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Abstract. Oxygenated organic molecules (OOMs) produced by the oxidation of aromatic compounds are key
components of secondary organic aerosol (SOA) in urban environments. The steric effects of substitutions and
rings and the role of key reaction pathways in altering the OOM distributions remain unclear because of the lack
of systematic multi-precursor study over a wide range of OH exposure. In this study, we conducted flow-tube
experiments and used the nitrate adduct time-of-flight chemical ionization mass spectrometer (NO; -TOF-CIMS)
to measure the OOMs produced by the photooxidation of six key aromatic precursors under low-NQO, conditions.
For single aromatic precursors, the detected OOM peak clusters show an oxygen atom difference of one or
two, indicating the involvement of multi-step auto-oxidation and alkoxy radical pathways. Multi-generation OH
oxidation is needed to explain the diverse hydrogen numbers in the observed formulae. In particular, for double-
ring precursors at higher OH exposure, multi-generation OH oxidation may have significantly enriched the dimer
formulae. The results suggest that methyl substitutions in precursor lead to less fragmented OOM products,
while the double-ring structure corresponds to less efficient formation of closed-shell monomeric and dimeric
products, both highlighting significant steric effects of precursor molecular structure on the OOM formation.
Naphthalene-derived OOMs however have lower volatilities and greater SOA contributions than the other-type of
OOMs, which may be more important in initial particle growth. Overall, the OOMs identified by the NO; -TOF-
CIMS may have contributed up to 30.0 % of the measured SOA mass, suggesting significant mass contributions
of less oxygenated, undetected semi-volatile products. Our results highlight the key roles of progressive OH
oxidation, methyl substitution and ring structure in the OOM formation from aromatic precursors, which need
to be considered in future model developments to improve the model performance for organic aerosol.
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1 Introduction

Oxidation of volatile organic compounds (VOCs) leads to the
formation of ozone and secondary organic aerosols (SOAs)
(Ziemann and Atkinson, 2012). Light and heavy aromatic
VOCs are important SOA precursors that can be emitted
from various anthropogenic sources such as transportation,
solvent use, wood burning, coal burning and cooking (Henze
et al., 2008; Pye and Pouliot, 2012). There are many cham-
ber studies on the SOA formation from aromatic VOCs (Li
et al., 2016a, b; Lambe et al., 2011; Ng et al., 2007; Chan
et al., 2009; Kautzman et al., 2010). The derived SOA yields
vary by precursors and NO, levels, owing to the difference
in forming condensable products, i.e., oxygenated organic
molecules (OOMs). Characterization of these OOM species
is however limited and challenging. Most atmospheric chem-
ical transport models (CTMs) still use SOA-yield-based pa-
rameterizations, which have difficulties in reproducing the
concentration and the variability of organic aerosol in urban
areas (Tsigaridis et al., 2014).

Recent developments in time-of-flight chemical ioniza-
tion mass spectrometry provide new insights into the for-
mation of OOMs and their contribution to SOA (Bianchi et
al., 2019). Wang et al. (2017) indicate that the intramolec-
ular H shift of peroxy radicals (RO2) from alkyl benzenes
can compete with bimolecular reactions under atmospheric
conditions, thereby substantially increasing the product oxy-
gen numbers via auto-oxidation. Laboratory studies show
further evidence for the occurrence of both multi-generation
OH oxidation and multi-step auto-oxidation in the aromatic
oxidation to increase the oxidation state of the products
(Garmash et al., 2020; Cheng et al., 2021b). Additionally,
Berndt et al. (2018b) suggest high formation rates of ac-
cretion products from self- and cross-reactions of RO, rad-
icals for aromatic precursors, resulting in great carbon and
oxygen number increments that lower the product volatility.
The three mechanisms, i.e., multi-generation OH oxidation,
multi-step auto-oxidation and accretion reactions, play dif-
ferent roles under different oxidation conditions. Moreover,
aromatic precursors differ in substituents and ring numbers,
which may cause steric effects in the OOM formation. Cheng
et al. (2021b) suggest that for benzene and toluene, the multi-
generation OH oxidation likely proceeds more favorably by
H abstraction than OH addition, and the dimer formation is
unfavorable at high OH exposures. Other laboratory stud-
ies indicate that under similar OH exposures, the oxidation
of isopropylbenzene, ethylbenzene and toluene likely forms
more oxidized RO, radicals than the oxidation of benzene
does (Wang et al., 2017). The formation of dimeric products
from the oxidation of trimethylbenzene seemed to be more
significant for meta-substituents than for ortho-substituents
(Y. Wang et al., 2020). However, there is still a lack of multi-
precursor studies that compare the OOM formation system-
atically under a wide range of OH exposure. A better under-
standing of the precursor steric effects and the OOM poten-
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tial of forming SOA is needed to assist future developments
of detailed model representation of SOA formation.

Herein, the formation of OOMs from six aromatic VOCs
(i.e., benzene, toluene, m-xylene, 1,3,5-trimethylbenzene,
naphthalene and 1-methylnaphthalene) is investigated in
flow-tube experiments under low-NO, conditions, aiming
at gaining insights into the OH-initiated chemistry and the
low-NO, representation of suburban and downwind environ-
ments. The OOMs are characterized using a nitrate adduct
time-of-flight chemical ionization mass spectrometer (NOj5 -
TOF-CIMS). The experiments cover a wide range of OH ex-
posures that are equivalent to approximately 1-19 d, assum-
ing a mean OH concentration of 1.5 x 10® molecules cm3.
The influences of precursor structure and OH exposure on
the formation of OOMs and the contributions of the identi-
fied OOMs to SOA are investigated.

2 Methods

2.1 Experimental procedures

Experiments were conducted in a 13.3 L Aerodyne oxidation
flow reactor (OFR) with a mean residence time of 95s un-
der low-NO, conditions. The operation of the OFR has been
described previously by Cheng et al. (2021b). The OFR was
operated in an OFR254-5 mode, with 254 nm lights on and
5ppm of externally generated O3 introduced into the OFR
(Lambe et al., 2017; Peng et al., 2018). The OH radicals are
generated via

03 + hv(254nm) — 05 +O('D) (R1)
O('D) + H,0 — 20H. (R2)

The relative humidity (RH) inside the OFR was maintained
at 23.4 %—29.4 %. Concentrations of OH radicals were var-
ied by ramping the voltage of the UV lamps in the OFR, for
which each lamp voltage represents one experimental condi-
tion. All experiments herein were conducted without injec-
tion of seed particles and NO,. We estimate a background
NO, level of < 1ppb throughout the experiments. In total,
27 experiments were performed for the six aromatic precur-
sors. Table 1 lists the experimental conditions and the key
measured and derived quantities, including those for the ox-
idation of benzene and toluene that have been discussed in
our previous study (Cheng et al., 2021b). The concentrations
of OH and HO; radicals were estimated using a photochem-
ical box model (PAMchem) (Lambe et al., 2017; Cheng et
al., 2021b). The results suggest that the first step of oxida-
tion of the aromatic VOCs was dominated by the OH radicals
rather than by O3 because of much higher reaction rate con-
stants for the former than the latter (Lambe et al., 2017; Peng
et al., 2016). The reaction rates of early-generation oxidation
products that contain double bounds with O3 are also likely
slower than those with OH radicals (Molteni et al., 2018;
Y. Wang et al., 2020). Therefore, we believe that the oxida-
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tion chemistry was prevalently initiated by OH radicals in our
experiments. The modeled HO»-to-OH concentration ratio is
about 2—18, while the rate constant for RO, +HO> is typi-
cally an order of magnitude smaller than that for RO, + OH
(Peng and Jimenez, 2020, and references therein). Figure S1
in the Supplement shows the calculated contributions of var-
ious pathways to the RO, loss in our experiments for a given
set of rate constants. Both the RO; + HO; and RO, + OH
channels are important for RO, loss under conditions of our
experiments considering the uncertainties of the estimations
and the variations of reaction constants. The RO, isomeriza-
tion rate coefficients are highly structure dependent, rang-
ing from ~ 1073 to ~10s~! (per second) for aromatic RO;
(Wang et al., 2017; Praske et al., 2018). Therefore, the fast
RO, 4+ HO; reactions may limit some RO, auto-oxidation in
our experiments.

2.2 Measurements

The concentration of O3 was monitored with an UV pho-
tometric analyzer (2B Technologies, 202). Concentrations
of aromatic VOCs were measured by an IONICON pro-
ton transfer reaction quadrupole interface time-of-flight mass
spectrometer (PTR-QiTOF). Calibration of the PTR-QiTOF
was conducted using gas standards (Spectra Gases, ~ 1 ppm)
at different concentration levels. The measurement un-
certainty is about 15% for calibrated species (Huang et
al., 2019). Particle size distributions were measured by a
scanning mobility particle sizer (SMPS; TSI, 3938). The
SOA mass concentrations were measured by an Aerodyne
long time-of-flight soot particle aerosol mass spectrome-
ter (LTOF-SP-AMS). Calibrations of ionization efficiency
(IE) and relative IE (RIE) followed standard procedures us-
ing pure ammonium nitrate (NH4NO3) and ammonium sul-
fate ((NH4)2SO4) (Zheng et al., 2020). A collection effi-
ciency (CE) value of 1 was applied to the LTOF-SP-AMS
data herein, which leads to a good agreement between the
AMS and SMPS results. The oxygen-to-carbon (O : C) and
hydrogen-to-carbon (H : C) ratios of SOA were estimated by
the method introduced by Aiken et al. (2008). Because the
measured ratios of (HZOJF)Org/(COEL)Org (i.e., around 0.33)
and (CO+)0rg / (CO;‘ Jorg (i.€., 1.1-1.2) for chamber aromatic
SOA were similar to the default ratios of 0.225 and 1, re-
spectively (Chhabra et al., 2011; Nakao et al., 2013), we did
not update these ratios in the calculation of elemental ratios
(Chen et al., 2011).

The OOMs were measured by the Aerodyne NO; -TOF-
CIMS in the form of deprotonated ions, clusters with a ni-
trate monomer or clusters with a nitrate dimer. This study
only presents clusters that have one nitrate ion. The oxida-
tion of benzene and toluene has been discussed in our pre-
vious study for a fitted mass-to-charge ratio (m/z) range
of 150 to 450 Thomson (Th) (Cheng et al., 2021b). In this
study, we refitted the spectra to up to 650 Th, resulting in
slightly different molar yields (Table S1 in the Supplement).
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Although our work and other studies report similar calibra-
tion factors for the range of 100450 Th for a high-resolution
time-of-flight (HTOF) NO; -CIMS (Ehn et al., 2014; Joki-
nen et al., 2012; Kiirten et al., 2012), it does not guaran-
tee a flat transmission for a wider range of m/z. The trans-
mission correction is instrument-specific and strongly de-
pends on the chosen settings of the instrument (Heinritzi et
al., 2016). Tian et al. (2023) and Zheng et al. (2023) show a
relatively smooth transmission curve for m/z <450 Th, with
an enhancement factor of 1-1.2. We used a uniform calibra-
tion factor of 1.23 x 10! molecules cm™3, with additional
sampling-line vapor loss correction of 26 % for all OOMs
in this study, with considerations of the transmission uncer-
tainty in the result interpretation. This may underestimate the
sensitivity of large molecules by a factor of 2 if we consider
an average transmission efficiency of ~ 0.5 for 450-650 Th,
suggested by Tian et al. (2023). The background signals of
individual OOMs were determined from measurements made
without the injection of VOC precursors. The instrument op-
eration and data analysis have been described in detail in our
previous studies (Cheng et al., 2021a, b).

2.3 Dimer formation rates

Dimeric products may be formed by the accretion reactions
between RO, and R'O; radicals. At steady state, the forma-
tion rate of dimers is represented as follows:

/
% = " kri[ROL][R'O;] — kioss[ROOR'T =0, (1)
where kg ; (cm® molecule™! s™!) is the apparent rate con-
stants of accretion reactions (i > 1), and kjoss (s~1) repre-
sents the loss rate of OOMs (0.04-0.1s~1) (Sect. S1 of the
Supplement). We use Eq. (1) to provide rough constraints
to the formation rate constants of detected dimeric prod-
ucts, which is similar to the approach used by Molteni et
al. (2019). There are 46, 54 and 76 assigned dimeric prod-
ucts from benzene, toluene and naphthalene experiments,
respectively, from the NO; -TOF-CIMS measurements of
OOM molecular formulae. However, for each precursor, only
five to eight dimers have sufficient combinations of above-
detection-limit signals of possible RO, and R'O; to solve
kr,; using a non-negative multi-linear regression method
(sklearn from Python 3). Only the kg ; values that are greater
than zero but less than 9 x 10~'% cm® molecule=! s~! (con-
sidering the collision limit) with correlation coefficients (r)
of > 0.5 are considered reasonable rate constants and are
listed in Table 2. Theoretical and laboratory studies indi-
cate that the production rate constant of ROOR’ can reach
10710 ¢m3 molecules™! ™! (Molteni et al., 2019; Hasan et
al., 2020; Perakyla et al., 2023). The OOMs that form slowly
would not be detectable by the NO; -TOF-CIMS because of
the fast vapor losses at the SOA loading level at the exit
of OFR. The detected dimeric products (e.g., C14H1gO14)
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Table 1. Summary of experimental parameters and measured and derived quantities for aromatic (CyHy) oxidation in the OFR under low-

NO, conditions.

Exp.no VOC species Experimental conditions Measured quantities Derived quantities
p p p q q
VOC RH T Cy OOMs C,, OOMs SOA# OHexp HO,
(ppb) (%) (°O (ppY) (pp) (ngm~3) | (moleculescm™s)  (ppb)
1° 236 250 3.4 0.4 5.1 3.1 x 101! 15
2b b 243 24.4 6.3 0.5 22.2 1.4 x 1012 23
b enzene 110 12
3 240 250 6.3 0.5 17.4 1.9x 10 2.4
4b 234 256 6.6 0.5 13.7 2.1 x 1012 24
5b 294 234 4.1 0.6 47 3.2 x 101! 15
6P 290 237 6.0 0.6 14.3 9.8 x 1011 22
7b toluene 50 283 243 5.4 0.5 8.4 1.5x 1012 23
gb 275 254 48 0.3 43 2.2 x 1012 23
gb 268 264 3.6 0.2 45 2.5 x 1012 22
10 260 234 8.9 3.0 2.8 x 10! 1.5
11
11 m-xylene s 270 231 14.0 3.0 NA 9.5 x 1012 2.2
12 245 247 10.7 23 1.3x 10 24
13 24.1 24.3 9.7 2.0 1.6 x 1012 2.4
14 26.1 22.1 6.0 1.0 2.7 x 1011 1.4
15 262 230 5.9 0.5 8.5 x 101! 22
16 1,3,5-trimethylbenzene 17 254 238 4.1 0.3 NA 1.3 x 1012 23
17 246 248 3.0 0.2 1.8 x 1012 2.4
18 237 258 23 0.2 2.1 x 1012 2.4
19° 28.7 19.5 42 0.3 7.4 1.2 x 1011 0.9
200 29.4 19.2 4.1 0.3 75 2.6 x 1011 1.3
21b naphthalene 12 282 200 4.1 0.2 6.3 7.4 x 1011 2.0
22b 274 206 3.2 0.1 55 1.2 x 1012 2.2
23b 266 215 2.8 0.1 47 1.6 x 1012 23
24 256 233 0.9 0.1 2.8 x 10! 1.5
11
25 | methylnaphthalene ;7 263 23 43 0.3 NA 8.5 x 1012 2.2
26 258 235 4.0 0.3 1.3x 10 23
27 250 241 42 0.3 1.7 x 1012 2.4

4 Not corrected by particle wall losses.
b Experiments that have LTOF-SP-AMS measurements.
NA: not available.

showed rapid increases to stable concentrations with time se-
ries similar with their parent RO, (e.g., C7H9O19), indicating
a fast production of these dimers. The PAMchem model sim-
ulations indicate minor changes of the ROOR’ concentrations
when the reaction rate constant of RO, + RO, — ROOR’
reaches above 5 x 10~ cm3 molecules—! s~! (Fig. S2). We
therefore think the steady-state assumption may stand for the
few dimers that are listed in Tables S2-S7.

2.4 Contribution of OOMs to SOA

The contributions of the detected OOMs to SOA were only
estimated for benzene, toluene and naphthalene experiments,
for which both LTOF-SP-AMS and SMPS measurements are
available. We consider both the irreversible and equilibrium-
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type condensation. The former was represented by the net
condensation flux of the observed OOMs, which can be de-
scribed using an aerosol growth model (Trostl et al., 2016).
The latter was represented by the particulate fraction esti-
mated by the partitioning theory and the vapor pressure of
OOMs (Pankow, 1994). The calculation details are provided
in Sect. S1. Aromatic OOMs consist of abundant hydroxyl
(—-OH) and carboxylic (=0) groups but less hydroperoxide
(—~OOH) groups compared to monoterpene OOMs (M. Wang
et al., 2020). We therefore applied the empirical volatility pa-
rameterization that was used in previous naphthalene stud-
ies to estimate the saturation concentrations (C*) of the de-
tected OOMs (Epstein et al., 2010; Donahue et al., 2011).
The OOMs were grouped into volatility bins based on the

https://doi.org/10.5194/acp-24-2099-2024
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Table 2. Rate coefficients k for benzene- and naphthalene-derived dimer and comparison with data from other studies. R-squared values

(R?) are shown to verify the fitting results.

Dimer R? RO, +RO, k
(10_10 cm3 molecule™! s_l)

C12H14015 0.31 CgH509 + CgHgOg 3.0
CgH707 + C¢H7019 6.4

CgH70g + CgH709 7.0

CroH18014 045 Ci9oHs505+C1oH13011 6.0
C10H506 + C190H13019 8.5

C1oH507 + C19H 309 73

C1oH705 +C10H11011 1.7

C10H706 +C10H11010 2.4

CioH709 + C1oH1107 52

C10H7011 +C10H1105 3.9

C1oH9Og + C190H9O19 1.2

C1oHgOg + C1oHgOg 0.9

CigHp0g? d CgH 305+ C9H 305 1.4-2.5
C0H3006" 4 CjoH;504 + C1oH|504 0.1
CpH3408° 4 CyoH}705+C1oH705 04
CyoH30018° 4 CyoHy5010 +CioH15010 0.5
CyH301s> ¢ CyoH1707 +C1oH;509 0.8
CroH30014° 4 CyoH;505 + CoH;508 32
CyoH30015° 4 CyoH5010 +CioH507 8.7
C1oH1509 + C1oH150g 6.6

CyoH30016° 4 CyoH5010 +CioH;508 23
CyH30017° ¢ CyoHy5011 +CioH; 508 4.4
Cy0H15010 + C1oH1509 1.8

CyoH300138° 4 CyoH;5012 +CioH; 508 1.6
C10H15010 +C10H15010 0.8

@ From experiments with 1,3.5-trimethylbenzene addition (Berndt et al., 2018b).
b From experiments with «-pinene addition (Berndt et al., 2018a).
€ From experiments with a-pinene addition (Molteni et al., 2019).

4 Not provided in the literature.

volatility-basis-set (VBS) method (Donahue et al., 2006).
They were classified as ultralow-volatility organic com-
pounds (ULVOCs; logC* < —9.5), extremely low volatil-
ity organic compounds (ELVOCs; —9.5 < logC* < —4.5),
low-volatility organic compounds (LVOCs; —4.5 < logC* <
—0.5), semi-volatile organic compounds (SVOCs; —0.5 <
log C* < 2.5) and intermediate-volatility organic compounds
(IVOCs; 2.5 < logC* < 6.5) (Bianchi et al., 2019; Schervish
and Donahue, 2020). In this study, SOA contributions from
OOMs with C* of <0.01 uygm™> were calculated by the
aerosol growth model, and those from OOMs with C* >
0.01 uygm~3 were calculated by the partitioning method.

https://doi.org/10.5194/acp-24-2099-2024

3 Results and discussion

3.1 Product distributions

The general oxidation chemistry for OH-initiated pathways
of aromatic VOCs is described in Sect. S2. Figure 1 shows
the OOM product distributions for the oxidation of the six
aromatic precursors under similar OH exposures of approx-
imately (1.2-1.5) x 10'2 molecules cm 3 s. For a given pre-
cursor of C,Hy, we name the detected OOMs as monomeric
products (C., and C, series) and dimeric products (Coy
and Cy, series). Monomeric products contribute to the ma-
jority of the detected OOM signals for the six aromatic pre-
cursors studied herein, while the dimeric products contribute
to up to 18 % of the OOM signals. The highest dimeric

Atmos. Chem. Phys., 24, 2099-2112, 2024
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signal fraction is observed for m-xylene OOMs. Overall,
ion peaks in the m/z range of 200-650 Th show in clus-
ters with progressions and sequences that preserve the pre-
cursor carbon structure. The lower ends of the peak clus-
ters of monomeric products for benzene, toluene, m-xylene
and 1,3,5-trimethylbenzene are shifted by progressive differ-
ences of 14 Th (—CH;). The products from naphthalene and
1-methylnaphthalene also show a similar -CH; progression.
The progression is doubled for dimeric products (28 Th, —
(CH3)2). Moreover, there are series of clusters with peak se-
quences that differ by one and two oxygen atoms in both of
monomeric and dimeric products, respectively, in each mass
spectrum. The peak clusters then differ by hydrogen atom
numbers for each oxygen atom addition. The general shift-
ing of peak abundance to products with one to four more
hydrogen (i.e., to the right m/z side) is consistent with the
importance of OH addition in the oxidation of aromatic pre-
cursors. By contrast, dimeric clusters show abundant distri-
butions in the hydrogen-deficient m /z values (i.e., on the left
side), suggesting a significant H abstraction process before
the accretion reactions occur.

The C., products are typically fragmented products
formed from the decomposition of alkoxy (RO) radicals (Li
and Wang, 2014). Methyl substitution may prevent the ef-
ficient formation of phenoxy radicals, thereby lowering the
abundance of fragmented products (Schwantes et al., 2017).
Indeed, we observed high signal fractions of C_, prod-
ucts (59.4 %—65.7 %) in OOMs produced by the oxidation
of benzene, toluene, naphthalene and 1-methylnaphthalene
that have low methyl-to-aryl carbon ratios (Cpe : Car < 0.2),
whereas the signal fractions of C., products produced
by the oxidation of m-xylene and 1,3,5-trimethylbenzene
(CMme : Car > 0.2) are much lower (17.9 %-26.3 %). Ta-
bles S2-S7 list the formulae and the relative signals of
major OOMs for the experiments presented in Fig. 1.
For the oxidation of benzene, toluene, naphthalene and 1-
methylnaphthalene, C3H4O5 and C4H40O5 are the main com-
mon C_, products. These molecules are likely second- or
third-generation products formed via the fragmentation of
phenoxy radicals with rich unsaturated aryl carbon moieties
(Schwantes et al., 2017). CsHgOg¢ and CgH;gO7 are the
most abundant C_, products for the oxidation of m-xylene
and 1,3,5-trimethylbenzene, respectively. CsHgOg is likely a
ring-scission product (e.g., carboxylic acid), while CgH19O7
may be a fragmented ring-retaining product formed by
the dealkylation pathway (Zaytsev et al., 2019; Mehra et
al., 2020).

The C, products with odd H numbers in their formulae
for single-precursor oxidation systems are plausibly open-
shell products (i.e., mainly RO;) (Zhao et al., 2018), and
the C, products with even H numbers are normally closed-
shell products. Central in the formation of OOMs from aro-
matic VOCs, the bicyclic peroxy radicals (BPRs) contain
five oxygen numbers (CH,10Os), which are formed by two
steps of O, addition after OH addition (Birdsall et al., 2010).

Atmos. Chem. Phys., 24, 2099-2112, 2024
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As shown in Table S8, the signal fractions of C,Hy;107
and CyHy109 (0.1%-1.0%) are greater than those of
CyHy105( 0.05 %—-0.4 %), explained by aggressive multi-
ple steps of auto-oxidation. These odd-oxygen RO, radicals
are the results of the predominant OH-addition plus sequen-
tial O, incorporation (auto-oxidation). Besides, even-oxygen
RO; radicals are observed, with CyH,110¢ and C,H,110g
(0.1 %—1.1 %) being the most abundant. Their formation
might involve the RO pathway (Orlando et al., 2003; Cheng
et al., 2021b). In the RO pathway, the RO radicals un-
dergo an intermolecular H shift (isomerization) instead of
decomposition, which forms C-centered alkyl radicals that
are ready for further auto-oxidation. For example, the BPR
(CxHy410s5) can react with HO; to form the RO radical
CHy1104. The newly formed RO radical then isomerizes
to become a hydroxylated alkyl radical and results in a new
RO; radical (CyHy,110¢) via Oy addition. The most abun-
dant closed-shell C, products are C¢HgOg (3.1 %), C7HgOgq
(3.8%), CgHi007 (8.6 %), CoH1407 (17.5%), C1oHgOg
(2.9%) and C11H[2019 (2.1 %) for the oxidation of ben-
zene, toluene, m-xylene, 1,3,5-trimethylbenzene, naphtha-
lene and 1-methylnaphthalene, respectively. We obtained av-
erage O : C ratios of 0.9-1.1 for closed-shell OOM products
formed from monocyclic precursors and 0.7-0.8 for those
formed from double-ring precursors. The lower O : C ratios
for the latter are probably because the second aromatic ring
prohibits extensive auto-oxidation (Molteni et al., 2018).
Among the dimeric products, the C, products are much
more abundant than the C_5, ones in terms of both number
and amount (Tables S2—-S7). The observed C,, dimers have
odd and even oxygen numbers in their formulae, suggest-
ing the occurrence of both the cross- and self-reactions of
RO; radicals. For example, C1gH26015 is a product from the
1,3,5-trimethylbenzene oxidation, which may be formed via
self-reactions of C9H1307 or cross-reactions of other even-
oxygen RO, radicals. Dimers that are formed from BPR
or RO, with further auto-oxidation are expected to contain
at least eight oxygen atoms. Interestingly, the C;, products
with four to seven oxygen numbers are abundant, suggest-
ing the occurrence of accretion reaction between BPR and
less oxygenated RO, radicals. These C;, products show a
greater abundance for the oxidation of m-xylene (Fig. 1c)
than for those of other precursors, indicating more stable ac-
cretion reactions for the less oxygenated RO radicals de-
rived from m-xylene due to stereoselectivity. Consistently,
Y. Wang et al. (2020) identified more abundant dimeric
products for the meta-substitution aromatic. Moreover, dif-
ferent numbers of hydrogen atoms in the dimer formulae
suggest different formation routes. For monocyclic aromatic
precursors, the main Cp, products are CoxHzy42010-14,
likely formed by the accretion reactions of two CyHy,110,
radicals (Table S8). These C;Hy 10, products are usually
RO; radicals formed from multi-step auto-oxidation with
one step of OH addition. Unlike the monocyclic precur-
sors, the main Cy, products produced by the oxidation of
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Figure 1. Mass spectra and fractions of different categories of gaseous OOMs observed in the oxidation of (a) benzene, (b) toluene, (c¢) m-
xylene, (d) 1,3,5-trimethylbenzene, (e) naphthalene and (f) 1-methylnaphthalene, corresponding to experiment nos. 2, 7, 12, 16, 22 and 26

in Table 1, respectively.

naphthalene and 1-methylnaphthalene are C;Hz,O10-14,
C2xHzy42010-14 and CoxH2y 4401014, showing more di-
verse H number distributions. This result suggests more ef-
ficient multi-generation OH oxidation (e.g., adding one H
atom via OH addition vs. losing one H atom via H abstrac-
tion) before accretion reactions occur for double-ring aro-
matic precursors than for single-ring precursors.

The apparent molar yields of the OOMs detected by the
NO5-TOF-CIMS at the exit of OFR were calculated as
(k1oss X [OOMs]) / (k1 x [VOC] x [OH]), where kjoss is the
loss rate constant of OOMs, and k; is the VOC-OH reac-
tion rate constant. The AMS and SMPS particle measure-
ments are only available for benzene, toluene and naphtha-
lene, for which we can correct the vapor loss of OOMs to the
particle phase and the OFR wall. Figure 2 shows the OOM
yields under different OH exposures. The yields range from
0.07 % to 2.05 %, among which the yields of naphthalene-
derived OOMs are greater than those of the other two mono-
cyclic aromatic precursors. This is consistent with the result
from Molteni et al. (2018), who obtained a higher OOM yield
for naphthalene (1.8 %) than for benzene (0.2 %) and toluene
(0.1 %). As the OH exposure increases, the OOM yields for
benzene and toluene first increase and then decrease after
the equivalent photochemical age exceeds 7 d. The initial in-
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crease in OOM yields is consistent with the results presented
by Garmash et al. (2020) for the oxidation of benzene un-
der low OH exposure. The later decrease in the apparent
OOM yields under high OH exposure suggests the produc-
tion of more fragmented products that remain undetected by
the NO;3 -TOF-CIMS. For the oxidation of naphthalene, we
find increasing OOM yields under high OH exposure. Multi-
generation OH oxidation may occur more efficiently for pre-
cursors with two aromatic rings than the monocyclic precur-
sors, thereby forming more of the detectable OOMs by the
NO3 -TOF-CIMS even under high OH exposure. The param-
eters in the yield calculation are associated with various kinds
of uncertainties. We used a uniform calibration factor to de-
termine the OOM concentrations which may underestimate
the sensitivity of large molecules. Given an average trans-
mission efficiency of ~0.5 for 450-650Th, as suggested
by Tian et al. (2023), the underestimations of OOM yields
(about 0.01 %-0.03 %) are minor. The main bias in yields is
perhaps associated with kjoss, Which is most sensitive to the
condensation sink (Palm et al., 2016). It is worth noting that
the yield calculation herein assumes that the production rate
is equal to the loss rate of OOMs, which may represent only
the lower limit of the actual yield if particles are still growing
when exiting the OFR.
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Figure 2. Yields of OOMs produced from photooxidation of ben-
zene, toluene, and naphthalene in OFR as a function of OH expo-
sure. Equivalent photochemical ages are referred to a mean OH con-
centration of 1.5 x 10% molecules cm™3.

3.2 Formation of Cx and Co, OOMs

For all precursors, the concentrations of closed-shell Cy
products are much greater than those of open-shell prod-
ucts (i.e., mainly RO;) (Fig. S3). Under low-NO, conditions,
the closed-shell C, products are formed primarily from the
RO, +HO; pathways rather than the reaction of RO, +RO;.
This is due to the much higher HO;, concentrations (0.9—
2.4 ppb) than the RO, concentrations (0.1-2.2 ppt) (Table 1),
which hints that the formation of closed-shell C, products
is limited by the RO, availability. Indeed, good correlations
between closed-shell C, products and RO, are observed
(Fig. 3). The slopes are generally lower for double-ring pre-
cursors than for monocyclic precursors, indicating a steric
hindrance of double rings on the C, product formation.

For a given precursor of C,H,, further auto-oxidation of
BPRs (C;H,10s5) may lead to the formation of C, prod-
ucts with hydrogen numbers of y or y 42, whereas multi-
generation OH reactions (i.e., a second or third OH attack)
would lead to the formation of C, products with hydrogen
numbers of y —2 (H abstraction) or > y +2 (OH addition)
(Garmash et al., 2020; Cheng et al., 2021b). Figure 4 shows
the signal fractions of closed-shell C, products that have dif-
ferent hydrogen numbers at different OH exposure. The sig-
nal fractions of products with y —2 hydrogen numbers in-
crease with increasing OH exposure, suggesting that more H
abstraction may have occurred at higher OH exposure. Con-
sistently, the signal fractions of C, products with > y+2 hy-
drogen numbers decrease as the OH exposure increases, sug-
gesting less OH addition at higher OH exposure. H abstrac-
tion has been found to be involved in the formation of the
majority of monoterpene OOMs (Shen et al., 2022). More-
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Figure 3. Scatter plot of the concentrations of closed-shell Cy prod-
ucts and those of open-shell Cy products (RO;) for the 27 experi-
ments listed in Table 1. The r values represent the Pearson correla-
tion coefficients.

over, the signal fractions of products with y —2 and > y +2
hydrogen numbers are relatively higher in naphthalene- and
1-methylnaphthalene-derived OOMs than in other types of
OOMs, highlighting the importance of multi-generation OH
oxidation for double-ring aromatic precursors. Additionally,
for naphthalene and 1-methylnaphthalene, both of the prod-
ucts with y +4 (15.9 %-27.8 %) and y + 6 (3.4 %-10.9 %)
hydrogen numbers have high signal fractions, whereas for
monocyclic aromatic OOMs, the products with y+4 (9.7 %—
37.9 %) hydrogen numbers are the main > y + 2 products
(Tables S2—-S7 and Fig. S4). The presence of abundant C,
products with hydrogen numbers of y 4+ 6 from double-ring
precursors suggests a significant occurrence of third OH ad-
dition in early-generation products that still possess a high
degree of unsaturation.

The concentrations of Cy, products are several times lower
than those of C, products (Fig. S5). Their total concentra-
tions vary by OH exposures but show different trends for
different precursors. For benzene and 1-methylnaphthalene,
the Cy, concentrations increase for higher OH exposures,
whereas for the other four precursors, the C;, concentra-
tions decrease as the OH exposure increases. This highlights
a large difference in the RO, distribution and their functional
groups for different precursors, calling for further investiga-
tions. The concentrations of Cy, products correlate well with
the square of the RO, concentrations except for m-xylene
(Fig. 5). The slopes are lower for naphthalene than for mono-
cyclic precursors, again suggesting significant steric effects
of double rings on the formation of Cj, products (Tomaz et
al., 2021). In addition, the slopes are greater for methyl sub-
stituted precursors than for non-substituted ones.

Table 2 lists the constrained rate constants for benzene-
and naphthalene-derived dimeric products with reason-
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Figure 5. Scatter plot of the concentrations of closed-shell Cy,
products and those of ROy x RO, for the 27 experiments listed in
Table 1. The r values represent the Pearson correlation coefficients.

able fittings (r > 0.5). Our estimated rate coefficients
for Cy, products from the self- and cross-reactions of
RO, radicals span a range of 1 order of magnitude
(ie., 0.9-85 x10710 ¢m? molecule~!s™1). The rates
are similar to those reported for «-pinene+OH/O3
and 1,3,5-trimethylbenzene +03 /OH (.e., 0.1-
8.7 x107 1% ¢cm3 molecule ™! s’l) (Berndt et al., 2018a, b;
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Molteni et al., 2019). The estimated rate constants are
7.0 x 10719 cm3 molecules ™! s7! for CgH70g + CcH709 —
CipH14015 and 0.9 x 10719 ¢m3 molecules—!s™!  for
C10HoOg + C19H9Og — Cy9H13014, suggesting that the
accretion reaction rate is sensitive to precursor structures and
RO; functional groups. These RO; radicals could be formed
from BPRs (C,H,0s); thus the lower rate constant for
C10H9Og +C19H9Og — CyoH13014 may again be explained
by the steric influence of double rings.

3.3 OOM contribution to SOA

Figure 6 shows the average elemental ratios of SOA and
detected gaseous OOMs as well as the estimated contribu-
tions of the detected OOMs to the SOA mass for the ex-
periments having AMS and SMPS particle measurements.
For benzene oxidation, greater O : C ratios and lower H: C
ratios are observed for SOA produced at higher OH expo-
sures, which can be explained by typical functionalization
process (Kroll et al., 2011). For toluene oxidation, the O : C
ratios of SOA increase and then decrease as OH exposures
increase, while the H : C ratios show the opposite, indicating
significant fragmentation at high OH exposures. The low-
est OH exposure in the OFR (> 0.9d atmospheric equiva-
lent photochemical age) is greater than chamber conditions.
Correspondingly, the O : C ratios at lowest OH exposure for
both types of SOA are greater, and the H : C ratios are lower
compared to the reported values in previous chamber stud-
ies (Nakao et al., 2013; Chhabra et al., 2010) (Fig. 6a). Un-
like benzene and toluene SOA, the H : C ratios for naphtha-
lene SOA increase as OH exposures increase, and the O : C
ratios at lowest OH exposure are lower than the reported
ratios in chamber study (Chhabra et al., 2010), suggesting
more difference in the oxidation conditions between the OFR
and chamber studies for naphthalene. Our results agree with
the reported O : C ratios in another OFR study (i.e., 0.86—
1.40 for toluene SOA and 0.48-1.59 for naphthalene SOA)
(Lambe et al., 2011). The detected OOMs produced from
naphthalene have lower O : C and lower H: C ratios than
those from benzene and toluene (Fig. 6b). When the OH
exposure increases, the average O : C ratios of the detected
OOMs increase, and the H : C ratios decrease (Fig. S6). The
increase in O : C ratios of OOMs is more significant for the
oxidation of naphthalene, whereas the decrease in H: C ra-
tios of OOMs is more evident for the oxidation of benzene
and toluene. The much broader ranges of O : C and H : C for
each type of SOA than those for detected OOMs highlight
the important contributions of undetected products to SOA.
Notably, the O : C ratios of naphthalene-derived OOMs are
much lower than those of benzene-derived OOMs, but the
naphthalene-derived OOMs contain more low-volatility frac-
tions than those of benzene-derived OOMs as shown in the
volatility distribution (Fig. S7).

The measured SOA mass concentrations are 4.3—
22.2ugm3 at the exit of OFR. The particle wall loss correc-
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Figure 6. (a) The averaged H: C and O : C ratios of the resulted SOA for the oxidation of benzene, toluene and naphthalene. (b) The
averaged H : C and O : C ratios of gaseous OOMs detected in these experiments. (¢) Estimated contributions of the detected OOM:s to the
SOA mass. The volatilities of OOMs were calculated using the method described in M. Wang et al. (2020).

tion has much greater uncertainties than for chamber seeded
experiments because the particle size distributions can only
be measured at the exit of the OFR. We therefore did not
calculate the SOA yields in this study. The contributions
of OOMs with C* > 0.01 ygm ™3 to SOA may be evaluated
by assuming instantaneous gas—particle equilibrium. On the
basis of partition theory and the vapor pressure of OOMs
(Pankow, 1994), the estimated contributions are about 0.3 %—
18.3 % for the oxidation of aromatics. For OOMs with C*
of <0.01 ugm™3, their contributions to SOA are usually es-
timated by calculating the net condensation flux. We can
only obtain the net condensation flux at the exit of OFR,
which should be greater than the flux inside the OFR con-
sidering the particle growth in the OFR. Multiplying this
flux with the mean residence time of the OFR, these low-
volatility species would explain 1.9 %—14.1 % of the aro-
matic SOA mass. Together, the identified OOMs by NO; -
TOF-CIMS may contribute to 3.9 %—10.3 %, 9.9 %—30.0 %
and 6.7 %—18.4 % of the measured SOA mass for the oxida-
tion of benzene, toluene and naphthalene, respectively, under
our low-NO, OFR conditions (Fig. 6¢). A recent field study
suggests ~ 50 %—70 % of aromatic OOM (also detected by
NO; -TOF-CIMS) contributions to SOA in urban environ-
ments in China (Nie et al., 2022), highlighting the potential
importance of these OOMs to SOA. As shown in Fig. S7,
most of the identified OOMs are in the low-volatility range
(i.e., ULVOCs, ELVOCs, LVOCs). The volatility distribution
of OOMs from naphthalene has a greater ULVOC fraction
than that of benzene, which is consistent with the greater es-
timated contributions of naphthalene-derived OOMs to the
SOA mass. Field measurements in urban Shanghai suggest
that heavy aromatic VOCs are important SOA precursors
(Tian et al., 2022). The results herein provide laboratory evi-
dence that heavy (e.g., double-ring) aromatic VOCs might be
more important than light (i.e., monocyclic) aromatic ones in
initial particle growth during SOA formation.
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The estimation of OOM contributions to the SOA mass has
large uncertainties. The main calculation uncertainty is asso-
ciated with the estimation of OOM volatilities, which could
be £1 bin different (i.e., 1 or 2 orders of magnitude in C*)
or more (Donahue et al., 2011). This may significantly affect
the calculation of gas—particle partitioning and net conden-
sation flux with compensation errors among species. On the
other hand, the OFR experiments may not mimic the am-
bient conditions fully. High OH exposures with short resi-
dence time may lead to fast RO, + HO; reactions that limit
some RO, auto-oxidation. Precursors are mixed in the real
atmosphere, which may lead to different RO, chemistry and
product distributions compared to single-precursor systems
in this study (Chen et al., 2022). Measurement uncertainties
are relatively minor and not subject to significant systematic
bias. The underestimation of large molecules (450—650 Th)
in NO3 -TOF-CIMS analysis by a factor of 2 only affects the
OOM contribution by ~ 0.1 %. The quantification uncertain-
ties of VOCs and SOA are usually less than 30 % (Huang et
al., 2019; Zheng et al., 2021). In ambient applications, the
calculation of OOMs to SOA needs to isolate the observed
SOA growth to OOM production, which introduces addi-
tional uncertainties related to air mass dilution and transport.

4 Conclusions

The formation of OOMs from the photooxidation of ben-
zene, toluene, m-xylene, 1,3,5-trimethylbenzene, naphtha-
lene and 1-methylnaphthalene was investigated under low-
NO, conditions with a wide range of OH exposure. The de-
tected OOM formulae show diverse oxygen and hydrogen
numbers that need both multi-step auto-oxidation and multi-
generation OH oxidation to explain, highlighting similar re-
action rates of the two mechanisms under atmospheric rel-
evant VOC concentrations. Multi-generation OH oxidation
appears to be more prominent at higher OH exposure for
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the oxidation of double-ring precursors than for the oxida-
tion of single-ring aromatic precursors. The product distri-
butions demonstrate significant steric effects of the methyl
substitution and the double-ring structure on the OOM for-
mation. We show that (1) the formation of fragmented prod-
ucts, especially unsaturated small oxygenates, is less efficient
for precursors with more methyl groups, and (2) the steric ef-
fects of double rings affect the formation of both monomeric
and dimeric products. More studies are needed for develop-
ing quantitative understanding to improve the CTM repre-
sentation on the OOM formation. Finally, we found more
OOMs produced by the oxidation of double-ring precursors
in the lower volatility range than those formed from the oxi-
dation of traditional monocyclic precursors, highlighting the
importance of heavy aromatics to SOA formation. The de-
tectable OOMs by the NO5 -TOF-CIMS are usually highly
oxygenated products and explain at maximum 30.0 % of the
aromatic SOA mass herein. More of the SOA mass is perhaps
contributed by less oxygenated products that require other
types of chemical ionization technique to explore.
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