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Despite extensive effort to characterize xylene-isomer-derived secondary organic aerosols (SOAs) over
the past decade, differences in SOA composition among xylene isomers, and their relative contributions
to SOA formation remain poorly understood. Herein, we reinvestigated the photooxidation of o-, m-, and
p-xylene under two limiting NO conditions. Dicarbonyls, TBM (the acronym of C3-trione, 2,3butanedione, and 3-methyl-2-oxiranecarbaldehyde with the same [MþH]þ m/z value of 87), and highly oxidized species (HOS), based on the m/z 61 fragment, were determined to be the predominant SOA
components arising from xylene photooxidation; however, their relative contributions to SOA formation
appear to depend on the xylene substitution pattern. In the initial stages of the reaction, dicarbonyls
present in the SOA from m- and p-xylene, and TBM in the SOA from o-xylene, were the main contributors
to new particle formation (NPF). Based on their signiﬁcant levels of formation, HOS and TBM were
characterized to be critical components that enhance SOA growth. High NO levels were noted to inhibit
the formation of C3-trione and 2,3-butanedione in the SOA from m- and o-xylene, whereas the formation
of 3-methyl-2-oxiranecarbaldehyde during p-xylene photooxidation was signiﬁcantly promoted. These
results reveal that the substitution pattern of the xylene isomer is a signiﬁcant factor that determines
these differences. In addition, decreases in the levels of dicarbonyls and TBM during NPF and the formation of HOS in the presence of high levels of NO may be important factors that lead to lower SOA
yields compared to those obtained under low-NO conditions. This work contributes to a better understanding of the formation mechanism of xylene-derived SOAs.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Secondary organic aerosols (SOAs) adversely affect air quality
and human health, and contribute to climate change (Von
Schneidemesser et al., 2015). SOAs constitute a signiﬁcant proportion of haze particulates, particularly in heavily polluted urban
areas (Huang et al., 2014; Zhang et al., 2017; Zhang et al., 2015a);
they also exhibit substantial chemical complexity (Ma et al., 2018;
Zhang et al., 2015b). Aromatic hydrocarbons, which account for
about 20e50% of non-methane hydrocarbon emissions in urban
areas (Li et al., 2014; Pereira et al., 2015), are considered to be
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important anthropogenic SOA precursors (Gordon et al., 2014a;
Gordon et al., 2014b). Over the last decade, many chamber experiments and ﬁeld studies have been conducted with the aim of
identifying SOA constituents and determining SOA yields resulting
from the photooxidation of monocyclic aromatic species (Forstner
et al., 1997; Li et al., 2016; Ng et al., 2007a; Pereira et al., 2015;
Riva et al., 2015; Song et al., 2007; Wang et al., 2017). However, the
formation of SOAs from monocyclic aromatic precursors is a highly
complex process that involves numerous reactions and a multitude
of products. Hence, elucidating the chemical compositions and
formation mechanisms of monocyclic aromatic-derived SOAs remains challenging.
Xylenes are considered among the most important ambient
aromatic hydrocarbons due to their higher mass ﬂuxes in exhaust
and their SOA-forming potentials (Li et al., 2017; Zhou et al., 2011).
Previous studies have reported that SOA yield depends signiﬁcantly on the structure of the monocyclic aromatic isomer (i.e., o-,
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m-, and p-xylene) (Johnson et al., 2005; Song et al., 2007).
Compared to those with meta- or ortho-substitution patterns,
aromatics with para-substituted alkyl groups suppress the formation of SOAs (Song et al., 2007). Since ring-opened products are
reported to oligomerize more readily than ring-containing products, the different SOA yields can be explained in terms of the
oligomerization of ring-opened products from m-xylene and oxylene, while the ring-containing products favored during SOA
formation from p-xylene oligomerize more slowly (Rickard et al.,
2010; Wyche et al., 2009). However, this proposal is inconsistent
with two recent studies that suggest that the aromatic ring is the
driving force that forms involatile products that dominate SOA
formation, irrespective of the alkyl-substitution pattern (Li et al.,
2017; Wang et al., 2017). To further elucidate the differences in
the formation mechanisms of aromatic-derived SOAs, the inﬂuence of alkyl-substitution pattern on the formation of SOA components needs to be investigated.
Recently, SOA yields from alkylbenzenes were also found to
depend on the NOx conditions (Henze et al., 2008; Ng et al., 2007b).
However, whether or not the relative abundances of the predominant SOA components also depend on the aromatic isomer under
the same conditions (NO or NO-free) remains unclear. Some studies
suggest that observed differences in SOA yield result from a
competition between RO2 þ NO and RO2 þ HO2 reactions (Johnson
et al., 2004, 2005; Ng et al., 2007a; Ng et al., 2007b; Presto et al.,
2005). However, the inﬂuence of these two reaction routes on the
formation of the predominant SOA components during the
photooxidation of different aromatic isomers has not been reported. Therefore, further investigations and comparisons of the
predominant species formed under different NOx concentrations
will aid our understanding of the inﬂuence of the alkyl-substitution
pattern on SOA formation.
In the present study, thermal-desorption dichloromethaneassisted low-pressure photoionization mass spectrometry (TDCH2Cl2-Assisted LPPI-MS), a lab-built instrument, was used to
investigate the photooxidation of xylene isomers in a laboratory
chamber under two limiting NO conditions. TD-CH2Cl2-Assisted
LPPI-MS is a form of soft ionization mass spectrometry based on
vacuum ultraviolet photoionization (VUV), which provides realtime photoionization mass spectra for the online analysis of SOA.
In particular, the sensitivity for detecting oxy-organics during lowpressure vacuum ultraviolet photoionization is dramatically
enhanced after doping with CH2Cl2, which provides insight into the
chemical mechanism for the formation of SOAs. The fundamental
data provided by this work highlights the importance of exploring
the effect of the alkyl-substitution pattern on SOA nucleation and
growth.
2. Materials and methods
All experiments were performed in a 1.2-m3 Teﬂon-chamber
system, which has been described in detail elsewhere (Ma et al.,
2018; Zhang et al., 2017). In order to decrease the effects of atmospheric water and pre-existing seed aerosols on xylene SOA formation, all experiments were investigated under dry conditions
(RH < 0.1%) at ~30  C (the ambient average temperature in the
Beijing summer) in the absence of inorganic seed aerosols. Prior to
irradiation, the chamber was ﬂushed four times with high-purity
dry N2, after which it was ﬁlled with high-purity synthetic air
(N2: 80%, O2: 20%). Thereafter, a known volume of o-, m-, or pxylene and 50% H2O2 solution (OH-radical precursor) were gently
heated at 80  C in an evaporation tube, and then rapidly injected
into the chamber with high-purity N2 at 10 L min 1. NO from
pressurized cylinders (50 ppm in N2, Huayuan Gas Chemical Industry Beijing Co., Ltd.) were added to achieve a total NO
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concentration of 500 ppbv in high-NO experiments, after the
addition of H2O2.
Throughout each experiment, particle mass and number concentration were monitored with a scanning mobility particle sizer
(SMPS; combination of a TSI 3081 electrostatic classiﬁer and a TSI
3025 condensation particle counter). The concentration of xylene
was monitored by LPPI-MS, which has been fully described elsewhere, together with its functionality (Sun et al., 2015). To better
describe the TD-CH2Cl2-induced LPPI-MS system, a schematic
drawing is now shown in Fig. S1. It is composed of a radiofrequency-powered VUV lamp, a VUV photoionizer, an ionmigration lens assembly, and a V-shaped reﬂection time-of-ﬂight
mass spectrometer. The VUV photoionizer is composed of a lightsource system and a photochemical ionizer. The VUV light is
generated using a rare gas (Kr) at ~330 Pa using a 60 W, 13.56 MHz
RF power supply. The maximum output of the lamp is ~5  1014
photon s1 at 123.9 nm. The photochemical ionizer (Fig. S2) was
designed with an optical bafﬂe (~2 mm) for improving detection
sensitivity toward oxy-organics in the presence of CH2Cl2, and to
prevent VUV light from entering the ion-migration lens assembly.
The estimated pressure inside the photoionizer is ~1000 Pa. The
ion-migration lens assembly contains seven ion-migration lenses,
which are used to focus the ejected ions from the photoionizer into
a narrow beam and transmit them into the V-shaped reﬂection
mass spectrometer, which consists of a 230-mm TOF cavity, an
extraction grid, an ion mirror, and a chevron multichannel plate
detector. The V-shaped reﬂection mass analyzer is employed to
separate batches of ions to the detector according to their ﬂight
times. Compared with “hard ionization mass spectrometry”, such
as HR-TOF-MS and gas chromatographyemass spectrometry (GCMS) with electron-impact ionization (EI), LPPI-MS with VUV has
demonstrated signiﬁcant advantages in the direct chemical analysis
of molecular ions, due to minimal fragmentation. The resolution of
LPPI-MS is ~200 for benzene. Our recent studies suggested that the
detection sensitivity of LPPI-MS toward oxy-organics was improved
by at least two orders of magnitude when doped with CH2Cl2
during low-pressure photoionization, through protonation
enhancement (Shu et al., 2016; Yang et al., 2017). Therefore, a
stainless-steel Z-loading slot (~30 mL) containing ~5 mL of CH2Cl2
was coupled to the sample inlet of the LPPI-MS instrument to
improve detection sensitivity toward oxy-organics in the gas and
particle phases inside the chamber.
The experiments were carried out in duplicate (three isomers,
two NO conditions). Gas-phase data were obtained during the ﬁrst
experiment after intercepting particles with a pre-cleaned 47-mm
glass microﬁber ﬁlters at room temperature (30  C). In the second
experiment, SOA particles were directly intercepted and vaporized
at 250  C when they crossed three stainless-steel ﬁlter membranes
in the ﬁlter-thermal-desorption (FTD) cell. Particle collection and
vaporization took about 10 s. In order to decrease the effect of
adsorption and desorption on the walls of the sample line, the
temperature of sample pipe was the same as that of FTD cell. The
FTD cell was fabricated by reﬁtting two 47-mm diameter stainlesssteel ﬂanges. Three pieces of stainless-steel ﬁlter membrane (47mm diameter, 0.15-mm pore size) that are ﬁxed in the FTD cell
were used to intercept and vaporize SOA particles as they cross the
ﬁlter membranes at ~250  C. The LPPI-MS instrument was calibrated using benzene and acetone. The initial concentration of
xylene in the chamber was calculated to be ~454 ppb according to
the volumes of the chamber and xylene. Based on the decay rates of
xylene (Fig. S3) and the reaction rates of OH radicals with xylene
(kOH ¼ (13.6e23.1)  1012 cm3 molecules1 s1) (Heidi L Bethel
et al., 2000; Perry et al., 1977); the averaged OH radical concentration across several experiments was determined to be
(3.0e3.3)  108 molecules cm3.
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3. Results and discussion
3.1. Characterizing the SOA components and their evolution during
the photooxidation of xylene
In order to investigate the contributions of particulate species to
new particle formation (NPF) through homogeneous-nucleation
processes, and to decrease the effect of seed particles, these experiments were conducted in the absence of seed particles. Since
TD-CH2Cl2-Assisted LPPI-MS generates [MþH]þ ions as parent ions,
products containing only C, H, and O appear at odd m/z values. To
exclude the interference of background and gas-phase products,
the mass spectra of the SOAs were acquired by subtracting the
background signals (Fig. S4) and those of gas-phase products
(Fig. S5). Some previous studies have shown that these SOAs easily
decompose upon heating (Kolesar et al., 2015); hence, we speculate
that these components observed using LPPI-MS are important
monomers.
3.1.1. Characterizing the m-xylene SOA and its evolution
As shown in Fig. 1, the products with [Mþ1]þ signals at m/z 59
and 73 are tentatively identiﬁed as glyoxal and methylglyoxal,
respectively; these saturated 1,2-dicarbonyls have been previously

identiﬁed (Liu et al., 1999), and both are potentially capable of
oligomerizing into compounds of low volatility (Kalberer et al.,
2004; Li et al., 2017). Protonated ions at m/z 85, 99, and 113 are
assigned to C4eC6 unsaturated 1,4-dicarbonyls (Li et al., 2016; Liu
et al., 1999). The cyclic furanones derived from secondary reactions of unsaturated 1,4-dicarbonyls have also been proposed to
be key reactivity intermediate species during the formation of
oligomeric products, owing to their structural similarities to glyoxal
and methylglyoxal (Aschmann et al., 2011; Bloss et al., 2005; Li
et al., 2016). In addition to these dicarbonyl products, some speciﬁc species were also observed following the photooxidation of mxylene. Species corresponding to m/z 87 and 97 are tentatively
assigned to C3-trione and 2-furaldehyde, respectively (Bloss et al.,
2005; Li et al., 2017b; Ma et al., 2018). The peak at m/z 69 in the
SOA from o-xylene is assigned to the dehydrated form of protonated C3-trione (Fig. S6). Previous studies have reported that oligomerization of this polyketone (m/z 87, [MþH]þ) and the aromatic
ring-containing species (2-furaldehyde, m/z 97, [MþH]þ) possibly
contribute to SOA formation through reactions such as the aldol
condensation and the formation of hemiacetals (Edney et al., 2001;
Bloss et al., 2005). Peaks at m/z 61 and 79 are tentatively assigned to
protonated acetic acid and its hydrate, respectively; recent studies
have shown that this hydrate (m/z 79) possibly forms through

Fig. 1. TD-CH2Cl2-induced LPPI-MS mass spectra of m-xylene SOA at different reaction times. The spectra in panels A-1, A-2, and A-3 were acquired in the absence of NO; those in B1, B-2, and B-3 were acquired in the presence of NO. The acquisition time for each mass spectrum was 10 s. Note that the y-axis is different in each panel.
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fragmentations of large highly oxidized species (HOS) in various
types of SOA (e.g., pinene, isoprene, and 1,3,5-trimethylbenzene)
(Malecha and Nizkorodov, 2016; Salvador et al., 2016). In addition,
the decomposition of HOS during thermal desorption at 250  C may
also contribute to the formation of acetic acid. Hence, we speculate
that acetic acid is an important HOS tracer. The high signal intensity
observed for acetic acid indicates that HOS are formed in high
yields during the SOA-growth process from m-xylene.
The products evolve in a manner that reﬂects the oxidation
sequence during the photooxidation process; this evolution was
used to investigate the relative relationships between the products formed at different stages of the reaction, namely NPF and
SOA growth. The spectra displayed in panels A-1 and B-1 of Fig. 1
were acquired during NPF after reacting for 250 s, when the
maximum particle-number concentrations were observed
(Fig. S7); the remaining spectra were acquired during SOA growth.
It should be noted that the signals associated with unsaturated
1,4-dicarbonyls (m/z 85, 99, and 113), methylglyoxal (m/z 73), and
2-furaldehyde (m/z 97) gradually decrease in intensity during
photooxidation following NPF, either in the absence or presence of
NO (Fig. 1 and Fig. S8). These species are assigned to ﬁrstgeneration products and highly reactive intermediate species
that mainly contribute to homogeneous nucleation and promote
NPF. In contrast, the intensity of the signal associated with HOS
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(m/z 61) signiﬁcantly increases with increasing reaction time
under both NO conditions, and is also the peak of highest intensity, which suggests that large amounts of HOS are formed;
these species are signiﬁcant factors that promote SOA growth. It
should be noted that the temporal evolution of the C3-trione
concentration under high-NO conditions exhibits the opposite
trend to that observed in the absence of NO. The decrease C3trione levels observed in the absence of NO indicates that it
contributes mainly to NPF, while the increasing levels observed
under high-NO conditions suggests that high NO concentrations
promote C3-trione formation, which is another important factor
associated with promoting SOA growth under high-NO
conditions.
3.1.2. Characterizing the p-xylene SOA and its evolution
As was observed for the SOA from m-xylene, the p-xylene SOA also
exhibited many peaks in its LPPI-MS mass spectra (Fig. 2), which
correspond to ions that are formed through similar mechanisms
(Forstner et al., 1997). As a point of difference, the intense protonatedion peak at m/z 87 observed in the spectrum of the p-xylene SOA in the
absence of NO is tentatively identiﬁed as protonated 3-methyl-2oxiranecarbaldehyde (Figs. 2Ae3) (Li et al., 2017). The peak at m/z
121 observed in the spectrum of p-xylene SOA (Figs. 2Ae1 and B-1) is
tentatively assigned to protonated 4-methylbenzaldehyde (Bloss

Fig. 2. TD-CH2Cl2-induced LPPI-MS mass spectra of p-xylene SOA at different reaction times. A-1, A-2, and A-3 were acquired in the absence of NO; B-1, B-2, and B-3 were acquired
in the presence of NO.
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et al., 2005; Li et al., 2017; Ma et al., 2018), while the peaks at m/z 95
and 77 under high-NO conditions (Figs. 2Be3) are tentatively
assigned to protonated phenol and its dehydrated form.
The spectra in panels A-1 and B-1 of Fig. 2 were acquired after
reaction for 270 s, when maximum particle-number concentrations
were observed (Fig. S7). In addition to unsaturated 1,4-dicarbonyls
(m/z 85, 99, and 113, [MþH]þ) and the saturated 1,2-dicarbonyls
(m/z 59 and 73, [MþH]þ), 4-methylbenzaldehyde is also considered to be a species that promotes NPF. As was observed for mxylene, the signals associated with these unsaturated 1,4-dicarbonyls
(m/z 85, 99, and 113, [MþH]þ) ﬁrst gradually increase to maximum
values, after which they decay substantially over the course of the
experiment; however, their signal intensities continue to increase
after NPF. This indicates that they dominate NPF during the initial
reaction stage, as well as promoting SOA growth during the reaction.
The intensity of the protonated 3-methyl-2-oxiranecarbaldehyde
peak (m/z 87) increases as the reaction proceeds under both NO
concentrations, but its formation is apparently inhibited in the
presence of NO when compared to that in the absence of NO; low NO
concentrations apparently promote the formation of 3-methyl-2oxiranecarbaldehyde. Meanwhile, 3-methyl-2-oxiranecarbaldehyde
is another important component that promotes SOA growth in the
absence of NO due to its higher concentrations under these
conditions.

3.1.3. Characterizing the o-xylene SOA and its evolution
Here, we only focus on characterizing different components. The
protonated product at m/z 87, which is the peak of second-highest
intensity in the o-xylene SOA, is tentatively assigned to C3-trione
(propanetrione) or 2,3-butanedione (TB) based on previous studies
on o-xylene SOA (Li et al., 2017; Yu and Jeffries, 1997); both C3trione and 2,3-butanedione have been reported to be distributed in
gas and particle phases (Fig. S5) (Barsanti and Pankow, 2006; H. L.
Bethel et al., 2000; Edney et al., 2001; Kleindienst et al., 2004;
Matney et al., 1994; Zhao et al., 2014). Peaks corresponding to
protonated phenol at m/z 95 and its dehydrated form at m/z 77 in
the spectrum of o-xylene SOA were also observed in the absence of
NO (Fig. 3A-3), which is different to that observed for the p-xylene
SOA under high-NO conditions (Figs. 2Be3). Figs. 3Ae1 and B-1
were both acquired after 360 s of reaction time, when the
maximum particle-number concentrations were observed during
the photooxidation of o-xylene (Fig. S7). In contrast to the SOAs
from m- and p-xylene, TB is observed to be the predominant species
that facilitates NPF in the ﬁrst minutes of the reaction, and has been
characterized to be the intermediate reaction species during SOA
growth. In addition, low NO concentrations apparently promote the
formation of TB during the photooxidation of o-xylene, which is
similar to p-xylene, but different to m-xylene.
In short, the different SOA species and the different effects of NO

Fig. 3. TD-CH2Cl2-induced LPPI-MS mass spectra of o-xylene SOA at different reaction times. A-1, A-2, and A-3 were acquired in the absence of NO; B-1, B-2, and B-3 were acquired
in the presence of NO.
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Table 1
Relative contributions of SOA components to NPF.
Xylene

NO

C0 (ppb)

△HC ðppbÞ

△M0 (mg m3)

I
Pi

RC
Ii

dicarbonyl

mmppoo-

w/o
with
w/o
with
w/o
with

454
454
454
454
454
454

286
327
209
272
286
300

389
181
793
305
752
354

1,2-

1,4-

0.24
0.20
0.22
0.32
0.18
0.22

0.46
0.43
0.47
0.45
0.16
0.17

TB

Other

dicarbonyl
1,2-

1,4-

0.07
0.19
0
0
0.58
0.53

0.22
0.17
0.31
0.23
0.07
0.08

0.07
0.02
0.14
0.08
0.10
0.06

0.13
0.05
0.38
0.11
0.09
0.04

TB

Other

0.02
0.02
0
0
0.32
0.13

0.06
0.02
0.25
0.05
0.04
0.02

unsaturated-1,4-dicarbonyl oligomerization during the photooxidation o-xylene is more important than that of 1,2-dicarbonyls
during m- and p-xylene photooxidation, and is consistent with
previous reports (Arey et al., 2008). This is attributed to the lower
rates of OH-radical reactions and photolyses of saturated 1,2dicarbonyls than those of unsaturated 1,4-dicarbonyls (Lockhart
et al., 2013; Salter et al., 2013; Xiang et al., 2007). These different
relative contributions of dicarbonyls and C3-trione during NPF are
attributable to the different alkyl substituent patterns of the various
xylene isomers (see Table 1).
In addition, it should be noted that the relative contributions of
dicarbonyls in all xylene SOAs, and that of TB in the o-xylene SOA,
decrease in the presence of NO. It is plausible that the decreases the
contributions of dicarbonyls and TB during NPF are important
factors that lead to a lower SOA yield under high-NO conditions
(Henze et al., 2008; Ng et al., 2007b).

on their evolutions suggest that the locations of the alkyl substituents in the xylene isomers are critical factors responsible for
the observed differences during the photooxidation of the three
xylene isomers.

3.2. Relative contributions of xylene SOAs to NPF
Xylene SOAs are highly complex systems that contain many
different organic species. Given the lack of authentic standards, it
was impossible to determine the concentrations of these substances because their instrumental sensitivities are unknown. The
signal intensities of SOA components were shown in some previous
reports to be proportional to their concentrations (Chu et al., 2017).
Hence, we attempted to quantify and compare the relative contributions (RCs) of these SOA species against the total SOA yield using
the following equation, which is based on the assumption that all
components have the same instrumental sensitivities:

3.3. Relative contributions of xylene SOAs to SOA growth

△M0
I
 Pi
RC ¼
Ii
△HC

Particulate-mass growth after homogeneous nucleation is mainly
the result of secondary reactions involving primary products
following coagulation by the partitioning of semi-volatile products to
existing organic particles. Under both NO conditions, HOS makes the
largest relative contribution shown in Table 2, which further indicates
that HOS formation is a critical process that promotes SOA formation
during the photooxidations of all xylenes. To the best of our knowledge, peroxyl radicals (RO2) react only with NO under high-NOx
conditions, while under low-NOx conditions, they react only with
HO2 (Ng et al., 2007b). Therefore, we compared the inﬂuence of the
NO þ RO2 mechanism on the formation of SOA components during
the photooxidation of xylene isomers. High-NO levels apparently
inhibit HOS formation, especially for m- and o-xylene, while HOS
formation is enhanced for p-xylene. Moreover, TBM can be characterized as another important species that promotes SOA growth; in a
similar way, the relative contributions of TBM components are also
different under different NO conditions. During SOA growth from pand o-xylene, the relative contribution of TBM to SOA growth is
apparently higher in the absence of NO than that in its presence. In

where △M0 and △HC are the mass concentration of the formed
SOA and the mass of the reacted hydrocarbon (Fig. S8), respectively,
P
Ii and
Ii are the peak intensity of the i-th SOA component and the
sum of the peak intensities, respectively. The relative contributions
of the SOA components to NPF in the initial stages of each reaction
(250 s for m-xylene, 270 s for p-xylene, and 360s for o-xylene) are
summarized in Table 1. The relative contributions of dicarbonyls
(m/z 59, 73, 85, 99, and 113, [MþH]þ) are apparently higher than
those of other species in the m-xylene and p-xylene SOAs, which
indicates that dicarbonyl oligomerization may dominate NPF during the photooxidation of both m- and p-xylene. By contrast, TB
makes the highest relative contribution to the o-xylene SOA, which
suggests that the oligomerization of TB is possibly the most
important NPF-forming process during the photooxidation of oxylene. Furthermore, the relative contributions of the unsaturated
1,4-dicarbonyls in the o-xylene SOA are higher than those of the
1,2-dicarbonyls in the m- and p-xylene SOAs, which suggests that

Table 2
Relative contributions of SOA components to SOA growth.
Xylene

mmppoo-

NO

w/o
with
w/o
with
w/o
with

C0 (ppb)

454
454
454
454
454
454

△HC ðppbÞ

363
436
345
418
363
390

△M0 (mg m3)

1340
1160
1100
1270
1520
1100

I
Pi

RC
Ii

HOS

TBM

C6-dicarbonyls

HOS

TBM

C6-dicarbonyls

0.89
0.68
0.63
0.87
0.67
0.78

0.03
0.26
0.20
0.02
0.30
0.17

0.08
0.06
0.17
0.11
0.03
0.05

0.70
0.38
0.43
0.56
0.59
0.46

0.02
0.14
0.13
0.01
0.27
0.10

0.06
0.03
0.11
0.07
0.02
0.03
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Scheme 1. Proposed mechanism for the formation of C3-trione during the photooxidation-promoted NPF of m-xylene and o-xylene. The species in red and blue represent intermediates and ﬁnal products, respectively.

contrast, the relative contribution of TBM to the growth of m-xylene
SOA is higher in the presence of NO. In addition, the effect of NO on the
contributions of C6-dicarbonyls during m- and p-xylene SOA growth
are also different to that observed for o-xylene. These results indicate
that the NO þ RO2 route signiﬁcantly affects the formation of particulate constituents during SOA growth, thereby further affecting their
contributions to SOA growth.
3.4. Formation mechanism
The main atmospheric oxidation route to simple-ring aromatic
hydrocarbons involves reactions with OH radicals, which involves

radical addition to the aromatic ring and results in the formation of
a variety of oxidation products through ring-retaining or ringopening chemical pathways (Kalberer et al., 2004; Smith et al.,
1999; Song et al., 2007). The major oxidation products include
glyoxal, methylglyoxal, unsaturated dicarbonyl, and furanone coproducts from ring-opening pathways, and aromatic aldehydes,
aromatic acids, and phenols from ring-retaining pathways
(Forstner et al., 1997; Smith et al., 1999). However, detailed chemical mechanisms leading to the formation of C3-trione and related
compounds observed in this work remain poorly understood. Based
on the mechanisms reported in previous studies (Bandow et al.,
1985; Jenkin et al., 2003; Yu and Jeffries, 1997), mechanisms for

Scheme 2. Proposed mechanism for the formation of (A) 3-methyl-2-oxiranecarbaldehyde during the growth of p-xylene SOA, and (B) 2,3-butanedione during the growth of oxylene SOA.
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the formation of C3-trione and related compounds formed during
the photooxidation of the xylene isomers are proposed in Schemes
1 and 2.
Scheme 1 shows the mechanism for the formation of C3-trione
(m/z 87, [MþH]þ). We propose 4-oxo-2-pentenal to be the key intermediate species involved in the formation of C3-trione during
the photooxidation of m- and o-xylene. Brieﬂy, 4-oxo-2-pentenal is
formed by reactions that include the additions of OH and O2 to the
benzene ring, which forms a ring that is substituted by an OH group
and a peroxyl radical, which then rearranges, undergoes O2 addition, NO-NO2 conversion, and decomposition (Bandow et al., 1985;
Wyche et al., 2009). 4-Oxo-2-pentenal quickly reacts to form a
hydroxyalkyloxyl radical through the 2,3-addition of an OH radical,
followed by reaction with O2 and NO-NO2 conversion. The formed
alkoxyl radical can decompose by 1,2-bond cleavage to form the C3hydroxy-substituted dicarbonyl. Finally, oxidation of the hydroxyl
group gives C3-trione.
Scheme 2A shows a proposed mechanism for the formation of
3-methyl-2-oxiranecarbaldehyde (m/z 87, [MþH]þ) by the photooxidation of p-xylene under NO-free conditions. 3-Methyl-2oxiranecarbaldehyde is proposed to be produced via the epoxyoxy route reported by Jenkin et al., (2003). The mechanistic details are as follows. An OH-aromatic-O2 peroxyl radical is formed
after the addition of an OH radical to the 2-position of p-xylene,
followed by the addition of O2. An epoxy-oxy intermediate then
forms through the two-step rearrangement of this OH-aromatic-O2
peroxyl radical; the rearranged radical then undergoes ring opening followed by reaction with O2 to generate an unsaturated epoxy
dicarbonylene product. Further addition of OH and O2 to the unsaturated epoxy dicarbonylene followed by reaction with HO2,
abstraction, and degradation, leads to a saturated epoxy dicarbonylene
with
fewer
carbons.
Finally,
3-methyl-2oxiranecarbaldehyde is formed by the photolysis of the saturated
epoxy dicarbonylene and the loss of CO (Yu and Jeffries, 1997). As
for o-xylene, 2,3-butanedione is formed in an analogous mechanism to that described for p-xylene (Scheme 2B); the key difference
being that further OH oxidation of the saturated epoxide followed
by degradation leads to the formation of 2,3-butanedione during
the photooxidation of o-xylene.
4. Conclusion
In this study, we examined the compositions of SOAs formed
during the photooxidation of o-, m-, and p-xylene at two limiting
NO concentrations. C6-Dicarbonyls and TBM with the same [MþH]þ
m/z of 87, and HOS (based on the m/z 61 fragment) were found to be
the predominant constituents that promote SOA formation, which
indicates that the oligomerization of ring-opening products dominates SOA formation during xylene photooxidation. However, their
relative contributions were signiﬁcantly different among the
xylene SOAs at different photooxidation times. During the initial
burst of nucleation particles, dicarbonyls and TB (C3-trione and 2,3butanedione) were found to be the dominant products in p-/mxylene SOA and o-xylene SOA, respectively, whereas both HOS and
TBM were found to be dominant components that promote SOA
growth. In addition, the effect of the NO þ RO2 route on the formation of both HOS and TBM under high-NO conditions were not
consistent among the xylene isomers. HOS formation was apparently inhibited during m- and o-xylene photooxidation and SOA
growth under high-NO conditions, but the high NO levels had the
opposite effect during the photooxidation of p-xylene. Moreover,
high NO concentrations inhibited TBM formation during SOA
growth from both p- and o-xylene, whereas TBM was promoted in
the case of m-xylene. These observations are attributed to the
methyl-group positions in the xylene isomers, since the
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substitution pattern was found to signiﬁcantly affect SOA formation. Further studies on xylene-derived SOAs are required. With
improved analytical techniques and experimental design, studies
into the oligomerizations of TBM and HOM during xylene photooxidation will provide deeper insight into the differences in SOA
formation between the xylene isomers.
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