16900–16908
the other hand, the higher barrier of this path also demon-
strates that the formation of phenyl hydroperoxide is highly
unlikely by the addition of initial molecular oxygen.

The other likely pathway for benzene activation, i.e.,
production of 2, 8, 9, or 10, involves a singlet molecular oxygen
generated by the non-adiabatic transition from triplet to singlet
state PES through the lowestMESX1 (see Fig. 2). The generation
of singlet molecular oxygen has been discussed in detail in ref.
26. The spin-orbital coupling for MESX1 is calculated with
a value of 159.9 cm�1 using the state-averaged CASSCF method
and the cc-pVTZ basis set with an active space including 10
electrons and 8 orbitals. Unsurprisingly, the generated singlet
molecular oxygen could react further with another benzene
molecule to produce intermediates 8, 9, or 10 as well as inter-
mediate 2. Thermodynamically, intermediate 8 with one trans-
$C–C–O–O$ group is not stable. Instead of transforming into
phenyl hydroperoxide via a high barrier transition state TS8/11,
it could quickly reverse to the reactants, C6H6 + 1O2, through
TS1/8 or C6H6 +

3O2 viaMESX4. Correspondingly, the molecular
oxygen could also attack one carbon atom, generating a cis-$C–
C–O–O$ group in TS1/10, producing intermediate 10 with 4/6-
membered rings. The barrier for this path is comparable to
the direct hydrogen abstraction process of benzene on the
singlet state PES, 1 / TS1/9 / 9 / C6H5 + OOH, both
requiring around 205 kJ mol�1 � 210 kJ mol�1. In contrast to all
these reaction paths starting from reactants C6H6 + 1O2 (3O2),
the reaction pathway, 10 / MESX1 / TS1/2 / 2, is the most
favorable way in benzene activation, which requires around
209.6 kJ mol�1 to produce the bridging peroxide molecule 2.
This is in good agreement with the experimental results,2 where
oxygenated hydrocarbon compound C6H6O2 has been observed
early in the benzene ame. In order to assess the relative
importance of reaction channels under different temperature
conditions, we performed a calculation of the reaction rate
constant (k) based on the well-known RRKM theory, as shown in
Fig. 3. At a lower temperature, the production of bridging
peroxide molecule 2 is predominant due to the easier non-
adiabatic transition from triplet to singlet molecular oxygen.
With an increase in combustion temperature, the hydrogen
abstraction processes 1 (10) / TS1/9(TS10/90)/ 9(90) / C6H5 +
OOH become more important. At a temperature higher than
1200 K, which is much higher than its auto-ignition tempera-
ture, the reaction rate of hydrogen abstraction by molecular
oxygen has exceeded that of the formation of the bridging
peroxide molecule 2. This illustrates that at high temperature,
the benzene molecule could be easily oxidized by abstracting
the hydrogen atoms and forming radical fragments C6H5 and
OOH. However, before it reaches its auto-ignition point, the
production of bridging peroxide molecule 2 will play a critical
role in the increase of the combustion temperature by the
generation of initial free radicals.

Obviously, the bridging peroxide structure of intermediate 2
is not stable kinetically and thermodynamically, especially at
high temperature. The unstable feature of structure 2 is char-
acterized by the approach of another triplet molecular oxygen,
which results in the scission of the peroxy O–O bond forming
complex 3 + O2 with a barrier height of 97.8 kcal mol�1 (the IRC
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The optimized structures for all intermediates, transition states, and MESX, with their energies (in parenthesis) existing in Fig. 2 at the
UB3LYP/cc-pVTZ level. Energy values (in kJ mol�1) are relative to the sum of the energy of triplet molecular oxygen plus benzene.
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calculation with the TS and product are presented in Fig. S5†).
This indicates that the entropy effect at high temperature has
a signicant inuence on the stability of intermediate 2. This
characteristic of intermediate 2 might be the reason why some
research groups preferred the hydrogen abstraction mechanism
in the initiation step,4,25 instead of the formation of a bridging
peroxide molecule. We stepwisely explored the global minimum
isomerization processes for the oxygenated hydrocarbon
compound C6H6O2 based on the structure of intermediate 2.
The rst isomerization step 2 / 3, the scission of the bridging
O–O peroxy bond and the formation of two sp3-C atoms and two
radical sites C–O$, was found to have a barrier height of
98.0 kJ mol�1, and this reaction is endothermic by
28.2 kJ mol�1. Compared to bridging peroxide structure 2,
intermediate 3 is more active with two radical sites. It is liable to
This journal is © The Royal Society of Chemistry 2019
transform into structure 4 by oxygen transfer, forming one
epoxide group. Step 3 / 4 has a barrier height of only
35.5 kJ mol�1 and is quite exothermic by 325.6 kJ mol�1 (see
Fig. 2). The active epoxide group in structure 4 induces further
isomerization, 4/ TS4/5/ 5/ TS5/6/ 6, corresponding to
oxygen and hydrogen transfer, respectively, generating more
stable intermediates 6. The high stability of 4 and 6 provides
direct evidence to explain the long-term existence of the species
C6H6O2 early in the benzene ame.2 Further carbonyl-phenol
tautomerization from 6 to 7 requires a higher barrier height
with a value of 236.0 kJ mol�1, which implies that this isom-
erization has a low probability of occurrence. The small mole
fraction of species C6H6O2 in the benzene ame, which is
shown in Fig. 7 in ref. 2, indicates that, in addition to these
consecutive isomerization processes, 2/ 3/ 4/ 5/ 6, it is
RSC Adv., 2019, 9, 16900–16908 | 16903
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Fig. 2 The potential energy surfaces (red for triplet and black for singlet) for benzene activation at UB3LYP/cc-pVTZ level. Energy values
(in kJ mol�1) are relative to the sum of the energy of triplet molecular oxygen plus benzene. The MESX points are shown with a blue X. The
corresponding structures are illustrated in Fig. 1.

Fig. 3 The reaction rate constants of four reaction channels for the
activation of benzene.
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highly likely there will be other competitive or more favorable
reaction pathways for the consumption of the species C6H6O2.
Therefore, we will consider the further oxidation of intermedi-
ates 3, 4, and 6 by adding another molecular oxygen in the
following section.
3.2 Generation of radicals

The computed PESs for the interactions between intermediates
3, 4, 6 and molecular oxygen are depicted in Fig. 4–6. As dis-
cussed above, bridging peroxide intermediate 2 could auto-
matically transform into isomer 3 following the approach of the
second molecular oxygen. Thus, instead of considering the
16904 | RSC Adv., 2019, 9, 16900–16908
oxidation of intermediate 2, we present the PES for the oxida-
tion of intermediate 3 in Fig. 4. Structure 3 has two H–C–O$
groups which nd it easier to form C]O carbonyl group by
losing the hydrogen atoms. Compared to the isomerization step
3 / 4, the hydrogen abstraction process by the second
molecular oxygen is more favorable kinetically for reaction path
13 / 14 with a calculated barrier of only 7.3 kJ mol�1. It was
found that the interaction between triplet intermediate 30 and
molecular oxygen has almost the same barrier height as that in
reaction 13 / 14. Step 13 / 14 is found to be 205.7 kJ mol�1

exothermic and product 14 is a complex with one carbonyl
group hydrogen-bonded to an OOH radical. Aer this, two
possible pathways could happen, (1) the OOH radical moves
away from species 15 aer absorbing heat of 42.0 kJ mol�1 and
forms free radicals, which could play pivotal roles with other
radicals in the following ignition and combustion processes, or
(2) the OOH radical, roaming to the other side of fragment 15,
abstracts hydrogen from the other sp3-C atom with only a small
barrier of 27.9 kJ mol�1, and produces complex 19 consisting of
H2O2 and C6H4O2 fragments. The production of H2O2 is another
source of free radical generation. It has been found that the
decomposition of H2O2 could produce OH or OOH radicals
under different experimental conditions.38 Although the
barriers for these two processes are similar, the OOH radical is
likely to dissociate before nding the H atom to be abstracted,
especially at high temperature because the migration length of
the OOH in the isomerization from 14 to 18 is pretty long and
also because the dissociation energy (15 + OOH) is 18.1 kJ mol�1

lower than that of TS18/19. In this case, the rst free radical in
the initiation step of benzene oxidation should be OOH. If there
are many free radicals such as OOH around 15, it will
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The potential energy surfaces for the oxidation of intermediate 3 by triplet molecular oxygen at UB3LYP/cc-pVTZ level. Energy values
(in kJ mol�1) are relative to the sum of the energy of triplet molecular oxygen plus intermediate 3.
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immediately be dehydrogenated into 1,4-benzoquinone
through TS like TS18/19. The produced intermediate 15,
C6H5O2, has three possibilities for isomerization to structures
16, 20, and 21 by oxygen and hydrogen transfer, respectively.
Thermodynamically, reaction 15/ 21 is more exothermic with
Fig. 5 The potential energy surfaces for the oxidation of intermediate 4
(in kJ mol�1) are relative to the sum of the energy of triplet molecular o

This journal is © The Royal Society of Chemistry 2019
an energy of 194.6 kJ mol�1, while this reaction has a higher
barrier of 58.1 kJ mol�1, compared to reactions 15/ 16 and 15
/ 20 with only 30.5 kJ mol�1 and 37.6 kJ mol�1, respectively.
Intermediate 16 is easier to generate kinetically, which is
quickly followed by the formation of a seven-membered ring
by triplet molecular oxygen at UB3LYP/cc-pVTZ level. Energy values
xygen plus intermediate 4.

RSC Adv., 2019, 9, 16900–16908 | 16905
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Fig. 6 The potential energy surfaces for the oxidation of intermediate 6 by triplet molecular oxygen at UB3LYP/cc-pVTZ level. Energy values
(in kJ mol�1) are relative to the sum of the energy of triplet molecular oxygen plus intermediate 6.
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isomer 17 via C–C bond cleavage of the epoxide group. The
structures and their energies for isomers 15–21 have been
studied by Mebel and coworkers,39 to elucidate the reaction
mechanisms of the fundamental reaction, C6H5 + O2, which
produces atomic hydrogen or oxygen. It could be imagined that
the isomers 15 and 20 could immediately lose a hydrogen atom
to form a stable conjugated structure 1,4-benzoquinone by
another molecular oxygen or other radicals in a later stage of
combustion.

In addition to isomerization to 5, there are two alternative
reaction pathways for intermediate 4, which are further oxida-
tion by another molecular oxygen, as illustrated in Fig. 5. Unlike
the active structure 3 with its radical sites, intermediate 4 has
one epoxy group and two sp3-C–H bonds, which could result in
(1) a ring-opening in the epoxy group and the subsequent
production of a chain structure with a terminal peroxide
radical, 22 / TS22/23 / 23 / 24, or (2) hydrogen atom
abstraction from an sp3-C atom, generating an OOH radical and
intermediate 16, 22 / TS22/34 / 34 / 16. The ring-opening
exhibits a barrier of 157.8 kJ mol�1, which is close to the cor-
responding values of 160.2 kJ mol�1 (TS22/34) and
159.4 kJ mol�1 (TS4/5) for the parallel hydrogen abstraction and
isomerization processes, respectively, indicating that these
three reaction pathways for intermediate 4 are competitive. On
the one hand, hydrogen abstraction of intermediate 4 with
molecular oxygen could produce an OOH radical. On the other
hand, chain intermediate 24 is not stable due to its active
peroxide radical site, which is liable to lose the terminal atomic
3O, forming a stable intermediate 31 with double-ended alde-
hyde groups, as shown in Fig. 5. This process requires only
50.0 kJ mol�1. In addition, the generated atomic 3O atom could
16906 | RSC Adv., 2019, 9, 16900–16908
also actively abstract an adjacent hydrogen atom with only
11.9 kJ mol�1 and produce stable complex 26 with an OH
radical, 25/ TS25/26/ 26. Complex 26 is likely to lose an OH
radical, and then chain structure 27 proceeds through several
rearrangements to stable conjugated structure 30 with one
radical site. A further reaction between the OH radical and the
remaining fragment in 26 forming 32 has a higher barrier
(TS26/32) than OH radical dissociation, and thus is a minor
channel. In short, the further oxidation of intermediate 4, to
some extent, could result in the generation of OOH, O and OH
radicals.

As mentioned above, an alternative reaction pathway for
intermediate 4 is isomerization to 6 via the sequential migra-
tion of oxygen and hydrogen atoms. In Fig. 2, intermediate 6 is
located in a deep well on the PES of C6H5O2. It needs to over-
come a barrier height of 236.0 kJ mol�1 to isomerize into
structure 7 through hydrogen transfer. However, structure 6 has
two sp3-C atoms with two sp3-C–H bonds, respectively, which
has a higher possibility for further oxidization by another
molecular oxygen. The PES for the further oxidation of inter-
mediate 6 is shown in Fig. 6. Two hydrogen atoms were
abstracted from two sp3-C atoms with reaction barriers of
120.9 kJ mol�1 and 152.9 kJ mol�1, respectively, giving
complexes 36 and 41 with an OOH radical through hydrogen-
bonding interactions. Obviously, complex 36 is more stable
due to the higher delocalization of the lone electron within the
p network of the oxygenated hydrocarbon fragment. Thus, the
reaction 35 / TS35/36 / 36 has a higher possibility of
proceeding kinetically and thermodynamically, due to its lower
barrier height and being less endothermic. Complex 36 could
produce intermediate 37 aer absorbing heat of 40.6 kJ mol�1,
This journal is © The Royal Society of Chemistry 2019
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giving free radical OOH. Alternatively, the generated OOH
radical, wandering around 37, might abstract the second
hydrogen atom from the sp3-C atom, giving intermediate 40 and
an active H2O2 molecule, 36 / 38 / TS38/39 / 39 / 40.
Undoubtedly, the latter path requires a higher barrier than the
former one, which prefers to happen in the following ignition
and combustion step.

It is worth noting that the oxygenated hydrocarbon species
C6H6O2 can be vital sources of the initial free radical generation,
such as OOH, OH, and atomic 3O. Free radical OOH is likely to
be generated by the further oxidation of C6H6O2 through TS13/
14. The presence of a terminal peroxide radical group in chain
structure 24 could easily split into stable aldehyde and atomic
3O, which subsequently abstracts hydrogen atom, giving radical
OH through TS25/26. Up to now, this is the rst time the reac-
tion mechanisms for the initial generation of free radicals in
benzene oxidation have been systematically studied.
3.3 Role of radicals on PAH growth and small fragment
dissociation

As mentioned in the above discussion, free radicals OOH, OH,
and O could be produced from the oxidation of the species
C6H6O2. The importance of these free radicals including H2O2

in the combustion chemistry has been studied in detail
earlier,16,18–21,40 which mainly focused on small aliphatic hydro-
carbons. They could abstract hydrogen atoms from fuel and
generate hydrocarbon radical species. Importantly, they could
induce chain reactions and introduce more and more free
radicals into the combustion system.18 These chain-propagation
processes in the combustion account to a considerable extent
for the combustion kinetics, including not only the oxidation of
hydrocarbon fuels to nal products, such as CO2, H2O, and CO,
but also the growth of PAH fragments. The oxidation of benzene
by free radicals has also been studied,6,22,24,39 and was found to
be much easier compared with oxidation by molecular oxygen.
It only requires around 40 kJ mol�1 to abstract a hydrogen atom
by OH24 or atomic H,23 generating the hydrocarbon radical
C6H5. In this way, free radicals will play a leading role in the
activation of most benzene molecules by abstracting hydrogen
atoms, which could explain why the mole fraction of C6H6O2 is
not large in experiments.2 In addition to the radical C6H5,
species C6H6O and C5H6 were also observed as having large
mole fractions early in the ame,2 but their formation mecha-
nisms have not yet been investigated. It would be interesting to
study thoroughly how these free radicals, such as OH, O, OOH,
and H, oxidize benzene molecules using ADDF and AFIR
methods and nd the most favorable reaction pathway for
benzene oxidation in combustion and explain the experimental
observations. Furthermore, the generated species C6H5 could
not only be further oxidized41 by molecular or atomic oxygen via
radical–molecule or radical–radical reaction mechanisms
producing CO2, and CO, but also could react with other
hydrocarbon radical or benzene molecules forming PAH frag-
ments. It is well known that PAH fragments are widespread
organic pollutants, while their formation mechanisms are still
in a period of exploration.42,43 Therefore, one of the most urgent
This journal is © The Royal Society of Chemistry 2019
tasks is to demonstrate clearly the reaction mechanism for PAH
growth. Using ADDF and AFIR methods could be expected to
supply deeper insights into the formation mechanism of PAH
fragments in the near future. These works are currently in
progress within our group.

4. Conclusions

We have explored the various potential energy surfaces (PESs) of
the oxidation of benzene by molecular oxygen using the
powerful anharmonic downward distortion following (ADDF)
and articial force induced reaction (AFIR) methods of the
global reaction route mapping (GRRM) strategy. Before reach-
ing the auto-ignition point, the most favorable reaction route of
benzene activation is the addition of singlet molecular oxygen,
forming a singlet bridging peroxide molecule C6H6O2. The
system undergoes non-adiabatic transition from triplet to
singlet PES during the initiation step of benzene oxidation. The
formed bridging peroxide molecule could isomerize to three
stable isomers by stepwise oxygen and hydrogen transfer. The
further oxidations of these oxygenated hydrocarbon species
were studied in detail by the addition of another triplet
molecular oxygen. Interestingly, it was found that species
C6H6O2 are important sources for free radical generation in the
initial stage of benzene oxidation. Free radicals, such as OH,
OOH and O, could be generated when the above isomers
C6H6O2 interact with molecular oxygen. The molecular oxygen
could easily abstract hydrogen atoms from the sp3-C atom of the
isomers of C6H6O2, generating OOH radicals. Alternatively, it
could also attack one C atom, resulting in ring opening and the
formation of a ring structure with a terminal peroxide radical
group, which could further dissociate into atomic O. These
initial free radical species could propagate and branch into
more free radicals through chain-propagation processes. They
would play critical roles in the following PAH growth and
production of small molecules, such as CO2, CO and H2O.

In the present study, the reaction mechanism of free radical
generation in the initial stage of benzene oxidation have been
systematically studied theoretically. Due to the high require-
ment for computing resources, we have to admit that the
UB3LYP/cc-pVTZ level applied in this work is not the best
computational method to study the non-adiabatic transitions
and the chemical kinetics, although it has been conrmed to
give the correct energy trends compared with the CASPT2/aug-
cc-pVDZ level [J. Phys. Chem. Lett., 2011, 2, 852]. A higher
computational level is needed for a further and more accurate
description of the reaction kinetics.
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