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1 Introduction

Aromatic compounds, a main source of the nonmethane 
volatile organic compounds, are ubiquitous in the atmos-
phere. In the presence of NOx (NO2 + NO), the degrada-
tion of aromatics can form ozone and a number of pho-
tooxidants, and has a high propensity to the formation of 
secondary organic aerosols (SOAs), which affect the air 
quality seriously [1–3].

Many aromatic compounds are expected to react very rap-
idly with the OH radical, O3, and NO3 radical due to the C=C 
double bonds contained in them. It is well known that OH 
radical is an important atmospheric oxidation species, and 
amounts of theoretical and experimental studies on the reac-
tions of OH with benzene [4–6], toluene [7–9], xylenes [10, 
11], cresol [12], and benzaldehyde [13] have been carried out.

Benzyl alcohol, an aromatic primary alcohol, is mainly 
used as a solvent in paint stripper and as an intermediate for 
the synthesis of target molecules used in pharmaceuticals, 
cosmetics, preservatives, and flavoring and fragrance agents. 
Due to the potential influence of benzyl alcohol to atmos-
phere, some experiments have been carried out to determine 
the rate constant of the reactions of benzyl alcohol with OH, 
O3, and NO3. Harrison and Wells [14] measured the rate con-
stant for the reaction of the OH radical with benzyl alcohol, 
which is predicted to be (2.8 ± 0.7) × 10−11 cm3 molecule−1 
s−1 at 297 K and 1 atm total pressure, and they obtained the 
upper limit of the bimolecular rate constant of benzyl alcohol 
with O3, 6 × 10−19 cm3 molecule−1 s−1. The rate constant 
and products of the reaction NO3 with benzyl alcohol have 
also been measured by Harrison and Wells [15], the observed 
rate constant is (4.0 ± 1.0) × 10−15 cm3 molecule−1 s−1, 
and benzaldehyde ((C6H5)C(O)H) was the only derived 
product observed, which is formed by the alkyl hydrogen 
abstraction of NO3 from benzyl alcohol and followed by the 
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reaction of O2 with (C6H5)CH(·)(OH) radical. Bernard et al. 
[16] reported the rate constant of the benzyl alcohol + OH 
reaction, (2.8 ± 0.4) × 10−11 cm3 molecule−1 s−1, which is 
consistent with the value measured by Harrison et al. [14]; 
by identifying the reaction products, they concluded that 
benzaldehyde is originated from the H-abstraction from the  
−CH2OH group with a yield of (24 ± 5) %, and the remain-
ing 75 % products of the reaction are originated from the 
addition of the OH radical to the aromatic ring.

For the benzyl alcohol + OH reaction, the rate constant, the 
product branching ratios, and the hydrogen abstraction sites of 
OH from benzyl alcohol have been obtained by experiments; 
however, the addition sites of OH to the benzene ring remain 
unclear, and a detailed theoretical study is necessary to give a 
complete reaction mechanism and to analyze the subtle bal-
ance between the different reaction channels. With this aim, 
we calculated the reaction potential energy surface by consid-
ering all the possible hydrogen abstraction and addition reac-
tions between benzyl alcohol and the OH radical. Based on 
the energetic, structural, and vibrational results by the density 
functional theory, the conventional transition state method was 
employed to predict the rate constants and the branching ratio 
of the competing abstraction and addition reactions.

2  Computational method

2.1  Electronic structure calculations

All the stationary points (minima and first-order saddle 
points) were optimized by using the hybrid meta-density 
functional theory M06-2X [17] with the 6-311+g(2df,2pd) 
basis set. The good performance of the M06-2X functional 
on the main-group thermochemistry, the kinetics, and also 
on the prediction of noncovalent interactions has been 
tested by Truhlar et al. [17, 18], and the reliability of the 
calculation results by M06-2X functional has also been 
verified by theoretical kinetics studies [19–21]. The har-
monic vibrational frequencies of these stationary points 
were computed at the same level of electronic structure cal-
culations, and the local minima and transition states (TS) 
were identified by the number of imaginary frequencies 
(NIMAG = 0 or 1, respectively). Connections of the transi-
tion state between the designated minima were confirmed 
by the intrinsic reaction coordinate (IRC) calculations [22]. 
The spin contamination on the complexes and transition 
states has been checked, and the corresponding 〈S2〉 values 
for the M06-2X calculations are <0.78 before projection 
and very close to 0.75 after projection.

In order to give more reliable energetic results for the 
subsequent kinetics calculation, the multi-level energy 
calculations (denoted as ML) [23] were used to calculate 

the energy of every stationary point based on the opti-
mized geometries at the M06-2X/6-311+g(2df,2pd) 
level of theory. The ML method employs a combination 
of QCISD(T) and MP2 methods and can be expressed as 

EML = E[QCISD(T)/cc-pVTZ] + (E[QCISD(T)/cc-pVTZ]

− E[QCISD(T)/cc-pVDZ])× 0.46286

+ E[MP2/cc-pVQZ] + (E[MP2/cc-pVQZ]

− E[MP2/cc-pVTZ])× 0.69377− E[MP2/cc-pVTZ]

− (E[MP2/cc-pVTZ]− E[MP2/cc-pVDZ])× 0.46286

 

This energy refinement scheme has been tested suitable 
for reaction systems involving radicals and can give more 
accurate energetics for the kinetics calculation.

All of the above calculations have been carried out by 
using the Gaussian 09 program package [24].

There exist several reaction complexes (RCs) in the reac-
tion of OH with benzyl alcohol. The noncovalent interac-
tions in the RCs were analyzed by the molecular electrostatic 
potential (ESP) [25]. In this work, the molecular electro-
static potentials on the 0.001 a.u. electron density isosurface 
of benzyl alcohol and OH radical have been obtained and 
depicted by using the WFA surface analysis suite [26].

2.2  Rate constant calculations

The rate constants of all the reaction channels are com-
puted by using the conventional transition state theory 
(TST) [27] as implemented in TheRate program [28], and 
the tunneling corrections are taken into account for the 
hydrogen abstraction channels with the unsymmetrical 
Eckart potentials. As in most radical-molecule reactions, all 
the hydrogen abstraction and OH addition channels consist 
of a reversible first step involving the barrierless formation 
of a reaction complex (RC) in the entrance channel, fol-
lowed by the irreversible formation of products, as shown 
in Eqs. (1) and (2):

The complex mechanism for the radical-molecule reac-
tions was first proposed by Singleton and Cvetanovic [29] 
and has been used successfully in quantum chemistry TST 
calculations [8, 9, 13, 30–34]. If k1 and k−1 are, respec-
tively, the forward and reverse rate constants for the first 
step and k2 is the rate constant for the second step, a steady-
state analysis leads to a rate constant of the overall reac-
tion, which can be approximated as Eq. (3):

(1)Step 1: C6H5CH2OH+ OH ↔ Complex

(2)Step2 : Complex → Products

(3)k =
k1

k−1

k2 = Keqk2
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where Keq is the equilibrium constant between the isolated 
reactants and the reaction complex. Applying basic sta-
tistical thermodynamic principles, Keq can be written as 
Eq. (4):

where QC6H5CH2OH, QOH, and QRC are the partition func-
tions of reactants benzyl alcohol, OH, and the reaction 
complex, respectively; ER and ERC are the respective total 
energies of the reactants and the reaction complex, R is the 
ideal gas constant, and T is the absolute temperature.

The rate constant k2 can be evaluated according to the 
conventional transition state theory Eq. (5):

where κ is the tunneling factor, which is calculated assum-
ing an unsymmetrical, one-dimensional Eckart function 
barrier [35]; sigma is the symmetry factor, i.e., the reaction 
path degeneracy that accounts for the number of equiva-
lent reaction paths. Considering the geometry structure of 
benzyl alcohol with C1 symmetry, we studied the hydrogen 
abstraction and addition reactions as the OH radical attacks 
the H or C atoms in the direction above and below the ben-
zyl ring, respectively. Thus, the symmetry factor was taken 
to be 1 for every calculated hydrogen abstraction and addi-
tion reaction channel; kB is the Boltzmann constant, h is the 
Planck constant, and QTS and ETS are the transition state 
partition function and total energy, respectively. Then the 
effective rate coefficient of each channel can be written as 
Eq. (6):

Like the approach previously used to evaluate the OH 
radical reactions with several volatile organic compounds 
(VOCs) [8, 9, 13, 30–34], we assume that the reaction com-
plex undergoes collisional stabilization and the reaction 
occurs at the high-pressure limit.

An accurate evaluation of the partition functions Q is 
essential to the reliability of the calculated rate constant. 
Some low-frequency torsional modes are in fact hindered 
internal rotations, and when the rotational barrier is smaller 
than about 3.0 kcal mol−1, these modes should be removed 
from the vibrational partition function of the corresponding 
species and replaced with the hindered rotor partition func-
tion (QHR). So we calculated the rotational barrier of some 
low-frequency torsional modes to determine whether they 
should be treated as hindered internal rotations. We adopt 
the analytical approximation to QHR for a one-dimensional 
hindered internal rotation proposed by Ayala and Schlegel 
[36].

(4)Keq =
QRC

QC6H5CH2OHQOH

exp [(ER − ERC)/RT ]

(5)k2 = κσ
kBT

h

QTS

QRC

exp [(ERC − ETS)/RT ]

(6)k = κσ
kBT

h

QTS

QC6H5CH2OHQOH

exp [(ER − ETS)/RT ]

3  Results and discussion

3.1  Reaction mechanism

3.1.1  Analysis of the geometries of benzyl alcohol

The calculation results show that benzyl alcohol exhib-
its two stable conformers, the gauche and trans forms 
(Fig. 1), with the OH group oriented toward or away from 
the benzene ring, and both the gauche and trans forms 
have been predicated by the previous theoretical calcula-
tions [37–39]. The calculated energy of the gauche form 
is 0.51 kcal mol−1 lower than that of the trans form at the 
M06-2x/6-311+g(2df,2pd) level of theory. Furthermore, 
only the gauche form has been positively identified in 
experimental studies [40] to date, so the gauche conformer 
was taken into account for the mechanism and kinetics 
study in the reaction of benzyl alcohol with OH radical.

3.1.2  Analysis of the reaction complexes

As reactants approach each other, several shallow minima, 
corresponding to the reaction complexes, are located. The 
existence and structure of such minima have been discussed 
in many previous theoretical studies [8, 31, 32, 41–43]. 
These reaction complexes result from van der Waals inter-
actions, and they play an important role in the evaluation 
of the reaction barrier height, which have a strong effect 
on the tunneling correction. The geometries of the RCs, 
optimized with the M06-2X/6-311+g(2df,2pd) method, 
are shown in Fig. 2. To analyze the noncovalent interac-
tions in the complexes, the molecular ESPs on the 0.001 
a.u. electron density isosurfaces of benzyl alcohol and OH 

Fig. 1  Structures of the gauche and trans conformers of benzyl alco-
hol
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were computed and are shown in Fig. 3. For benzyl alco-
hol, the positive regions of the contour maps are located at 
positions corresponding to the H atoms outer side along the 
extension of the O–H or C–H bonds; there are two types of 
negative regions on the contour maps: one is located just 
above and below the benzene ring and the other along the 
lone electron pairs orientation of the O atom. For OH radi-
cal, the positive and negative ESP regions are located at the 
H and O atoms outer side, respectively. In the complexes 
RC1 and RC2, the H atom of OH radical is attracted by 
the negative region of the O atom in the hydroxyl group 
of benzyl alcohol, and meanwhile, there is a weak inter-
action between the O atom of OH radical and the ortho-
H atom of the benzene ring, and the O···H distances are 
1.86 and 2.33 Å, respectively, as shown in Fig. 3a. The 
OH radical may approach the benzyl alcohol in the direc-
tion above (RC3 and RC4) and below (RC5 and RC6) the 

benzyl ring, and the words “above” and “below” refer to 
the side of the benzyl ring where the OH group is located 
or not, respectively. The structures of RC3–RC6 are differ-
ent from those of RC1 and RC2. In the complexes RC3–
RC6, the H atom of OH radical points toward the negative 
region of the aromatic ring due to a π-type hydrogen bond 
interaction [40], and meanwhile, the O atom of OH radical 
points toward the positive ESP regions of the H atoms in 
the –CH2OH group of benzyl alcohol, as shown in Fig. 3b 
and c. In RC3–RC6, the distances of the H atom from the 
center of the aromatic ring are about 2.5 Å, and the O···H 
distances are about 2.16, 2.12, 2.97, and 2.89 Å from RC3 
to RC6, respectively. The O···H distances in RC1 and RC2 
are shorter than those in RC3–RC6, so the energies of RC1 
and RC2 are lower than those of RC3–RC6. Starting from 
these RCs, the OH radical and benzyl alcohol will proceed 
via hydrogen abstraction and addition reactions.

Fig. 2  Optimized geometries 
of the van der Waals complexes. 
The unit of the inter-atomic dis-
tances is given in angstrom (Å)
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3.1.3  The hydrogen abstraction and addition channels

For the reaction of OH with benzyl alcohol, all the possi-
ble reaction channels have been considered. The OH radi-
cal may abstract the H atom from the –CH2OH group or 
from the different sites of the benzene ring, forming a water 
molecule and the corresponding radical, and the OH radi-
cal may adduct to the benzene ring. As mentioned above, 
benzyl alcohol is not symmetric, and the OH radical may 
approach the benzyl alcohol in the direction above and 
below the benzyl ring, so for the addition channels, the 
respective transition states are defined as TSaddia and 
TSaddib (i = 1–6), and the letters “a” and “b” are used to 
denote “above” and “below,” respectively; for the hydro-
gen abstraction channels from the benzene ring, the H atom 
of the OH radical may point up and down with the O–H 
bond vertical to the benzene ring approximatively, and 
the respective transition states are defined as TSabsia and 
TSabsib (i = 2–6). As shown in Fig. 4, all the hydrogen 
abstraction and addition reactions initiate from a certain 
RC. For clarity and simplicity, not all the geometries of 
the transition states are portrayed in Fig. 4, and the corre-
sponding H and C atoms are labeled to denote the sites of 
the hydrogen abstraction and addition reaction. OH radical 
approaches benzyl alcohol from the side of the hydroxym-
ethyl group forming RC1 and RC2, and then OH abstracts 
the alkyl hydrogen atoms H7 and H8, respectively, and the 
OH in RC2 may also abstract H6 atom on benzene ring. 
As the OH radical approaches the benzene ring from above, 
the reaction complexes RC3 and RC4 are formed. The OH 
in RC3 may abstract the H2, H3, and H4 atoms or adduct to 
the C1, C2, C3, and C4 atoms, while the OH in RC4 may 
abstract the H5 and H9 atoms or adduct to the C5 and C6 

atoms. As the OH radical approaches the benzene ring from 
below, the reaction complexes RC5 and RC6 are formed. 
Starting from RC5, the OH radical may abstract the H2, 
H3, and H4 atoms or adduct to the C1, C2, C3, and C4 
atoms of benzene ring, while the OH in RC6 may abstract 
the H5 and H6 atoms or adduct to the C5 and C6 atoms. 
Cartesian coordinates and frequencies of all the reactants, 
RCs, and transition states are given in the supplementary 
materials.

In order to obtain more accurate energetic information 
for the subsequent kinetics calculation, the energies of 
all the stationary points were calculated by using the ML 
method based on the M06-2X/6-311+g(2df,2pd) optimized 
geometries. The energies of the reaction complexes RC1, 
RC2, RC3, RC4, RC5, and RC6 are −5.1, −5.1, −4.5, 
−4.2, −2.3, −2.4 kcal mol−1 relative to that of the reac-
tants, respectively. The relative energies of all the transi-
tion states and products are listed in Table 1, and the total 
energy of the reactants is set as zero for reference.

From Table 1, we can see that for the addition chan-
nels, the relative energies of TSadd1a, TSadd2a, TSadd6a, 
TSadd1b, TSadd2b, and TSadd6b are −3.1, −2.6, −2.8, 
−0.2, 0.2, and 0.1 kcal mol−1, respectively, which are 
lower than or almost equal to that of the reactants. So the 
additions to the ipso and ortho-C atoms are dominant; 
moreover, the OH radical adducts to the benzene ring from 
above is more favorable than from below. For the addi-
tion transition states, the O atom of OH radical attacks 
the C atom of benzene ring, and the O···C distances in 
TSadd1a–TSadd6a (TSadd1b–TSadd6b) are all about 
2.0 Å. It is found that there exist interactions between the 
O atom of OH radical and the H atom of the hydroxym-
ethyl group in the ipso and ortho-addition TSs but not in 

Fig. 3  Schematic diagram of the formation of the complexes by the 
noncovalent interactions between benzyl alcohol and the OH rad-
ical: a for RC1 and RC2, b for RC3 and RC4, and c for RC5 and 
RC6. Electrostatic potentials are taken on the 0.001 a.u. contour of 

the molecular electron density for benzyl alcohol and the OH radical. 
Color ranges (unit in kcal mol−1): red more positive than 20; yellow 
5–20; green −10 to 5; blue more negative than −10
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the meta- and para-addition TSs, which explains why the 
energies of TSadd1a (TSadd1b), TSadd2a (TSadd2b), 
and TSadd6a (TSadd6b) are lower than those of TSadd3a 
(TSadd3b), TSadd4a (TSadd4b), and TSadd5a (TSadd5b). 
The O···H (hydroxy-H in –CH2OH group) distances in 

TSadd1a, TSadd2a, and TSadd6a are about 2.0 Å, and the 
O···H (alkyl-H in –CH2OH group) distances in TSadd1b, 
TSadd2b, and TSadd6b are about 2.5–2.7 Å. The shorter 
O···H interaction distances result in the lower energies of 
TSadd1a, TSadd2a, and TSadd6a compared to those of 

Fig. 4  Optimized geometries of the transition states. The unit of the inter-atomic distances is given in angstrom (Å)
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TSadd1b, TSadd2b, and TSadd6b. So the addition of OH 
radical to the benzene ring from above is more competi-
tive. For the hydrogen abstraction channels, it is obvious 
that the alkyl-H (H7 and H8) abstraction from the –CH2OH 
group is dominant, the relative energies of the correspond-
ing transition states (TSabs7, TSabs8) and products (Pabs7, 
Pabs8) are −0.4 and −35.3 kcal mol−1, respectively, while 
all the other abstraction channels need to get over some 
energy barriers. This can be explained by the existence of 
the conjugated π bond π9

8 in the alkyl hydrogen abstraction 
products, which results in the lower energies of Pabs7 and 
Pabs8. These results will be confirmed by the subsequent 
rate constants’ calculation.

3.2  Rate constants calculations

As discussed in the Computational method Section, the 
rotational barriers of some low-frequency torsional modes 
need to be calculated to determine whether they should be 
treated as rotations or vibrations. We obtain these rotational 
barriers by scanning the PES of the torsion dihedral angles 
at the M06-2X/6-311+g(2df,2pd) level of theory. For ben-
zyl alcohol, all degrees of freedom are optimized except the 
rotational dihedral angle being scanned. It is found that the 
internal rotational barrier heights of OH and CH2OH groups 
in benzyl alcohol are lower than 3 kcal mol−1, so both of the 

two internal rotations should be taken into account to cor-
rect the partition functions of benzyl alcohol. For the transi-
tion states, in addition to the rotational dihedral angle being 
scanned, the lengths of the breaking and forming bonds are 
fixed at the TS values during optimization. For the alkyl-
H-abstraction TSs, the internal rotational barriers of the 
CH2OH···OH group and two OH groups were calculated, 
and all of them are no more than 3 kcal mol−1, and these 
motions were considered as hindered internal rotations. For 
the addition TSs, the internal rotation of the CH2OH group 
and two OH groups were analyzed. The internal rotational 
barrier heights of the three groups in the ipso and ortho-
addition transition states TSadd1a (TSadd1b), TSadd2a 
(TSadd2b), and TSadd6a (TSadd6b) are found to be higher 
than 3 kcal mol−1, so they were considered as vibrations. 
The analysis of the internal rotational barriers of low-fre-
quency torsional modes in other transition states is given in 
the supplementary materials.

The rate constants and branching ratios are calculated at 
the 250–400 K temperature range. The rate constants of all 
the possible reaction channels at 298 K are listed in Table 2. 
As shown in Table 2, the rate constants for the alkyl-H (H7 
and H8) abstraction are 1.83 × 10−12 and 4.11 × 10−12 cm3 
molecule−1 s−1, respectively, which are much larger than 
those of other hydrogen abstraction channels. The addi-
tion reaction occurs mainly at the ipso and ortho-carbon 

Table 1  The relative energies 
of all the transition states and 
products calculated at the ML//
M06-2X/6-311+g(2df,2pd) 
level of theory (including ZPE, 
unit: kcal mol−1)

H-abstraction channels Addition channels

TSs Erel Products Erel TSs Erel Products Erel

TSabs2a 3.9 Pabs2a −6.5 TSadd1a −3.1 Padd1a −21.5

TSabs3a 4.1 Pabs3a −6.5 TSadd2a −2.6 Padd2a −19.4

TSabs4a 4.4 Pabs4a −6.0 TSadd3a 1.4 Padd3a −17.3

TSabs5a 4.3 Pabs5a −6.5 TSadd4a 1.3 Padd4a −17.2

TSabs6a 2.0 Pabs6a −5.7 TSadd5a 1.5 Padd5a −16.8

TSabs2b 3.9 Pabs2b −6.5 TSadd6a −2.8 Padd6a −18.7

TSabs3b 4.3 Pabs3b −6.5 TSadd1b −0.2 Padd1b −20.0

TSabs4b 4.2 Pabs4b −6.0 TSadd2b 0.2 Padd2b −18.1

TSabs5b 4.3 Pabs5b −6.5 TSadd3b 1.2 Padd3b −17.4

TSabs6b 4.9 Pabs6b −5.7 TSadd4b 1.3 Padd4b −17.4

TSabs7 −0.4 Pabs7 −35.3 TSadd5b 1.6 Padd5b −16.9

TSabs8 −0.4 Pabs8 −35.3 TSadd6b 0.1 Padd6b −18.1

TSabs9 2.1 Pabs9 −13.4

Table 2  The calculated rate 
constant for every possible 
reaction channel at 298 K (unit: 
10−12 cm3 molecule−1 s−1)

Abs H2a H2b H3a H3b H4a H4b H5a H5b H6a H6b H7 H8 H9

ki 0.003 0.004 0.005 0.001 0.002 0.002 0.002 0.002 0.04 0.001 1.83 4.11 0.05

Add C1a C1b C2a C2b C3a C3b C4a C4b C5a C5b C6a C6b

ki 8.58 0.17 5.05 0.07 0.07 0.04 0.05 0.03 0.03 0.02 5.90 0.11
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atoms, and the rate constants for the OH addition to the C1, 
C2, and C6 atoms of benzene ring from above (below) are 
8.58 × 10−12 (0.17 × 10−12), 5.05 × 10−12 (0.07 × 10−12), 
and 5.90 × 10−12 (0.11 × 10−12) cm3 molecule−1 s−1, 
respectively. These results are in good agreement with the 
conclusion from energetics.

The overall rate constant (koverall) of benzyl alco-
hol + OH reaction can be calculated as the sum of the rate 
constants of all the possible channels. The branching ratios 
for the hydrogen abstraction and addition reactions are cal-
culated by Eqs. (7) and (8).

where kAbs and kAdd are the sum of the rate constants of 
all the hydrogen abstraction channels and all the addition 
channels, respectively. At 298 K, koverall is 2.61 × 10−11 
cm3 molecule−1 s−1, and the branching ratios of the hydro-
gen abstraction and addition reactions are 0.23 and 0.77, 
respectively. The overall rate constant reported by experi-
ment is about 2.8 × 10−11 cm3 molecule−1 s−1 [14, 16], and 
the respective experimental branching ratios for the hydro-
gen abstraction and addition reactions are about 0.25 and 
0.75 [16]. Thus, the theoretical calculations are consistent 
with the experimental results.

The branching ratios for the hydrogen abstraction and 
addition channels are plotted in Fig. 5 as a function of 
temperature. As shown in Fig. 5, the branching ratio of the 
hydrogen abstraction reaction increases while that of the 
addition reaction decreases from 0.86 to 0.58 as the tem-
perature changes from 250 to 400 K.

(7)ΓAbs =
kAbs

koverall

(8)ΓAdd =
kAdd

koverall

4  Conclusions

Based on the ML//M06-2X/6-311+g(2df, 2pd) level of the-
ory, the reaction mechanism for the benzyl alcohol + OH 
reaction has been investigated. The rate constants are cal-
culated by the conventional transition state theory with the 
Eckart tunneling corrections. Several conclusions can be 
drawn from the above calculations. (1) There exist van der 
Waals complexes between benzyl alcohol and the OH radi-
cal, both the hydrogen abstraction and addition reactions 
initiate from these complexes. (2) The dominant reaction 
channels were determined to be the alkyl hydrogen abstrac-
tion from the –CH2OH group and the addition of OH to 
the ipso and ortho-C atoms of benzene ring. (3) The calcu-
lated overall rate constant is 2.61 × 10−11 cm3 molecule−1 
s−1, and the branching ratios of the hydrogen abstraction 
and the addition reactions are, respectively, about 23 and 
77 % at the temperature of 298 K. (4) The branching ratio 
of the hydrogen abstraction reaction increases as the tem-
perature rises from 250 to 400 K, and the branching ratio 
of the addition reaction decreases accordingly in the same 
temperature range.
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