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Xylenes are important constituents of many liquid fuels, as well as precursors of secondary organic aero-
sols (SOAs). To examine the mechanisms for formation of SOAs in the atmosphere, the abstraction reac-
tion of p-xylene with OH and the secondary degradation channels of its intermediates were first and
extensively investigated with density functional theory at the B3LYP/6-31+G (d, p) level. The result indi-
cates that H-abstraction from methyl groups is a barrier-less path while that from phenyl groups require
a free energy barrier of approximately 2.8 kcal mol~!. Upon formation of p-xylyl, further addition by O,
readily occurs to form peroxy radical. Subsequently, possible degradation channels for the formation of
main products (p-tolualdehyde and p-quinone methide) have been determined in presence of NO. The
free energy profile constructed shows that the entire reaction process is exothermic. In addition, the
dipole moment of p-tolualdehyde is higher than that of p-xylene, consistent with their relative hygro-
scopic values. This indicates that the degradation products of p-xylene can readily immerse into the
SOA phase, while p-xylene may be subject to further atmospheric degradation to form non-volatile
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1. Introduction

The formation of secondary organic aerosols (SOAs) in the
atmosphere has attracted a large amount of research interests be-
cause of its important implications for cloud formation, climatic
change, visibility, and human health [1-8]. Aromatic hydrocarbons
such as benzene, toluene, ethylbenzene, and xylenes, important
constituents of gasoline fuels, automobile exhausts and evapora-
tive emissions, are a major class of air pollutants, typically
accounting for 30-40% of the total amount of volatile organic com-
pounds (VOCs) emitted into the urban atmosphere [9,10]. In the
atmosphere, due to their high potential to react with reactive spe-
cies such as hydroxyl (‘OH), nitrate radical (NOs), and ozone (O3),
oxidation of aromatic compounds to form nonvolatile and semi-
volatile organic chemicals is the primary fate process in the atmo-
sphere [11-13]. In daytime, the reaction of aromatic hydrocarbons
with hydroxyl radicals is the major atmospheric loss process [14-
16]. Several previous experimental [17-19] and theoretical [20-
26] studies have unraveled the elementary reactions involved in
aromatic oxidation.
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Partially due to the complicacy of VOCs species, therefore the
compositions of SOA formed from VOCs, and the difficulty in direct
measurements of the highly reactive intermediates during the oxi-
dation reaction [27,28], experimental ratification of the entire
reaction course has not yet obtained [1,3,10,29,30]. Previous
studies showed that in the presence of OH radical the main
reaction path is OH addition to the aromatic ring to form a
xylene-OH adduct (consuming ~90% of OH radicals) with H-
abstraction from one methyl group to form a methylbenzyl radical
(consuming ~10% of OH radicals) being the minor route
[18,31-34]. In addition, theoretical investigations have mainly fo-
cused on OH-addition to xylene and the fate of xylene-OH adducts
and intermediates [15,26,31,34-36], whereas the H-abstraction
mechanism for p-xylene oxidation following the initial OH attack
and subsequent products have only been studied experimentally
[22,25,37,38].

To fill the above-mentioned knowledge gap, a comprehensive
theoretical investigation was undertaken to examine the mecha-
nism for OH-initiated degradation of p-xylene and identify the
dominant reaction pathways. Energy barriers and reaction energies
for the formation of transition states and intermediates were ob-
tained to determine the isomeric branching ratios of the degrada-
tion pathways. The objectives of the present study were to predict
abstraction products from the OH and p-xylene reaction system
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and to examine the mechanisms for atmospheric reaction of aro-
matic hydrocarbons with hydroxide radicals.

2. Computational details

Computations were performed using the GAUSSIAN 03 software
package [39]. All radicals and molecules were calculated with den-
sity functional theory (DFT) and the optimized geometry data are
presented in Tables S1-S35 of the Supplementary data. For the
reactions, geometry optimization was executed using Becke’s
three-parameter hybrid method employing the LYP correlation
functional (B3LYP) in conjunction with the split valence polarized
and containing diffuse functions basis sets 6-31+G (d, p). Based
on these optimized geometries, more accurate energies were ob-
tained by performing single-point calculations using the 6-311+G
(2d, 2p) basis sets for all elements. Frequency calculations were
performed at the same level of theory as that used for geometry
optimization on all stationary points of the reaction path to deter-
mine the nature of the stationary points and to obtain zero-point
vibrational energy corrections (ZPE). The energies reported herein
were corrected for zero-point vibrational effects. At the B3LYP/6-
31+G (d, p) level of theory, we performed additional calculations
using the intrinsic reaction coordinate (IRC) method, confirming
each transition state uniquely connected with the reactant and
product under investigation. For the calculation of total relative en-
ergy, the values of enthalpy, Gibbs free energy, and potential en-
ergy of triplet O, were used.

3. Results and discussion
3.1. Hydrogen abstraction

OH-initiated H-abstraction occurs potentially at two positions,
i.e. methyl hydrogen and phenyl hydrogen. Starting from p-xy-
lene, a pre-reactive [OH.--xylene] complex is identified as a sta-
ble point (Figs. 1 and 2). Starting from pre-reactive complex, H-
atom abstraction from one methyl (e.g. C; in Fig. 2), which is a
barrierless path (about 1kcalmol™' in activation energy from
experimental measurements [40]), can occur spontaneously. For
the second path starting from pre-reactive complex, the geome-
tries of the intermediate radical and its corresponding transition
structure (TS1; Fig. 2) were optimized. The TS1 is characterized
by an imaginary frequency of 1117icm™!, and its free energy
barrier is approximately 2.8 kcal mol~! (Table 1 and Fig. 7). The
resulted products (IM1 and IM2), i.e. p-xylyl and di-p-tolyl radi-
cals, lie at 27.6 and 5.2 kcal mol~' lower than their corresponding
reactants for both channels (Table 1 and Figs. 1 and 7). Therefore,
H-atom abstraction from phenyl hydrogen to produce di-p-tolyl
radical is more difficult than that from methyl hydrogen to yield
p-xylyl.

At the TS1 (Fig. 2), the critical H1—O distance is 1.27 A, vastly
different from 2.38 A in pre-reactive complex. The abstracted
hydrogen atom is actually leaving C, with the distance changing
from 1.08 A to 1.24 A. The bonding of O, H; and C, almost lies in
a straight line with an angle of 168.7°, which is increased from
74.5° in the pre-reactive complex. Downhill from TS1, Hy is trans-
ferred from C, to O in OH radical to form a departing H,O with a
H;—0 bond length of 0.97 A.

Abstraction of hydrogen from p-xylene leads to a shortened
C—C bond linked to the site of abstraction. For p-xylyl radical
(IM1; Fig. 2), the C—C bond length is decreased by 0.10 A between
C; and C; (methyl carbon). Similar C—C bond shortening is also ob-
served for di-p-tolyl radical (IM2), i.e. the bond length is shortened
by 0.03 A between C,—C; and C,—Cs.

3.2. Hydrocarbonyl radicals

Under simulated atmospheric conditions in laboratory experi-
ments, oxygen was reported to rapidly add to the alkyl radical
(‘R), forming primary peroxyl radical (‘RO,) [12,14]. The present
study confirms that oxygen addition to the intermediates (IM1
and IM2) to form p-xylyl-O, radical (IM3) and di-p-tolyl peroxyl
radical (IM4), respectively, is energy-barrier-free. These results
are consistent with those in the literature [41,42]. Our calculations
indicate that these two resulted products are 5.8 and
30.9 kcal mol~! in free energy more stable than their corresponding
reactants (IM1 and IM2) (Table 1 and Fig. 6). O, is attaching to reac-
tive sites with the lengths of 1.48 A for C;—0, in IM3 and 1.41 A for
C,—0; in IM4 (Fig. 2). No obvious bond length increases in C3—Hs
and C;—Hg occur in IM3 and IM4. For IM3, the C;—C; bond length
is prolonged by 0.09 A compared to that of IM1 (Fig. 2), because O
which has a strong electron-withdrawing tendency could reduce
electron density between C;—C; (slightly less occupancy: 0.987
vs. 0.993 in the bondcy—c7 for IM3 and IM1) For IM4, the C—C bond
length next to the site of O; addition is increased by 0.02 A relative
to that of IM2 (Fig. 2), as the electron density in the 7 orbital above
benzene ring is partially transferred to the newly formed C—O
bond. Compared with the length of O=0 bond in an oxygen mole-
cule optimized with B3LYP, 30,-addition to the alkyl radicals re-
sults in an increase of the 0—0 bond from 1.22 to 1.33 A.

3.3. Peroxyl radicals

Reactive peroxyl radicals have been found to degrade via three
channels, i.e., IM3/IM4 + HO, — ROOH + 30,, IM3/IM4 + NO - RO
+NO; and IM3/IM4 + NO — RONO, (Fig. 1) [3]. For the first channel,
the reactions of IM3/IM4 with HO, to form hydroxperoxides, i.e. p-
methylphenyl hydroperoxide (P1) and 2,5-dimethyl phenyl hydro-
peroxide (P2) (Fig. 3), are exothermic by 32.1 and 31.9 kcal mol~!,
respectively (Table 2 and Figs. 8 and 9). These results are consistent
with those from previous experimental studies [3,8].

Also consistent with previous experimental results [3,29], the
reaction of IM3 with nitrogen oxide under the presence of NO is
predicted to occur via two pathways by our calculations. One path-
way is unimolecular decomposition via TS2 involving 0;—0, cleav-
age. Another is an isomeric process with p-xylyl nitrate formation
(P3) that has a free energy barrier of 30.1 kcal mol~! (Table 2 and
Figs. 4 and 8). The structures of peroxyl radical-NO complex
(IM7), TS2 which was confirmed by an imaginary frequency of
526icm™!, IM8, and the resulted radical intermediate, p-xylyl-O
radical (IM9), are also obtained (Fig. 4). The free energy barrier
with zero-point correction of reaction of IM3 with NO is
29.2 kcal mol~! (Table 2 and Fig. 8). This barrier is consistent with
the results for atmospheric photooxidation of methyl vinyl ether
[43]. It is noted that at TS2 (Fig. 4) the nascent N—O, bond is
1.48 A, which is decreased from 3.02 A in IM7, and the 0;—0, bond
is elongated from 1.32 A to 1.44 A. At IM8 (Fig. 4), this distance is
further elongated to 3.23 A, while the N—O, distance is shortened
to 1.20 A. The interaction between C; and O, therefore has become
strengthened, as its bond distance is shortened from 1.48 A at IM7
to 1.45 A at TS2 and to 1.36 A at IM9, which thereby lowers the en-
ergy of the resulted radical. As mentioned above, the other process
involving the formation of p-xylyl nitrate (P3) is exothermic by
41.3 kcal mol~! (Table 2 and Fig. 8), and its transition structure
(TS3) is characterized by an imaginary frequency of 251i cm™!. At
TS3 (Fig. 4), the distance of 0O;—N closure is 1.47 A, sharply de-
creased from 2.90 A at IM8, and the 0;—C,; and N—O, bonds are
elongated from 1.36 and 1.20 A to 1.46 and 1.34 A, respectively.
At P3 (Fig. 4), the 0;—C;, N—0O, and newly formed O—N bonds
are 1.47, 1.21 and 1.41 A, respectively, and other geometrical
parameters are close to those in IM8.
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Fig. 1. (a) Proposed pathways for the reactions of p-xylene with OH radical and molecular oxygen; (b) proposed pathways for the reaction of p-xylyl peroxy radical in the
present of O,/NO; (c) proposed pathways for the reaction of di-p-tolyl peroxy radical in the presence of 0,/NO; (d) proposed pathways for the reactions of p-tolyl radical in

the presence of O,/NO.

Unimolecular decomposition, with a lower energy barrier than
that with the isomeric process, is feasible (Table 2 and Fig. 8) and
probably significant in the atmosphere where NO is abundant.
Atkinson [12] observed experimentally that the formation yields
of organic nitrates declined with increasing temperature and
decreasing pressure. On the other hand, how significant the yield
of P3 is dependent on temperature and pressure needs further
molecular dynamics simulation, which has not been done in the
present study.

For the reaction of IM4 with NO, a IM14-NO complex (IM10) is
formed and subsequent O;-0, bond scission leads to the formation
of IM11 and NO,, which is exothermic by 46.4 kcalmol~! via a free
energy barrier of 26.4 kcal mol~! (Table 2 and Fig. 9). Its transition
structure (TS4) is characterized by an imaginary frequency of
673icm™ . In TS4 (Fig. 4), the critical N—O, distance is 1.54 A, dra-
matically decreased from 2.98 A in IM10, and the 0;—0, distance is
increased from 1.33 to 1.46 A. Downhill from TS4, O, is approaching

N in NO to produce NO, and IM15, in which the C—0; bond length is
reduced to 1.26 A.

3.4. Alkoxy radicals

The formation of 2,4-cyclohexadien-1-one (P4), the only plausi-
ble destiny of 2,5-xylyloxy radical (IM11) in the atmosphere, is re-
sulted from reaction of IM11 with 30, via TS5 with a free energy
barrier of 26.1 kcal mol~! (Table 2 and Fig. 9). The H-atom transfer
scenario leads to an increase of the C;—H; bond from 1.10 A in the
complex (IM12) to 1.35 A in TS5 and a decrease of the C;—C; bond
from 1.50 A to 1.40 A. The formation of P4, in which the C;—C;
bond is stretched by 0.5 A from TS5, leads to 15.4 kcal mol~' more
energetically unfavorable than IM11 (Figs. 5 and 9).

For IM9, a reactive radical, two primary degradation reactions
are possible: IM9+30, - P5 (p-tolualdehyde)+HO, and
IM9 — IM14 (p-tolyl radical)+ CH,O (Fig. 1). The reaction of
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Fig. 2. Optimized geometries of the reactant, intermediates, transition structures and products for H-abstraction reaction of p-xylene and OH radical in the presence of O, at

the B3LYP/6-31+G (d, p) level of theory.

Table 1

Relative enthalpy (AH®), relative gibbs free energy (AG®), relative potential energy (AE®), activation potential energy (AE*), activation gibbs free energy (AG*) and branching ratio

for the reaction of p-xylene with OH radical at 298 K.

Reaction? TS AG*® AE*® AH® AG® AE®

p-Xylene + OH — complex - - -3.8 5.1 -3.5
—2.35/-2.26/2.03¢
Complex — IM1 + H,0 - - —24.2 -32.7 —244
—1.38/-2.08¢ —22.94¢ —6.84/-12.54¢
Complex — IM2 + H,0 TS1 2.8 31 -0.8 -10.3 -13
9.08° —13.88°¢ -0.21¢

¢ IM and TS represent intermediate product and transition state, respectively.
b Unit in kcal mol .

¢ Calculated values using B3LYP/6-31G* method by Sun et al. [43].
4 Calculated values using B3LYP/6-31G (d.p) method by Huang et al.[46].
€ Calculated values using BHandHLYP/6-311++G** method by Uc et al. [40].
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M5 ©10200=-3.8 P1

Q 1.39

CZO’I 02=1 08.7

0,0,H=99.6
040,00=-23.8
CH, CHs
IM6 P2

Fig. 3. Optimized geometries of the reactant, intermediates, transition structures and products involved in the reaction of IM3 with HO, at the B3LYP/6-31+G (d, p) level of

theory.

p-xylyl-O radical with 30, has been predicted to be a significant
degradation pathway in experimental studies [12,33], and is cor-
roborated in the present study with a feasible free energy barrier
height of 8.0 kcal mol~! (Table 2 and Fig. 8). The corresponding
transition structure (TS6) is characterized by an imaginary

frequency of 1171icm™, in which the distance for breaking the

C,—H; bond is 1.35 A and the distance for O—H; closure is 1.50 A
(Fig. 5). In P5, which is 86.4 kcal mol~! more stable than its corre-
sponding precursors, the bond lengths of C;—C; and C,—O are
1.35 A and 1.22 A, respectively (Table 2 and Fig. 8). In the transition
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Fig. 4. Optimized geometries of the reactant, intermediates, transition structures and products involved in the reaction of IM3 and IM4with NO at the B3LYP/6-31+G (d, p)
level of theory.
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Fig. 5. Optimized geometries of the reactant, intermediates, transition structures and products involved in the reaction of IM3 and IM4 with O, at the B3LYP/6-31+G (d, p)
level of theory.

structure of the unimolecular decomposition of IM9, i.e. TS7, which
is characterized by an imaginary frequency of 144i cm ', the C;—C5
bond length is 2.34 A, increased from 1.52 A in IM9 and other geo-
metrical parameters are close to those in IM9 (Fig. 5). With a free
energy barrier of 23.8 kcal mol~! (Table 2), this process is less
likely to occur than the reaction of IM9 with 30,.

3.5. Reaction of p-tolyl radical with oxygen

In the troposphere, the reaction of p-tolyl radical (IM14) with
oxygen is a degradation pathway, which is similar to that of IM2,
via a barrier-free process to generate a new intermediate radical
(IM15), which is 34.3 kcal mol~! below IM14. This process is
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Fig. 6. Optimized geometries of the reactant, intermediates, transition structures and products involved in the reaction of IM14 with O,/NO at the B3LYP/6-31+G (d, p) level

of theory.

20 -
complex
xylene+OH 5.1
0.0
0— . -3.5
3
E
T -20 1
=
>
>
)
]
=
©
= xerne+OH
] 4
x 60
— AE
— AG,
801 — AE,
— AG,

M2

xylene+OH+O,
IM2
N\
-4-8/ -5.2
IM']\
-28.0-. -27.6 IM34‘ IM4
334 360
44T 458
CH,-0-0° CH,
©00*
CHs CHs
IM3 IM4

Fig. 7. Energy profile for the reaction of p-xylene with OH in the presence of O,.

consistent in the foregoing results and literatures [41,42]. The
newly formed C;—O; bond is 1.40 A in IM15, and the 0;—0, bond
is 1.33 A compared to 1.22 A in oxygen. Subsequently, N atom in
NO attacks O, in IM15 to form IM 17 and a molecular NO, with a
transition structure (TS8) involved, which is characterized by
648i cm™!. This process is exothermic by 31.8 kcal mol~! with a
free energy barrier of 28.3 kcal mol~!. In IM17, the C;—0; bond
length is reduced to 1.26 A from 1.40 A in IM15. In addition, the
reaction of IM17 with oxygen generates alkenyl ketone (P6) that
is similar to the carbonyl species produced by the IM11 + 30, reac-
tion and involves the migration of hydrogen in methyl group to an-
other reactant, 305, via IM18 and TS9 to form P6 and a molecular

HO,. In TS9, which is characterized by an imaginary frequency of
1467i cm~! and is -80.0 kcal mol~! on the free-energy curve, the
distance of Cg—H; is lengthened to 1.34 A from 1.10 A in IM18
and the C,—Cs bond is reduced by 0.09 A from 1.50 A. The forma-
tion of p-quinone methide (P6), in which the C4—Cg and C;—
bond lengths are 1.35 and 1.23 A, respectively, is exothermic by
25.0 kcal mol ! (Table 2 and Figs. 6 and 10).

It can be deduced from the results presented above that methyl-
H-abstraction and further degradation reaction are the dominant
pathways and the formation of p-xylyl-O radical is the rate-
determining step for reaction of p-xylene in the atmosphere. In
addition, the total free energy is lowered for the processes to
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Relative enthalpy (AH?), relative Gibbs free energy (AG®), and relative potential energy (AE®) for all paths, activation potential energy (AE*), and activation Gibbs free energy
(AG®) at 298 K calculated for secondary reactions in the presence of 0,/NO.

Reaction® TS AGHP AE*® AH® AG®P AE°P®
IM1 +30, - IM3 - - - -18.0 -5.8 -16.7
- - - —15.4¢
IM2 +30, - IM4 - - - -419 -309 —41.0
- - - —42 .44
IM3 + HO, — IM5 - - - 51 135 4.4
IM5 - P1+0, - - - -31.3 -32.1 -31.9
IM4 + HO, — IM6 N - - 4.4 11.6 3.9
IM6 — P2 + 0, - - - -333 -31.9 -334
IM3 + NO — IM7 - - - 0.2 4.4 -0.5
IM7 - IM9 + NO, TS2 29.2 25.7 -16.1 -21.2 -15.2
29.30¢ —15.28°¢
IM7 — P3 TS3 36.8 32.7 —49.2 —-41.3 —47.3
IM4 + NO - IM10 0.2 5.2 -0.3
IM10 - IM11 + NO, TS4 26.4 22.6 -41.0 —46.4 —40.1
IM11 +30, - IM12 0.6 45 -0.1
IM12 — P4 + HO, TS5 26.1 20.1 14.9 154 15.7
IM9 +30, - IM13 -0.4 5.6 -0.1
IM13 — P5 + HO, TS6 8.0 4.4 -814 —86.4 -81.5
IM9 - IM14 + CH,0 TS7 238 25.0 24.8 134 24.1
IM14 +30, - IM15 - - - —45.4 —34.3 —44.6
IM15 + NO — IM16 -0.6 6.1 -0.1
IM16 — IM17 + NO, TS8 283 249 —-371 —441 -36.3
IM17 +30, - IM18 0.7 4.0 -0.1
IM18 — P6 + HO, TS9 26.7 18.9 12.2 -25.0 -13.1
2 IM and TS represent intermediate product and transition state, respectively.
° Unit in kcal mol ™.
¢ Calculated values using B3LYP/6-311G (2d, d, p) method by Murakami et al. [41] .
94 Calculated values using B3LYP/6-311++G** method by Tokmakov et al. [47].
¢ Calculated values using B3LYP/6-31G* method by Sun et al. [43].
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Fig. 8. Energy profile for the reaction pathways of IM3 in the presence of 0O,/NO. Dark
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AEyop; and dark cyan: AEq,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

generate p-tolualdehyde (P5) and p-quinone methide (P6) com-
pared to the initial reactants (p-xylene + OH radical) amount to
132.0 and 96.5 kcal mol ™!, respectively, in the presence of 0,/NO
(Figs. 9 and 10).

3.6. Environmental significance
In the process of forming SOAs, the key quantity is hygroscopic

property, involving the knowledge of molecular polarity with re-
spect to water-solubility, hydration and nucleation, and adsorptivity

of the molecule. The values of these parameters can predicted
according to their dipole moments obtained from quantum chemi-
cal computation. A chemical with a larger dipole moment tend to
more easily partition from the gaseous phase to the aqueous phase
compared to a molecule with smaller dipole moment. Calculated di-
pole moments for p-xylene and corresponding products (P1, P2, P3,
P4, P5 and P6) are 0.02, 2.98, 2.08, 4.98, 4.14, 4.24 and 4.93D,
respectively. It is apparent that the polarities of the degradation
products are remarkably larger than that of p-xylene, which is also
consistent with their relative hygroscopic values (water solubilities
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for p-xylene and p-tolualdehyde are 0.2 and 3 g/L, respectively)[44],
and somewhat predict the massive contributions of p-xylene degra-
dation products to the formation of SOAs. This result is consistent
with a previous experimental result in which higher ratio of second-
ary VOCin SOAs in summer than in other seasons was observed [45].

4. Conclusions

The OH radical-initiated atmospheric degradation of p-xylene is
predicted to occur favorably under the generally encountered
atmospheric conditions. For H-abstraction from alkyls, the H atoms
from —CHj3 portions are more active than those in —CgHs groups.
p-Xylyl nitrate, 2,4-cyclohexadien-1-one, p-tolualdehyde and
p-quinone methide are generated from reaction of p-xylyl with
0,/NO. The formation of p-tolualdehyde is preferred over that of
p-xylyl nitrate, and the formation of p-quinone methide involves
further reactions of p-tolyl in the atmosphere. These reactions have
excellent selectivity and differ considerably from other competitive

reactions in terms of AG* and AG®. Moreover, the enhanced polarity
and solubility of the degradation products from p-xylene may be
the causes for their significant contributions to the formation of
SOAs via nucleation, hydration and adsorption processes in the
troposphere.
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