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Abstract The hydrogen abstraction reaction mechanisms
of toluene molecule by NO3 radical were investigated
theoretically with quantum chemistry and reaction kinet-
ics. All the molecular structures, vibrational properties,
and the intrinsic reaction coordinates were determined
with B3LYP/6-311G(d,p). The non-dynamic electronic
correlations were examined with the CASSCF dominant
configurations. The energies and the potential energy pro-
files were refined with accurate model chemistry
G3(MP2). Rate constants were determined using the
CVT method over the temperature range 200–2000 K. It
was found that in addition to the side chain H-abstraction,
the ring H-abstraction reactions are also possible. The side
chain H-abstraction rate constant is in very good agree-
ment with the available experiments and has a non-
Arrhenius characteristic. Nevertheless, all the ring H-
abstractions follow the Arrhenius behavior well. The
over-all reaction was found to have a complex reaction
mechanism in which the side chain H-abstraction is dom-
inant below 700 K while the ring H-abstractions are com-
petitive above 800 K. The approximate apparent activa-
tion energies Eapp are 15.5 and 66.4 kJ mol-1 at 300–
700 K and 800–2000 K, respectively.
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Introduction

Volatile organic compounds (VOCs) have been a major con-
cern due to their chemical compositions within the atmosphere
in the lower atmosphere and troposphere where aromatic hy-
drocarbons always contribute a significant fraction (about
20 %) of the total VOCs in the polluted atmosphere in the
urban areas [1]. The main emission sources of the aromatics
are motor vehicle exhaust, evaporation of solvents, and the
emission in the gasoline stations [2–4]. In addition to the im-
portant role in the photochemical production of ozone, oxida-
tion of aromatic compounds leads to the formation of second-
ary organic aerosol (SOA) in the urban air [5], which is well
known to be harmful to human health [6].

Toluene is one of the most abundant aromatic hydrocar-
bons in the urban atmosphere [7]. Its most important loss
process is initiated by OH radical during daylight hours
and by nitrogen trioxide NO3 radical during evening and
nighttime hours [8–10]. The reactions of toluene with OH
have been studied widely both experimentally [11–17] and
theoretically [18, 19]. The NO3-initiated toluene oxidation
reactions have also been investigated in the experiments of
Carter and co-workers [20] and Atkinson and co-workers
[21–24]. The upper limit of the rate constant of NO3+
C 6 H 5 C H 3 w a s r e p o r t e d a s ≦ 3 × 1 0 − 1 5 - 8 ×
10−15 cm3⋅molecule−1⋅s−1 determined at 300±1 K in 1981
[ 2 0 ] . A s m a l l e r v a l u e o f ( 1 . 8 ± 1 . 0 ) ×
10−17 cm3⋅molecule−1⋅s−1 at 296±2 K determined by using
a relative rate technique was also reported, and suggested
for the methyl H-abstraction constant in 1984 [21]. Shortly
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Fig. 1 Structure, symmetry and
the electronic state of the
reactants, products, intermediates
and transition states for the
reaction of toluene with NO3

obtained with B3LYP/6-
311G(d,p) calculations
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in the same year, it was refined to be (2.0 ± 1.1) ×
10−17 cm3⋅molecule−1⋅s−1 at 298±1 K with two different
techniques by monitoring the enhanced decay rates of
N2O5 and by employing a relative rate in the reaction sys-
tem [22]. For the temperature at 296±2 K, a slightly larger
rate constant (7.8±1.5)×10−17 cm3⋅molecule−1⋅s−1 was re-
ported in 1988 [23]. Recently in 2007, the reaction of NO3

radical with deuterium substituted toluene-d3 (C6H5CD3) and
toluene-d8 (C6D5CD3) implied [24] that both hydrogen ab-
straction from the substituent group and the ortho addition
may proceed at room temperature. It was also found that the
ortho addition may decompose back to the reactants [24] but
the rate constants have not been developed.

In the point of view of chemical reactions, the hydrogen
atom can be abstracted either from the -CH3 group or from the
benzene ring, and four different NO3-toluene adduct isomeric
radicals can be formed. The H-abstraction abstractions will
lead to the formation of benzyl and methylphenyl radicals
which can associate with O2 and produce benzylperoxy and
methylphenylperoxy radicals in the presence of molecular ox-
ygen. These association processes are exothermic and the re-
action enthalpies are 91.4±4 kJ mol-1 [25] and 196.1 kJ mol-1

[26], respectively. Ref. [26] also reported that the
methylphenyl radical can isomerize into the more stable ben-
zyl radical via intramolecular hydrogen shift reaction at higher

temperatures. Although the reaction paths and rate constants
of benzyl and methylphenyl radicals with O2 have been ex-
plored [26, 27] the detailed information of the formation of
benzyl and methylphenyl radicals in the reaction system of
NO3-toluene has not been obtained so far.

This work is, thus, aimed at carrying out a theoretical in-
vestigation on all of the possible initial steps of NO3-toluene
hydrogen abstraction reactions, in which some of the results
can be compared with the available experiments, develop the
temperature dependent rate constants, and explore the over-all
reaction rate. In order to emphasize the details of the H-ab-
stractions, the addition reactions of toluene and NO3 radical
will be reported in a separate work.It should be noted that just
after this paper had been accepted for publication we noted
Huang and coworkers [28] published a theoretical study of a
similar reaction system with CCSD(T)/6-311++G(d,p)//
BHandHLYP/6-311++G(d,p) method. The main results will
also be compared.

Computational methods

All the geometries of the stable species and the transition
states (TSs) were fully optimized with the B3LYP [29, 30]
density functional theory combined with the 6-311G(d,p)

Table 1 G3(MP2) energy (sum of electronic energy and ZPE, in
atomic unit: a.u.), the enthalpy correction (Hcorr., without ZPE) (a.u.),
the Gibbs free energy correction (Gcorr., without ZPE) (a.u.) at 298.15 K

and their relative (with respect to the sum of the reactants) values (in kJ
mol-1) calculated with the standard statistical thermodynamics

Number Species E (G3MP2) a.u. ΔU0 K kJ mol-1 Hcorr. ΔH298 kJ mol-1 Gcorr. ΔG298 kJ mol-1

1 C6H5CH3 −271.068022 0.007350 −0.031016
2 NO3 −279.922067 0.004913 −0.025033
3 HNO3 −280.585544 0.004526 −0.025785
4 C6H5CH2 −270.421050 −43.3[a] 0.006811 −45.8a −0.029139 −40.4a

5 o-C6H4CH3 −270.385666 49.6[a] 0.007333 48.5a −0.030873 48.0a

6 p-C6H4CH3 −270.384901 51.6[a] 0.007334 50.5a −0.031055 49.5a

7 m-C6H4CH3 −270.385686 49.5[a] 0.007335 48.5a −0.031075 47.4a

8 CR[b] −550.983996 −2.4 0.012601 −1.6 −0.041736 35.1

9 IM-oa −550.979875 26.8 0.012863 28.4 −0.044055 58.3

10 IM-ob −550.979625 27.5 0.012956 29.4 −0.043692 60.0

11 IM-p −550.979035 29.0 0.012947 30.8 −0.043362 62.3

12 IM-ma −550.980228 26.4 0.012964 28.3 −0.043719 58.8

13 IM-mb −550.980036 25.9 0.012915 27.6 −0.042903 60.4

14 TS-s −550.983996 16.0 0.011267 13.4 −0.039440 59.6

15 TS-oa −550.971018 50.1 0.012006 49.4 −0.039470 93.7

16 TS-ob −550.972080 47.3 0.012230 47.2 −0.040736 87.5

17 TS-p −550.970512 51.4 0.012288 51.5 −0.041043 90.8

18 TS-ma −550.971596 48.6 0.012213 48.5 −0.040877 88.5

19 TS-mb −550.970875 50.4 0.012197 50.2 −0.040604 90.9

[a] Denotes that the data is the sum of the species and HNO3 molecule

[b] CR denotes the complex of reactants

J Mol Model (2015) 21: 207 Page 3 of 12 207



basis sets. The vibrational frequency analyses were performed
at the same level to identify the minimum or the transition
state with no or solely an imaginary normal mode vibration.
The intrinsic reaction coordinates (IRCs) [31] were calculated
to confirm the connection of the transition state and the re-
spective minima with a step-size of 0.02 amu1/2bohr. In order
to exam the reactions more reliably, the energies of all the
species as well as the minimum energy paths (MEPs) were
further refined with the accurate model chemistry method
G3(MP2) [32, 33] at the B3LYP/6-311G(d,p) geometries,
namely G3(MP2)//B3LYP/6-311G(d,p). Non-dynamic elec-
tronic correlations for all the species were examined with the
complete active space self-consistent field (CASSCF) calcu-
lations [34–39] at CASSCF/6-311G(d,p) level with the active
space (7,7) (seven active electrons distribute in seven active
orbitals) for radicals and (6,6) for closed shell species. The
dominant configuration coefficients of all the species are larg-
er than 0.93 which indicates that the multi-reference-state fea-
ture can approximately be eliminated. Thermochemistry data
were developed with the standard statistical thermodynamics
in which the electron excitation energies (vertical) were cal-
culated with the time dependent TD-B3LYP/6-311G(d,p)
method and were truncated at 1.860 eV [40]. All electronic
structure calculations were performed using the Gaussian-09
program [41]. The rate constants were evaluated in the tem-
perature range of 200–2000 K by using the canonical varia-
tional transition-state theory (CVT) [42–45] and that incorpo-
rated with the small-curvature-tunneling (SCT) [46, 47] cor-
rections proposed by Truhlar and co-workers combined in the
POLYRATE 8.2 program [48], in which the necessary infor-
mation should be supplied including the geometries and ener-
gies of the reactants, products, transition states, and those of a
number of the selected points around the TS in the MEP as
well as the energy gradients and the Hessian matrix for each of
the points. For the reactions that do not have an energy barrier,
the rate constants were only calculated with the CVT method
by the VKLab program [49], where the SCT effect was
neglected [50]. The over-all reaction rate (within 300–
2000 K) was explored with the COMSOL software [51] in
which a batch reactor was chosen.

Results and discussion

The structure as well as the symmetry and the electronic state
for each of the reactants (Rs), intermediates (IMs), and the
transition states (TSs) optimized with B3LYP/6-311G(d,p)
are shown in Fig. 1, in which the numbering of the 19 species
will be used in the further discussions. The G3(MP2) energies
(internal energy at 0 K), enthalpy, and the Gibbs free energy
corrections (Hcorr. and Gcorr. at 298.15 K without zero point
energy, ZPE) and their relative (with respect to the sum of the
reactants) values are listed in Table 1. The energy profiles in
the potential energy surface are illustrated in Fig. 2 that

involves the internal energies at 0 K and the Gibbs free ener-
gies at 298.15 K.

Hydrogen abstraction

For the reaction of toluene with NO3, a hydrogen atom can be
abstracted from the side chain (methyl group) or from the
benzene ring. It is shown in Fig. 2a that the lowest energy path
is for the side chain H-abstraction reaction. At the entrance, a
pre-reactive complex (CR, numbered 8, in 2A’ state) is formed
with a weak van der Waals interaction. The internal energy is
2.4 kJ mol-1 lower than that of the sum of the reactants (R1+
R2). It should be helpful for a detailed analysis of the elec-
tronic structure of 8.CR. For this purpose, we performed a
complete active space self-consistent field CASSCF calcula-
tion and obtained a dominant state 2A” that corresponds to an
orbital alteration of the HOMO-3 and the LUMO of a beta

Fig. 2 Energy profile for the hydrogen abstractions obtained with the
G3(MP2)//B3LYP/6-311G(d,p) theoretical method. The data shown in
the parentheses is the relative energy with respect to that of the sum of
the reactants
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electron. However, this state was finally confirmed less stable
either at B3LYP/6-311G(d,p) or at MP2/6-311G(d,p) level of
theory.

Subsequently, 8.CR may decompose into the products
(3.HNO3+4.C6H5CH2) via 14.TS-s with a small energy barrier
of 18.4 kJ mol-1. In 14.TS-s, the new forming O-H bond is
about 1.416 Å, which is about 0.445 Å longer than that in the
nitric acid molecule HNO3. The breaking C-H bond is 1.220 Å,
about 0.124 Å longer than the equilibrium distance in toluene.
The change of the C-H distance is thus much smaller than that
of the O-H. This may predict that 14.TS-s is a reactant-like
transition state or the reaction proceeds via an early barrier.
The HNO3 molecule is now a less active species but the benzyl
radical, a C2v perfect planar structure, has the spin density
0.7887 mainly localized on the dehydrogenated carbon atom
in the -CH2 group. Its further degradation reactions that have
not been involved in the scope of the present work must be a
complicated but very interesting topic for future investigations.

The data in Table 1 also show that the whole reaction is
thermodynamically favorable with 43.3 kJ mol-1 lowering of
the energy, or is exothermic with 45.8 kJ mol-1 lowering of the
enthalpy and is spontaneous with 40.4 kJ mol-1 lowering of
the Gibbs free energy at 298.15 K.

For the abstraction of an ortho, para, and meta hydrogen
atom from the benzene ring, the pre-reactive complex was not
found but five transition states 15.TS-oa, 16.TS-ob, 17.TS-p,
18.TS-ma, and 19.TS-mb were located as shown in Fig. 1.
Among those, both 15.TS-oa and 16.TS-ob are for the H-
abstraction on the ortho position but distinguished with the
positions of the H-bonds. This is due to that, in the rotation
of the O18-N bond, different hydrogen bonds O19-H9 and
O19-H14 can be formed. The relative energies of 15.TS-oa
and 16.TS-ob are 50.1 and 47.3 kJ mol-1 with respect to the
reactants, which are so close to each other that both of the
paths should be taken into account for the ortho hydrogen
abstraction reaction rate evaluations. In the 15.TS-oa and
16.TS-ob structures, the breaking C4-H12 bonds are 0.226
and 0.237 Å longer than the equilibrium distances, and the
forming H12a-O18 and H12b-O18 bonds are 0.247 and
0.242 Å longer than the O-H bond in HNO3, respectively.
These similar changes may not support an obvious early or
later barrier. By performing the IRC calculations starting from
the corresponding transition states, the van der Waals com-
plexes 9.IM-oa and 10.IM-ob at the exit of the channels are
found which have energies of 23.3 and 19.8 kJ mol-1 lower
than their corresponding transition states. The C4-H12 bond

Table 2 Rate constants (CVT/SCT, in cm3·molecule−1·s−1) of the side-chain and the first step ring H-abstractions of toluene and NO3 radical as a
function of temperature within 200–2000 K

T ks
[a] k2 k3 k4 k5 k6 k[b] Γ [c] / %

200 9.31×10−18 4.46×10−28 9.93×10−27 5.31×10−27 1.47×10−26 2.61×10−27 9.31×10−18 100.0

298 1.42×10−17 8.25×10−24 1.13×10−22 8.52×10−23 1.37×10−22 3.92×10−23 1.42×10−17 100.0

300 1.44×10−17 9.50×10−24 1.29×10−22 9.78×10−23 1.57×10−22 4.50×10−23 1.44×10−17 100.0

400 3.56×10−17 2.02×10−21 2.17×10−20 1.98×10−20 2.76×10−20 9.08×10−21 3.57×10−17 99.8

500 1.02×10−16 5.99×10−20 5.74×10−19 5.91×10−19 7.56×10−19 2.70×10−19 1.04×10−16 97.8

600 2.73×10−16 6.44×10−19 5.82×10−18 6.52×10−18 7.83×10−18 2.95×10−18 2.93×10−16 92.0

700 6.38×10−16 3.82×10−18 3.34×10−17 3.98×10−17 4.56×10−17 1.79×10−17 7.57×10−16 82.0

800 1.31×10−15 1.55×10−17 1.32×10−16 1.66×10−16 1.83×10−16 7.44×10−17 1.8×10−15 69.6

900 2.44×10−15 4.84×10−17 4.08×10−16 5.33×10−16 5.69×10−16 2.37×10−16 3.95×10−15 57.6

1000 4.19×10−15 1.25×10−16 1.05×10−15 1.41×10−15 1.47×10−15 6.26×10−16 8.12×10−15 47.2

1100 6.81×10−15 2.81×10−16 2.38×10−15 3.25×10−15 3.30×10−15 1.43×10−15 1.57×10−14 39.0

1200 1.05×10−14 5.67×10−16 4.77×10−15 6.69×10−15 6.67×10−15 2.93×10−15 2.86×10−14 32.7

1300 1.54×10−14 1.05×10−15 8.81×10−15 1.26×10−14 1.24×10−14 5.51×10−15 4.92×10−14 27.6

1400 2.18×10−14 1.81×10−15 1.52×10−14 2.21×10−14 2.14×10−14 9.64×10−15 8.06×10−14 23.7

1500 3.00×10−14 2.96×10−15 2.48×10−14 3.67×10−14 3.50×10−14 1.59×10−14 1.26×10−13 20.6

1600 4.01×10−14 4.61×10−15 3.85×10−14 5.79×10−14 5.46×10−14 2.51×10−14 1.91×10−13 18.2

1700 5.26×10−14 6.91×10−15 5.76×10−14 8.76×10−14 8.18×10−14 3.79×10−14 2.8×10−13 16.2

1800 6.75×10−14 1.00×10−14 8.33×10−14 1.28×10−13 1.19×10−13 5.52×10−14 3.98×10−13 14.6

1900 8.53×10−14 1.41×10−14 1.17×10−13 1.82×10−13 1.67×10−13 7.82×10−14 5.51×10−13 13.2

2000 1.06×10−13 1.93×10−14 1.60×10−13 2.52×10−13 2.29×10−13 1.08×10−13 7.47×10−13 12.1

[a] Side chain H-abstraction rate constant defined in Eq. (2)

[b] Sum of the rate constants ks and k2–6
[c] Ratio of side chain H-abstraction defined in Eq. (4)
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distances are 2.012 and 2.011 Å in 9.IM-oa and 10.IM-ob
showing a considerable interaction of the H-bond. By
decomposing 9.IM-oa and 10.IM-ob, the same products, a less
active 3.HNO3 and the 5.o-C6H4CH3 radical, can be formed
with increasing energies of 22.8 and 22.1 kJ mol-1 but with
decreasing Gibbs free energies of 10.3 and 12.0 kJ mol-1.

For the para position, only one transition state 17.TS-p, and
the associated product complex 11.IM-p, was found due to the
symmetry of toluene. The energy barrier is 51.4 kJ mol-1 and
is also the highest barrier found in this work and, is also a
value that is well known for a reaction to proceed at an ade-
quate rate around room temperatures. The complex 11.IM-p is
29.0 kJ mol-1 higher in energy with respect to the reactants,
and it may further decompose into 3.HNO3 and 6.p-C6H4CH3

with an energy absorption of 22.6 kJ mol-1 but with a Gibbs
energy releasing of 12.8 kJ mol-1.

For the meta position, this work also found two transition
states 18.TS-ma and 19.TS-mb as well as their produced com-
plexes 12.IM-ma and 13.IM-mb are distinguished by the po-
sition of the H-bonds. The relative energies of these transition
states are 48.6 and 50.4 kJ mol-1 higher than the reactants.
Again, the small difference of the barriers represents that both
of the paths should be taken into account in the further
investigations.

It should be noted that, although the five complexes
(numbered 9.IM-oa to 13.IM-mb) are stable in energy,
their Gibbs free energies at 298.15 K are higher than
those of the sum of the dissociated HNO3 and a radical
(5.o-C6H4CH3 or 6.p-C6H4CH3 or 7.m-C6H4CH3) due to
the increase of the entropy as shown in Fig. 2b. The rel-
ative (with respect to the reactants) Gibbs free energy for
the dissociations are 48.0, 49.5, and 47.4 kJ mol-1, corre-
sponding to the equilibrium constant in the magnitude of
ppb, a value that is difficult to be observed experimental-
ly. Compared with the process of side chain H-abstrac-
tion, the ring H-abstractions are less favorable since the
energy barriers are at least 31.3 kJ mol-1 higher.
Additionally, the products 3.HNO3+4.C6H5CH2 from the
side chain abstraction are much more stable than either of
the 9.IM-oa to 13.IM-mb complexes or their dissociated
species. The negative relative Gibbs free energy (−40.4 kJ
mol-1) corresponds to an equilibrium constant of 1.2×107

for the side chain H-abstraction reaction. This, therefore,
confirmed thermodynamically that the side chain H-
abstraction is dominant at least for 298.15 K.

Rate constants

The rate constants for all of the reaction steps were cal-
culated with the CVT and CVT/SCT methods as men-
tioned in the previous section in which the G3(MP2)//
B3LYP/6-311G(d,p) energies were employed both for

the stationary points and for the minimum energy path
(MEP). The temperature range is examined within 200–
2000 K.

For the side chain H-abstraction, since a pre-reactive com-
plex (CR) is produced with a very small energy decrease of
2.4 kJ mol-1, a two-step mechanism that involves a fast equi-
librium between the reactants and the pre-reactive complex is
assumed as:

C6H5CH3 þ NO3 ���→←���
Keq:

CR���→
←���
k1

k−1
HNO3 þ C6H5CH2

ð1Þ

The forward rate constant for side chain hydrogen abstrac-
tion, ks, becomes:

ks ¼ Keqk1 ¼ σ
QCR

Qtoluene⋅QNO3

exp
ER−ECR

RT

� �
k1 ð2Þ

where Keq. is the equilibrium constant between the reactants
and the complex (CR), Q denotes the partition function of the
related species, ER and ECR are the total energies (internal
energy at 0 K) of reactants and CR, σ is the reaction symmetry
number and R is the molar gaseous constant 8.314472 J·
mol−1·K−1.

Table 3 Decomposition rate constants (CVT, in s−1) of the IMs formed
in the first step ring H-abstractions

T k2
’ k3

’ k4
’ k5

’ k6
’

200 2.01×1010 5.25×109 2.02×1010 6.58×1011 7.94×109

298 1.52×1011 6.90×109 1.34×1011 4.60×1011 9.69×109

300 1.57×1011 6.91×109 1.38×1011 4.57×1011 9.69×109

400 4.60×1011 6.73×109 3.54×1011 3.38×1011 8.74×109

500 8.97×1011 5.95×109 4.88×1011 2.62×1011 7.22×109

600 1.41×1012 5.08×109 6.07×1011 2.11×1011 5.79×109

700 1.92×1012 4.29×109 7.13×1011 1.74×1011 4.61×109

800 1.80×1012 3.61×109 8.10×1011 1.47×1011 3.68×109

900 1.71×1012 3.04×109 8.98×1011 1.27×1011 2.95×109

1000 1.65×1012 2.57×109 9.81×1011 1.11×1011 2.39×109

1100 1.61×1012 2.18×109 1.06×1012 9.79×1010 1.95×109

1200 1.58×1012 1.87×109 1.13×1012 8.73×1010 1.61×109

1300 1.56×1012 1.61×109 1.20×1012 7.85×1010 1.33×109

1400 1.55×1012 1.39×109 1.26×1012 7.11×1010 1.11×109

1500 1.54×1012 1.21×109 1.32×1012 6.47×1010 9.38×108

1600 1.53×1012 1.06×109 1.38×1012 5.93×1010 7.96×108

1700 1.53×1012 9.27×108 1.44×1012 5.45×1010 6.80×108

1800 1.52×1012 8.19×108 1.49×1012 5.03×1010 5.84×108

1900 1.52×1012 7.26×108 1.54×1012 4.66×1010 5.05×108

2000 1.52×1012 6.46×108 1.59×1012 4.33×1010 4.39×108
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For the ring H-abstractions, the processes should be de-
scribed as:

C6H5CH3 þ NO3

���→
←���

k−2

k2
IM‐oa���→←���

k2 0

k−2 0

���→
←���

k−3

k3
IM‐ob���→←���

k3 0

k−3 0

9>>>>=
>>>>;
o ‐C6H4CH3 þ HNO3

���→
←���

k−4

k4
IM‐p���→←���

k4 0

k−4 0
p ‐C6H4CH3 þ HNO3

���→
←���

k−5

k5
IM‐ma���→←���

k5 0

k−5 0

���→
←���

k−6

k6
IM‐mb���→←���

k6 0

k−6 0

9>>>>=
>>>>;
m‐C6H4CH3 þ HNO3

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ð3Þ

The numerical results of all the rate constants as a function
of temperature within 200–2000 K are listed in Tables 2 and 3

and are shown in Fig. 3. In order to facilitate the reaction
branching, a side chain rate branching ratio Γ that assumes
all the reactions are irreversible can be defined as:

Γ ¼ ks
k
¼ ksX

ki
ð4Þ

with i=s, 2, 3,…, 6 as shown in Eqs. (2) and (3). The results
are also listed in Table 2.

Figure 3 shows that all the CVT and CVT/SCT rate con-
stants increase with increasing temperature or have positive
temperature dependence. The CVT and CVT/SCT rate con-
stants are basically close to each other within the temperature
range 200–2000 K with the exception of the side chain H-
abstraction that is quite different in its order of magnitude in

Fig. 3 Plots of the H-abstraction
rate constants versus 1000/T
(K−1) in the temperature range
200–2000 K. (a) is for the
side-chain, (b) for ortho-a, (c) for
ortho-b, (d) for para, (e) for
meta-a, and (f) for the meta-b
H-abstractions. Experimental
values shown in panel (a) are
from refs. [21, 22]
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the low temperature range. Interestingly, the CVT/SCT values
of ks shown in Fig. 3a are very close to the available experi-
mental points [21, 22].

In investigating the magnitude of the rate constants in
Table 2, it is found that the reaction proceeds exclusively
through side chain H-abstraction below room temperature or
mainly through this path within 400–700 K. This result is con-
sistent with the experimental findings that the NO3 radical only
abstracts the side chain hydrogen at low temperatures [21, 24].
Our values, 1.40×10−17 cm3·molecule−1·s−1 at 296 K and
1.42×10−17 cm3·molecule−1·s−1 at 298 K are also in very good
agreement with the observed side chain H-abstraction rate con-
stants (1.8±1.0)×10−17 cm3⋅molecule−1⋅s−1 [21] and (2.0±
1.1)×10−17 cm3⋅molecule−1⋅s−1 [22] at the correspondence tem-
peratures. The theoretical value from ref. [28] is slightly larger
in digit by 6.96 with the same order.

Although the experimental reaction rates for higher temper-
atures are unavailable, our results show that the ratio Γ for the
side chain H-abstractions above 700 K decreases with increas-
ing temperatures. For example, the ratio is 82.0% at 700 K and
is below 50 % (47.2 % at 1000 K, a smaller value from two
more reaction channels (15.TS-oa and 19.TS-mb) on the ring
compared with the larger theoretical value 68% of ref. [28]).

The relative values of the rate constants for the ring H-
abstractions, as expected, are consistent with the magnitudes
of the relative Gibbs free energies of the transition states that
govern the rate constants in the CVT principles [42–48]. For
example, k2 for the rate constant via TS-oa is always smaller
than the others due to TS-oa has the highest activation Gibbs
free energy shown in Fig. 2b. Consequently, k3 to k6 have only
slightly different values also due to the similar activation
Gibbs free energies.

For the next decomposition of the ring H-abstractions in-
termediates, it is found in Table 3 that the rate constants k2’ to

k6’ have very large values due to very small activation ener-
gies (Fig. 2a). This reason also leads to the very small change
of the rate constants with increasing temperature according to
the Arrhenius expression. It is interesting to find that the
values for the decompositions of IM-ob (k3’) and IM-mb
(k6’) are about 2–3 orders smaller than the others although
the activation energies (22.1 to 23.6 kJ mol-1) are similar.
This may mainly be from the differences of the entropy in-
creases and of the positions of the variational transition state in
the potential energy surfaces.

It should be helpful to have an analytical expression of
the rate constants for the convenience of further reference.
All the rate constants for both of the forward and the
reverse reactions have been fitted into three-parameter
Arrhenius expressions:

k ¼ A� Tn � exp −
E

T

� �
ð5Þ

The results within 200–2000 K are listed in Table 4.
It is found that the correlation coefficients of the fit are

larger than 0.94 and most of them are larger than 0.99. The
smaller values (about 0.95) are found for k1, k−1 and ks in the
side chain H-abstraction. This shows that the three-parameter
expressions are in very good quality for further applications.
However, the parameter E for either ks or k1 is a negative value
indicating that the rate constant for the decomposition of 8.CR
as well as the over-all forward reaction of the side chain H-
abstraction has non-Arrhenius characteristics. This might be
from the larger tunneling effect at lower temperatures as
shown in Fig. 3a. For the other elementary reactions having
a transition state, the maximum error for the activation ener-
gies between the calculated in the fitted expressions and those
shown in Table 1 (or Fig. 2a) is 10.2 kJ mol-1. For the

Table 4 Fitted parameters A (in cm3·molecule−1·s−1 if not specified), n and E for Eq.(4), and the fitting correlation coefficient R obtained within 200–
2000 K for all the reactions in Eqs.(1) and (3)

Forward A n E R Reverse A n E R

ks 1.73×10−33 5.98 −840.7 0.95594

k1 25.6 s−1 3.26 −153.0 0.94966 k−1 3.18×10−33 5.97 4630.3 0.95573

k2 2.85×10−25 3.88 5150.9 0.99948 k−2 3.13×10−4 s−1 1.93 2212.5 0.99957

k3 2.85×10−25 3.88 4793.2 0.99925 k−3 2.63×107 s−1 1.20 1747.6 0.99868

k4 2.36×10−25 3.98 4984.6 0.99927 k−4 3.66×107 s−1 1.27 1765.4 0.99879

k5 1.34×10−25 4.02 4734.2 0.99807 k−5 1.64×107 s−1 1.31 1889.6 0.99742

k6 1.22×10−25 3.95 4972.0 0.99908 k−6 2.90×107 s−1 1.24 2081.2 0.99855

k2’ 8.11×1017 s−1 −1.63 1805.7 0.96419 k−2’ 1.28×10−15 1.26 −1184.5 0.99048

k3’ 1.58×1017 s−1 −2.48 826.0 0.99811 k−3’ 1.71×10−16 0.43 −1982.6 0.99924

k4’ 4.03×1013 s−1 −0.37 1102.5 0.99055 k−4’ 2.36×10−20 2.55 −1726.6 0.97776

k5’ 2.63×1015 s−1 −1.44 134.1 0.99999 k−5’ 1.08×10−18 1.48 −1168.7 0.99984

k6’ 5.33×1018 s−1 −2.99 909.6 0.99806 k−6’ 1.83×10−15 −0.07 −2118.5 0.99903
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Fig. 5 Concentrations of the
different products (C6H5CH2,
o-C6H4CH3, p-C6H4CH3, and
m-C6H4CH3) versus reaction time
at 300–1700 K. (a) for 300 K, (b)
for 500 K, (c) for 700 K, (d) for
900 K, (e) for 1100 K, (f) for
1300K, (g) for 1500K and (h) for
1700 K

Fig. 4 Concentration of the
reactant toluene versus the
reaction time for 300–1500 K
calculated with COMSOL [51],
(a) for 300–600 K, (b) for
700–1500 K
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elementary reactions without transition state, the activation
energies are also comparable with the energy differences be-
tween the products and the intermediates. The results for the
ring H-abstractions and dissociation reactions imply that the
rate constant expressions are well Arrhenius characterized in
the cases where the tunneling effect is small.

Reaction rate

In order to explore the over-all reaction rate, the concentration
change of a reactant as a function of time needs to be devel-
oped. In the case of a complicated reaction, one needs to solve
the coupled differential rate equations. Occasionally, an ana-
lytical expression can be obtained with, for example, the
steady state approximation. However, the present work en-
countered that the concentrations of some intermediates were
unable to be eliminated. Instead, numerical method can be
employed and we simulated the reaction rate of NO3 and
toluene in a batch reactor with the COMSOL [51] package.
The temperature range of 300–1500 K is examined for de-
tailed reference especially for the significance of the ring H-
abstractions. All the reactions are considered reversible and
the initial concentrations of toluene and NO3 radical are 4.9×
10−5 and 8.3×10−5 mol/m3, respectively. These values are the
equivalent concentrations of the experiments of ref. [22]. The
results for the over-all, i.e., all the reactions in both Eqs. (1)
and (3), consumption of toluene are plotted in Fig. 4, where
4(a) is for temperatures of 300–600 K and 4(b) is for 700–
1500 K.

Although a radical attacking reaction, possessing very low
energy barrier, is generally a fast process, the reaction may
also be slow if the concentration of a reactant is small. It is
shown in Fig. 4a that the reactions are significant at room
temperature with most of the reactant toluene to be consumed
in about 30 minutes. The reaction rate increases, as expected,
with increasing temperatures. It should be noted that the near-
equilibrium concentration of toluene may have a larger value
for a sufficient time at higher temperatures. For example,
Fig. 4b shows that this occurs at about 15 s for 1500 K com-
pared with that for 1300 K. This predicts that the over-all
reaction is exothermic. For the reactions below 700 K, it is
shown that the side chain H-abstraction is dominant which is
consistent with the results obtained previously, e.g., the ratio Γ
in Table 2, and the experiments [21, 24]. It should also be
noted that the side chain H-abstraction is nearly irreversible
since the concentration of toluene will approach a very low
value (close to zero) for an extent of time below 700 K. For
700 K at 100 s, for example, the concentrations have a very
small deviation of less than 0.17 % if the reaction is consid-
ered irreversible. This result is in good agreement of the much
higher energy barrier in the reverse process shown in Fig. 2a.

The over-all reactions may have more complicated proper-
ties in the ring H-abstractions since three different products
could be produced via five different parallel channels shown
in Eq.(3). The concentrations of the products C6H5CH2, o-
C6H4CH3, p-C6H4CH3 and m-C6H4CH3 as a function of re-
action time for different temperatures of 300–1700 K are plot-
ted in Fig. 5. It is shown that the concentration for the product
of methyl H-abstraction C6H5CH2 is always larger than
others. The concentrations for those of the ring H-
abstractions increase with temperature but they are not signif-
icant for temperatures below 700 K. For temperatures above
800 K (which has not been shown in Fig. 5 but 700 and 900 K
can be referred), it is expectable to have the ring H-abstraction
products observed. However, their concentrations have a max-
imum at a very short reaction time. The existence of the max-
imum concentration implies that the ring H-abstraction reac-
tions are obviously reversible. Within the ring products, the
concentration of the meta H-abstraction m-C6H4CH3 is larger
than the others for 900 K or 1100 K. However, that of the o-
C6H4CH3 becomes larger above 1300 K.

Therefore, the reactions within the system can be, qualita-
tively, regarded as the typical reaction below 700 K is the side
chain H-abstraction and those above 800 K are the side chain
and the ring H-abstraction challenging.

The logarithm overall reaction rates, donated by the con-
sumption rates of toluene, versus the reciprocal temperatures
are presented in Fig. 6. The nonlinearity relationship also
shows that the over-all reaction follows a complex procedure.
However, the apparent activation energy Eapp. of the reaction
can be roughly estimated if the curve is divided into two parts,
the side chain H-abstraction part below 700 K and the chal-
lenging reactions above 800 K. The fitted reaction rate r is
lnr=−10.951–1862.9/T for 300–700 K and is lnr=−2.8811–
7981.3/T for 800–2000 K with the correlation coefficients
0.9716 and 0.9934, respectively. This corresponds to the ap-
parent activation energies Eapp. of 15.5 and 66.4 kJ mol-1, and
the values are comparable with the activation energies shown
previously in Fig. 2a.

Fig. 6 Plots and fits of the overall reaction rate (denoted by the
concentration decreasing rate of toluene for its initial concentration
4.9×10−5 mol/m3) versus 10,000/T (K−1) within 300–2000 K
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Conclusions

The hydrogen abstraction reactions of toluene by NO3 radical
are studied theoretically by means of accurate ab initio and
reaction kinetics methods. Both the side chain and the ring H-
abstractions are examined and the properties of the reactions
are explored in detail. It is found that the side chain H-
abstraction has a larger tunneling effect and shows a non-
Arrhenius characteristic. In contrast, the ring H-abstractions
have smaller tunneling effect and follow the Arrhenius behav-
ior well. The theoretical rate constant for the side chain H-
abstraction at room temperature is in very good agreement
with the available experiments. The over all reaction possesses
a complicated reaction mechanism in which the side chain H-
abstraction is dominant below 700K and is nearly irreversible,
while the ring H-abstractions are competitive above 800 K
with observable products. The ring H-abstractions are also
found typically reversible. The approximate apparent activa-
tion energiesEapp are 15.5 and 66.4 kJmol-1 at 300–700 K and
800–2000 K, respectively.
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