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Experimental product study of the OH-initiated oxidation ofm-xylene
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Abstract

We performed laboratory studies to investigate the OH-initiated oxidation ofm-xylene using a fast flow reactor coupled to ion drift-chemical
ionization mass spectrometry (ID-CIMS). Seven products consisting of ring-retaining and ring-opening components have been identified and
quantified. Three products, methylglyoxal, 4-oxo-2-pentenal and 2-methyl-4-oxo-2-butenal, and dimethylphenols exhibited a dependence
of the formation yields on the O2 and NO concentration. We reported for the first time the yields (%) of three other products, 2-methyl-
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4-oxo-2-penetal (4.89± 0.52), diunsaturated dicarbonyls (2-methyl-6-oxo-2,4-heptadienal and 4-methyl-6-oxo-2,4-heptadienal, 7.8± 1.0),
and epoxy carbonyls (2,4-dimethyl-2,3-epoxy-6-oxo-4-hexenal, 2,6-dimethyl-2,3-epoxy-6-oxo-4-hexenal, and 3,5-dimethyl-2-hyd
epoxy-5-hexenal, 2.18± 0.20).m-Tolualdehyde, with a yield of 6.42± 0.89, is consistent with previous studies. The yield of methylgly
(15.1± 4.2) is consistent with its co-products, but lower than the literature values. The dependence of product distributions on O2 and NO
concentration was discussed. The mechanism leading to the formation of the products was proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Aromatic hydrocarbons constitute an important fraction
(∼20%) of total volatile organic compounds (VOCs) in
the urban atmosphere and play a major role in urban air
pollution [1–3]. In addition to their significant contributions
to photochemical ozone production, oxidation of aromatic
hydrocarbons leads to formation of non-volatile and semi-
volatile organic compounds, which are important precursors
of secondary organic aerosol (SOA)[4,5]. Recently evidence
has been found for the formation of potentially toxic
and mutagenic epoxide products from photo-oxidation of
aromatic hydrocarbons[6]. Also, carboxylic acids, which
enhance formation of new particles in the atmosphere[7],
are produced from aromatic hydrocarbon oxidation.

Xylenes (m-, p-, and o-xylene) are important constitu-
tions of aromatic hydrocarbons and are highly reactive with
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respect to ozone formation[8]. In the atmosphere, the dom
nant loss process for xylenes is the gas-phase reaction w
hydroxyl radical OH. Their reaction rates with OH radic
are on the order of 10−11 cm3 molecule−1 s−1 [9,10], nearly
four times higher than that of toluene[1]. The OH-initiated
reaction results in minor H-abstraction from one me
group to form a methylbenzyl radical (about 10%) and m
OH addition to the aromatic ring to form a dimethylhydro
cyclohexadienyl radical (about 90%)[1–3]. In the presence o
O2 and NO, the subsequent reactions of the methylbenzy
icals lead to the formation of tolualdehydes and methylbe
nitrates. The dimethylhydroxycyclohexadienyl radicals
OH–xylene adduct) formed from the addition pathway r
dominantly with O2 in the atmosphere, although its re
tion rate constant with NO2 is about 105 higher than with
O2 at room temperature[10–12]. Under atmospheric co
ditions, the OH–xylene adduct reacts with O2 either by O2
addition to form primary peroxy radicals or by H-abstrac
to yield phenolic compounds (e.g. dimethylphenols), o
H-abstraction to form aromatic oxide/oxepin (Scheme 1).

1010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Scheme 1. Mechanistic diagram for the OH-initiated oxidation ofm-xylene.

The fate of the primary peroxy radicals is governed by com-
petition between reaction with NO to form alkoxy radicals
and intramolecular cyclization to form bicyclic radicals. The-
oretical studies have shown that, instead of reaction with
NO, the primary peroxy radicals from OH-initiated oxida-
tion of toluene cyclize, forming bicyclic radicals[13]. In
the presence of NO, subsequent reactions of bicyclic radi-
cals resulting from the OH-initiated oxidation of the xylenes
lead to multi-functional organic compounds such as glyoxal,
methylglyoxal, epoxides, and unsaturated carbonyl com-
pounds. The aromatic oxide/oxepin channel leads to the
formation of unsaturated dicarbonyls, although it remains
uncertain.

Although numerous experiments have been carried out
to study the products from OH-initiated xylenes oxidation
[14–17], few are able to quantify the products and the quanti-
fied products account for less than 70% of the carbon balance
for the individual xylene. For example, Smith et al.[14]
reported the product distribution and obtained a total carbon
yield of 41 and 65% for the measured products fromm-xylene
andp-xylene, respectively. Volkamer et al.[15] found exper-
imental evidence for the bicyclic pathway from the oxidation
of selected aromatic hydrocarbons and presented a molar
yield of 40% for glyoxal from OH-initiated oxidation ofp-
xylene, in good agreement with Smith et al. Bethel et al.[16]
studied the effect of NOconcentration on the OH–p-xylene
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2. Experimental

The experiments were performed using a fast flow reac-
tor in conjunction with ion drift–chemical ionization mass
spectrometry detection. Detailed description of ID-CIMS
technique can be found in a recent publication[18]. Only
the aspects relevant to the present study are described in
this work. Briefly, the ID-CIMS system consisted of three
sections: (1) a fast flow reactor where gas-phase reaction
occurred, (2) an ion drift tube where the reagent ions were
produced and the proton/electron transfer reactions took
place, and (3) ion detection system where the reagent and
product ions were analyzed. The flow reactor was constructed
from precision-bore Pyrex tubing of 2.0 cm i.d. and 75 cm in
length. All surfaces exposed to the radicals were coated with
halocarbon wax to reduce wall loss[19]. A flow of nitro-
gen carrier gas (∼30 L min−1) was introduced into the flow
reactor through an entrance port in the sidearm of the flow
reactor (Fig. 1). A high-capacity (700 L min−1) oil-free vac-
uum pump was used to evacuate the flow reactor through an
exit port in the downstream end of the reactor and the majority
of the flow was directed through this port. Only a small frac-
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eaction and found the dependency of product yields on2
oncentrations.

In this study, we employed a recently developed
rift-chemical ionization mass spectrometry to iden
nd quantify ring-retaining (e.g.m-tolualdehyde an
imethylphenols) and ring-opening (e.g. methylglyo
nsaturated dicarbonyls, diunsaturated dicarbonyls,
poxy carbonyls) products from OH-initiated oxidat
f m-xylene in the present of O2 and NO. The oxidatio
echanisms for OH-initiatedm-xylene oxidation were the
roposed.
ig. 1. Schematic diagram of the fast flow reactor coupled to an
rift chemical ionization mass spectrometry (ID-CIMS). MP represent
echanical pump and TP for the turbo molecular pump.
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tion (about 1%) of the flow was extracted into the drift tube
through a small orifice (1 mm). The pressure in the flow reac-
tor was monitored by a capacitance manometer (1000 Torr
full scale) in the downstream end of the flow reactor and
was regulated at about 100 Torr. All experiments were per-
formed at 298± 2 K. Typical flow velocity in the flow reactor
ranged from 800 to 1500 cm s−1. All the gas flows were mon-
itored with calibrated mass flow meters (Millipore Tylan 260
Series). Commercially availablem-xylene (Alfa Aesar, 99%)
was used as received without further purification. A 0.5%m-
xylene/He mixture was prepared volumetrically in a 2 L glass
bulb. Them-xylene mixture along with a small carrier flow of
N2 was then introduced into the flow reactor using a 10 sccm
flow meter. O2 (about 2–20% of the total flow) was also added
into the flow reactor. NO was introduced through an activated
carbon trap to remove impurities (e.g. NO2) before being
added to the reactor.

The ID-CIMS was capable of detecting and quantifying
a species using either negative or positive reagent ion[18].
The OH–m-xylene reaction occurred in the flow reactor. The
hydroxyl radical OH was generated by microwave discharge
according to the reaction[20]

H + NO2 → OH + NO (1)

Hydrogen atoms were produced by flowing a small amount of
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from the equation,

[R] = S(RH+)

k3 × S(H3O+) × dt
(4)

where dt is ion-drift reaction time on the order of 10−5 s
and S(RH+) and S(H3O+) are the intensities of RH+ and
H3O+, respectively. This method allows product yield mea-
surements without the necessity of calibration, provided that
the proton transfer reaction rate constantk3 is available.
We have previously demonstrated the advantage in apply-
ing ID-CIMS to quantify product yields of OH–isoprene
oxidation reaction[23]. The product yield of the OH–m-
xylene oxidation is derived according to Eq.(4) by assuming
S(H3O+) ≈ S(H3O+)0 during the experiment,

Y (%) = �[prod]

�[mxy]
= kmxy

kprod
× �Sprod

�Smxy
(5)

whereS(H3O+)0 is the intensity of H3O+ ions in the absence
of the reactants.�[prod]/�[mxy] is the ratio of the prod-
uct formed tom-xylene consumed.�Sprod/�Smxy is the
ratio of the intensity of the protonated product species gen-
erated to the protonatedm-xylene reacted.kprod and kmxy
are the ion–molecule rate constants for the proton trans-
fer reactions between the product species and H3O+ and
betweenm-xylene and H3O+, respectively. By successively
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% H2/He mixture through a microware discharge follow
y adding an excess of a 1% NO2/He mixture downstream
he generated OH radicals were then merged into the
eactor. OH radicals were detected and optimized with
tive reagent ion SF6−. SF6

− ions were generated by addi
small amount of SF6 to a nitrogen carrier flow (abo

00 sccm), which then passed through the corona disch
negative voltage (−5 kV) was applied to the electrode of t
ischarge. SF6− and product ions were then guided by a n
tive electric field (about 2.0 V cm−1) through the drift tube
he ion–molecule reaction between OH and SF6

− occurred
n the drift tube region[21],

H + SF6
− → SF6 + OH− (2)

he OH concentration was estimated using the proced
imilar to those in our previous studies[22].

The products were monitored and quantified using hy
ium ion (H3O+) as the reagent ion. H3O+ ions were gene
ted by leaking a small amount of water vapor from a bub
ontaining deionized water into the nitrogen flow, which t
assed through the corona discharge. The amount of
apor was controlled by adjusting the flow through the b
ler. For the proton transfer reaction,

+ H3O+ → H2O + RH+ (3)

nly a small fraction of reagent ions H3O+ were converte
nto product ions RH+, which were then detected by the m
pectrometry. The abundant of the species R can be qua
arying them-xylene concentration, we determined the pr
ct yields according to Eq.(5). The ion–molecule reactio
ates between H3O+ and the product species were determi
sing the average-dipole orientation (ADO) theory, wh
as been validated for accuracy for a series of hydrocar
nd oxygenated organic species[24]. Calibration showed a
xcellent agreement between them-xylene concentration
stimated from the known volumetric mixing ratio of
as standard in the flow reactor and that measured b

D-CIMS method (within 10%).

. Results

A series of experiments were carried out to investi
he primary products from the OH-initiated oxidation ofm-
ylene under the conditions summarized inTable 1. A total
ow of ∼30 L min−1 was introduced to ensure the exp
ments under turbulent flow conditions (Reynolds num
e ≥ 2000). Prior to each measurement, OH was initi
onitored and optimized with the negative ion mode.

nitial OH concentration was estimated to be in the rang
20–70) ppbv. In order to minimize possible secondary r
ions between the OH–m-xylene adduct and NO2, the NO2
oncentration was also monitored with the negative ion m
nd kept at a low level. Typical NO2 concentration was abo
0–45 ppbv.m-Xylene was introduced into the flow rec
nd was allowed to react with OH along the flow reactor w
typical reaction time of∼0.05 s. After entering the dri

ube,m-xylene and the oxidation products underwent p
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Table 1
Summary of the experimental conditionsa

Experiment
no.

m-Xylene
(ppm)

OH
(ppb)

O2

(%)
NO
(ppm)

NO2

(ppb)

Condition I
1 0.31–1.23 70.0 2 0.33 20.7
2 0.31–1.43 41.8 2 0.33 36.5
3 0.36–1.34 52.2 2 0.39 40.7
4 0.27–1.32 46.3 2 0.29 32.6
5 0.29–1.39 21.2 2 0.31 34.3
6 0.30–1.38 27.4 2 0.31 32.4

Condition II
7 0.31–1.41 36.0 2 4.16 34.3
8 0.25–1.40 35.5 2 4.08 43.1
9 0.26–1.27 33.3 2 4.50 45.2

10 0.45–1.57 39.9 2 4.72 51.6

Condition III
11 0.29–1.50 45.2 15 0.30 23.6
12 0.27–1.16 62.1 15 0.29 18.4
13 0.20–1.46 46.4 15 0.31 28.5
14 0.23–1.12 37.0 15 0.30 32.4
15 0.25–1.16 46.3 15 0.35 36.1
16 0.27–1.21 18.8 15 0.27 30.5
17 0.24–1.25 24.3 15 0.28 28.8

Condition IV
18 0.24–1.24 31.5 15 3.61 38.2
19 0.30–1.23 26.4 15 3.93 43.1
20 0.33–1.48 38.8 15 3.90 35.0
21 0.26–1.28 35.4 15 4.19 45.8
22 0.32–1.40 48.2 15 4.00 27.8

a Pressure in the drift tubePdt = 1.74 Torr, pressure in the flow tube
Pft = 100 Torr, electric field gradientE = 58.82 V cm−1, E/N ratio = 104.4 Td,
N is the concentration of the buffer gas. All the concentrations correspond
to the initial values.

ton transfer reaction with H3O+ and were detected in their
protonated forms by the mass spectrometry.

Seven products including both ring-retaining and
ring-opening products were identified and quantified by
ID-CIMS in this study. A product was verified on the basis
of the molecular weight and mass spectra, by its response
to varying OH andm-xyelne concentrations, and by a
reasonable mechanistic deduction. All products identified in
this study disappeared either when the microwave discharge
was turned off or the flow ofm-xylene was stopped,
indicating that the products arisen from the OH-initiated
oxidation of m-xylene. We were unable to discriminate
the structural isomers solely on their mass spectra. Hence,
some products were detected as the sum of all possible
isomers. A mass spectral scan fromm/z = 50 to 200 for the
formation of the products of the OH–m-xylene reaction
is shown in Fig. 2 for a typical experiment.m-xylene
was the most prominent peak in the spectra (i.e. C8H11

+ or
m/z = 107). Two ring-retaining products were identified asm-
tolualdehyde (C8H9O+ or m/z = 121) andm-dimethylphenols
(C8H11O+ or m/z = 123). Other peaks were attributed to
the ring-opening carbonyl products. For example, the
peaks atm/z = 73, 99, 113, 139, and 155 were identified as
protonated methylglyoxal (C3H5O2

+), unsaturated dicar-

Fig. 2. Mass spectra for the OH-initiated oxidation ofm-xylene using H3O+

as reagent ion under a typical experiment condition (e.g. experiment no. 15).
Seven products were identified and quantified in the spectra.

bonyls (4-oxo-2-pentenal and 2-methyl-4-oxo-2-butenal,
C5H7O2

+), 4-oxo-2-methyl-2-pentenal (C6H9O2
+), diun-

saturated dicarbonyls (2-methyl-6-oxo-2,4-heptadienal
and 4-methyl-6-oxo-2,4-heptadienal, C8H11O2

+), and
epoxy carbonyl isomers (2,4-dimethyl-2,3-epoxy-6-oxo-4-
hexenal, 2,6-dimethyl-2,3-epoxy-6-oxo-4-hexenal, and 3,5-
dimethyl-2-hydroxyl-3,4-epoxy-5-hexenal(ring-retaining),
C8H11O3

+), respectively, to be discussed in Section4.
As discussed in Section2, by successively varying the

m-xylene concentration, we quantified the product yields
according to Eq.(5). For m-xylene, an ion–molecule rate
constant of 2.26× 10−9 cm3 molecule−1 s−1 was taken from
ref. [24]. For other products, we performed additional quan-
tum chemical calculations to obtain their dipole moment and
polarizability. The ion–molecule rate constants were deter-
mined using average-dipole orientation (ADO) theory. The
rate constant of 1.90, 4.96, 4.27× 10−9 cm3 molecule−1 s−1

was used for methylglyoxal, 2-methyl-4-oxo-2-pentenal,
andm-tolualdehyde, respectively. There were no substantial
differences in the ion–molecule rate constants between the
structural isomers. Hence, for a structural isomer, the rate
constant used in this study was averaged over all possible
isomers. The ion–molecule reaction rate constants were as
follows (in 10−9 cm3 molecule−1 s−1): unsaturated dicar-
bonyls (4-oxo-2-pentenal and 2-methyl-4-oxo-2-butenal),
5.24; diunsaturated dicarbonyls (2-methyl-6-oxo-2,4-
h .75;
e xe-
n 3,5-
d di-
m

inst
t are
s the
s mog
c were
n time
a ctor.
T d
t d 2-
m (%)
s 8.2,
eptadienal and 4-methyl-6-oxo-2,4-heptadienal), 3
poxy carbonyls (2,4-dimethyl-2,3-epoxy-6-oxo-4-he
al, 2,6-dimethyl-2,3-epoxy-6-oxo-4-hexenal, and
imethyl-2-hydroxyl-3,4-epoxy-5-hexenal), 5.06; and
ethylphenols (2,4- and 2,6-dimethylphenol), 2.96.
Plots of the amount of specific products formed aga

he amount ofm-xylene reacted for typical experiments
hown inFig. 3. The product yields were obtained from
lope of a linear least-square fit to the data. In contract to s
hamber experiments, reactions of the products with OH
eglected in this study because of the short residence
nd small concentration of the products in the flow rea
he major products from OH–m-xylene reaction were foun

o be methylglyoxal, its co-products (4-oxo-pentenal an
ethyl-4-oxo-butenal), and dimehtylphenols. The yields

hown inFig. 3for the three products are 24.2, 21.9, and 1
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Fig. 3. Plots of the amount of the product formed against the amount ofm-xylene reacted under the condition similar to those in experiment no. 18 (a) and no.
22 (b) inTable 1.

respectively. Other product yields shown inFig. 3are 6.4, 7.0,
8.0, and 2.2 for 2-methyl-4-oxo-2-pentenal,m-tolualdehyde,
diunsaturated dicarbonyls, and epoxy carbonyls, respectively.
Note that most lines fitted to the data (e.g. B, C, F and G in
Fig. 3) extrapolated closely to the origin, while a few (e.g.
A and E inFig. 3) deviated from the origin, reflecting larger
random errors for larger product yields due to data scattering.
The line fitted to the data of methylglyoxal (D inFig. 3) was
found to possess the largest deviation, suggesting possible
interference of methylglyoxal signal from the water clusters
((H2O)4H+, m/z = 73).

The product distribution in this study was found to be
dependent on the O2 and NO concentrations.Table 2lists
the formation yields of the products (with 1� error) under
different experimental conditions. The uncertainty reflects
both random errors due to data scattering as mentioned above
and systematical errors (±25%) related to the ion–molecule
rate constants and possible fragmentation of the products.
For a fixed NO concentration, e.g. 0.3 ppm (under conditions
I and III in Table 1), the yields increased with increasing
O2 concentration, from 10 to 15% for methylglyoxal and
from 9.0 to 14.3% for unsaturated dicarbonyls (MW = 98),
while the yield for dimethylphenols decreased from 25.0
to 17.3%. The yields for other products changed little con-
sidering the experimental errors. Similar observation was
found for a fixed NO concentration of 4 ppm. Clearly, the
b cen-

tration of O2 (e.g. 15%), while at a lower concentration of
O2 (e.g. 2%) phenolic and oxide channels are favorable.
For an O2 mixing ratio of 2% (under conditions I and II
in Table 1), the product yields were independent of the NO
concentration. For example, the yields form-tolualdehyde
under conditions I and II were similar (6.99 and 8.65% under
conditions I and II, respectively). Under conditions I and
II, the formation yield of unsaturated dicarbonyls (4-oxo-
pentenal and 2-methyl-4-oxo-butenal) was consistent with
the estimated methylglyoxal yield (about 10%). For an O2
mixing ratio of 15%, the product yields were independent of
the NO concentration except for methylglyoxal and its co-
products (4-oxo-pentenal and 2-methyl-4-oxo-butenal). The
yields increased from 15 to 23% for methylglyoxal and from
14 to 20% for unsaturated dicarbonyls (4-oxo-pentenal and
2-methyl-4-oxo-butenal) with increasing NO concentrations
from 0.3 to 4 ppm.

Although the NO2 concentration was minimized, the
secondary reaction of the OH–m-xylene adduct with NO2
might not be completely ruled out. The rate constants
of (2–20)× 10−16 cm3 molecule−1 s−1 for the reactions of
the OH–m-xylene and OH–p-xylene adducts with O2 and
3× 10−11 cm3 molecule−1 s−1 for the reactions of the OH–p-
xylene adduct with NO2 have been measured[10–12].
Assuming the same rate constant for the reaction of the
OH–m-xylene adduct with NOas that of the OH–p-xylene
a
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2
m
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eptadie
3-expo
icylic radical channel is favorable under a higher con

able 2
roduct formation yield (%) from OH-initiated oxidation ofm-xylene in th

roduct Ia

ethylglyoxal (MW = 72) ∼10
nsaturated dicarbonylsb (MW = 98) 8.99± 1.6
-Methyl-4-oxo-2-penetal (MW = 112) 3.26± 0.36
-Tolualdehyde (MW = 120) 6.99± 0.80
-Dimethylphenolsc (MW = 122) 25.0± 5.3
iunsaturated dicarbonylsd (MW = 138) 10.1± 1.6
poxy carbonylse (MW = 154) 2.47± 0.32
a See experimental conditions inTable 1.
b Sum of 4-oxo-2-pentenal and 2-methyl-4-oxo-2-butenal.
c Sum of 2,4-dimethylphenol and 2,6-dimethylphenol.
d Sum of 2-methyl-6-oxo-2,4-heptadienal and 4-methyl-6-oxo-2,4-h
e Sum of 2,4-dimethyl-2,3-expoxy-6-oxo-4-hexenal, 2,6-dimethyl-2,
2
dduct, the ratio of the reaction rates of the adduct with O2 to

nce of NO

IIa III a IVa

∼10 15.1± 4.2 23.1± 5.0
9.41± 2.2 14.3± 2.1 20.0± 7.1
3.69± 0.50 4.89± 0.52 6.32± 1.5
8.65± 0.95 6.42± 0.89 6.82± 1.16
22.3± 3.8 17.3± 2.5 15.2± 3.4
9.34± 1.4 7.82± 1.0 7.01± 1.6
2.89± 0.22 2.18± 0.20 2.21± 0.30

nal.
xy-6-oxo-4-hexenal, and 3,5-dimethyl-2-hydroxyl-3,4-expoxy-5-hexenal.
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NO2 is about (0.7–7)× 10−5 [O2]/[NO2], where [O2]/[NO2]
is the ratio of concentrations of O2 to NO2. Given a typical
NO2 concentration of∼30 ppb in this study, the ratios are
5–50 and 38–380 for 2% (conditions I and II) and 15% (con-
ditions III and IV) of O2, respectively. Hence, with 2% of
O2 the reaction of OH–m-xylene adduct with NO2 might not
be negligible, while with 15% of O2 the adduct reaction with
NO2 was unimportant. This likely explains the observed yield
difference under different O2 concentrations in this study. For
an O2 mixing ratio of 15%, the product yields resulting from
the bicyclic pathway increased with the NO concentration,
while yields of other products did not change appreciably
with the NO concentration. This is anticipated considering
the fact that NO is engaged in the bicyclic pathway, but is not
involved in other channels of subsequent reactions after the
addition of OH tom-xylene. The experimental condition III
corresponds to the NO concentration in typical polluted air.

A comparison of the product yields quantified in this
study with the literature values is summarized inTable 3.
The methylglyoxal yield reported in this study (15%) is con-
siderably lower than those reported (27–42%) previously
[14,25–27]. A possible explanation for this discrepancy is
that the secondary reactions of reactive dicarbonyl products
could contribute substantially to the secondary formation of
methylglyoxal reported by the smog chamber experiments,
w due
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negligible secondary reactions in our reaction system. The
yield (14.3%) of the co-products of methylglyoxal, 4-oxo-
2-pentenal, and 2-methyl-4-oxo-2-butenal, is consistent with
the previous reports (12%, only for 4-oxo-2-pentenal)[14].
Also, the quantified yields of methylglyoxal and its co-
products were very similar in our study. The consistency of
the yield of methylglyoxal with that of its co-product is a
strong signature of first generation species instead of sec-
ondary product for methylglyoxal. We were unable to quan-
tify glyoxal because of substantial background interference
from the peak atm/z = 59. This peak could be possible from a
calibration comopound (perfluorotributylamine (PTA)) or oil
originated from turbo pump. Alternatively, it could be from
other unidentified sources. Several previous studies quanti-
fied the glyoxal yield, with a value of 8–13% (e.g.[28]). Three
types of carbonyls have been identified but not been quan-
tified previously, 2-methyl-4-oxo-2-pentenal, diunsaturated
dicarbonyls, and epoxy carbonyls. We quantified these three
products for the first time, with the yields of 4.9, 7.8, and
2.2%, respectively. The quantified yield of 2-methyl-4-oxo-
2-pentenal (the co-product of glyoxal) would indicate that the
yield of the first generation glyoxal could also be as low as
5%. A yield of 6.4% form-tolualdehyde was determined in
this study, consistent with a previous study[14]. The yield of
dimethylphenols was within the range of the literature values
[14,29].
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a
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s
s om-
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een
s large
i oxi-
d the
a ter
t ub-
l ing
p ls
r ary
p
t n
f cor-
r of
� -
hile secondary reactions in our study were negligible
o the short reaction time and low concentrations of
eactants. Note that both the short reaction time and low
entrations of the reactants are important factors to e

able 3
omparison of product yields in this study with the previous measurem

roduct Yield (%)a Reference

lyoxal (MW = 58) 7.9± 0.4 [14]
13 ± 3 [25]

10.4± 2.0 [26]
8.6 ± 1.1 [27,28]

ethylglyoxal (MW = 72) 40± 1.8 [14]
42 ± 5 [26]

26.5± 3.5 [25]
31.9± 0.9 [27]
15.1± 4.2 This work

nsaturated dicarbonyls (MW = 98) 12± 1.2b [14]
14.3± 2.1 This work

-Methyl-4-oxo-2-penetal (MW = 112) 4.89± 0.52 This work

-Tolualdehyde (MW = 120) 4.85± 0.36 [14]
6.42± 0.89 This work

-Dimethylphenols (MW = 122) 10.9± 0.73c [14]
21.0 [29]
17.3± 2.54 This work

iunsaturated dicarbonyls (MW = 138) 7.82± 1.0 This work
poxy carbonyls (MW = 154) 2.18± 0.20 This work
a Yields reported in this work are under condition III.
b Only 4-oxo-penetal.
c Sum of 2,4-dimethylphenol, 2,6-dimethylphenol, and 3,5-dime

henol. o
. Reaction mechanisms

Formation ofm-tolualdehyde from OH–m-xylene reac
ion has been well understood. As shown inScheme 1, H-
bstraction by OH from one methyl group ofm-xylene lead

o the formation of methylbenzyl radicals and subseq
ddition of O2 results in benzyl peroxy radicals. The p
xy radicals further react with NO to form alkoxy radic
nd subsequent abstraction of alkoxy radicals by O2 forms
-tolualdehyde. Under the different conditions used in
tudy, the measured yields were nearly invariant form-xylene,
uggestingm-tolualdehyde could be used as a reference c
ound for other products.

Carbonyl products in the ring-opening route have b
uggested as an important radical source and have a

mpact on ozone formation in the aromatic hydrocarbon
ation[1–3]. Quantum chemical calculation showed that
ddition of OH tom-xylene occurs predominately (grea

han 90%) at theortho position (J. Fan and R. Zhang, unp
ished results). The bicyclic route is a major ring-open
roduct channel for OH–m-xylene system. Bicyclic radica
esulting from the primary peroxy radical form second
eroxy radicals on addition of O2 which then react with NO

o form alkoxy radicals (Scheme 2). The alkoxy radicals ca
urther decompose to form unsaturated dicarbonyls and
esponding�-hydroxyl radicals. Subsequent abstraction
-hydroxyl radicals by O2 results in the formation of gly
xal (J in Scheme 2) or methylglyoxal (I in Scheme 2).
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Scheme 2. Mechanistic diagram of the bicyclic pathway from OH-initiated oxidation ofm-xylene.

Formation of 2-methyl-4-oxo-2-butenal (E inScheme 2),
4-oxo-2-pentenal (D inScheme 2), and 2-methyl-4-oxo-2-
pentenal (F inScheme 2) are depicted inScheme 2, along
with the glyoxal and methylglyoxal channels.

Diunsaturated dicarbonyls have been identified[17,30]
but have not been quantified in previous studies because of
the difficulty in experimental settings of the smog chamber
experiments. These compounds undergo rapid photolysis or

reaction with OH radicals. Quantification of the carbonyl
product yields is advantageous using ID-CIMS in conjunc-
tion with a turbulent flow reactor in light of the short reaction
time and low reactant concentrations. Several mechanisms
were proposed for the formation of diunsaturated dicarbonyls
from the OH-initiated oxidation of aromatic hydrocarbons.
For OH–toluene reaction system, recent theoretical stud-
ies showed the primary peroxy pathway with NO to NO2

de/oxe
Scheme 3. Mechanistic diagram of them-xylene-oxi
 pin pathway from OH-initiated oxidation ofm-xylene.
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conversion to be implausible under atmospheric conditions
[13,31]. Experimental observations provided evidence on an
alternative route for the formation of diunsaturated dicar-
bonyls. For example, on the basis of the observed prompt
HO2 formation from the OH–toluene reaction system, Siese
et al. proposed an abstraction pathway for the OH–toluene
adduct by O2, forming toluene oxides[32]. For the OH–m-
xylene reaction, we estimated a first-order rate of about 10
and 102 s−1 under NO concentrations of 0.3 and 3 ppm used
in this study, respectively, assuming a rate constant on the
order of 10−11 cm3 molecule−1 s−1 for the NO-peroxy rad-
ical reaction[1,2]. However, the estimated isomerization of
the primary peroxy radical to bicyclic radical is on the order
of 105 s−1 (J. Fan and R. Zhang, unpublished results), sig-
nificantly faster than the competing reaction with NO even
with the high concentration of NO used in this study. Hence,
2-methyl-6-oxo-2,4- heptadienal and 4-methyl-6-oxo-2,4-
heptadienal were most likely formed from them-xylene-
oxide/oxepin channel. As depicted inScheme 3, following
the formation ofm-xylene-1,2-oxide (K inScheme 3), a rapid
equilibrium is established with its monocyclic isomer, 2,6-
dimethyloxepin (L inScheme 3). The aromatic-oxide/oxepin
is fairly reactive toward OH radicals, with a reaction rate
of 2× 10−10 cm3 molecule−1 s−1 for toluene-oxide with OH
[33]. Addition of OH to C6 or C3 position (seeScheme 3) of
m-xylene-1,2-oxide with two successive ring cleavages and
t l-
6 -
2 ,
a in,
f ces
2

cern
b . Bar-
t er-
m eir
t rme-
d nds.
Y ides
b ing
a tion
o d
2 diate
f of
e ause
o e
q ssed
a
t y
p rgo
f oxy
r H-
a yls:
2
2
A or-

mation of a ring-retaining epoxy carbonyl (3,5-dimethyl-
2-hydroxyl-3,4-epoxy-5-hexenal, H inScheme 2) through
H-abstraction by O2.

5. Conclusions

A wide range of products from the OH-initiated oxida-
tion of m-xylene in the presence of O2 and NO have been
identified and quantified using a turbulent flow reactor in
conjunction with ID-CIMS detection. Products measured in
this study account for about 47% of the carbon balance ofm-
xylene, compared with about 41% ofm-xylene reported by
Smith et al.[14]. Three carbonyl compounds resulting from
the bicyclic route have been quantified for the first time. In
the atmosphere, further oxidation of these carbonyls may con-
tribute substantially to the formation of ozone. Among these
carbonyl compounds, epoxides are of great interest in light
of their toxic and mutagenic properties. The quantification of
diunsaturated dicarbonyl compounds validates the aromatic-
oxide/oxepin pathway and hence improves our understanding
of aromatic hydrocarbon oxidation.
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