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kinetics of the atmospheric
reaction of 1,3,5-trimethylbenzene bicyclic peroxy
radical with OH†

Xiaoxiao Lin,a Zhenli Yang,ab Hui Yu,ab Yanbo Gai *a and Weijun Zhang*a

The bicyclic peroxy radical (BPR) is the key intermediate during atmospheric oxidation of aromatics. In this

paper, the reaction mechanisms and kinetics of the atmospheric reaction of the 1,3,5-trimethylbenzene

(1,3,5-TMB) BPR with the OH radical were studied by density functional theory (DFT) and conventional

transition-state theory (CTST) calculations. The product channels of formation of the 1,3,5-TMB trioxide

(ROOOH), OH-adducts and Criegee intermediate (CI) have been identified, and the geometries and

energies of all the stationary points were calculated at the M08-HX/6-311 + g(2df,2p) level of theory. In

addition, the rate constants for the individual reaction pathway at 298 K were calculated. The results

showed that OH addition reactions including the formation of ROOOH and OH-adducts are the main

pathways, whereas Criegee intermediate formation is of minor importance.
1. Introduction

Aromatics constitute an important fraction (20–40%) of the
total non-methane hydrocarbons (NMHCs) in the urban atmo-
sphere which are mostly emitted by fuel combustion and
industrial solvent evaporation.1–3 1,3,5-Trimethylbenzene is
a signicant component of the suite of aromatic hydrocarbons
that leads to the production of tropospheric ozone and
secondary organic aerosols (SOA).4 Atmospheric oxidation of
1,3,5-trimethylbenzene is mainly initiated by the OH radical,
and the bicyclic peroxy radical (BPR) is the key intermediate
during the oxidation.5 The detailed gas-phase chemical
processes including the degradation mechanism of 1,3,5-tri-
methylbenzene can be described by MCMv3.1 which is the
Master Chemical Mechanism version 3.1. As shown in Scheme
1, in the OH-initiated oxidation of 1,3,5-trimethylbenzene
(TMB), the yields of the initial products formed aer the OH
addition to the aromatic ring in MCMv3.1 are 0.79 for the 1,3,5-
TMB bicyclic peroxy radical (BPR) which have been detected
experimentally.4,6

The main chemical fate of the bicyclic peroxy radical (BPR)
depends on levels of NOx (NOx ¼ NO2 + NO). The major
pathway is the reaction with NO in polluted urban areas, which
is responsible for tropospheric ozone production.7 While in low
NOx conditions, the reaction with HO2 or with other peroxy
stry, Anhui Institute of Optics and Fine

Hefei, 230031, Anhui, China. E-mail:

cn

ina, Hefei, 230026, Anhui, China

tion (ESI) available. See DOI:

00
radicals plays a larger role.8,9 Recently, the reaction with OH
radicals in clean environments has been considered another
important loss path. Indeed, the rate constants for the reactions
of the C1–C4 aliphatic peroxy radicals and OH radicals have
been measured experimentally.10–14 The very high rate constants
show that the reaction with OH can be competitive to other
reaction paths for peroxy radicals.15,16 Both theoretical and
experimental studies of alkylperoxy radicals and OH reactions
have shown that the main reaction channel is formation of
ROOOH while the H-abstraction channel giving Criegee inter-
mediate is to be of minor importance.14,17,18 However, the
mechanism and kinetics for the reactions of aromatic peroxy
radicals with OH radical are still unknown. Due to the effect of
O2-bridged bicyclic group substituent, the reactivity of aromatic
peroxy radicals toward OH radical may be different. In this
article, we apply density functional theory (DFT) and conven-
tional transition-state theory (CTST) to investigate the reaction
mechanisms and kinetics of the 1,3,5-TMB bicyclic peroxy
radical (BPR) with OH radical.
2. Computational details

Modern quantum chemical calculations can obtain quantitative
kinetics of atmospheric reactions,19–21 where quantitative accu-
rate barrier heights are very key for obtaining quantitative rate
constants. However, for the large and complex diradical reac-
tions, it's particularly difficult to obtain quantitative barrier
heights based on couple cluster theory. For example, the highly
accurate CCSD(T) and CBS level can not obtain the quantitative
barrier heights in the small-sized reaction of the simplest
Criegee intermediate (CH2O2) with H2O.19 Although post-
CCSD(T) level of theory is able to deal with such radical–
This journal is © The Royal Society of Chemistry 2019
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radical system, the computational costs are prohibitive. In
contrast, the density functional theory (DFT) is the commonly
used method in theoretical study on atmospheric oxidation of
aromatic compounds.22–24 M08-HX hybrid functional shows
excellent performance for thermochemistry, kinetics, non-
covalent interactions.25 Xu et al. carried out extensive systematic
study on 48 transition state geometries of small reactions with
a variety of methods.26 It was found that M08-HX is the most
highly recommended functional having a lower cost when
compared to doubly hybrid functionals. Moreover, this method
has been conrmed reliable by investigation of the small dir-
adical reaction of CH3O2 and OH. The kinetic results show good
agreement with the experimental values (see ESI† for details).

Thus, all stationary points including the reactants, reactant
complexes, transition states and products on the potential
energy surface of 1,3,5-TMB BPR + OH reaction have been fully
optimized by the M08-HX functional with the 6-311 + g(2df,2p)
basis set. Harmonic vibrational frequency computations were
carried out at the same level in order to characterize the nature
of the stationary points as either minima (all positive frequen-
cies) or transition states (one and only one imaginary
frequency), to provide the zero-point energies (ZPEs), and the
thermodynamic contributions to the enthalpy and free energy.
Besides, the intrinsic reaction coordinate (IRC)27,28 calculations
were performed to ensure that the transition states connect the
relevant reactants and products. The electronic structure and
energy computations were carried out using the Gaussian 16
package.29 The rate constants were calculated by conventional
transition-state theory (CTST)30–32 with the Eckart tunneling
correction33 using the TheRate program.34,35
3. Results and discussion

The 1,3,5-TMB bicyclic peroxy radical can undergo both OH-
addition and H-abstraction reactions. As shown in Scheme 2,
the addition of OH radical to the terminal oxygen atom of the
bicyclic peroxy radical forms a trioxide (ROOOH). Assaf et al.36

suggested that for larger peroxy radicals with more than two or
three C-atoms, the trioxide (ROOOH) intermediates undergo
mostly colliosional stabilization. Thus the ROOOH produced by
OH addition on 1,3,5-TMB bicyclic peroxy radical is considered
stabilized by collisional energy loss instead of prompt unim-
olecular reactions at atmospheric conditions. Different from the
alkylperoxy radicals, there is a C]C double bond on the ring
structure of the 1,3,5-TMB bicyclic peroxy radical. Thus the
addition of the OH radical to the double bond to form OH-
This journal is © The Royal Society of Chemistry 2019
adduct may also occur in the title reaction. In addition, the
title reaction can be initiated through H-abstraction by OH
radical to give Criegee intermediates which are mainly formed
from the ozonolysis reaction of unsaturated substances37,38 due
to the presence of CH group adjacent to the –OOc radical as
shown in Scheme 3.

The schematic energy diagrams obtained at M08-HX/6-311 +
g(2df,2p) level of theory are displayed in Fig. 1. The most rele-
vant geometrical parameters of all stationary points described
in Fig. 1 have been drawn in Fig. 2. Table 1 presents the ther-
modynamic parameters including the relative energies (D(E +
ZPE) and DE298 K), enthalpies (DH298 K), and Gibbs free energies
(DG298 K). Then CTST rate constants of each channel at 298 K are
listed in Table 2.
3.1. Trioxide formation between 1,3,5-TMB BPR and OH

The important reaction between 1,3,5-TMB BPR and OH radical
is addition of OH to the terminal oxygen atom of the peroxy end
to produce ROOOH shown in Scheme 3. The large aromatic
ROOOH is stabilized as Assaf et al.36 predicted that the trioxide,
ROOOH containing more than three carbons are nearly exclu-
sively collisionally stabilized in atmospheric conditions. This
reaction starts with a H-bonded reactant complex 1RC1 which is
4.14 kcal mol�1 stabilized with respect to the separated reac-
tants before the transition state 1TSA and the corresponding
product ROOOH, which is clearly displayed in Fig. 1. The
structures of key species of the title reaction on the potential
energy surface have been drawn in Fig. 2. In 1RC1 (see Fig. 2),
the O/HO bonding occurs between the terminal O atom of BPR
and the H atom of OH radical with the distance of 2.013 �A. In
1TSA, the vibration mode of the imaginary frequency shows
reorientation of OH fragment and then addition to the terminal
oxygen atom of the peroxy end forming a new O–O bond to give
a trioxide, ROOOH. The formation of this trioxide is exothermic
by 31.33 kcal mol�1 in terms of DH298 K (see Table 1). Seen from
Fig. 1, the energy barrier of 1TSA is computed to be
�3.64 kcal mol�1 with respect to the 1RC1 and the reactants,
respectively, which is much lower than the energy barrier of
1TS1 (�0.46 kcal mol�1) or 3TS1 (�1.19 kcal mol�1).
3.2. OH-adduct formation between 1,3,5-TMB BPR and OH

As the 1,3,5-TMB BPR contains a double bond in the ring, the
reaction of OH addition to the double bond producing OH-
adduct should also be considered. Due to the substitution of
the O2-bridged group in 1,3,5-TMB BPR, the OH addition on the
RSC Adv., 2019, 9, 32594–32600 | 32595
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C]C bond proceeds through a reactant complex (3RC2) by
strong hydrogen bond interactions between the H from the OH
radical and the O from the O2-bridged group (see Fig. 1 and 2).
Fig. 1 Potential energy surface for BPR + OH biradical reactions. The en
HX/6-311 + g(2df,2p) level of theory. RC, reactant complex; TS, transiti
depicted in black, and the triplet reaction pathways are depicted in red

32596 | RSC Adv., 2019, 9, 32594–32600
The distances of the hydrogen bonds are 2.066 �A and 2.420 �A,
and the binding energy of 3RC2 is �7.47 kcal mol�1. Then the
reaction continues by addition of the OH radical to either of the
carbon atoms of the double bond through the triplet transition
states 3TSA1 and 3TSA2. Due to this addition, the OH-adduct 1 is
formed by a shortening of C/OH bond from 2.060�A in 3TSA1 to
1.427 �A, simultaneously, the C]C bond length is elongated
from 1.358 �A in 3TSA1 to 1.496 �A in the product OH-adduct 1.
Similarly, the OH-adduct 2 is formed by a shortening of C/OH
bond from 2.062 �A in 3TSA2 to 1.414 �A, at the same time, the
C]C bond length is elongated from 1.356�A in 3TSA2 to 1.497�A
in the product OH-adduct 2. The formation of OH-adduct 1 and
OH-adduct 2 are exothermic by 32.52 and 34.91 kcal mol�1
ergies (kcal mol�1) relative to separated reactants BPR and OH at M08-
on state; CI, Criegee intermediate. The singlet reaction pathways are
for clarity.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Structures of key species in the reaction of bicyclic peroxy radical (BPR) with OH optimized at M08-HX/6-311 + g(2df,2p) level of theory.
The singlet species are named in black, while the triplet ones are named in red for clarity. Bond distances are in angstrom.

Table 1 Relative energies (D(E + ZPE) and DE298 K), enthalpies (DH298

K), and Gibbs free energies (DG298 K) for the BPR + OH reaction. All
energies are calculated relative to the energy of BPR + OH, in units
of kcal mol�1, at the M08-HX/6-311 + g(2df,2p) level of theory

Compound D(E + ZPE) DE298 K DH298 K DG298 K

BPR + OH 0 0 0 0
1RC1 �4.14 �3.92 �4.51 4.53
1TS1 �1.19 �1.44 �2.04 8.30
1CI + H2O �46.21 �46.19 �46.19 �45.86
1TSA �3.64 �3.77 �4.36 5.65
ROOOH �30.19 �30.74 �31.33 �20.17
3RC1 �4.00 �3.85 �4.44 4.10
3TS1 �0.46 �0.65 �1.24 8.19
3CI + H2O �28.64 �28.09 �28.09 �30.01
3RC2 �7.47 �7.15 �7.74 0.60
3TSA1 �3.45 �3.82 �4.41 5.77
OH-adduct 1 �31.41 �31.93 �32.52 �21.84
3TSA2 �2.33 �2.58 �3.17 6.48
OH-adduct 2 �34.05 �34.32 �34.91 �25.62
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respectively in terms of DH298 K (see Table 1). The energy
barriers of 3TSA1 and 3TSA2 are �3.45 kcal mol�1 and
-2.33 kcal mol�1 respectively, which are also lower than that of
1TS1 or 3TS1, indicating that OH addition reactions including
the formation of ROOOH and OH-adducts are the dominant
pathways. This conclusion can be supported by the study of
kinetics in the following section.

3.3. Criegee intermediate formation between 1,3,5-TMB BPR
and OH

The hydrogen abstraction reaction of 1,3,5-TMB bicyclic peroxy
radical with OH to form Criegee intermediate can occur via both
singlet and triplet potential energy surfaces (PESs). On the
singlet PES, as shown in Fig. 1, the H-abstraction pathway starts
with the reactant complex 1RC1. Thereaer, 1RC1 is trans-
formed into 1CI and water through a transition state 1TS1 with
the energy barrier of �1.19 kcal mol�1 (with respect to the
reactants). In 1TS1, the C–H bond is breaking with the distance
of 1.174 �A. Simultaneously, the H atom is abstracted by the O
atom from OH with the bond length of 1.417�A. In addition, this
reaction producing singlet CI (1CI) is signicantly exothermic
(DH298 K ¼ �46.19 kcal mol�1, see Table 1). The H-abstraction
mechanism is also found on the triplet PES. As shown in
Fig. 1, the initial step is formation of a reactant complex 3RC1
stabilized by 4.00 kcal mol�1 with respect to the reactants. As
seen from Fig. 2, the 3RC1 is characterized by H-bond interac-
tion with the bond length of 2.014�A between the hydrogen atom
of OH and the terminal oxygen atom of BPR. Then the H atom of
BPR is abstracted by OH radical, leading to the formation of 3CI
+ H2O via 3TS1. This transition state 3TS1 is lower located than
This journal is © The Royal Society of Chemistry 2019
the reactants by 0.46 kcal mol�1 which involves a shortening of
H/OH bond (from 2.559 to 1.364 �A) and an elongation of the
C–H bond (from 1.098 to 1.191 �A) which will eventually break.
Additionally, this reaction producing triplet CI (3CI) is moder-
ately exothermic (DH298 K ¼ �28.09 kcal mol�1, see Table 1).

As seen from Fig. 2, the singlet 1RC1 and triplet 3RC1, as well
as the corresponding 1TS1 and triplet 3TS1 all show six-
membered ring forms though there are some structural
discrepancies in the reactant complexes and transition states.
The energy barrier of 1TS1 and 3TS1 differs by 0.73 kcal mol�1,
RSC Adv., 2019, 9, 32594–32600 | 32597
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Table 2 Calculated values at 298 K of equilibrium constants (Keq, cm
3mol�1), the Eckart tunneling correction (k), unimolecular rate constants (k2,

s�1) including tunneling correction, rate constants (kTS, cm
3 mol�1 s�1), and the overall rate constant kTotal (kTotal ¼ k1TS1 + k1TSA + k3TS1 + k3TSA1 +

k3TSA2, cm
3 mol�1 s�1)

Reaction pathways Keq k k2 kTS kTotal

1TS1 1.95 � 10�23 2.10 2.23 � 1010 4.35 � 10�13 5.01 � 10�11

1TSA 1.95 � 10�23 1.02 9.62 � 1011 1.88 � 10�11

3TS1 4.02 � 10�23 2.52 1.57 � 1010 6.31 � 10�13

3TSA1 1.49 � 10�20 1.56 1.55 � 109 2.31 � 10�11

3TSA2 1.49 � 10�20 1.60 4.81 � 108 7.17 � 10�12
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indicating that, for the hydrogen abstraction mechanism, the
reaction rate of singlet Criegee intermediate 1CI formation is
close to that of triplet 3CI formation.

3.4. Kinetics

It has been shown that either OH addition or H-abstraction
pathway consists of a reversible rst step involving the bar-
rierless formation of a reactant complex (RC), followed by the
irreversible formation of products. Therefore, the reaction
pathway is a two-step process as described by Scheme 4, where
the reactant complex is in equilibrium with the reactants.

If k1 and k�1 are the rate constants for the rst step and k2 is
the rate constant for the second, a steady-state analysis leads to
a rate constant for the reaction pathway under consideration,
which can be approximated as

k ¼ k1

k�1
k2 ¼ Keqk2 (1)

where Keq stands for the equilibrium constant in the rst step,
which can be written as

Keq ¼ QRC

QR

e�ðERC�ERÞ=ðRTÞ (2)

According to the conventional transition state theory, the
unimolecular rate constant k2 with the Eckart tunneling
correction is given by

k2 ¼ sk
kBT

h

Qs
TS

QRC

e�ðETS�ERCÞ=ðRTÞ (3)

where Qs
TS, QR and QRC are partition functions of the transition

state, the reactants and the reactant complex, s is the symmetry
factor, k is the tunneling factor, kB is the Boltzmann's constant,
and h is Planck's constant. The ETS, ER and ERC are the total
energy inclusion ZPE correction of the transition state, the
reactants and the reactant complex.

The rate coefficients were calculated using the M08-HX/6-311
+ g(2df,2p) optimized geometrical parameters, frequencies and
Scheme 4

32598 | RSC Adv., 2019, 9, 32594–32600
energies listed in Table 2. From Table 2, the rate constants of
OH addition reactions by 1TSA, 3TSA1 and 3TSA2 are computed
to be 1.88 � 10�11 cm3 mol�1 s�1, 2.31 � 10�11 cm3 mol�1 s�1,
and 7.17 � 10�12 cm3 mol�1 s�1 respectively. While the rate
constants of H-abstractions via singlet 1TS1 and triplet 3TS1 at
298 K are 4.35 � 10�13 cm3 mol�1 s�1 and 6.31 � 10�13 cm3

mol�1 s�1 respectively. The computed overall rate constant is
5.01 � 10�11 cm3 mol�1 s�1. The atmospheric lifetime of the
studied 1,3,5-trimethylbenzene bicyclic peroxy radical due to
reaction with OH can be estimated to be 5.54 hour using the
following expression: s ¼ 1/(k[X]), where X is the average
concentration of OH in the atmosphere ([OH] ¼ 1.0 � 106

molecules per cm�3).39 The branching ratios for H-abstraction
pathways via 1TS1 and 3TS1 are only 8.68 � 10�3 and 1.26 �
10�2 respectively. Hence the OH addition reactions including
the formation of ROOOH and OH-adducts are the major paths
in contrast with H-abstraction channels producing Criegee
intermediate which are negligible. The degradation of the
ROOOH species in the atmosphere is signicant which might
help explain the difference in simulated and observed OH
concentrations under low NOx environment.40 The OH-adducts
may contribute to the formation and growth of SOA through
subsequent reactions. Therefore, research is urgently needed
into the atmospheric fate and possible inuence of the 1,3,5-
TMB ROOOH and OH-adducts on atmospheric chemistry.

4. Conclusions

In the present study, the mechanism and kinetics of the
atmospheric reaction of 1,3,5-TMB bicyclic peroxy radical with
OH have been studied by M08-HX/6-311 + g(2df,2p) method and
CTST including Eckart tunneling correction. The conclusions
are drawn in the following:

(1) Two types of mechanisms including OH addition
producing ROOOH and OH-adducts, and H-abstraction for
Criegee intermediate formation are considered. Both the OH
addition to the peroxy end and to the double bond of 1,3,5-TMB
bicyclic peroxy radical are easier than H-abstraction reaction
due to the lower energy barrier.

(2) The rate constants of OH addition to BPR are computed to
be 1.88� 10�11 cm3 mol�1 s�1, 2.31� 10�11 cm3 mol�1 s�1, and
7.17 � 10�12 cm3 mol�1 s�1 by 1TSA, 3TSA1 and 3TSA2 respec-
tively, while the abstraction rate constants via 1TS1 and 3TS1 are
calculated to be 4.35 � 10�13 cm3 mol�1 s�1 and 6.31 � 10�13

cm3 mol�1 s�1 respectively at 298 K. Kinetically, the abstraction
This journal is © The Royal Society of Chemistry 2019
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reactions are much less favorable than OH-addition reactions,
thus can be negligible.

(3) The 1,3,5-TMB ROOOH and OH-adducts are the most
dominant products. The atmospheric fate and possible inu-
ence of the ROOOH and OH-adducts on atmospheric chemistry
have not been explored yet.
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