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The OH hydrogen abstraction and addition with m-xylene have been studied in the range of 298-1000 K
using quantum chemistry methods. The geometries and frequencies of the reactants, transition states and
products have been performed at BHandHLYP/6-311++G(d,p) level, and single-point calculation for all the
stationary points were carried out at CCSD(T) calculations of the optimized structures with the same
basis set. Eight different reaction paths are considered, corresponding to side chain, three possible ring
hydrogen abstraction and four kinds different OH addition. The results of the theoretical study indicate

lrfg(wféﬁse: that the reaction proceeds almost exclusively through OH addition at room temperature, and is predicted
OH ryadical to occur dominantly at the ortho position, and the calculated overall rate constant is 2.60 x 10~

cm® molecule™! s~!, showing the agreement with available experimental data extremely. Despite unim-
portance at low temperature, at 1000 K ring hydrogen abstraction accounts for about 70% of the total
abstraction reaction, and the whole hydrogen abstraction makes up for 3% of the total reaction. This study
may provide useful information on understanding the mechanistic features of OH-initiated oxidation of

Reaction mechanism
Transition states theory

m-xylene.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The occurrence of high levels of monocyclic aromatic
compounds in urban areas is linked to anthropogenic activity
directly such as fossil burning and solvent use [1-3]. The aromatic
hydrocarbons contribute to the problems of urban air pollution
severely today. Besides their carcinogenic and mutagenic effects
on living organisms and human health, in the presence of NO,,
the degradation of these compounds in the troposphere contrib-
utes substantially to the ozone and photooxidant burden and also
the formation of secondary organic aerosol (SOA) [4-7], which are
known to be harmful to human and ecosystem health [8-10]. As
emissions of aromatic hydrocarbons are concentrated in urban
areas, where many people live and work, the formation of SOA
becomes a more acute problem [11].

In the atmosphere, the reaction of aromatic compound with OH
radical corresponds to the major atmospheric loss process during
daylight hours. The OH-initiated reaction of aromatic compound
results in minor H-abstraction and major OH addition to the aro-
matic ring (about 90%) [12,13]. There has been considerable exper-
imental and theoretical work on the OH-initiated reactions of
aromatic compound. Experimental studies have investigated the
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temperature and pressure dependent rate constant of the initial
OH-aromatic reaction [14-19]. The room temperature rate
constant for OH-aromatic reaction is on the order of 10'2 cm® mol-
ecule ! s~!. The OH-aromatic reaction also has been studied using
computational methods previously. Glauco Tonachini et al. [20,21],
Joseph Bozzelli et al. [22], Tokmakov et al. [23], and Michael Pilling
et al. [24] reported extensive theoretical investigations on the OH-
benzene reaction. Bortolotti and Edney [25], Uc and co-workers
[26], and Suh et al. [27,28] have performed quite similar investiga-
tions, looking at the initial attack of OH on toluene using density
functional-based methods. Renyi Zhang et al. [29,30]and Huang
et al. [31] have presented the investigation of the mechanistic
features of OH-initiated oxidation reactions of xylene using consis-
tent density function theory (DFT). In these theoretical works, the
thermochemical properties of intermediates, OH adduct, prereac-
tion complex, the structures and properties of the important tran-
sition states were obtained. As shown in Table 1, their transition
state theory calculations succeeded in reproducing the observed
experimental rate constant at room temperature. However, these
theoretical calculations performed H-abstraction or OH addition
separately. As for OH-xylene reactions, theoretical calculations on
the formation of OH adduct isomers have been reported by Renyi
Zhang et al. [28,29] and Huang et al. [30], no theoretical investiga-
tion including the H-abstraction channels which have been
reported so far.
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Table 1

Comparison between theoretical and experimental rate coefficient for OH-aromatic reaction at 298 K.
Reaction Theoretical(overall) (cm® molecule ) Refs. Experimental (cm® molecule™! s71) Refs.
Benzene-OH 1.4 x 10712 [23] (1.59 +0.12)x 10712 [14]
Toluene-OH addition 1.0x 101 [27] (6.40 +0.24)x 1012 [15]
Toluene-OH H abstraction 240 x 10713 [26] 425 %1072 [16]
p-Xylene-OH addition 9.24 x 10712 [29] (13.5+1.4)x10 12 [17]
m-Xylene-OH addition 2.60 x 10711 This work (23.420.7)x10° 12 [19]

m-Xylene is an important constitution of aromatic hydrocar-
bons and high reactive with respect to ozone and secondary organ-
ic aerosol formation [12]. Photochemical oxidation of m-xylene is
mainly initiated by attacking from hydroxyl radicals OH. The OH-
m-xylene reaction results in hydrogen atom abstraction from the
methyl group or aromatic ring and OH addition to the ring [13].
As shown in Fig. 1, the mechanistic complexity of the m-xylene
oxidation arises from multiple isomeric pathways. Hydrogen atom
abstraction results in M-H-S, M-H-0, M-H-P, and M-H-M, four
possible isomers, and OH addition to m-xylene results in four dis-
tinct structural OH-m-xylene adduct isomers (i.e., MI, MO, MP, and
MM). There are several products and kinetic studies on OH reaction
with m-xylene [19,32,33]. The rate constant of m-xylene reported
by Ohta at room temperature is (23.4+0.7) x 1072 cm?® mole-
cule~!s™!, much higher than that of OH-toluene reaction [19]. In
the experimental study of OH-initiated reactions of m-xylene using
GC/MS detection, Forstner and co-workers [32] observed major
products such as dimethylphenols, 4-oxo-2-pentenal, and 2-
methyl-4-oxo-2-butenal. Currently, the explicit mechanism of m-
xylene oxidation following the initial OH attacking remains highly
uncertain. Therefore, in the present work, we present a compre-
hensive theoretical investigation of the reaction of OH with m-xy-
lene, including hydrogen abstraction and OH addition. Reaction
energies for the formation of the aromatic radicals have been ob-
tained to determine their relative stability, and rate coefficients
in the range 298-1000 K have been analyzed to assess the favor-
able pathways to propagate the m-xylene oxidation.
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Fig. 1. (a) Suggested pathways of OH hydrogen abstraction with m-xylene. (b)
Suggested pathways of addition of OH to m-xylene.

2. Computational methods

As pointed out by Uc et al. [26], the methodology of geometry
optimization and frequency calculations at the BHandHLYP/6-
311++G(d,p) followed by CCSD(T) calculation with the same basis
set is found to yield excellent results for the OH reaction with tol-
uene. Hence, geometry optimizations and frequency analyses are
performed at the BHandHLYP/6-311++G(d,p) level of theory, and
single-point calculations are performed at CCSD(T) calculation
with the same basis set. The zero-point vibration energy (ZPVE)
at the BHandHLYP/6-311++G(d,p) level is also included. To confirm
the obtained transition states connected with the right reactants
and products, the intrinsic reaction coordinate (IRC) calculations
were performed at BHandHLYP/6-311++G(d,p) level. All computa-
tions were carried out by using the Gaussian98 program [34].

Rate coefficients were calculated to apply to the transition state
theory (TST) as implementing in TheRate program 1.0 [35]. Accord-
ing to the transition state theory under the condition of gas reac-
tion, the rate constant, k(T), is expressed by[36].

k(T) = k“TT %—feffa/KBT

where the Q are the partition functions of the transition states and
the reactants and kg is Boltzmann'’s constant, and E, is the net acti-
vation energies.

3. Result and discussion
3.1. Side chain hydrogen abstraction

The OH-m-xylene reaction can result in H-atom abstraction
from the methyl group, leading to the formation of M-H-S. The
optimized geometries of the M-H-S and its corresponding transi-
tion states are represented in Fig. 2, where we have indicated the
main angles and distances. The side chain transition states turn
out the similar ones obtained for OH abstraction of a primary
hydrogen atom from alkanes and toluene [26,37] previously. In
Table 2, geometrical parameters for the abstraction transition state
in methane, ethane, for the primary hydrogen atoms in propane
and toluene are also reported for comparison. Thus, these transi-
tion states are characterized by the following general properties:
(1) It is closer from reactants than products. The distances of CH
are smaller than those of O.--H, meaning that it occurs at the
beginning of the reaction, when the OH radical is still somewhat
far apart. The results agree with the Hammond postulate, accord-
ing to transition states of exothermic reactions which should be
more reactant-like than product-like. However, for alkanes, the
distance of O---H is about 1.27 A, typically, in toluene it is 1.35 A,
and in m-xylene, it is 1.36 A in TS_M-H-S, indicating that in m-xy-
lene abstraction the OH radical is further from the hydrogen atom
which is being abstracted. IRC analysis shown that TS_M-H-S is
transition state early, the C---H distance being less than 0.11 A
from the normal C—H bond in the methyl group of m-xylene. (2)
The distance of C.--0 in C---H.--O is approximate equal to 2.5 A,
and the C.--H---0O angle is close to 170°. It is curved in a direction
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Fig. 2. Optimized geometries of hydrogen abstraction products and their corresponding transtition states at the BHandHLYP/6-311++G(d,p) level of theory Bond length (A)

Bond angle(°).

Table 2
Comparison of main geometrical parameters (Bonds (A), angles (°)) of TSs with
corresponding values in primary hydrogen abstraction in small alkanes and toluene.

0---H 0-H(bond) C.H 0-- H--C(o)
CH,--OH 1.23 0.96 1.25 171.18
CHe- - -OH 127 0.95 1.22 170.66
CsHs - OHprim 127 0.95 1.23 170.15
Toluene- --OH 135 0.96 1.20 175.0
TS_M-H-$ 136 0.96 1.20 1709

that is the H of the OH radical is in a cis position to the C atom. The
transition vector for side chain H abstraction clearly shows the ap-
proach of the OH radical toward a hydrogen atom of the methyl
group. At the CCSD(T)//BHandHLYP level, the activation energies
(E,) for M—=H-S is 3.14 kcal mol~". Bravo-Pérez et al. [37] caculated
the barrier height of 3.53, 2.05 and 2.54 kcal mol~! for methane,
ethane, and toluene hydrogen abstraction, respectively, only
slightly higher than our calculations.

3.2. Ring hydrogen abstraction

The BHandHLYP method was employed to optimized the transi-
tion state geometries for abstraction of an ortho, meta, para hydro-
gen atom from the benzene ring. Structures are labeled TS_M-H-0,
TS_M-H-P, TS_M-H-M, and they are shown in Fig. 2. In all of
them, the oxygen atom of the OH radical lies in the plane of the
ring, whereas the O—H bond is almost perpendicular to this plane.
It can be seen that the distances of O---H and C- - -H are more sym-
metrical than the distances of TS_M-H-S, being about 1.21 and
1.26 A, respectively. In fact, in these structures, the hydrogen atom
has almost been transferred to oxygen by form of a water mole-
cule. Thus, these transition states occur much later than in the case
of the side chain hydrogen abstraction, and they have considerably
larger barriers, as expected from the very small exothermicity of
the reaction (about —0.40 kcal/mol at the CCSD(T) level). Relative
energies of the transition states and products, calculated at the
CCSD(T)//BHandHLYP level with the 6-311++G(d,p) basically sets
are reported in Table 3. Imaginary frequencies of the transition
states lie at about 1200 cm™!, indicating tighter transition states
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Table 3

ZPVE-corrected reaction energies (RE), activation energies (E,), transition state’s imaginary frequency, TST calculated rate constant ke, high-pressure limit unimolecular
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decomposition rate constant ky;, branching ratios (R), and equilibrium constant K at 298 K.

Reaction RE (kcal mol™!) E., (kcal mol~1) Kkrec (cm® molecule™! s71) Keni (s71) R K
H-abstraction

M + OH —» M-H-S + H,0 —24.21 3.14 1.56 x 10713 1.27 x 10730 0.0060 1.23 x 10'®
M + OH - M-H-0 + H,0 -0.41 8.80 6.77 x 10°1° 1.63 x 10720 0.00026 414 x 10°
M + OH — M-H-P + H,0 0.14 9.08 152 x 107" 5.64 x 10720 0.00059 2.70 x 10°
M + OH - M-H-M + H,0 -0.30 8.96 3.33x10°1° 3.72 x10°1° 0.00013 8.96 x 10*
OH-addition

M +OH - MI —12.43 5.14 489 x 10713 1.34 x 10* 0.019 9.00 x 10*
M + OH - MO ~13.55 2.80 1.57 x 107! 1.28 x 10° 0.60 8.66 x 10°
M + OH - MP —-13.04 3.60 732 x 10712 1.68 x 10° 0.28 1.53 x 10°
M + OH - MM -11.74 5.57 2.28 x 10712 8.52 x 10* 0.09 6.60 x 10*

than in the case of side chain hydrogen abstraction. Reaction ener-
gies corrected for ZPE are reported in Table 3. The CCSD(T) energies
barriers are 8.80, 9.08 and 8.96 kcal/mol for ortho, para, and meta
position respectively. Ortho hydrogen abstraction yields the most
stable product at the BHandHLYP level, however, differences are
very small and all three products lie about 0.40 kcal/mol below
reactants. No stabilizing interactions are observed in the transition
states, which explains why the three transition states have very
close energy values and also very similar imaginary frequencies.

3.3. OH addition

OH addition to m-xylene forms four possible isomers (Fig. 1(b)).
Fig. 2 depicts the optimized geometries of the four adducts and
their corresponding transition states obtained at the BHandHLYP/
6-311++G(d,p) level of theory Fig. 3.

Addition of OH to m-xylene leads to a lengthening of C—C bonds
adjunct to the site of addition. For the ipso isomer MI, the C—C
bond lengths are increased by 0.106 A between C1—C2 and
C1—C6 and by 0.024 A between C1 and C7 (the methyl carbon).
The increased C—C bond length adjacent to the OH addition site re-
flects an increased o character, as electron density is transferred to
the newly formed C—O bonds. Similar C—C bonding characteristics
are observed for MO, MP, and MM. For the isomer MO, the C—C
bond lengths are increased by 0.111 A between C1-C2 and by
0.118 A between C2-C3. For the isomer MP, the C—C bond lengths
are increased by 0.111 A between C3-C4 and by 0.112 A between
C4-C5. And for the isomer MM, the C—C bond lengths are increased
by 0.113 A between C4-C5 and by 0.106 A between C5-C6. The
C—O0 bond distance is 1.434, 1.434, 1.432, and 1.428 A for isomer
MI, MO, MP, and MM, respectively. At the transition states, the
C-0 distance is 1.972 A for MI, 1.971 A for MO, 1.963 A for MP,
and 1.949 A for MM. A comparison of the structures of m-xylene,
the adduct isomers, and the transition states clearly reveals the
intermediate features in the transition state structures.

Spin contamination with the BHandHLYP optimized geometries
of the fou*r*adduct isomers is minimal. The calculated spin eigen-
values, (S 2), are 0.8417, 0.8427, 0.8391, and 0.8399 for MI, MO,
MP, and MM, respectively. After the S+1 component is annihi-
lated, the values of (S 2) are reduced to 0.755 for four isomers,
nearly identical to the exact value of a pure doublet. This implies
that contamination of the unrestricted Hartree-Fock wave function
from higher spin states is negligible for four isomers. ZPVE-cor-
rected reaction energies and activation energies at the CCSD(T)//
BHandHLYP level for the m-xylene-OH adduct formation are pro-
vided in Table 3. The reaction energies (RE) for MI, MO, MP, and
MM are quite close, with the values of —12.43, —13.55, —13.04,
and —11.74 kcal mol ™!, respectively. The activation energies (E,)
for MI, MO, MP, and MM are 5.14, 2.80, 3.60, and 5.57 kcal mol !,
respectively. As the reaction energy for MO is higher than those

of MI, MP, and MM, suggesting MO is the most stable among these
isomers.

The TST calculated rate constant of OH addition to m-xylene and
the corresponding isomeric branching ratios at 298 K are listed in
Table 3. Using BHandHLYP/6-311++G(d,p), we determined that
the rate constant in the range 4.89 x 107'3-1.57 x 107! cm?
molecule™! s™!, with a total rate constant of 25.8 x 1072 cm?
molecule 's™!, in agreement with the experimental value of
(23.4%0.7) x 1072 cm® molecule ' s![19]. The high-pressure
limit unimolecular decomposition rate constant and equilibrium
constant are also summarized in Table 3.

The decomposition rate constant of the four isomers of the
OH-m-xylene adduct range from 1.28 x 10> to 8.52 x 10 Our cal-
culated equilibrium constants at 1 atm indicate that unimolecular
decomposition of the OH-m-xylene adduct is too slow to compete
with bimolecular recombination at room temperature. For the for-
mation of MI, MO, MP, and MM, the branching ratios are 0.019,
0.60, 0.28, 0.09, respectively, suggesting a strong preference for
the ortho addition of OH to m-xylene.

3.4. Kinetics

On the basis of the calculated activation energies and the tran-
sition state theory (TST), the rate constants for the hydrogen
abstraction and OH addition are calculated. Eight rate constant
coefficient were determined using TheRate program 1.0 [35], in
the 298-1000 K temperature range. Results are listed in Table 3-
5, and hydrogen abstraction (M-H), OH addition (M-OH), and
the overall rate constants are also given. The branching ratios I’
for ring abstractions with respect to the hydrogen abstraction, ',
for hydrogen abstractions with respect to the overall reaction are
given in Tables 4 and 5 as a function of temperature:

Ty = Ke  q000; T, = KR 1009,
kEB—H overall

The TST calculated rate constant of OH addition to m-xylene and
the corresponding isomeric branching ratios at 298 K are listed in
Table 3. Using BHandHLYP/6-311++G(d,p) we determined that
the rate constant in the range 4.89 x 1073-1.57 x 10~'' cm® mol-
ecule™'s~!, with a total rate constant of 2.58 x 10~!! cm® mole-
cule"'s~!. The unimolecular decomposition rate constant and
equilibrium constant are also summarized in Table 3. The decom-
position rate constant of the for isomers of the OH-m-xylene ad-
duct range from 1.28 x 10° to 8.52 x 10%

Our calculated equilibrium constants at 1 atm indicate that uni-
molecular decomposition of the OH-m-xylene adduct is too slow to
compete with bimolecular recombination at room temperature.
For the formation of MI, MO, MP, and MM, the branching ratios
are 0.019, 0.60, 0.28, 0.09, respectively, suggesting a strong prefer-
ence for the ortho addition of OH to m-xylene. The subsequent
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Fig. 3. Optimized geometries of ethylbenzene-OH adducts and their corresponding transition states at the BHandHLYP/6-311++G(d,p) level of theory bond length (A) Bond
angle(°).

Table 4
Partial and overall rate coefficients (cm> molecule! s~1), tunneling corrections and branching ratio, I'; = Kring/kes-n x 100% as a function of temperature of hydrogen abstraction
reaction system.

T(K) M-H-S K M-H-0 K M-H-P K M-H-M K M-H Iy (%)
298 156 x 10713 0.005 6.77 x 10°1° 9.53 1.52 x 107" 10.26 333 x10°1° 10.63 1.81x 107" 13.98
400 1.98 x 10713 0.019 136 x 107" 464 3.45 x 10714 4.86 732x 1071 4.96 3.19x 10713 38.03
500 259 x 10713 0.042 247 x 10714 3.15 6.78 x 10714 3.25 142 x 10713 3.29 4.94 x 10713 47.46
600 339x 10713 0.071 413 x 1071 2.48 1.20 x 10713 2.55 249 x 10713 2.57 7.49 x 10713 54,78
700 442 %1073 0.10 6.49 x 10714 2.12 1.96 x 107"® 2.16 4.05x 107" 2.18 111 x 1072 59.99
800 570 x 10713 0.14 9.69 x 10~ 1.89 3.01 x 10713 1.93 622 x 10713 1.93 1.59 x 1072 64.14
900 7.25x 10713 0.17 139 x 10713 1.74 441 x 107" 1.77 9.11 x 10713 1.77 222 x 10712 67.16

1000 9.10 x 10713 0.21 1.92 x 10713 1.63 622 x 10713 1.65 1.28 x 1072 1.66 3.00 x 10712 69.80

reactions of MO leading to the formation of 2,4-dimethylphenol, rate constant of 1.81 x 107> cm® molecule™! s~?, only account for

which has observed in the m-xylene smog chamber experiments 1% of the overall rate constant. We determined that the branching
[32,33]. And for hydrogen abstraction, the rate constant of the five ratios of 0.006, 0.0003, 0.0006, and 0.0001 for the formation of M-
H-abstraction range from 3.33 x 1071°t0 1.56 x 107 '3, withatotal =~ H-S, M-H-O, M-H-P, and M-H-M, respectively, indicating a
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Table 5
Partial and overall rate coefficients (cm> molecule~! s~1), tunneling corrections and branching ratio, ' = kgg_1/Koveran x 100% as a function of temperature of OH addition reaction
system.

T(K) MI K MO K MP K MM K M-OH Overall Iy (%)
298 489 x 10713 0.61 1.57 x 10711 0.89 7.32 x 10712 0.39 228 x 10712 0.24 2.58 x 10711 2.60 x 107! 0.70
400 5.44 x 10713 2.20 1.73 x 10711 2.16 8.51 x 10712 2.09 2.80 x 10712 0.61 292 x 10711 2.95x 10711 1.08
500 6.45 x 10713 4.74 203 x10° " 7.40 1.03 x 107" 5.66 3.51 x 10712 1.07 348 x 107" 352 x 10" 1.40
600 7.81 x 10713 7.89 243 x 10711 16.81 126 x 107! 10.99 4.40 x 10712 7.80 421 %10 428 x 10711 1.75
700 9.49 x 10713 11.35 292 x 10711 30.18 1.54 x 10711 17.65 5.48 x 10712 10.18 510 x 10711 521 x 10711 2.13
800 1.15 x 1072 14.91 349 x 107" 46.80 1.86 x 107" 25.17 6.74 x 10712 12.42 6.14 x 107" 6.30 x 1071 2.52
900 1.38 x 10712 18.43 413 x 107! 65.81 223 x 10! 33.18 819 x 10712 14.51 732 x 1071 7.54 x 107! 2.94

1000 1.64 x 10712 21.83 4.89 x 107! 86.44 2.65 x 10711 41.37 9.84 x 10712 16.42 8.69 x 10711 899 x 107! 3.34

strong preference for the methyl H-abstraction. The ring abstrac-
tion accounts for only 14% of the total abstraction reaction, it can
be negligible at the atmospheric conditions. The predicted overall
rate constant for OH with m-xylene is 26.0 x 10~'? cm® mole-
cule~! s~1. This value is showing a very good agreement with the
experimental value of (23.4 + 0.7) x 10~'? cm® molecule™' s~1[19].

As can be observed in Tables 4 and 5, at low temperature the
hydrogen abstraction proceeds almost exclusively through side
abstraction, however, at 1000 K ring hydrogen abstraction accounts
for about 70% of the total abstraction reaction. These results confirm
the proposal of Tully et al. that, at high temperatures, abstraction of
ring hydrogen atoms becomes nonnegligible [38]. However, even at
1000 K, the whole hydrogen abstraction makes up only for 3% of the
total reaction. Our results indicate a smaller contribution from ring
hydrogen abstraction channels than estimated by Tully et al. from a
simple comparison between the overall OH abstraction reaction
rate constants in benzene and toluene. Although these authors sug-
gest a 20% ring abstraction at 500 K, calculations predict that this
branching ratio occurs well above 1000 K.

4. Conclusion

The present theoretical results provide several new insights into
the mechanism of OH-initiated oxidation of m-xylene. The energies
and rate constant of the eight possible channels have been esti-
mated on the basis of the quantum chemical calculations, and
the dominant channels at the room temperature were confirmed
to be the OH addition to the ortho position, and the calculated
overall rate constant is 2.60 x 10~!! cm® molecule™! s~!, showing
a very good agreement with available experimental data. However,
at the high temperature, hydrogen abstraction and abstraction of
ring hydrogen atoms becomes nonnegligible. At 1000 K, ring
abstraction accounts for about 70% of the total abstraction reaction,
and the whole hydrogen abstraction makes up for 3% of the total
reaction.
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