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Secondary organic aerosols (SOAs) influence the Earth's climate and threaten human health. Aromatic
hydrocarbons (AHs) are major precursors for SOA formation in the urban atmosphere. However, the
revealed oxidation mechanism dramatically underestimates the contribution of AHs to SOA formation,
strongly suggesting the importance of seeking additional oxidation pathways for SOA formation. Using
toluene, the most abundant AHs, as a model system and the combination of quantum chemical method
and field observations based on advanced mass spectrometry, we herein demonstrate that the second-
generation oxidation of AHs can form novel epoxides (TEPOX) with high yield. Such TEPOX can further
react with H,SO,4 or HNOs in the aerosol phase to form less-volatile compounds including novel non-
aromatic and ring-retaining organosulfates or organonitrates through reactive uptakes, providing new
candidates of AH-derived organosulfates or organonitrates for future ambient observation. With the
newly revealed mechanism, the chemistry-aerosol box modeling revealed that the SOA yield of toluene
oxidation can reach up to 0.35, much higher than 0.088 based on the original mechanism under the
conditions of pH = 2 and 0.1 ppbv NO. This study opens a route for the formation of reactive uptake
SOA precursors from AHs and significantly fills the current knowledge gap for SOA formation in the
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Introduction

Secondary organic aerosols (SOAs) represent a major constituent
of atmospheric aerosols,* and impact human health and global
climate.>® Gaseous organic compounds are potential SOA
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precursors, especially volatile organic compounds (VOCs). In the
past 70 years, gas-phase oxidation of VOCs followed by conden-
sation has been suggested to dominate SOA formation." Great
efforts have been made to reveal the oxidation mechanism of
VOCs, and identify the SOA precursors to build a quantitative
relationship of gaseous organic compounds with SOA forma-
tion.*® However, atmospheric models based on current infor-
mation consistently underestimate the global SOA budget.*® This
underestimation of SOAs strongly suggests the importance of
seeking additional pathways leading to SOA formation.
Increasing evidence suggests that multiphase chemistry
caused by the formation of reactive uptake precursors (RUPs) in
the oxidation of VOCs is an important pathway for SOA
formation. For example, the reactive uptake of isoprene-derived
epoxydiols (IEPOX) has been demonstrated to be a significant
source of atmospheric SOAs globally.*** Most recently, it was
suggested that even in polluted urban environments, RUPs of
anthropogenic origin significantly contributed to SOA forma-
tion locally.”*** However, the underlying sources and chemical
identities of these anthropogenic RUPs remain unclear. There-
fore, the identification of the mechanisms of RUP formation
from anthropogenic VOC precursors is of great interest.
Aromatic hydrocarbons (AHs) comprise a significant fraction
(up to 60%) of total VOCs in the urban atmosphere.'” The

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc03638c&domain=pdf&date_stamp=2023-11-17
http://orcid.org/0000-0002-0028-9102
http://orcid.org/0000-0002-5756-3336
http://orcid.org/0000-0003-3736-4329
http://orcid.org/0000-0002-9119-9785
http://orcid.org/0000-0002-6048-0515
http://orcid.org/0000-0002-5461-1486
https://doi.org/10.1039/d3sc03638c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc03638c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014045

Open Access Article. Published on 27 October 2023. Downloaded on 12/5/2025 12:48:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

oxidation of AHs can significantly contribute to SOA formation
with up to 50% in the urban atmosphere in eastern China." The
most abundant AHs are monocyclic aromatic hydrocarbons
(MAHS) such as benzene and toluene."” The first-generation and
multi-generation oxidation mechanisms of MAHs have previ-
ously been investigated.”?® Particularly, the autoxidation
mechanism which leads to the formation of highly oxygenated
organic molecules (HOMs) has been identified for alkylben-
zene.?>*® With the revealed mechanism, the condensation of the
low-volatility HOMs and multiphase chemistry of glyoxal and
methylglyoxal were found to be the main processes for SOA
formation of MAH oxidation. However, considering these
processes still underestimated the SOA yield,**** indicates the
existence of missing MAH oxidation mechanisms and possible
unidentified RUPs.

Here, we demonstrate that the second-generation oxidation
of MAHSs can produce a significant yield of epoxides, enhancing
SOA production through reactive uptakes under low pH condi-
tions, similar to the case of isoprene.**** We selected toluene (T)
as the representative compound as it is the most abundant AH
in the urban atmosphere.”**® Specifically, the modeled system
started with hydroperoxide T-ROOH and organonitrate T-
RONO,, which are important first-generation products of
toluene upon oxidation by OH.* The formation of epoxides is
revealed by quantum chemical calculations and kinetics
modeling, which are supported by field observations. With the
chemistry-aerosol SOSAA-Box model, the SOA yield is shown to
increase substantially when the reactive uptake of epoxides is
considered. This study presents a new route for RUP formation
from AHs, guides the detection of novel AH-derived SOA
precursors, and fills the current knowledge gap in SOA forma-
tion in the urban atmosphere.

Materials and methods

Global minimum search

The global minimum of T-ROOH and T-RONO, was selected as
the initial conformations for the study of the multi-generation
oxidation mechanism. A similar scheme for the global
minimum search has been employed in our previous
studies.*”* Briefly, ab initio molecular dynamics (AIMD) within
the TURBOMOLE 6.5 program package®® was first performed to
produce a range of conformations of T-ROOH and T-RONO,.
Selected conformations from the AIMD run were then further
optimized at the M06-2X/6-31+G(d,p) level of theory, followed by
ROCBS-QB3 single-point energy calculations. The conformation
with the lowest Gibbs free energy was identified as the global
minimum of T-ROOH and T-RONO, (see their structures in

Fig. S17).

Ab initio electronic structure calculations

All electronic structure and energy calculations were performed
using the GAUSSIAN 09 program package.** The geometry
optimizations and harmonic vibrational frequency calculations
for reactants (R), pre-complexes (RCs), post-complexes (PCs),
intermediates (IMs), transition states (TSs) and products

© 2023 The Author(s). Published by the Royal Society of Chemistry
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involved in all reaction pathways were performed at the M06-2X/
6-31+G(d,p) level of theory,* followed by a higher level ROCBS-
QB3 single-point energy calculation.*” The combination of M06-
2X functional with the ROCBS-QB3 scheme has previously been
used in studying the oxidation of AHs.******"*¢ Since reaction
pathways with high reaction barriers contribute negligibly to
the reaction kinetics, only low level energies of the species
involved in the pathways were provided (shown in the ESIt)
considering the computational costs. Values of T; diagnostics
for the TSs in all reaction pathways were less than the threshold
value (0.045) for the open-shell systems,*” indicating that single-
reference methods are well suited to describe the target
systems. To check the wavefunction stability of RC, the keyword
“stable” was used. When considering reactions in the aqueous
phase, the SMD solvation model was employed to account for
the water solvent effect.*®* In addition, the proportion of
different dissociation forms of the reactants involved in the
aqueous phase under different pH conditions was calculated
based on the pK, values. Intrinsic reaction coordinate (IRC)
calculations were performed to confirm the connection of each
TS between designated local minima.

Kinetics calculations

Reaction rate constants for the unimolecular reactions with
a well-defined transition state as well as the competition
between the uni- and biomolecular reactions were modeled
using Rice-Ramsperger-Kassel-Marcus (RRKM)-master equa-
tion (ME) theory in the MESMER program.* For -OH-initiated
reactions, RCs involved in the -OH-addition reaction path-
ways were considered for all the kinetic calculations,*>* since
the -OH-addition reaction is the dominant pathway. Reaction
rate constants for the barrierless bimolecular reactions from R
to RC in the OH-initiated reaction were calculated by combining
the use of long-range transition state theory with a dispersion
force potential and the inverse Laplace transformation (ILT)
method.*>** For the bimolecular reaction (alkyl radicals + O,),
a constant value of 6.0 x 10~ > cm® per molecule per s was used,
which is similar to previous studies.”***** N, was used as the
buffer gas. The average collisional activation/deactivation
energy transfer of all the molecules is set to 200 cm ™" (AEy)
per collision and the grain size is 50 cm ™. To explore the effects
of AE4 and grain size on the results, we additionally run the
simulations at other AEq (150, 250 and 300 cm ') and grain size
(25 ecm™"). The empirical method proposed by Gilbert and
Smith was applied to estimate the Lennard-Jones parameters of
intermediates (Table S21).*® The theory for calculating the
fractional yields of the main intermediates is presented in the
ESI.{ A one-dimensional unsymmetrical Eckart barrier was used
to account for the tunneling effects in all the reaction rate
constant calculations involving H-shift or H-abstraction.*

Field observations

Ambient data of toluene and oxygenated organic molecules
(OOMs) from aromatic oxidation were collected during the
summer in Nanjing, a megacity in eastern China.** Detailed
description of this data has been presented in our previous
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study.®* Briefly, toluene was measured using a PTR-TOF-MS
(Ionicon Analytik, TOF 1000 ultra),> while OOMs were
measured by using a nitrate-ion-based chemical ionization
atmospheric pressure interface time-of-flight mass spectrom-
eter (nitrate CI-APi-TOF), with a mass resolution of 8000-12 000
Th Th™' (Th denotes Thomsons).**** The concentrations of
OOMs were estimated via®>*®

5 [OOM;- (HNO3), + (OOM; — H) ]

[OOM;] =In| 1 + =2 x C

gzj [(HNO;),-NO;~|

n=0

x T;
1)

Here, [OOM,] is the concentration (molecules per cm®) of one
OOM. First, we calibrated sulfuric acid (SA) by introducing
a known amount of gaseous SA. The diffusion loss of SA was
taken into account to obtain the calibration factor C. Then we
used this factor C to calibrate the detected OOMs by assuming
they have the same ionization efficiency as SA.*** Second,
a mass-dependent transmission efficiency 7; of APi-TOF was
inferred in a separate experiment by depleting the reagent ions
with several perfluorinated acids.*”

The primary RO,* (Pcraroro,) is calculated as koy X
[toluene] x [-OH], where ko is the reaction rate constant (5.0 x
10" cm?® per molecule per s) of toluene with -OH,* and
[toluene] and [-OH] are the concentrations of toluene and -OH,
respectively. [-OH] was estimated from the concentration of SA
([SA]) (via eqn (2)).**

FOH,, = o @)
ou[502
where the [SA] was measured by nitrate CI-APi-TOF; CS is the
condensation sink, calculated based on the measurement of
aerosol size distribution; [SO,] (SO, concentration) was
measured using a Thermo TEI 43i SO, analyzer.

Box modeling

The box model SOSAA-Box* (model to simulate organic
vapours, sulphuric acid and aerosols) was applied to simulate
the effect of the new oxidation pathways of toluene on SOA mass
yields. The chemistry scheme was first generated with the MCM
v3.3.1 (Master Chemical Mechanism version 3.3.1)” by select-
ing the following species: toluene and CH,. The reaction rates of
the oxidation of SO, by stabilized Criegee intermediate (sCI)
radicals were increased to 7.0 x 10~ ** cm® per molecule per s
from 7.0 x 10~'* cm® per molecule per s as suggested in Boy
et al.”* All considered reaction pathways are presented in the
ESL.T The background particle size distributions (PSDs) repre-
senting the environmental conditions in typical cities refer to
the data collected in Wu and Boor,” in which all the measured
PSDs have been fitted with three lognormal modes. For
example, one sample of PSDs in Beijing measured by Massling
et al.” has been fitted to three modes in the range of 3 nm to
800 nm with geometric mean diameters of 5.7 nm, 32.8 nm, and
114.5 nm, geometric standard deviations of 1.33, 2.61, and 1.55,
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and the peak number concentrations of 615 molecules cm ™, 31
702 molecules cm >, and 614 molecules cm >, respectively (see
Table S31 in Wu and Boor”?). These PSDs were also applied and
kept constant in this study to simulate the background aerosol
environment. Therefore, nucleation and coagulation were not
considered in the simulations.

In order to quantify how the oxidation products can
contribute to SOA formation under different conditions and
chemistry mechanisms, the condensation/evaporation
processes of condensable organic vapors were simulated with
the analytical predictor of condensation (APC) scheme modified
from Jacobson.” All the condensed organic compounds were
considered to be well-mixed in the liquid phase. In this study,
we have focused on the contribution of organic products, so the
condensation of inorganic species is not considered. Each
particle size was assumed to be internally mixed. The saturation
vapor pressure (SVP) of the chemical species over a flat pure
compound surface was obtained from the database in ARCA-
Box,” the SVP values of additional species in the new oxidation
pathway were calculated using the SIMPOL method’ or via the
EPI suite software (US EPA, 2012).”” The Raoult effect and Kelvin
effect were included when calculating the SVP values over the
particle surface. The activity coefficients were assumed to be
one for all condensable vapors. Moreover, the method from eqn
(17) in Jacobson was applied at each time step to constrain the
mass of condensed vapors to not exceed the total available
amount. The aqueous phase chemical reactions were calculated
explicitly after condensation/evaporation processes when
needed in the simulation cases. Other details for the model
setup are presented in the ESL

Results and discussion

Formation of epoxides in the reactions of T-ROOH and T-
RONO, with -OH

By carefully considering all possible reaction pathways (Fig. S2-
S5t) for the -OH-initiated oxidation of T-ROOH and T-RONO,,
we identify the reaction pathways for forming novel epoxides
(Fig. 1), which can potentially contribute to SOA formation
through multiphase reactions similar to IEPOX.*** Two types of
epoxides are identified including ring-opening (here the ring
refers to a six-membered ring) dicarbonyl epoxides (Pr.1-1-» and
Prn.11-1) and ring-retaining epoxides (TEPOX). Ring-opening
epoxides are formed in a multi-step reaction mechanism that
proceeds via a C-centered radical intermediate formed by -OH
addition to the a-site C-atom of the -COOH/CONO, group. The
formation mechanism of the ring-opening epoxides for the
reaction of T-ROOH is slightly different from that for the reac-
tions of T-RONO,. For the reactions of T-ROOH, the formed
RO- from C-centered radicals intermediately dissociates to form
Priy1-1-2, Dut not IMryy.4.4.1 via the lower reaction energy barriers
(E,) (see detailed analysis in the ESI). However, the formed RO-
from C-centered radical intermediates needs multiple steps to
finally form Prn..14 for the reactions of T-RONO,. Differing
from the ring-opening epoxides, ring-retaining TEPOX is
formed via a two-step reaction mechanism that proceeds via
-OH addition to the B-site C-atom of the -COOH/CONO, group,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction pathways of forming epoxides for reactions of T-ROOH and T-RONO, with -OH starting from toluene (T). The numbers
(in kcal mol™?) near the arrows are zero-point corrected reaction energy barriers for the corresponding reactions at the ROCBS-QB3//M06-2X/
6-31+G(d,p) level of theory. The labels TSth/rn-m: IMTa/rn-m @nd Pryn-m represent the transition states, intermediates and products,
respectively, where subscripts TH/TN were used to differentiate the reactions starting from T-ROOH/T-RONO, + -OH, respectively, and m

presents different species.

followed by a concerted O-O/O-N bond rupture and C-O-C
cyclization.

The formation mechanism for ring-retaining TEPOX from T-
ROOH and T-RONO, is similar to that of IEPOX from organic
hydroperoxide ISOPOOH and organonitrate ISOPONO, formed
from the oxidation of isoprene.®” In view of the molecular
structure, the similar reaction mechanism should result from
the fact that they contain similar >C=CH-C(-OOH/ONO,){
structural units, which act as the reactive core for forming the
epoxides. It is noteworthy that the reaction energy barriers (E,)
for the formation of TEPOX from T-ROOH are much lower than
that from T-RONO,, which resembles the formation of IEPOX
from ISOPOOH and ISOPONO,.”®

Similar to a previous study,* by considering all possible
competitive reaction pathways (T-ROOH + -OH — IMrpy,/
My — IMryaq.4/Praza and My /IMpy, + O, — IMTH-1-02/
IMry2.0,), the fractional yields of ring-opening epoxides
(Prp-1-1-2) and ring-retaining TEPOX (Pryy,-4) are calculated to be
1.44% and 56.1% for the reaction of T-ROOH with -OH,
respectively (Fig. 2, details in Fig. S61). Therefore, epoxides,
mainly consisting of ring-retaining TEPOX, are important
products for the reactions of T-ROOH with -OH. We noted that
previous studies found that the yields of epoxides are low for the
reactions of alkoxy radicals produced in the first-generation
oxidation of AHs.***>*%> To the best of our knowledge, this is
the first time to illustrate that ring-retaining epoxides (TEPOX)
can be formed in high yields in the second-generation oxidation
of toluene, similar to that of isoprene oxidation. In addition, the
ring-opening epoxides also have a considerable yield (1.44%),

© 2023 The Author(s). Published by the Royal Society of Chemistry

presenting a novel mechanism for the formation of ring-
opening epoxides in the atmosphere. Different from the reac-
tions of T-ROOH with -OH, the calculated fractional yield of
ring-retaining TEPOX (22.4%) from the reaction of T-RONO,
with -OH (Fig. 2) is low based on the favorable reaction path-
ways (T-RONO, + OH — IMqn1/IMpns — IMoyn.1/Pineq and
IMyn-1/IMyy + Oy = IMine1.0,/IMrna-0,). The lower yield of
TEPOX results from its corresponding high unimolecular reac-
tion energy barrier (15.5 keal mol™"). A previous study on the
oxidation of isoprene found that the yield of IEPOX from the
reaction of ISOPOOH with -OH is much higher than that from
the reaction of ISOPONO, with -OH.” This is consistent with
our findings for toluene here. In addition, the yield (0.200%) of
ring-opening epoxides from the T-RONO, with -OH is also lower
than that (1.44%) of the corresponding reactions of T-ROOH
with -OH.

Besides TEPOX, peroxy radicals also have high yields in the
reactions of T-ROOH and T-RONO, initiated by -OH, presenting
another main oxidation pathway. For the reaction of T-ROOH,
peroxy radicals are mainly formed from the reactions of C-
centered IMry.4 radicals with O,. The yield of the formed per-
oxy radicals IMry.4.0, is 42.4%. For the reaction of T-RONO,,
peroxy radicals are formed from the C-centered radicals IMry 4
and IMry.,. The yields of the formed IMy.1.0, and IMn..0, are
56.0% and 21.4%, respectively. These peroxy radicals can
subsequently react with NO or HO,- to form organonitrates,
hydroperoxides and alkoxy radicals. The formed alkoxy radicals
eventually produce a range of dicarbonyl products including
C;H,0;, C,HOs, C,HeOs, C,HNOs;, C,H,NOg and

Chem. Sci., 2023, 14, 13050-13059 | 13053
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Fig.2 Calculated fractional yields of main intermediates and products in the reactions of T-ROOH (a) and T-RONO; (b) initiated by -OH at 298 K
and 1 atm. The labels IMr/tn-m-0, and Pry/tn-m represent the peroxy radicals and products, respectively, where subscripts TH/TN were used to
differentiate the reactions starting from T-ROOH/T-RONO, + -OH, respectively, and m presents different species.

methylglyoxal (see details in Fig. S3 and S51). In addition, we
found that the selection of AE4 (from 150 to 300 cm™ ') and grain
size have little effect on the yields of the important species
mentioned above (Table S31).

Comparison with recent laboratory studies

The main atmospheric oxidation pathways and products of the
-OH-initiated reactions of T-ROOH and T-RONO, are summa-
rized in Fig. S7.}1 Overall, the main products include C;H;,0s,
C3H,0;, C4H¢O3, C4HgNOs, C;HoNOg and methylglyoxal, some
of which (C;H;,0s, C;H¢O3; and C;HoNOg) have been detected
in the chamber experiments of toluene oxidation performed by
Zaytsev et al.** More importantly, Zaytsev et al.>® suggested that
C;H,,0s is a mixture of first- and second-generation oxidation
products of toluene, consistent with our finding that the
molecular formula corresponds to T-ROOH (first-generation
products) and ring-retaining TEPOX (second-generation prod-
ucts). The evidence from these experiments further corrobo-
rates our mechanistic findings.

Supporting evidence from field observations

We further conducted field observations at the Station for
Observing Regional Processes of the Earth System (SORPES)™
during the summer of 2019 in Nanjing, China. A nitrate CI-Api-
TOF was employed to detect the oxidation products of toluene,
especially ring-retaining TEPOX in the real atmosphere. Most
molecules identified in our revealed mechanism can be
observed in the real atmosphere, including both the key
oxidation products of C;HgNOg, C;H;(05 and C;HgNOg, and the
fragmentation products (C,HsNOg, C4HgOs, C H¢O; and
C3H,03). The product molecules C;HgNOg, C,H;005 and
C;HoNOg that are not fragmented have a double-bond-equiva-
lent (DBE) of 3, suggesting they were formed via -OH attacking
the benzene ring of toluene at daytime.'®

As shown in Fig. 3a, the observed C;HoNOg correlates with
the primary RO, (Pc7.aro-r0,) from the -OH-initiated oxidation
of toluene. Therefore, C;HoNOg should correspond to T-RONO,

13054 | Chem. Sci., 2023, 14, 13050-13059

and is probably a first-generation product of toluene oxidation.
However, we cannot determine whether C;H;,0O5 is T-ROOH,
ring-retaining TEPOX or both directly from its elemental
formula, since the mass spectrometry observations cannot
distinguish molecular structures. As proposed above, the ring-
retaining TEPOX molecule is a second-generation product,
while T-ROOH is a first-generation product. Therefore, we infer
the attribution of C;H,,05 by their distinctive diurnal variation
patterns. As shown in Fig. 3b, there is no correlation between
C;H;005 and P¢;.aro-ro0,- MoOre importantly, the daytime peak of
C,H,,05 was around 14:00-15:00, well after the possible first-
generation product C;HoNOg (10:00-11:00) (Fig. 3c). There-
fore, it is more likely that C,H;,05 is mainly composed of
second-generation products (ie. ring-retaining IEPOX),
although some first-generation products may also be present in
the morning. This is consistent with the previous lab study that
C,H,,05 is a mixture of first- and second-generation products
for the oxidation of toluene.?® Overall, the field observations
suggest that a significant amount of ring-retaining TEPOX exists
in this suburban environment.

Box modelling

Implementing this new mechanism of T-ROOH and T-RONO,
initiated by -OH, a SOSAA-Box model® simulation shows that
SOA yield significantly increases by 0.26 and 0.080 at pH = 2 and
pH = 4 (Fig. 4a), respectively, when low NO concentration (e.g,
0.1 ppbv) is considered. Even under the conditions of high NO
concentration (e.g., 5 ppbv), the SOA yield can increase by 0.023
and 0.018 at pH = 2 and pH = 4 (Fig. 4b), respectively. By
analyzing the contribution of species to SOA, the TEPOX takes
a high percentage (51.92%) at the condition of pH = 2 and 0.1
ppbv NO (see details in the ‘Analysis of sensitivity simulations’
part and Fig. S10 in the ESIt). This is consistent with its high
fractional yields (56.1% for T-ROOH and 22.4% for T-RONO,)
from the kinetic calculations. With increasing the pH and NO
concentration, the contribution of TEPOX to SOA formation
decreases, similar to the case of IEPOX.*** In addition, high SOA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Pc7 Aro-ro,) from -OH-initiated oxidation of toluene during daytime, (b) correlation of C;H;005 with the Pcy_aro-ro, during daytime, and (c)
variation of C;H;00s, C;H9NOg, NO and temperature at daytime during the field observation campaign.

yield in low pH should mainly result from a high reaction rate of
TEPOX (see box modeling details and sensitivity analysis in the
ESIt). Therefore, this study uncovers a new mechanism for the
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formation of reactive uptake precursors that eventually connects
gas-phase toluene oxidation to the SOA formation in an urban
atmosphere, especially at low pH and low NO concentration.
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Fig.4 SOA mass yields (Ymass) for toluene oxidation based on the original mechanism (base) and new mechanism (base-new) and improved SOA
mass yields (AYass) caused by the consideration of the new mechanism at pH = 2 and pH = 4 as a function of reaction time, under low NO
concentration (0.1 ppbv) (a) and high NO concentration (5 ppbv) (b) conditions.
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Atmospheric implication and
conclusions

Our theoretical study and field observation reveal that -OH-
initiated oxidation of T-ROOH and T-RONO,, an important
second-generation oxidation process of toluene, lead to the
formation of ring-retaining TEPOX, and a range of dicarbonyl
products. The formation of ring-retaining TEPOX, which
resembles the formation of IEPOX from isoprene,”'*”® has not
been previously recognized. The formed TEPOX can form ring-
retaining and non-aromatic organosulfates, organonitrates or
polyols via acid-catalyzed ring-opening reactions once parti-
tioned into the aerosol phase (see details in Figure S8t-9),
similar to the heterogeneous reactions of the well-characterized
IEPOX.""*># Therefore, the identified TEPOX is a novel reactive
uptake precursor for SOA formation. It should be noted that
only aromatic organosulfates have been detected in the ambient
particles via target analysis.®>® This study suggests the exis-
tence of non-aromatic and ring-retaining AHs-derived organo-
sulfates and organonitrates, which should be further
investigated in future atmospheric measurements.

The revealed mechanism can significantly lead to the SOA
increase for toluene oxidation, filling the SOA gap between
experiment and model prediction under the conditions of low
pH and low NO concentration, especially since the frequency of
low-NO conditions has increased significantly in recent years
due to NOx emission controls.*® Additionally, It is known that
other AHs, especially MAHSs, can form AHs-derived hydroper-
oxides and organonitrates in atmospheric oxidation.*® Accord-
ingly, the oxidation of other AHs could also lead to the
formation of epoxides through a similar pathway as toluene
oxidation, which could significantly enhance SOA formation via
reactive uptakes. More importantly, the present findings fill
a gap in mechanistic chemical insight between measured and
simulated SOA for AH oxidation, thereby, warranting future
studies on the global contribution of this new mechanism to
SOA formation.

Data availability

The ESIT contains the details of box modelling; computational
details for fractional yield calculation; comparison of the
formation of Pryq.15 and IMpyq.q.q; discussion about the
energies of RCs and TSs; all considered reaction pathways for
the reactions of T-ROOH/RONO, + -OH; Lennard-Jones
parameters of intermediates used in the MESMER simula-
tions; effects of selection of AE4 and grain size on the yields of
important species, proportion of different dissociation forms of
TEPOX as a function of pH; cartesian coordinates and electronic
energies.
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