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Abstract. Substitution of methyl groups onto the aromatic
ring determines the secondary organic aerosol (SOA) for-
mation from the monocyclic aromatic hydrocarbon precursor
(SOA yield and chemical composition). This study links the
number of methyl groups on the aromatic ring to SOA for-
mation from monocyclic aromatic hydrocarbons photooxida-
tion under low-NO, conditions (HC/NO > 10 ppbC : ppb).
Monocyclic aromatic hydrocarbons with increasing numbers
of methyl groups are systematically studied. SOA forma-
tion from pentamethylbenzene and hexamethylbenzene are
reported for the first time. A decreasing SOA yield with in-
creasing number of methyl groups is observed. Linear trends
are found in both f44 vs. fazand O/C vs. H/ C for SOA from
monocyclic aromatic hydrocarbons with zero to six methyl
groups. An SOA oxidation state predictive method based on
benzene is used to examine the effect of added methyl groups
on aromatic oxidation under low-NO, conditions. Further,
the impact of methyl group number on density and volatility
of SOA from monocyclic aromatic hydrocarbons is explored.
Finally, a mechanism for methyl group impact on SOA for-
mation is suggested. Overall, this work suggests that, as more
methyl groups are attached on the aromatic ring, SOA prod-
ucts from these monocyclic aromatic hydrocarbons become
less oxidized per mass/carbon on the basis of SOA yield or
chemical composition.

1 Introduction

Aromatic hydrocarbons are major anthropogenic secondary
organic aerosol (SOA) precursors (Kanakidou et al., 2005;
Henze et al., 2008). Monocyclic aromatic hydrocarbons with
fewer than four methyl groups are ubiquitous in the atmo-
sphere (Singh et al., 1985, 1992; Fraser et al., 1998; Pilling
and Bartle, 1999; Holzinger et al., 2001; Buczynska et al.,
2009; Hu et al., 2015). Monocyclic aromatic hydrocarbons
with more than four methyl groups have scarcely been in-
vestigated in previous ambient studies, possibly due to a
vapor pressure decrease with carbon number (Pankow and
Asher, 2008; Table S1 in the Supplement). However, a recent
study observed that compounds with low vapor pressure are
available to evaporate into the atmosphere (V0 and Morris,
2014). Monocyclic aromatic hydrocarbons with more than
three methyl groups contribute to a large portion of com-
ponents in products such as gasoline and crude oil (Diehl
and Sanzo, 2005; Darouich et al., 2006). Moreover, hydro-
carbon reactivity and OH reaction rate constant (kon) in-
crease with methyl group number (ko Table S1; Glasson
and Tuesday, 1970; Calvert et al., 2002; Atkinson and Arey,
2003; Aschmann et al., 2013). OH-initiated reactions, partic-
ularly OH addition to the aromatic ring, dominate aromatic
photooxidation (Calvert et al., 2002). Hence, photooxidation
occurs rapidly once these low-vapor-pressure aromatic hy-
drocarbons evaporate into atmosphere. In addition, an in-
crease in carbon number is associated with a decrease in
vapor pressure (Pankow and Asher, 2008). Higher-carbon-
number products with a similar number of functional groups
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have a higher tendency to participate in the particle phase.
However, aging of organic aerosol is a combination of func-
tionalization, fragmentation and oligomerization (Jimenez et
al., 2009; Kroll et al., 2009). Therefore, rapid aging does not
necessarily lead to the highly oxidized compounds, which
serve as an important source of SOA.

Recent studies have found that SOA yields from OH initi-
ated alkane and alkene reactions increase with carbon chain
length and decrease with the increase in branched structure
(Lim and Ziemann, 2009; Matsunaga et al., 2009; Tkacik et
al., 2012). However, SOA yield from monocyclic aromatics
is found to decrease with carbon number by adding methyl
groups to the aromatic ring (Odum et al., 1997a; Cocker I1I
et al., 2001b; Sato et al., 2012). This indicates that the role
of methyl groups on the aromatic ring is different than for
alkane and alkene hydrocarbons. Previous studies show that
the relative methyl group position determines the alkoxyl
radical (RO-) fragmentation ratio in alkane and alkene hydro-
carbon oxidation (Atkinson, 2007; Ziemann, 2011). There-
fore, it is necessary to explore the impact of methyl groups
on SOA formation during monocyclic aromatic hydrocarbon
oxidation.

Previous studies on SOA formation from monocyclic
aromatic hydrocarbon in the presence of NO, have been
conducted at high NO, levels (e.g., Odum et al., 1997b;
Cocker 111 et al., 2001b; Sato et al., 2012). Ng et al. (2007)
observed that SOA vyield decreases with increasing carbon
number under high-NO,. conditions and no trends were ob-
served for conditions of no NO,. Reaction mechanisms vary
for different NO, conditions (e.g., Song et al., 2005; Kroll
and Seinfeld, 2008) and thus impact SOA chemical compo-
sition. Therefore, it is necessary to investigate methyl group
impact on urban SOA formation from monocyclic aromatic
hydrocarbon under more atmospherically relevant low-NO,
conditions.

SOA budget underestimation of the urban environment is
associated with mechanism uncertainty in aromatic hydro-
carbon photooxidation and possibly missing aromatic hy-
drocarbon precursors (Henze et al., 2008; Hallquist et al.,
2009). Previous chamber studies have seldom investigated
SOA formation from monocyclic aromatic with more than
three methyl groups (e.g., pentamethylbenzene and hexam-
ethylbenzene). This study investigates SOA formation from
the photooxidation of seven monocyclic aromatic hydrocar-
bon (ranging from benzene to hexamethylbenzene) under the
low-NO, (HC/NO > 10 ppbC : ppb) condition. The impacts
of methyl group number on SOA yield, chemical composi-
tion and other physical properties are demonstrated. Possible
methyl group impacts on aromatic ring oxidation, decompo-
sition and subsequent oligomerization are discussed.

Atmos. Chem. Phys., 16, 2255-2272, 2016
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2 Method
2.1 Environmental chamber

All experiments were conducted in the UC Riverside/CE-
CERT indoor dual 90 m? environmental chambers, which are
described in detail elsewhere (Carter et al., 2005). All experi-
ments were conducted under dry conditions (RH < 0.1 %), in
the absence of inorganic seed aerosol and with temperature
control to 27 +1°C. Two movable top frames were slowly
lowered during each experiment to maintain a slight posi-
tive differential pressure (0.02 inches of water) between the
reactors and enclosure to minimize dilution and/or contami-
nation of the reactors. Two hundred and seventy-two 115 W
Sylvania 350BL blacklights were used as light sources for
photooxidation.

A known volume of high-purity liquid hydrocar-
bon precursors (benzene Sigma-Aldrich, 99%; toluene
Sigma-Aldrich, 99.5%; m-xylene Sigma-Aldrich, 99 %;
1,2,4-trimethylbenzene Sigma-Aldrich, 98 %) was injected
through a heated glass injection manifold system and
flushed into the chamber with pure N». A glass manifold
packed with glass wool inside a temperature-controlled oven
(50-80°C) was used to inject solid hydrocarbon precur-
sors (1,2,4,5-tetramethylbenzene Sigma-Aldrich, 98 %; pen-
tamethylbenzene Sigma-Aldrich, 98 %; hexamethylbenzene
Sigma-Aldrich, 99 %). NO was introduced by flushing pure
N2 through a calibrated glass bulb filled to a predetermined
partial pressure of pure NO. All hydrocarbons and NO were
injected and well mixed before the lights were turned on to
commence the reaction.

2.2 Particle and gas measurement

Particle size distribution between 27 and 686 nm was mon-
itored by dual custom-built scanning mobility particle siz-
ers (SMPS) (Cocker Ill et al., 2001a). Particle effective
density was measured with a Kanomax aerosol particle
mass analyzer (APM-SMPS) system (Malloy et al., 2009).
Particle volatility was measured by a volatility tandem
differential mobility analyzer (VTDMA) (Rader and Mc-
Murry, 1986) with a Dekati® thermodenuder controlled to
100°C and a 17s heating zone residence time (Qi et al.,
2010b). Volume fraction remaining (VFR) is calculated as
(Dp,afterTD/Dp,before TD)3-

Evolution of particle-phase chemical composition was
measured by a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS; Aerodyne Research Inc.)
(Canagaratna et al., 2007; DeCarlo et al., 2006). The sample
was vaporized by a 600 °C oven followed by 70 eV electron
impact ionization. f; inthis study is calculated as the fraction
of the organic signal at m/z = x. For example, fa4 and fa3 are
the ratios of the organic signal at m/z44 and 43 to the total
organic signal, respectively (Chhabra et al., 2011; Duplissy
et al., 2011). Elemental ratios for total organic mass, oxygen

www.atmos-chem-phys.net/16/2255/2016/
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Figure 1. Aromatic SOA yields as a function of Mp. Note: Song et al. (2005) m-xylene data are also included.

to carbon (O/C), and hydrogen to carbon (H/ C) were deter-
mined using the elemental analysis (EA) technique (Aiken
et al., 2007, 2008). Data were analyzed with the ToF-AMS
analysis toolkit Pika 1.15D with 1.56D Squirrel.

An Agilent 6890 gas chromatograph—flame ionization de-
tector was used to measure aromatic hydrocarbon concen-
trations. A Thermo Environmental Instruments model 42C
chemiluminescence NO analyzer was used to monitor NO,
NO,-NO and NO,. The gas-phase reaction model SAPRC-
11 developed by Carter and Heo (2012) was utilized to pre-
dict radical concentrations (*OH, HO3+, RO2+ and NO3+).

3 Results
3.1 SOA yield relationship with methyl group number

SOA vyields from the photooxidation of seven monocyclic
aromatic hydrocarbons are calculated as the mass-based ra-
tio of aerosol formed to hydrocarbon reacted (Odum et al.,
1996). The HC/NO ratio ranged from 12.6 to 110 ppbC : ppb
for all experiments used in this study. Experiment condi-
tions and SOA vyield are listed from the current work (Ta-
ble 1) along with additional m-xylene experiment conditions
from previous studies (Table S2) (Song et al., 2005) in the
UCR CE-CERT chambers. SOA vyield as a function of par-
ticle mass concentration (Mp) for all seven monocyclic aro-
matic precursors (Fig. 1) includes experiments listed in both
Table 1 and S2. Each individual experiment is marked and
colored by the number of methyl groups on each precursor
aromatic ring. It is observed that SOA yield decreases as the
number of methyl groups increases (Fig. 1). A similar yield
trend is also observed in previous studies on SOA formation
from monocyclic aromatic hydrocarbons; however, different
absolute yield values are found, presumably due to higher

www.atmos-chem-phys.net/16/2255/2016/

NO, levels (Odum et al., 1997b; Kleindienst et al., 1999;
Cocker 111 et al., 2001b; Takekawa et al., 2003; Ng et al.,
2007; Sato et al., 2012). SOA yields of benzene under com-
parable low-NO, conditions are higher than that in Sato et
al. (2012), Borras and Tortajada-Genaro (2012) and Martin-
Reviejo and Wirtz (2005).

The two-product semi-empirical model described by
Odum et al. (1996) is used to fit SOA yield as a function
of My. Briefly, the two-product model assumes that aerosol-
forming products can be lumped into lower- and higher-
volatility groups whose mass fraction is defined by «; and
a partitioning parameter K., ; (m®ug~!), described exten-
sively in Odum et al. (1996). Each monocyclic aromatic hy-
drocarbon is fitted individually except for those with methyl
group number greater than or equal to 4, which are grouped
as C1o4+. The experimental fitting parameters (o1, Kom,1, o2
and K, 2 in Table 2) in the two-product model were deter-
mined by minimizing the sum of the squared of the residu-
als. The higher-volatility partitioning parameter (K, 2) in
all yield curve fitting are assigned to a fixed value by as-
suming similar high-volatility compounds are formed dur-
ing all monocyclic aromatic hydrocarbon photooxidation ex-
periments. Benzene has much higher mass-based stoichio-
metric coefficients («z2) than the other monocyclic aromatic
compounds, indicating that the pathway leading to higher-
volatility products’ formation is favored. The lower-volatility
partitioning parameters (K, 1) vary widely for each mono-
cyclic aromatic yield fitting curve. Benzene has the lowest
Kom.1, toluene has the highest K,,, 1, and the rest of mono-
cyclic aromatics have similar mid-range K, 1 values. The
extremely low K,,, 1 of benzene indicates that pathways as-
sociated with significant volatility decrease occur far less
during benzene photooxidation than for monocyclic aromatic
compounds with methyl groups. Further, K,, 1 is much

Atmos. Chem. Phys., 16, 2255-2272, 2016
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Table 1. Experiment conditions®.

Precursor ID  HC/NO?® NOP HCP AHC® M§  VYield
Benzene 1223A 98.1 59.5 972 398 139 035
1223B  49.3 119 979 453 105  0.23
1236A 104 536 928 407 106  0.26
1236B  36.4 154 938 450 349 0.08
1237A  62.7 416 435 266 459 0.17
1237B 129 211 453 253 514 020
1618A 102 354 603 354 463 0.13
Toluene 1101A 29.0 19.2 797 206 301 0.15
1101B 58.8 940 788 176 251 0.14
1102A 122 433 75.7 223 218 0.10
1102B 175 33.0 825 238 222 0.09
1106A 13.2 201 380 126 9.80 0.08
1106B 244 10.6 36.9 111 124 011
1468A 26.1 64.1 239 667 130 0.20
1468B  26.5 63.0 238 671 127 0.19
m-Xylene 1191A 126 522 821 298 152 0.05
1191B 14.6 457 83.6 340 146 0.04
1193A 155 368 711 239 13.6 0.06
1193B  15.2 365 695 236 112 0.05
1191A 126 522 821 298 152 0.05
1191B 146 457 836 340 146 0.04
1516A 27.8 26.7 929 357 48.7 0.14
1950A 141 455 80.0 327 26.3 0.08
1950B 14.6 459 836 345 287 0.08
1,2,4-Trimethylbenzene 1117A  69.8 10.3  80.0 335 16.8 0.05
1117B  34.8 20.7 80.0 368 182 0.05
1119A 141 498 78.0 385 19.6 0.05
1119B 17.1 416 79.0 390 255 0.07
1123A  71.0 10.1  80.0 300 112 0.04
1123B  32.6 221 800 345 154 0.05
1126A 69.3 101 775 286 126 0.04
1126B  28.1 243 759 333 154 0.05
1129B 242 156 42.0 201 5.60 0.03
1,2,4,5-Tetramethylbenzene  1531A  72.0 25.0 180 752 179 0.02
1603A 109 112 122 469 312 0.01
1603B 110 111 123 464 254 0.01
2085A 60.6 334 202 862 29.2 0.03
2085B 136 129 175 502 8.20 0.02
Pentamethylbenzene 1521A 68.8 235 147 893 32.7 0.04
1627A 779 20.0 142 769 206  0.03
1627B  26.6 50.0 121 719 248 0.03
Hexamethylbenzene 1557A 720 28.0 168 999 234  0.02
2083A 784 116 76.0 442 152 0.03
2083B 413 220 76.0 483 140 0.03

* Only newly added data are listed here; published data are listed in Table S2. & Units of HC/NO are ppbC : ppb; b units of
NO and HC are ppb; € units of AHC and Mg are ug m—3; M is a wall-loss- and density-corrected particle mass
concentration.

Atmos. Chem. Phys., 16, 2255-2272, 2016 www.atmos-chem-phys.net/16/2255/2016/
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Table 2. Two-product yield curve fitting parameters.

2259

Yield curve o] Kom,1 o Kom,2
(mipg=1t) (m3pg=1)
Benzene 0.082 0.017 0.617 0.005
Toluene 0.185 0.080 0.074 0.005
m-Xylene 0.148 0.047 0.079 0.005
1,2,4-Trimethylbenzene  0.099 0.047 0.079 0.005
Ci0+ 0.048 0.047 0.065 0.005

lower in multi-methyl group monocyclic aromatic hydrocar-
bons (with the exception of toluene), while o1 decreases with
methyl group number. This suggests that increasing methyl
group number on the aromatic ring suppresses formation of
lower-volatility products, therefore lowering the mass based
aerosol yield. This suggests that monocyclic aromatics with
more methyl groups are less oxidized per mass since the
methyl group carbon is not well oxidized compared with the
ring carbon.

The aromatic SOA growth curves (particle concentra-
tion My vs. hydrocarbon consumption AHC) under similar
HC/NO, are shown in Fig. S1 in the Supplement. The slope
of the growth curve is negatively correlated with the par-
ent aromatics reaction rate (kon). This observation contrasts
with a previous study that observed positive correlation be-
tween SOA formation rate and hydrocarbon reaction rate for
systems where initial semivolatile products dominate gas—
particle phase partitioning (Chan et al., 2007). The reverse
relationship observation in this study indicates that the effect
of methyl group number on SOA vyield is greater than that
of the increasing ko on SOA vyield. There are two possi-
bilities for the methyl group number effect: (1) the methyl
group facilitates initial semivolatile products to react into
more volatile compounds or (2) the methyl group prevents
further generation semivolatile products formation by stereo-
hindrance. Therefore, the methyl group increases hydrocar-
bon mass consumption more than particle mass formation.

The relationship between radical levels and SOA yield
was also analyzed. Table S3 lists modeled individual aver-
age radical concentrations throughout photooxidation while
Table S4 lists the correlation between SOA yields and in-
dividual average radical concentrations. None of the radical
parameters (e.g., *OH/HO;+, HO»+/RO;") is strongly corre-
lated with SOA yield. Average OH radical concentration is
the only parameter investigated with a statistically significant
correlation (p < 0.05), as kon Vvaries with aromatic species
and lower average OH concentrations are present with higher
kon. Figure S2 shows the time evolution of [-OH], [RO>2-]
and [HO,-] for different aromatic precursors under simi-
lar initial aromatic and NO, loadings. Higher [-OH] is ob-
served for aromatic precursors with lower kon, while perox-
ide radicals ([RO2+] and [HO3-]), which depend on both koy
and [-OH], are similar for all precursors. This suggests that

www.atmos-chem-phys.net/16/2255/2016/

SOA mass yield is determined by precursor structure rather
than gas-phase oxidation state since radical conditions for
each aromatic hydrocarbon are comparable and [RO;-] and
[HO,-] reactions are expected to determine SOA formation
(Kroll and Seinfeld, 2008).

3.2 SOA chemical composition relationship with
methyl group number

3.2.1 f44 VS. f43

Organic peaks at m/z43 and m/z 44 are key fragments from
AMS measurement toward characterization of oxygenated
compounds in organic aerosol (Ng et al., 2010, 2011). A
higher f44 and a lower f3 indicates a higher degree of
oxidation (Ng et al., 2010, 2011). The fas and f43 evolu-
tion during SOA formation from different monocyclic aro-
matic hydrocarbon photooxidation is shown for low-NO,
conditions (Fig. 2). Each marker type represents an individ-
ual monocyclic aromatic hydrocarbon with the marker col-
ored by photooxidation time (light to dark). The fs4 and
fa3 range are comparable to previous chamber studies with
slight shift due to differences in initial conditions (e.g., NO,)
(Ng et al., 2010; Chhabra et al., 2011; Loza et al., 2012;
Sato et al., 2012). SOA compositions from monocyclic aro-
matic hydrocarbon photooxidation under low NO, are in the
low-volatility OOA (LV-OOA) and semi-volatile OOA (SV-
OOA) range of the fa4 vs. fa3 triangle (Ng et al., 2010), with
those from benzene on the left side, toluene inside and other
monocyclic aromatics on the right side of the triangle, con-
firming that laboratory SOA fa4 vs. fa3 is precursor depen-
dent (Chhabra et al., 2011). Evolution of SOA composition
(Heald et al., 2010; Jimenez et al., 2009) refers to SOA chem-
ical composition changes with time and fs4 and fs3 evolu-
tion refers to the change in fa4 and f43 with time. Significant
faa and fa3 evolution is observed for benzene and slightly
for toluene, m-xylene and tetramethylbenzene.

In this work, average fa4 and fs3 are examined to demon-
strate the methyl group impact on SOA chemical composi-
tion from monocyclic aromatic hydrocarbons. Average fa4
vsS. fs3 is marked with the aromatic compound name in
Fig. 2. Generally decreasing fa4 and increasing fa3 are ob-
served with increasing number of methyl groups on the
aromatic ring. Similar trends are also observed in previ-

Atmos. Chem. Phys., 16, 2255-2272, 2016
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Figure 2. fa4 and f43 evolution in SOA formed from photooxidation of different monocyclic aromatic hydrocarbons under low NO,
(benzene 1223A; toluene 1468A; m-xylene 1950A; 1,24-trimethylbenzene 1119A,; 1,2,4,5-tetramethylbenzene 2085A; pentamethylben-
zene 1627A; hexamethylbenzene 2083A,; colored solid circle markers represent the location of average f44 and f43 value during photooxi-

dation).

ous studies (Ng et al., 2010; Chhabra et al., 2011; Sato
et al., 2012). The fas vs. fa3 trend is quantified by lin-
ear curve fitting (fa4 =—0.58 f43+0.19, R» =0.94). fa2g
is assumed to be equal to f44 in the AMS frag Table of
Unit Resolution Analysis, which describes the mathemati-
cal formulation of the apportionment at each unit resolution
sticks to aerosol species, based on ambient studies (Zhang
et al., 2005; Takegawa et al., 2007) and CO™/ COZr ratio
for SOA from aromatic oxidation is found around ~ 1 (0.9-
1.3) (Chhabra et al., 2011). The slope of ~ 0.5 indicates that
2A faa=—A faz Or A(f28+ faa) =—A faz in SOA formed
from monocyclic aromatic hydrocarbons with different num-
bers of methyl groups. The CO}r fragment ion at m/z44
and CyH3O™ fragment ion at m/z43 are two major AMS
fragmentation ions from aromatic secondary organic aerosol.
No significant CsH7 is observed at m/z43. COJ represents
oxidized aerosol and is associated with carboxylic acids
(Alfarra et al., 2004; Aiken et al., 2007; Takegawa et al.,
2007; Canagaratna et al., 2015), while C,H30™ is associated
with carbonyls (McLafferty and TureCek, 1993; Ng et al.,
2011). The CO™ fragment ion at m/z 28 can originate from
carboxylic acid or alcohol (Canagaratna et al., 2015). The
A(f2s + faa) = — A fa3 relationship observed in this study
implies that adding the methyl group to the aromatic ring
changes SOA from CO; to CoH3zO™, implying a less oxi-
dized SOA chemical composition in AMS mass fragments.
While bicyclic hydrogen peroxides are considered to be the
predominant species in aerosol phase from monocyclic aro-
matic photooxidation (Johnson et al., 2004, 2005; Wyche et
al., 2009; Birdsall et al., 2010; Birdsall and Elrod, 2011;
Nakao et al., 2011), they are less likely to contribute to the

Atmos. Chem. Phys., 16, 2255-2272, 2016

COEr ion fragment. Possible mechanisms to produce SOA
products that form the COEr fragments as well as produce
C,H30 fragments by adding methyl group are described in
detail in Sect. 4.

322 H/Cvs.O/C

Elemental analysis (Aiken et al., 2007, 2008) is used to eluci-
date SOA chemical composition and SOA formation mecha-
nisms (Heald et al., 2010; Chhabra et al., 2011). Figure 3a
shows the H/C and O/C time evolution of average SOA
formed from hydrocarbon photooxidation of various mono-
cyclic aromatics under low-NO, conditions (marked and col-
ored similarly to Fig. 2). The H/C and O/ C ranges are com-
parable to previous chamber studies with slight shift due to
difference in initial conditions (e.g., NO,) (Chhabra et al.,
2011; Loza et al., 2012; Sato et al., 2012). All data points
are located in between slope = —1 and slope = —2 (Fig. 3a,
lower left corner, zoomed-out panel). This suggests that SOA
components from monocyclic aromatic photooxidation con-
tain both carbonyl (ketone or aldehyde) and acid (carbonyl
acid and hydroxycarbonyl) functional groups. These elemen-
tal ratios also confirm that SOA formed from monocyclic
aromatic hydrocarbon photooxidation under low NO, are
among the LV-OOA and SV-OOA regions (Ng et al., 2011).
The change in elemental ratio (H/C and O/C) with time is
referred to as elemental ratio evolution. The elemental ra-
tio evolution agrees with the fa4 vs. fs3 evolution (signifi-
cant evolution in benzene and slightly for toluene, m-xylene
and 1,2,4,5-tetramethylbenzene). This study concentrates on
average H/C and O/C in order to demonstrate the methyl

www.atmos-chem-phys.net/16/2255/2016/
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Figure 3. (a) H/C and O/C evolution; the inset graph shows the measured values relative to the classic triangle plot (Ng et al., 2010).
(b) Average H/C and O/C in SOA formed from monocyclic aromatic hydrocarbon photooxidation under low NO, (benzene 1223A;
toluene 1468A; m-xylene 1191A, 1,2,4-trimethylbenzene 1119A,; 1,2,4,5-tetramethylbenzene 2085A; pentamethylbenzene 1627A; hexam-

ethylbenzene 2083A).

group impact on SOA chemical composition from mono-
cyclic aromatic hydrocarbons.

Average H/C and O/C location is marked (Fig. 3a)
for each aromatic compound by name. It is observed
that H/C and O/C from SOA formed from m-xylene,
1,2,4-trimethylbenzene and monocyclic aromatics with more
than three methyl groups are similarly distributed in H/C
vs. O/C. A general decrease in O/C and an increase in
H/C are noted as the number of methyl groups on the aro-
matic ring increases, which is consistent with other stud-
ies (Chhabra et al., 2011; Sato et al., 2012). The trend
indicates that monocyclic aromatics are less oxidized per
carbon as the number of methyl groups increases, which
can be attributed to less oxidation of the methyl groups

www.atmos-chem-phys.net/16/2255/2016/

compared to the aromatic ring carbons. The elemental ra-
tio trends (O/C decreases and H/C increases as the num-
ber of methyl groups increases) are also consistent with
the decreasing yield trends with increasing the number of
methyl groups (Sect. 3.1), suggesting that SOA vyield is
dependent on SOA chemical composition. It should also
be noticed that the higher O/C and lower H/C observed
in SOA formed from 1,2,4-trimethylbenzene (three-methyl-
substitute aromatic hydrocarbon) than that from m-xylene
(two-methyl-substitute aromatic hydrocarbon) is due to the
isomer impact on SOA chemical composition, which is dis-
cussed in detail by Li et al. (2016). Further, the yield and
O/C ratio agrees with recent findings that O/ C ratio is well
correlated to aerosol volatility (Sect. 3.3.2) (Cappa and Wil-
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son, 2012; Yu et al., 2014), thereby affecting the extent of
gas to particle partitioning. The H/C vs. O/C trend linear
curve (H/C=—-1.340/C +2.00, R? =0.95) shows an ap-
proximately —1 slope with a y-axis (H/C) intercept of 2.
The H/C vs. O/ C trend slope observed in this work is sim-
ilar to the toluene and m-xylene elemental ratio slope ob-
served under high-NO, and H,O-only conditions observed
in Chhabra et al. (2011).

The Van Krevelen diagram can also be used to analyze
the oxidation pathway from initial SOA precursor to final
SOA chemical composition by comparing the initial H/C
and O/C ratios from the precursor hydrocarbon to the fi-
nal SOA H/C and O/C ratios. Figure 3b shows the aro-
matic precursor location on the left (labeled with aromatic
hydrocarbon name and colored by methyl group number) and
average SOA chemical composition on the right. The SOA
H/C increase in the final SOA chemical composition fol-
lows the initial aromatic precursor elemental ratio trend. A
large O/C increase with a slight H/C increase is observed
moving from precursor to SOA composition. SOA formation
from hydroperoxide bicyclic compounds contributes to O/C
increases without loss of H. The slight H/C increase might
result from hydrolysis of ring-opened product oligomeriza-
tion (Jang and Kamens, 2001; Jang et al., 2002; Kalberer et
al., 2004; Sato et al., 2012). A slight H/C decrease rather
than increase is observed in the hexamethylbenzene data,
suggesting that the six methyl groups sterically inhibit cer-
tain reaction mechanism (e.g., hydrolysis) to obtain H.

3.2.3 OS¢ and its prediction

O/C alone may not capture oxidative changes as a result
of breaking and forming of bonds (Kroll et al., 2009). Ox-
idation state of carbon (OS; ~20/C-H/C) was introduced
into aerosol-phase component analysis by Kroll et al. (2011).
It is considered to be a more accurate metric for describ-
ing oxidation in atmospheric organic aerosol (Ng et al.,
2011; Canagaratna et al., 2015; Lambe et al., 2015) and
therefore better correlated with gas—particle partitioning (Au-
mont et al., 2012). Average SOA OS¢ in this study ranges
from —0.9 to 0.3 for monocyclic aromatic photooxidation
under low-NO, conditions (Fig. 4b) and is comparable to
previous studies (Kroll et al., 2011 - toluene, m-xylene and
trimethylbenzene; Sato et al., 2012 — benzene and 1,3,5-
trimethylbenzene). OS; observed is consistent with OS; ob-
served in field studies (Kroll et al., 2011), especially in ur-
ban sites (e.g., —1.6-0.1, Mexico City), and supports the
major role of monocyclic aromatic precursors in producing
anthropogenic aerosol. Average SOA OS; values are consis-
tent with the LV-OOA and SV-OOA regions (Ng et al., 2011;
Kroll et al., 2011). OS. only increases with oxidation time
for benzene photooxidation (0.2-0.4).

The methyl group substitute (—CH3) affects O/C and
H/C ratios by increasing both carbon and hydrogen num-
ber as they relate to SOA OSc. It is hypothesized here that
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Figure 4. Comparison of predicted and measured O/C and
H/C (a) as well as oxidation state (OSc) (b) in SOA formation
from monocyclic aromatic hydrocarbon photooxidation under low
NO, (benzene 1223A; toluene 1468A; m-xylene 1191A; 1,2,4-
trimethylbenzene 1119A; 1,2,4,5-tetramethylbenzene 1306A; pen-
tamethylbenzene 1627A; hexamethylbenzene 1557A).

the methyl group impacts remain similar in SOA elemental
ratios as they do in the aromatic precursor (—CHjs dilution ef-
fect). This would imply that the methyl group effect on SOA
elemental ratio and OS; from monocyclic aromatic hydro-
carbons is predictable from benzene oxidation. Equations (1)
and (2) show the prediction formula for O/C and H/C, re-
spectively, where i represents the methyl group number on
the monocyclic aromatic precursor, and O/ Cpenzene_soa and
H/ Chenzene soa are the measured O/C and H/C in SOA
from benzene photooxidation experiments.

6

O/Cpre,i_SOA = l—I-_6 (O/Cbenzene_SOA) (1)
2i 6

H/Cpre,i_SOA = l+_6 + i+6 (H/Cbenzene_SOA) (2)

Figure 4a shows a comparison of measured (red) and pre-
dicted (green) H/C and O/C location marked with corre-
sponding SOA precursor methyl groups. The difference be-
tween predicted and measured H/C and O/C ranges from
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—6.41t0 1.2 and —11.8 to 20.9 %, respectively. However, the
predicted H/C vs. O/C line (Egs. 1 and 2) isH/C=—1.38
O/C+2.00. This is comparable to a measured data fitting
line (Sect. 3.2.2H/C=-1.340/C+ 2.00, R» =0.95). Pre-
dicted OS; is then calculated based on the predicted H/C
and O/C. Figure 4b compares measured (red) and predicted
(green) OS¢. The largest O/C and OS. overestimation is
observed in m-xylene (marked as 2 in Fig. 4a, second bar
in Fig. 4b). This could be explained by the isomer selected
for the two-methyl-group monocyclic aromatic hydrocarbon
(m-xylene). A detailed analysis on isomer structure impact
on SOA chemical composition is found in Li et al. (2016).
The largest O/C and OS; underestimation is observed in
hexamethylbenzene (marked as 6 in Fig. 4a, sixth bar in
Fig. 4b). This suggests that the methyl groups attached to ev-
ery aromatic carbon exert a steric inhibition effect on certain
aromatic oxidation pathways, thus leading to increased im-
portance of aerosol formation from other reaction pathways
(possibly fragmentation; Kroll et al., 2011; see Sect. 4) to
form SOA. It is also noticed that O/C and OS¢ is slightly
overestimated in SOA formed from pentamethylbenzene.
This indicates that the methyl group hindrance impact on aro-
matic hydrocarbon oxidation should be explained by multi-
ple pathways which have a different impact on SOA forma-
tion.

The correlation between organic mass loading and chem-
ical composition is also analyzed. Organic mass loading is
well correlated (Pearson correlation) with chemical com-
position parameters, including fa4 (0.907), f43 (—0.910),
H/C (—0.890) and O/C (0.923) (Fig. S3). However, pre-
vious studies show that O/C and f44 decrease as organic
mass loading increases (Shilling et al., 2009; Ng et al., 2010;
Pfaffenberger et al., 2013). The findings of this study indi-
cate that molecular species drive SOA chemical composition
rather than organic mass. The positive trend between f44 and
organic mass loading is driven by benzene and toluene ex-
periments (Fig. S3) where the high mass loading results are
concurrent with high fa4 results. However, the fs4 change
with mass loading increase during benzene and toluene pho-
tooxidation is less significant compared with the fs4 dif-
ference caused by number of methyl groups on aromatic
ring. Moreover, no significant correlation was found between
mass loading and fa4 or O/C when compared under simi-
lar mass loadings (including fa4 at low mass loading time
point of toluene and benzene photooxidation). Organic ni-
trate accounts for less than 10 % organic in SOA components
in all monocyclic aromatic hydrocarbon photooxidation ex-
periments in this work according to AMS measurement and
will not be discussed.
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Figure 5. Relationship between (a) SOA density and methyl group
number, (b) SOA density and O/ C, and (c) predicted and measured
density from monocyclic aromatic hydrocarbon photooxidation un-
der low NO, (number mark represents number of methyl groups on
aromatic hydrocarbon ring).

3.3 Physical property relationship with methyl group
number

3.3.1 SOA density

SOA mass density is a fundamental parameter in under-
standing aerosol morphology, dynamics, phase and oxida-
tion (De Carlo et al., 2004; Katrib et al., 2005; Dinar et al.,
2006; Cross et al., 2007). SOA density ranged from 1.24
to 1.44gcm~2 for all aromatic-NO, photooxidation exper-
iments in this study. The range is comparable to previous
studies under similar conditions (Ng et al., 2007; Sato et
al., 2010; Borréas and Tortajada-Genaro, 2012). A general de-
creasing density trend is found with increasing methyl group
number on precursor aromatic rings (see Fig. 5a). Correla-
tion between SOA density and chemical composition was
statistically analyzed (Table S5). Besides the strong correla-
tion with methyl group number (—0.943, Fig. 5a), SOA den-
sity was also well correlated with O/ C ratio (0.873, Fig. 5b)
and other measures of bulk chemical composition (Table S5).
Bahreini et al. (2005) reported a density increase trend with
fa4 in other compounds, while Pang et al. (2006) found that
SOA density increases with O/ C ratio. Kuwata et al. (2011)
(Eq. 3) and Nakao et al. (2013) suggested a quantified re-
lationship between SOA density and SOA elemental ratio.
Equation (3) developed by

124 H/C4+16x0/C
P = T ¥ExH/C+415%0/C

®

Kuwata et al. (2011) is used in this work to predict den-
sity based on elemental ratio in order to explore the methyl
group impact on SOA formation. Figure 5c¢ shows a good
agreement between predicted and measured SOA densities

Atmos. Chem. Phys., 16, 2255-2272, 2016



2264
084 e °
g 06
[ad]
LL
> 04 L]
[ ] [}
0.2 Y @

L. Li et al.: Role of methyl group number on SOA formation

®) 4 ©

0 2 4 6
Methyl group number

0.3 0.4 05 0.6 0.7
ol/c 0s;

-0.8-06-04-0.2 0.0 0.2

Figure 6. Relationship between (a) SOA volatility and methyl group number, (b) SOA volatility and O/C, and (c) SOA volatility and
oxidation state (OS¢) from monocyclic aromatic hydrocarbon photooxidation under low NO, (humber mark represents number of methyl

groups on aromatic hydrocarbon ring).

(—6.58-10.42 %). However, SOA density difference between
prediction and measurement change from positive (aromatic
precursors contain 0 or 1 methyl group) to negative (aromatic
precursors contain 2, 3, 4 or 5 methyl groups) with increas-
ing methyl group number (except hexamethylbenzene), im-
plying that the increase in methyl groups promotes a mecha-
nism(s) leading to changes in the ratio of several key organic
fragments (e.g., m/z 28 : m/z 44), thereby challenging the ap-
plicability of the default fragment table for elemental ratio
analysis. It is possible that CO*/CO; and H,O*/COJ ra-
tios are different in SOA formed from different aromatic pre-
cursors. Nakao et al. (2013) show that HZOJFICOEr increases
with methyl group number due to the constant H,O™ fraction
and a decrease in COEr fraction. Canagaratna et al. (2015)
demonstrated that CO/CO; and H,O/COj are underesti-
mated in certain compounds (especially alcohols). Assuming
that the major impact of methyl group on SOA composition
is to change —COOH to —COCHj3 (or other cyclic isomers),
feoy Will decrease but H,O™ and CO™ fraction might not

change linearly. The alcohol contribution to COﬂ“/COZr and
H20+/CO{ gradually grows as the methyl group prevents
acid formation. Therefore, AMS measurements might under-
estimate O/C. This is consistent with the density prediction
from elemental ratios where a change in error from positive
to negative is seen as the number of methyl groups changes
from fewer than two to two or more than two, with the ex-
ception of hexamethylbenzene. This might relate to the dif-
ference in SOA formation pathways due to steric hindrance
of the six methyl groups during hexamethylbenzene oxida-
tion.

3.3.2 SOA volatility

SOA volatility is a function of oxidation, fragmentation,
oligomerization and SOA mass (Kalberer et al., 2004; Salo et
al., 2011; Tritscher et al., 2011; Yu et al., 2014). Bulk SOA
volatility can be described by the VFR after heating SOA
to a fixed temperature in a thermodenuder. VFRs for SOA
formed early in the experiment are around 0.2 for all mono-
cyclic aromatic precursors and then increase as the experi-
ment progresses. Increasing VFR indicates the gas to particle
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partitioning of more oxidized products, which may include
oligomerization products formed during aromatic photooxi-
dation. The VFR trends and ranges are comparable to previ-
ous studies (Kalberer et al., 2004; Qi et al., 2010a, b; Nakao
et al., 2012). Figure 6a shows the relationship between SOA
precursor methyl group number and SOA VFR at the end of
the experiment (VFReng). VFR shows a significant decreas-
ing trend with increasing methyl group number from benzene
to 1,2,4,5-tetramethylbenzene. This implies that volatility of
SOA-forming products increases as the number of methyl
groups on the aromatic ring increases. There is also a slight
increase in VFR from 1,2,4,5-tetramethylbenzene to hexam-
ethylbenzene; however, VFR in SOA formed from all Cyo
group aromatics is lower than that of 1,2,4-trimethylbenzene.
The changing VFR trend suggests that chemical components
contributing to SOA formation become different when more
than four methyl groups are attached to a single aromatic
ring. A positive correlation (0.755, p =0.05) found between
mass loading and VFReng implies that the lower the volatil-
ity in the products formed from aromatic hydrocarbons, the
higher the SOA mass concentration. An opposite correlation
between mass loading and VFR is found in previous studies
due to the partitioning of more volatile compounds to the par-
ticle phase at high mass loading (Tritscher et al., 2011; Salo
et al., 2011). Therefore, mass loading does not directly lead
to the VFR trend in the current study; rather, it is the methyl
group number in the SOA precursor that affects the composi-
tion of SOA and therefore the monocyclic aromatic hydrocar-
bon yield (Sect. 3.1) and volatility. The correlation between
SOA volatility (VFR) and chemical composition is statisti-
cally analyzed (Table S5). O/C (0.937, p =0.002) and OS,
(0.932, p =0.02) have the highest correlation with VFRgpg.
Previous studies also observed that lower aerosol volatility is
correlated to higher O/ C ratio (Cappa and Wilson, 2012; Yu
etal., 2014) and OS. (Aumont et al., 2012; Hildebrandt Ruiz
et al., 2014). Figure 6b and c illustrate the VFReng and O/C
or OS; relationship among all the monocyclic aromatic pre-
cursors investigated in this study. Benzene and toluene are
located in the upper right corner in both graphs, suggesting
that significantly more oxidized and less volatile components
are formed from monocyclic aromatic precursors with fewer
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than two methyl groups. The VFReng and chemical compo-
nents relationship becomes less significant when only mono-
cyclic aromatic precursors with more than two methyl groups
are considered.

4 Discussion

4.1 SOA formation pathway from monocyclic aromatic
hydrocarbon

Bicyclic peroxide compounds are considered to be impor-
tant SOA-forming products from monocyclic aromatic pho-
tooxidation (Johnson et al., 2004, 2005; Song et al., 2005;
Wyche et al., 2009; Birdsall et al., 2010; Birdsall and El-
rod, 2011; Nakao et al., 2011). However, the significant
CO;‘ fragment (f44) observed for SOA by the AMS indi-
cates a contribution of an additional pathway to SOA for-
mation from monocyclic aromatic hydrocarbon photooxida-
tion since it is unlikely that bicyclic peroxides could pro-
duce a COQr in the AMS. Hydrogen abstraction from the
methyl group is not further discussed here as it accounts
for less than 10 % monocyclic aromatic oxidation pathway
(Calvert et al., 2002). However, it is important to consider
the further reaction of bicyclic peroxide ring scission prod-
ucts, especially in the presence of NO, (Jang and Kamens,
2001; Atkinson and Arey, 2003; Song et al., 2005; Hu et al.,
2007; Birdsall and Elrod, 2011; Carter and Heo, 2013). First-
generation ring scission products include 1,2-dicarbonyls
(glyoxal and methylglyoxal) and unsaturated 1,4-dicarbonyls
(Forstner et al., 1997; Jang and Kamens, 2001; Birdsall and
Elrod, 2011). These dicarbonyls are small volatile molecules
that are unlikely to directly partition into the particle phase.
However, these small molecules can potentially grow into
low-volatility compounds through oligomerization. Previous
studies have suggested that oligomerization can be an im-
portant pathway for SOA formation from monocyclic aro-
matic precursors (Edney et al., 2001; Baltensperger et al.,
2005; Hu et al., 2007; Sato et al., 2012). While Kalberer
et al. (2004) proposed an oligomerization pathway of 1,2-
dicarbonyls, Arey et al. (2008) found that unsaturated 1,4-
dicarbonyls have a higher molar yield than 1,2-dicarbonyls
in OH radical-initiated reaction of monocyclic aromatic hy-
drocarbons. Further, OH radical reaction and photolysis rates
are observed to be lower in 1,2-dicarbonyls photolysis (Plum
etal., 1983; Chen et al., 2000; Salter et al., 2013; Lockhart et
al., 2013) than unsaturated 1,4-dicarbonyls (Bierbach et al.,
1994; Xiang et al., 2007). This suggests that secondary re-
action of unsaturated 1,4-dicarbonyls is more important than
that of 1,2-dicarbonyls. Previous studies have found that un-
saturated 1,4-dicarbonyls react to form small cyclic furanone
compounds (Jang and Kamens, 2001; Bloss et al., 2005; As-
chmann et al., 2011). Oligomerization is possible for these
small cyclic compounds based on their similar molecular
structure with glyoxal and methylglyoxal (c-2-1 and c-2-2
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pathways, Fig. 7; Fig. S4). Products from further oligomer-
ization of ring-opening compounds can also partition into the
aerosol phase and contribute to SOA formation. Hydroly-
sis is necessary in both oligomerization pathways (Fig. S4
and Kalberer et al., 2004), which is consistent with the slight
H/ C increase observed for most monocyclic aromatic hydro-
carbon photooxidation results in this study. However, Nakao
et al. (2012) showed that the glyoxal impact on SOA forma-
tion is majorly due to OH radical enhancement with glyoxal
instead of oligomerization, especially under dry conditions.
This indicates that oligomerization from small cyclic fura-
none is more likely to contribute more to SOA formation
than 1,2-dicarbonyl in this work. Other pathways reported in
previous studies are also possible to contribute to SOA for-
mation here (Edney et al., 2001 — polyketone; Jang and Ka-
mens, 2001 — aromatic ring retaining products, six- and five-
member non-aromatic ring products, ring-opening products;
Bloss et al., 2005 — benzoquinone, epoxide, phenol; Carter
and Heo, 2013 - bicyclic hydroperoxide). Our work only ad-
dresses differences in the oligomerization pathway contribu-
tion to form SOA from monocyclic aromatic hydrocarbons.

A simplified monocyclic aromatic oxidation mechanism
for low-NO, conditions is shown (Figs. 7 and 8; the fig-
ures only illustrate monocyclic aromatic oxidation related to
particle formation). Figure 7 illustrates the oxidation, frag-
mentation and oligomerization after initial OH addition to
the aromatic ring, and Fig. 8 shows the kinetic scheme for
SOA formation from monocyclic aromatic hydrocarbons.
S1, S2 and S3 represent bicyclic hydroperoxide compounds,
ring-opening compounds and oligomerization products, re-
spectively. Table S6 summarizes the predicted vapor pres-
sures of the benzene photooxidation products using SIM-
POL (Pankow and Asher, 2008). The bicyclic hydroperox-
ide (S1, Fig. 8) is more volatile than the oligomers (S3 in
Fig. 8). The volatilities of the bicyclic hydroperoxides are
sufficiently high to allow additional oxidation (e.g., add one
more hydroperoxide functional group to form CgHgOsg). The
further oxidized bicyclic hydroperoxide vapor pressure is
predicted to be similar to oligomerization products from re-
action of c-2-1 (Fig. S4) with glyoxal. The higher vapor
pressure of oligomer products from glyoxal as compared
to oligomers from other products indicates that bicyclic hy-
droperoxides (S1) contribute more to SOA formation in ben-
zene than oligomerization products (S3), especially at higher
particle mass loadings, as compared with monocyclic aro-
matic hydrocarbons containing methyl groups according to
the two-product model fitting (Fig. 1 and Table 2).

4.2 Methyl group number impact on SOA formation
pathway from monocyclic aromatic hydrocarbon

It is observed that as the number of methyl groups on
the monocyclic aromatic precursor increases, mass yield
(Sect. 3.1), overall oxidation per carbon (Sect. 3.2), and
SOA density all decrease and SOA volatility increases. The
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Figure 7. Monocyclic aromatic hydrocarbon oxidation pathways related to SOA formation (methyl substitute on aromatic ring not shown).

observed yield trend is attributed to the increasing methyl
group number enhancing aromatic fragmentation and in-
hibiting oligomerization. First, the methyl group stabilizes
the ring-opening radical (Atkinson, 2007; Ziemann, 2011),
thus favoring the ring-opening pathway. Second, the methyl
group hinders cyclic compound formation and oligomeriza-
tion (Fig. 7). Oligomerization is unlikely to occur directly
from non-cyclic dicarbonyls (Kalberer et al., 2004) or in-
directly from cyclic compounds formed by unsaturated di-
carbonyls (Fig. S5) with increasing methyl group number.
Methyl groups both inhibit oligomerization (c-1-3, Fig. 7)
and prevent the formation of cyclic compounds from unsatu-
rated dicarbonyls (c-2-3, Fig. 7) when methyl groups are at-
tached to both ends of an unsaturated dicarbonyl. Oligomer-
ization is possible for these ketones through reactions such
as aldol condensation and hemiacetal formation (Jang et al.,
2002) under acidic conditions. However, this is less favored
for the current study in the absence of acidic seeds. Hence,
less cyclic compounds are available for subsequent oligomer-
ization, leading to more volatile products and a decrease in
SOA formation. Moreover, the SOA composition trend is
well explained by a —CH3 dilution effect. Previous studies
on the different gas-phase (Forstner et al., 1997; Yu et al.,
1997) and particle-phase (Hamilton et al., 2005; Sato et al.,
2007, 2012) products support this methyl group dilution the-
ory. A typical example is that more 3-methyl-2,5-furandione
is observed in m-xylene than toluene and vice versa for 2,5-
furandione. Sato et al. (2010) suggest that more low-reactive
ketones are produced rather than aldehydes with increasing
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Figure 8. Kinetic scheme for SOA formation from monocyclic aro-
matic hydrocarbon.

number of substituents. However, most ketones or aldehy-
des detected are so volatile that they mostly exist in the gas
phase (Forstner et al., 1997; Yu et al., 1997; Cocker et al.,
2001b; Jang and Kamens, 2001). Taken collectively, this im-
plies the importance of oligomerization and methyl substi-
tutes on SOA formation.

The observation of a slight H/C decrease from hexam-
ethylbenzene to its SOA components in contrast with the in-
creasing trend for monocyclic aromatic photooxidation for
zero to five methyl group substitutes (Sect. 3.2.2) suggests
that hydrolysis followed by oligomerization might not be sig-
nificant when all aromatic ring carbons have attached methyl
groups. In addition, the higher O/C and lower H/C (or
the higher OS¢) than predicted in Sect. 3.2.3 indicates that
SOA components from hexamethylbenzene photooxidation
are more oxidized per carbon due to oxidation of the methyl
groups, which is possibly related to the steric hindrance of
the six methyl groups. Moreover, there is a slightly increas-
ing trend in VFR from 1,2,4,5-tetramethylbenzene to hexam-
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ethylbenzene (Sect. 3.3.2). Further studies (e.g., photooxida-
tion using isotope-labeled methyl group hexamethylbenzene)
are required to probe the unique SOA aspects from hexam-
ethylbenzene photooxidation.

5 Atmospheric implication

The impact of the number of methyl group substituents on
SOA formation has been comprehensively studied in this
work by integrating SOA yield with SOA chemical compo-
sition and SOA physical properties. A generally decreasing
trend is found in the SOA mass yield and the carbon-number-
averaged oxidation level with increasing number of methyl
groups. SOA physical properties agree with yield and ox-
idation results. Therefore, this study demonstrates that the
addition of methyl group substitutes to monocyclic aromatic
precursors decreases the oxidation of aromatic hydrocarbon
to less volatile compounds. Offsetting the amount of COEr
and C,H30™ suggests a methyl group dilution effect on SOA
formation from monocyclic aromatic hydrocarbons. The pro-
posed methyl group dilution effect is then applied success-
fully to the predict SOA elemental ratio. Overall, this study
clearly demonstrates the methyl group impact on SOA for-
mation from monocyclic aromatic hydrocarbons.

Benzene and toluene are evaluated as the most important
monocyclic aromatic precursors to SOA formation among
the six compounds studied due to their high SOA vyields and
highly oxidized components. Hexamethylbenzene is found
to be significantly more oxidized than predicted based on
other monocyclic aromatic hydrocarbons studied here. This
implies uniqueness in the methyl group behavior (no —H
on aromatic ring) in hexamethylbenzene. Oligomerization
is proposed to be an important pathway for SOA forma-
tion from monocyclic aromatic hydrocarbons. It is likely
that oligomerization is even more valuable to SOA forma-
tion from monocyclic aromatic hydrocarbons in polluted ar-
eas (catalyzed effect; Jang et al., 2002; linuma et al., 2004;
Noziere et al., 2008) and ambient humidity (Liggio et al.,
2015a, b; Hastings et al., 2005).

The Supplement related to this article is available online
at doi:10.5194/acp-16-2255-2016-supplement.
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