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ARTICLE INFO ABSTRACT
Keywords: Investigation of the effects of anthropogenic pollutants on the mass concentrations, particle number concen-
Atmospheric components trations, and chemical compositions of secondary organic aerosol (SOA) formation is essential in understanding

Volatile organic compound
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Photooxidation

Reaction mechanism

the photooxidation mechanism of volatile organic compounds but has been proven to be a very challenging
experimental target because of their complex processes. Here, the effects of NO and SOz on SOA formation from
isoprene photooxidation were studied by a number of laboratory studies. The results indicate the accumulated O3
upon the NO conversion triggers the main oxidation reaction, by which the oxidants (i.e., OH and SO4) are
derived. The SOA mass concentrations and particle number concentrations are enhanced by NO under low NO
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concentrations but suppressed by NO under high NO concentrations, which are consistent with previous studies
(Kroll et al., 2005, 2006). This could be rationalized that the large amount of accumulated Os inhibit the
multi-step isoprene oxidation and a large number of less oxidized products (m/z < 130) absorb or condense on
the surface of existing particles, which decelerate the SOA nucleation and growth. The presence of SO, accel-
erates the conversion of NO and the accumulation of O3, which promotes the main oxidation reaction of
isoprene. New compounds are observed at m/z = 134, 137, 150, 152, and 179 measured by threshold photo-
ionization (positive ion mode) with a tunable vacuum ultraviolet free electron laser and are found to be mainly
formed from the isoprene oxidization by O3 and OH. The present findings provide both macroscopic and
microscopic information to advance understanding of atmospheric components affected by the
anthropogenic-biogenic interactions in the neighborhood of emission origins.

1. Introduction

Isoprene is the most abundant non-methane volatile organic com-
pound (VOC) in the atmosphere, with emissions estimated at 535 Tg/
year (Guenther et al., 2012). As the isoprene possesses the structural
peculiarity with two double bonds, its oxidation by the radicals and
oxidants (i.e., OH, Os, and NOj3) readily occurs in the atmosphere
(Atkinson et al., 2006; Kwok et al., 1996; Ruppert and Becker, 2000;
Wennberg et al., 2018; Zhao et al., 2021). Laboratory studies and field
measurements indicated that the multi-generational oxidation products
of isoprene can participate in the generation of particles through the
formation of semi-volatility, low-volatility and extremely low-volatility
organic compounds (SVOCs, LVOCs, ELVOCs), which significantly
contribute to the source of secondary organic aerosol (SOA) (Bryant
et al., 2020; Claeys et al., 2004; Dommen et al., 2006; Edney et al., 2005;
Kroll et al., 2006; Lin et al., 2012; Surratt et al., 2006, 2010; Wennberg
et al., 2018) and affect the SOA yields of other VOCs (Heinritzi et al.,
2020; McFiggans et al., 2019). The reactive chemistry of isoprene in-
fluences the oxidation capacity of troposphere, the chemical cycle of
nitrogen oxides, the Earth’s radiative balance, and the human lung cells
(Arashiro et al., 2016; Brauer et al., 2016; Eaves et al., 2020; Ehn et al.,
2014; Hallquist et al., 2009; Kramer et al., 2016; Lelieveld et al., 2008;
Lewis, 2018; Lin et al., 2016, 2017; Shiraiwa et al., 2017).

The studies on the effects of anthropogenic pollutants (i.e., NOy, SO2,
etc.) on VOC photooxidation help to understand the initial steps of
oxidation and the subsequent processes of new particle formation (Xu
et al., 2015). Extensive efforts have been made for the isoprene oxida-
tion at the molecular level, which identified several important SOA
precursors (Claeys et al., 2004; Kroll et al., 2006; Lin et al., 2013; Liu,
D’Ambro, et al., 2016; Paulot et al., 2009; Ren et al., 2021; Wennberg
et al., 2018). The first-generation gas-phase products of isoprene
oxidation mainly include hydroxyhydroperoxides (ISOPOOH), meth-
acrolein (MACR), and methyl vinyl ketone (MVK) (Fuchs et al., 2014;
Liu et al., 2016; Paulot et al., 2009; Wennberg et al., 2018). Under low
NOy concentrations ([NOx]), the ratio of the ISOPOOH concentration to
the MVK + MACR concentration ([ISOPOOH]/[MVK + MACR]) is in the
range of 0.4-0.6 (Liu et al., 2016) Epoxydiols of isoprene (IEPOX) and
methacryloylperoxynitrate (MPAN) are the key second-generation in-
termediates and are formed during isoprene oxidation under low and
high [NOy] conditions, respectively (Lin et al., 2012; Riva et al., 2016b;
Surratt et al., 2010). Methacrylic acid epoxide (MAE) and
hydroxymethyl-methyl-alpha-lactone (HMML) are also the potential
SOA precursors and are derived from the decomposition of MPAN and
OH addition products (Lin et al., 2013; Nguyen et al., 2015). The effects
of the NOy concentration on the SOA formation were found to be
complicated (Galloway et al., 2011; Jaoui et al., 2021; Newland et al.,
2021). NOx enhanced the SOA yield under low [NOx] conditions (Kroll
et al., 2006) but suppressed the SOA yield under high [NOy] conditions
(Orlando and Tyndall, 2012).

Previous studies indicated that SO5 enhanced the SOA formation,
evidencing the important impact of the interaction between anthropo-
genic pollutants and biogenic VOC emissions on regional climate (Edney
et al., 2005; Kleindienst et al., 2006; Stangl et al., 2019; Surratt et al.,
2006, 2007; Ye et al., 2018). The SO»-derived acidic particles serve as an

inorganic acid nucleus to provide more surfaces for the early growth of
nano-particles (Chu et al., 2016; Liu et al., 2017). Jang et al. pointed out
that the acid-catalyzed heterogeneous reaction has an important
contribution to the SOA formation (Jang et al., 2002). SO participates
in the SOA formation in the form of organosulfates (Brueggemann et al.,
2021; Surratt et al., 2007; Yao et al., 2019), such as the sulfur-containing
secondary ozonides via the reaction of SO, with Criegee intermediates
(CIs) (Vereecken et al., 2012) and RO5 (Berndt et al., 2015; Lightfoot
et al., 1992). The existence of organosulfates in atmospheric particles
has been confirmed by laboratory and field sampling studies (linuma
et al., 2007; Ilinuma et al., 2007b; Surratt et al., 2007; Surratt et al.,
2008), indicating that SO and acidic particles can modulate the for-
mation and composition of SOA (Lam et al., 2019; Ren et al., 2021; Riva
et al., 2016; Shalamzari et al., 2013; Shalamzari et al., 2014; Spolnik
et al., 2018; Szmigielski, 2016; Wach et al., 2020; Yang et al., 2023;
Zhang et al., 2012). The highly oxidized and fragmented organosulfates
can be generated from the reaction of existing organosulfates with OH
(Armstrong et al., 2022; Chen et al., 2020), which processes might also
produce a strong oxidant of sulfate radical anion (SOz) (Kwong et al.,
2018). The interactions of VOCs with SO; have been investigated to
address several organosulfates detected in the atmosphere (Noziere
et al., 2010; Rudzinski et al., 2009; Schindelka et al., 2013).

In recent decades, many laboratory and field studies have been
performed at high concentrations of reactants to investigate the impact
of anthropogenic pollutants on the SOA formation from biogenic VOCs
under extreme conditions, which contributed to understand the atmo-
spheric processes nearby the emission origins (see the Supporting In-
formation (SI) for more examples). For instance, the smog chamber
study at isoprene concentrations of 1.5 and 5 ppm showed that the re-
action of known isoprene oxidation products as well as isoprene itself
with hydrogen peroxide on or in acidic particles can result in the for-
mation of 2-methyltetrols (Boge et al., 2006). Kleindienst et al. used the
concentrated isoprene (8-12.2 ppm) and NOy (0.3-0.6 ppm) to estimate
the SOA contributions of biogenic and anthropogenic hydrocarbons to
ambient organic carbon (OC) concentrations, which aided in the
development of air quality models (Kleindienst et al., 2007). In the study
of Jaoui et al. the concentration of isoprene and O3 was up to 20.0 and
1.0 ppm, respectively, by which methy] tartaric acid (MTA) was found to
serve as a reliable tracer for isoprene (Jaoui et al., 2021).

Pioneering studies on the effects of anthropogenic pollutants on the
isoprene photooxidation provided important information for establish-
ing predictive SOA formation networks and improving atmospheric
chemical transport models (CTMs) (Kleindienst et al., 2006; Wennberg
et al., 2018). Although the enhancement/suppression of NOx and the
enhancement of SOy on the SOA formation have been proposed, the
combined effect of NOy and SO, on the isoprene photooxidation has not
been fully understood yet. Considering that NO is one of the main sinks
in RO3 chemistry (Orlando and Tyndall, 2012), NO was selected as the
dominant composition of NOy in this study. Here, we investigated the
individual and combined effects of NO and SO, on the SOA formation
from the isoprene photooxidation. Combining online vacuum ultraviolet
free electron laser (VUV-FEL) photoionization mass spectrometry and
quantum chemical calculations, the structures and formation mecha-
nisms of the observed products were analyzed, and the homogeneous
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and heterogeneous reaction mechanisms of isoprene photooxidation
were discussed. Our results provide important information for funda-
mental understanding of the initial steps of isoprene oxidation and have
important implications for the assessment of photooxidation-induced
SOA formation in a complex area with rich vegetation and anthropo-
genic pollution.

2. Experimental and theoretical methods

Experiments were conducted in the atmosphere simulation DICP-
CAS chamber (Dalian Institute of Chemical Physics, Chinese Academy
Sciences) with a volume of 2 m®, which was reported previously (Zang
et al., 2022). The experimental methods were detailed in the SI and a
brief description was given below. Before all experiments, the chamber
was prepared by flushing for 12 h with clean air. The temperature in the
chamber was around 296 K, and relative humidity was less than 5%. All
the present experiments were performed without the addition of seed
aerosols. The liquid isoprene (Aladdin, 99%) was introduced to the smog
chamber by injecting it into the airline. After all components were well
mixed, the blacklights were turned on, which initiated the photooxi-
dation recorded as the zero time of the experiment.

The concentrations of NO, NO,, and NOy were measured by a gas
analyzer (Model 42i, Thermo Fisher Scientific, UK), those of SO, by a gas
analyzer (Model 43i, Thermo Fisher Scientific, UK), and those of O3 by a
gas analyzer (Model 49i, Thermo Fisher Scientific, UK), respectively.
The concentrations of isoprene were characterized by proton-transfer
reaction mass spectrometer (PTR-QMS 3500, East & West Analytical
Instruments, China). The number concentrations and size distributions
of particles were measured by a scanning mobility particle sizer spec-
trometer (SMPS 3938NL76, TSI Incorporated, USA). The aerosol mass
losses on smog chamber walls were corrected as described previously
(Pathak et al., 2007).

The chemical compositions of the particles were detected by a home-
built aerosol time-of-flight mass spectrometer (TOF-MS) based on VUV-
FEL photoionization (Zang et al., 2022). A silicone tubing (inner diam-
eter size: 6.35 mm; length: 1 m) was used to connect the reaction
chamber and the TOF-MS chamber coupled to the VUV-FEL beamline.
The full aerosol population was continuously transported from the re-
action chamber to the TOF-MS chamber through aerodynamic lens as-
sembly without pre-separation. Mass spectra of neutral compounds were
then measured by threshold photoionization (positive ion mode) with a
tunable VUV-FEL.

Geometric optimization and frequency calculations of the in-
termediates, transition states (TS), and products involved in the reaction
pathways were performed using the Gaussian 09 program package
(Frisch et al., 2009) at the ®B97XD/aug-cc-pVTZ level of theory (see the
SI for theoretical details). The solvation effect was not considered in the
present gas-phase calculations.
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3. Results and discussion

In the photooxidation experiments of isoprene, the conversion be-
tween NO and NO; and the effect of [isoprenelo/[ NOlp ratio on the
SOA formation were studied by tuning the concentrations of isoprene
and NO, respectively. The individual and combined effects of NO and
SO; on the SOA formation were explored by varying the components of
the anthropogenic pollutants. The plausible structures and formation
pathways of the products were then analyzed on the basis of VUV-FEL
photoionization mass spectra and quantum chemical calculations. The
experimental conditions are listed in Table 1. A schematic diagram of
reaction pathways is given in Scheme S1 in the SI. The wall loss rate for
[isoprene]y = 2.2, 5.6, 11.0, and 22.0 ppm was 2.3 x 107>, 2.8 x 107>,
2.8 x 1075, and 2.1 x 107> s~ (Fig. S1), respectively.

3.1. Effects of NO and SO on particle number concentration and mass
concentration

The particle size distributions as a function of the initial concentra-
tion of isoprene ([isoprene]) are shown in Fig. 1. Temporal evolution of
the concentration of isoprene and inorganic gases (SO, NOy, and Os) is
illustrated in Figs. S2 and S3, respectively. With the increase of
[isoprene]p from 1.1 ppm to 11 ppm, the moment of particle generation
gradually becomes earlier and the time for complete conversion of NO to
NO; is also shortened. Since the NO conversion by isoprene-derived ROz
is in competition with the reaction between NO and Os, the balance of
the NO-NO2-O3 photolysis cycle is broken, which eventually leads to
the accumulation of Os (Atkinson, 2000). Namely, the increase of
[isoprene]g accelerates the conversion rate of NO and brings forward the
time of the O3 accumulation. Accordingly, the time for reaching a
maximum Os concentration ([O3]max) is shorter as marked by the red
arrow in Fig. 1.

It can be seen from Fig. 1b-e that the number of nucleation events
decreases with the increase of [isoprene]. Possible reasons are proposed
here. Under the condition of 1.1 ppm isoprene (Fig. 1a), isoprene makes
little contribution to the O3 accumulation (Fig. S3). However, the gen-
eration of particles was observed at earlier stage of photooxidation as
shown in Fig. 1a. Similar finding was also observed at higher concen-
tration of 5.6 ppm isoprene (Fig. S3). These results suggest that the
particles generated at this time are dominated by the photooxidation
product of SO,. It is known that SOs can be photooxidized to form
H2S04, which can participate in the particle formation (Kerminen et al.,
2010; Kulmala et al., 2013; Weber et al., 1996). Then, the SOA forma-
tion at the early stage might be dominated by acidic particles that are
generated from SO, oxidation. Upon increasing [isoprene], to 1.6 ppm
and 2.2 ppm (Fig. 1b and c), the concentration of ROy produced by
isoprene slightly increases, which enhances the NO, photolysis cycle. O3
can be accumulated in a shorter time but be consumed quickly, resulting
in the appearance of multiple nucleation events. Under the conditions of
5.6 ppm and 11.0 ppm isoprene (Fig. 1d and e), the number of

Table 1

Overview of the experimental conditions.
[Isoprene]o (ppm) [NOx]o (ppm) [NOJo (ppm) [SO2]o (ppm) [Isoprene]o/[NOxlo [O3]max (ppm) AM (pg/m®)
1.1 0.5 0.5 0.4 21 0 25
1.6 0.5 0.5 0.4 3.2 0.1 57
2.2 0.5 0.5 0.4 4.1 0.5 361
5.6 0.5 0.5 0.4 10.5 0.4 544
11.0 0.5 0.5 0.5 21.5 0.2 1159
5.6 0.1 0.1 0.4 54.6 0.1 479
5.6 0.3 0.2 0.4 22.4 0.2 657
5.6 1.1 1.0 0.4 5.1 0.7 2340
5.6 21 2.0 0.4 2.6 1.0 926
22.0 1.9 1.7 0.5 11.9 0.3 2653
5.6 0.5 0.5 - 10.5 0.3 155
5.6 - - 0.4 - - 128

[X]o: the initial concentration of the species X; [O3]mayx: the maximum mass concentration of O3; AM: the mass concentration of formed SOA.
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Fig. 1. Temporal evolution of the particle size distribution in the photooxida-
tion experiment based on [isoprenel, as the main variable at experimental
conditions of (a) 1.1 ppm isoprene, 0.5 ppm NO, and 0.4 ppm SO»; (b) 1.6 ppm
isoprene, 0.5 ppm NO, and 0.4 ppm SO»; (c) 2.2 ppm isoprene, 0.5 ppm NO, and
0.4 ppm SO5; (d) 5.6 ppm isoprene, 0.5 ppm NO, and 0.4 ppm SO,; and (e) 11.0
ppm isoprene, 0.5 ppm NO, and 0.5 ppm SO,. D,: particle diameter; dN/dlogDy:
normalized number size distribution. The moment marked by the red arrow is
the time when the [O3] reaches [O3]nax ((@) no accumulation of O3 was
observed throughout the process; (b) [O3]max Was observed at 5.5 h from the
start of the reaction).

nucleation events gradually decrease due to a faster O3 accumulation
rate and higher isoprene concentration, whereas the growth in these two
experiments is faster at the beginning than in all other experiments. In
these nucleation events, the start of particle generation is synchronized
with the beginning of slow consumption of SO, suggesting the existence
of the particle-phase growth pathway activated by SO,. The acidic
particles also serve as seed aerosols, which likely alter particle produc-
tion with significant SOy-isoprene photooxidation. The consumption
rate of SOz is the fastest during the time period when the accumulation
of O3 starts to reach a maximum value. This indicates that a large
number of stabilized Criegee intermediates (sCIs) and RO, are produced
from the reactions of isoprene with O3 during the SOA formation, which
accelerate the consumption of SO, (Kim et al., 2015). The consumption
of SO, in Fig. 1b-e is 0.1, 0.2, 0.3, and 0.4 ppm, respectively. These
findings are consistent with the statement that the SO, oxidation by sCls
is an important source of HySO4 in the atmosphere (Boy et al., 2013). In
the photooxidation reactions of isoprene with NO and SO3, NOy mainly
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plays two distinct roles. On the one hand, the photolysis of NOy produces
oxidants (i.e., O3 and OH), which convert gas-phase isoprene and re-
action intermediates into particle-phase products, contributing to par-
ticle formation. On the other hand, NO serves as the primary sink of RO,
and consumes RO, to form highly volatile organic nitrates, thereby
inhibiting the conversion of RO into low-volatility products.

With the increase of [isoprene]o, the particle diameter gradually
increases and the rate of particle growth becomes remarkably faster,
which are consistent with previous studies (Kroll et al., 2006; Surratt
et al., 2006). This could be rationalized that a higher concentration of
isoprene leads to a greater number of RO5 radicals that cause NO to be
suppressed more quickly, allowing for ROy + ROy or ROy + HO,
termination reactions to dominate and thus nucleating SOA (Kroll et al.,
2006; Surratt et al., 2006). Meanwhile, partial products are reactively
absorbed by existing particles before they participate in the multi-step
oxidation reactions, or the new nuclei condense with each other,
resulting in a faster growth of particles. This also explains why the
particle number concentration tends to decrease as [isoprene] increases
from 2.2 ppm to 11.0 ppm.

Fig. 2 shows the O3 concentration and particle mass concentration as
a function of [isoprene]y. It can be seen that the accumulation of Oz and
the change of particle mass concentration are nearly synchronized in
time. Note that Og is the important product of the atmospheric chemical
oxidation processes of VOCs, and its accumulation reflects the pollution
status. The O3 accumulation increases with the increase of [isoprene]g
from 1.1 to 2.2 ppm and then decreases with [isoprene]o up to 11.0 ppm.
These observations show that more O3 would be probably accumulated
by long-term photooxidation reactions in the environments with serious
NOy and SO; pollution and rich vegetation, which enhances the oxida-
tion capacity of the troposphere in the corresponding area and thereby
aggravates the air pollution. The increase trend of particle mass con-
centration with increasing [isoprene]y indicates that the degree of
oxidation reaction is enhanced at higher isoprene concentration. The
particle size distributions as a function of [NO], are shown in Fig. S4.
With the increase of [NO]y, the conversion time of NO gradually be-
comes longer. The particle number concentration reaches at a maximum
value when [NO] is 0.1 ppm.

The maximum concentration of O3 and the mass concentration of
formed SOA (AM) as a function of the [isoprene]o/[NOx]( ratio are
shown in Fig. 3. With the increase of [isoprene]q (Fig. 3a), [Oslmax in-
creases with increasing the [isoprene]o/[NOx]lo ratio, reaches a
maximum value at [isoprene]o/[ NOx]p = 4.1, and then decreases with

600
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Q 400
g ] B 1.6 ppm
— B 2.2 ppm
o 1
= 200 W 5.6 ppm
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0 T  ; T T — T
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Fig. 2. The O3 concentration and particle mass concentration as a function
of [isoprene]o.
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Fig. 3. [O3]max (a and b) and mass concentration of formed SOA (AM) (c and d)
as a function of [isoprenelo/[NOxlo. The dot and square icons represent the
change of [isoprene]o and [NO]y, respectively.

further increasing the [isoprene]/[ NOxl ratio. The increase of [O3]max
indicates that the formation of O3 is faster than the consumption of O3 at
[isoprene]o/[NOxlg < 4.1 ([isoprene]y: 1.1-2.2 ppm). With further in-
crease of [isoprene]p, even though the conversion of NO is accelerated,
the higher initial concentration of isoprene leads to more consumption
of Os, resulting in a decrease trend of [O3]max- Thus, the accumulation of
O3 becomes difficult, and the mass concentration gradually increases
(Fig. 3c). As illustrated in Fig. 3b and d, with the decrease of [NO], the
amount of O3 accumulated by NO4 photolysis becomes smaller, and the
mass concentration changes in a parabolic trend. This indicates that
under low NOy condition, increasing [NO]y in a small range produces
higher [O3] through photolysis of NO2, which promotes the oxidation
reaction of isoprene and thereby enhances the mass concentration of
SOA. Continuing to increase [NO]o, although the cumulative O3 con-
centration increases, the inhibition effect of NOy on the oxidation of
isoprene is more pronounced, leading to a decrease in mass
concentration.

The individual and combined effects of NO and SO on the particle
size distributions are compared in Fig. S5 and the [SO3], [NO], and [O3]
as a function of time are shown in Fig. S6. In the photooxidation reaction
of isoprene and SO, (Fig. S5a), the particulate matter is mainly domi-
nated by acidic particles formed by SO5 photooxidation, and the start
time of the nucleation events is 0.3 h. In the photooxidation reaction
with isoprene and NO (Fig. S5b), the start time of the nucleation event is
postponed to 1.3 h. In the photooxidation of isoprene in the presence of
both NO and SO, (Fig. S5¢), the photooxidation is significantly different
compared to that in the absence of SO,. The nucleation events started at
0.3 h, and occurred three times. At 3 h, the largest size of particles
formed with SO, is about 600 nm (Fig. S5¢), which is much larger than
that of particles formed without SO, (Fig. S5b, about 360 nm).
Furthermore, we conducted a series of comparative experiments without
SO,. The experimental conditions are listed in Table S1. The temporal
evolution of the particle size distributions in the isoprene and NO
photooxidation reactions without SO, are shown in Fig. S7 (as a function
of [isoprene]p) and S8 (as a function of [NO]p). In the experiments
without SO,, only one nucleation event was observed (Figs. S7c¢, S7d,
and S7e) and the particle size was smaller as compared to the experi-
ments with SO5 (Fig. 1). Under the conditions of 1.1/1.6 ppm + 0.5 ppm
NO (Figs. S7a and S7b), no particles were observed, whereas lots of
particles were observed in the experiments with SO, (Fig. 1a and b). In
addition, the mass concentration of particles produced in the experi-
ments without SO, (Table S1) is obviously lower than that of particle
produced in the experiments with SO (Table 1). These results indicate
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that the presence of SO, promotes the nucleation and growth of particle.
Aslisted in Table S1, t{o3]max is remarkably shortened in the experiments
with SO, indicating that the presence of SO, can significantly accelerate
the conversion of NO. In the previous studies (Lin et al., 2012; Surratt
et al., 2010), IEPOX is the key precursor derived from the photooxida-
tion of isoprene in the presence of acidified sulfate seed aerosol. In the
present study, SO, was quickly oxidized to form acidic particles after
triggering the photooxidation reaction. However, no product peaks in
the particle phase were detected until NO was fully transformed. This
does not necessarily imply that related products were not produced, or
the instrument may not respond efficiently because the product con-
centration is too low. After the NO conversion, distinct peaks in the
aerosol mass spectra were observed, which could be attributed to the
high concentration of particle-phase product during this period. How-
ever, it should be noted that the primary reaction during this time is the
oxidation of isoprene and Os. Nevertheless, the acid-driven multiphase
chemistry of IEPOX and the formation of other isoprene-derived
oxidation products cannot be ruled out.

3.2. VUV-FEL photoionization mass spectra of isoprene photooxidation

The compounds generated from the isoprene photooxidation were
measured by VUV-FEL photoionization aerosol mass spectrometer.
Considering that the VUV-FEL beamline time is very expensive and the
reaction time of isoprene with NO and SOy is shorter at high concen-
trations than that at low concentrations, the VUV-FEL photoionization
mass spectra of the compounds were thus measured at higher concen-
trations of isoprene, NO, and SO, than atmospheric conditions. Various
experimental conditions (the wavelength and pulse energy of VUV-FEL,
the concentrations of isoprene, NO, and SO, etc.) were optimized to find
an optimum experimental conditions. The VUV-FEL pulse energy
dependence was measured to avoid the saturation of photoionization.
The fragmentation and reactions caused in the VUV-FEL photoionization
are negligible, which have been confirmed by our previous mass spec-
trometric studies of aerosols (Zang et al., 2022) and infrared spectro-
scopic study of neutral clusters (Jiang et al., 2021; Wang et al., 2022,
2023; Zhang et al., 2020). The detection limit of aerosol is about 0.3
mmol/L.

Fig. S9 shows the 100.0, 104.0, and 108.0 nm mass spectra of the
compounds generated at the condition of 1.1 ppm isoprene, 0.5 ppm NO,
and 0.4 ppm SO». The mass peaks with higher intensities are observed at
100.0 nm (Fig. S9a). When tuning the VUV-FEL wavelength to 104.0 nm,
most of the signals disappear (Fig. S9b). No obvious peaks are observed
at 108.0 nm (Fig. S9c). These results demonstrate that the tunable VUV-
FEL (50-150 nm, 8.3-24.8 eV) allows for selective photoionization of
neutral compounds with different ionization energies, which may un-
cover SOA components that were not detected by conventional ioniza-
tion methods in previous studies.

Fig. 4 shows the 100.0 nm photoionization mass spectra of the
compounds under conditions of continuous increase in the concentra-
tion of isoprene, NOy, and SO,. The positions and intensities of these
mass peaks are listed in Table S2. As shown in Fig. 4a, the intensities of
mass spectral peaks at the condition (a) are weak, which is consistent
with no obvious Oz accumulation within 8 h at low [isoprene]y as
aforementioned and supports the inference that lower [O3] leads to
lower mass concentration of particles. In contrast with the mass spectra
at the condition (b) (Fig. 4b), the intensities of mass spectral peaks at the
condition (c) (Fig. 4c) are higher for the m/z < 130 compounds.

O3 produced by NO favorably triggers the isoprene ozonolysis, and
derives the secondary oxidant OH. O3 and OH are beneficial to the
transformation of isoprene into particle phase products. The isoprene
with higher concentration produces more RO, and thus consumes more
NO, which affects the production source of the oxidants (O3 and OH). In
this complex photooxidation cycle, the effects of NO and isoprene
compete with each other and affect the SOA formation. For Fig. 4c and b,
the simultaneous increase of isoprene and NO concentrations has a more
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Fig. 4. VUV-FEL photoionization mass spectra of the compounds generated
under different experimental conditions. The compounds were ionized by the
VUV-FEL at 100.0 nm.

obvious inhibitory effect on SOA formation. This suggests that the entire
photooxidation process is suppressed due to the excessively high [NO],
even though the [isoprene]y is increased. The mass concentration and
number concentration of particles also decay significantly after reaching
[O3lmax, Which may be attributed to the cleavage of smaller alkoxy
groups (RO) and the relative volatility of organic nitrates. The higher
intensities of the m/z < 130 peaks are due to the higher initial reactant
concentrations and faster response, resulting in the rapid growth of mass
concentration. This promotes the absorption or condensation of a large
number of less oxidized products on the surface of existing particles,
which can be detected by the VUV-FEL photoionization. As listed in
Table S2, the intensities of the peaks at m/z = 137, 154, 182, and 197 in
Fig. 4c are slightly smaller than those in Fig. 4b. It can be seen from
Fig. 4 that there is no significant change of peak positions among these
three mass spectra, indicating that the initial concentrations of isoprene
and NO have little effects on chemical compositions of the compounds.

3.3. Composition analysis of the compounds formed from isoprene
photooxidation

In order to elucidate the main pathways of the photooxidation
products of isoprene, the individual effects of NO and SO3 on the SOA
formation were investigated by VUV-FEL photoionization mass spec-
trometry and the results are shown in Fig. 5. The peak intensities are
relatively higher for isoprene photooxidation in the presence of both NO
and SO2 (Fig. 5c) and decrease significantly by about 6 times for
isoprene photooxidation by only NOy (Fig. 5b), indicating the impor-
tance of SO; in the processes of atmospheric photooxidation. As pointed
out previously (Kleindienst et al., 2006), gas-phase isoprene are largely
unaffected by SO5 when it reacts only with SO,. The slow consumption
of isoprene is attributed to wall loss and condensation on the acidic seed
aerosol generated by SO». Indeed, no obvious mass peaks are observed
for isoprene photooxidation by only SO5 as shown in Fig. 5a.

To analyze the possible sources of the observed compounds, the
structures and formation pathways of the m/z > 120 compounds are
proposed with the aid of quantum chemical calculations. The m/z = 134,
137, 150, 152, and 179 compounds are newly-observed species, which
are marked in red in Fig. 5. The possible formation mechanisms of these
new species are shown in Fig. 6, which pathways are not exclusive.
While Og is the main oxidant in this study as mentioned above, MACR

Atmospheric Environment 318 (2024) 120248

1 (a) 5.6 ppm Isoprene + 0.4 ppm SO,

40
20

@O TS MRV W [C OIS R " L .

< | (b) 5.6 ppm Isoprene + 0.5 ppm NO

>

240 +

2

£

o

220 +

% 128134 152 168 179

12 || | 197
O bk i, b i ahi L, i L L L

1 (c) 5.6 ppm Isoprene + 0.5 ppm NO + 0.4 ppm SO,
40

197

80 120 160 200
m/z (amu)

Fig. 5. VUV-FEL photoionization mass spectra of the compounds generated
under different experimental conditions. The compounds were ionized by the
VUV-FEL 100.0 nm.

(m/z = 70) is one of the main ozonolysis products of isoprene as iden-
tified in previous PTR mass spectra (Lin et al., 2012). Zhang et al. pro-
posed that OH can be obtained by rapid thermal decomposition of
carbonyl oxides in the reaction between isoprene and Os, and the esti-
mated yield can reach 0.25 (Zhang and Zhang, 2002). As the main
oxidant generated by the secondary reaction in these experiments, the
OH radical immediately initiates the oxidation reaction with isoprene.
The carbon center radical generated from the reaction between
MACR and OH reacts with O to form RO, and further reacts with HO,
to produce the intermediate 1, which process is calculated to be highly
exothermic by 87.6 kcal/mol. The intermediate 2 is generated by the H-
abstraction from 1 with an exothermic value of 111.4 kcal/mol, and is
subsequently oxidized to form 3 with an exothermic value of 54.3 kcal/
mol. RO, undergoes bimolecular reaction with NO and HO5 to form
products P1 (m/z = 179) and P2 (m/z = 150), releasing energy of 53.9
and 46.6 kcal/mol, respectively. With the change of experimental con-
dition from Fig. 5c to b, the mass spectral intensities of P1 and P2 are
remarkably reduced. It shows that with the removal of SO,, more
amount of HOy might be consumed in the conversion process of NO
(HO5 + NO — OH + NO,), which reduces the 3 + NO — P1 and 3 + HO,
— P2 reactions. Since P3 (m/z = 152) is weakly observed in the isoprene
photooxidation under the presence of NO (Fig. 5b), its possible forma-
tion mechanism could be that 4 is formed by the oxidation of 1 with an
exothermic value of 57.5 kcal/mol, and then reacts with HO5 to form P3
with an exothermic value of 45.3 kcal/mol. Note that the conversion
time of NO to NO, with and without the presence of SO, is about 1.3 and
1.5 h (Fig. S6), respectively, which indicates that SO can promote the
conversion of NO. As pointed out above, P3 is observed just after the
complete conversion of NO, indicating that the 4 + HO; reaction is more
favorable to proceed after the long-term conversion of NO is finished. In
comparison, P1, as the termination product of the RO5 + NO reaction, is
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Fig. 6. Possible formation mechanism of newly-observed species calculated at the ®B97XD/aug-cc-pVTZ level of theory. Relative energies are given in kcal/mol.

readily formed owing to the advantages of its lower relative energy.

It can be seen from Fig. 5c that there is a relatively high proportion of
P4 (m/z = 137) in the presence of SO2, which formation path could be
affected by SO,. MACR undergoes an addition reaction with OH, and
then releases CH0O with an energy barrier of 11.8 kcal/mol, resulting in
the formation of the intermediate 5 through autoxidation. This overall
process is predicted to be exothermic by 36.6 kcal/mol 5 reacts with NO
to produce 6, which is exothermic by 49.9 kcal/mol 6 contains an
aldehyde group, which undergoes the hydration reaction to form P4 by
proton transfer under acid-catalyzed conditions (Fig. S10), which is
exothermic by 8.2 kcal/mol with a small barrier of 7.5 kcal/mol. As one
of the unique product peaks in the presence of SOy, P4 (m/z = 137)
might be generated from the heterogeneous reaction on the surface of
the acidic particles.

The relative intensity of P5 (m/z = 134) in Fig. 5c is remarkably
smaller than that in Fig. 5b, indicating that the formation of P5 would be
suppressed by SOs. In the process of online mass spectrometry detection,
P5 is observed before the end of NO conversion; when Os begins to
accumulate, the intensity of P5 gradually decrease whereas those of m/z
=168, 179, 197 and other products increase. This suggests that P5 may
be originated from the oxidation of isoprene at low concentration of OH
during the long-term conversion of NO. If the concentration of SO, is
high, on the one hand, it consumes OH to compete with the formation
path of P5; on the other hand, it accelerates the conversion of NO and
promotes the accumulation of O3 to reduce the formation of P5. As
shown in Fig. 6, isoprene undergoes an addition reaction with OH to
produce 7, which further autoxidizes to form 8 with an exothermic value
of 52.9 kcal/mol. Then, 8 reacts with OH to form P5 with an OOOH
group, which process is exothermic by 23.0 kcal/mol. The reaction of
RO, with OH has the rate coefficient close to the collision limit, and the
atmospheric lifetime of hydrotrioxide (ROOOH) was estimated to be in
the range of minutes to hours (Berndt et al., 2022).

On the basis of the structures of the m/z = 197, 182, 168, 154, 140,
and 128 compounds proposed in previous studies (Amaladhasan et al.,
2022; Fang et al., 2012; Liu, D’Ambro, et al., 2016; Spolnik et al., 2018;

Wach et al., 2020), their plausible formation pathways are shown in
Figs. S11 and S12, respectively. Previous studies have suggested that P6
(m/z = 197) and P7 (m/z = 168) are the oxidation products of isoprene
and OH under the presence of NO, and the abundance of P6 and P7 is
affected by [NO] (Liu, D’Ambro, et al., 2016). In the present experi-
ments, these two compounds are observed at the end of NO conversion,
and the relative intensity of P7 increases after [Os] reaches [O3]lmax,
which does not rule out that there are products with the same mass
produced by oxidation through the ozone pathway, such as the
2-hydroxy-dihydroperoxide (CsHj20¢) proposed in previous studies
(Amaladhasan et al., 2022). We analyzed the possible formation path of
P8 (m/z = 128) based on the structures proposed by Sheng et al. (Fang
et al., 2012) P9 (P9’) (m/z = 182), P10 (m/z = 154), and P11 (m/z =
140) are unique peaks in the presence of SO, and probably formed from
the oxidation reaction of isoprene and SO4. 14 (14’) are stemmed from
the addition of isoprene and SOz. P9 (P9’) containing unsaturated
double bonds is generated by further autoxidation and H-addition of 14
(14"), which is calculated to be extremely exothermic by 126.7 kcal/mol
(129.0 kcal/mol). P9 (P9’) proceeds multi-step reactions with SOz, O,
and NO, cyclization reaction with the release of HoSO3 to generate 17
(17’) (CsH1007S, m/z = 214), and cleavage reaction to form P10 and
P11. The products P9 (P9’), 17 (17’), and the fragments P10 and P11
have been identified as evidentiary organosulfates derived from
isoprene in previous studies (Spolnik et al., 2018; Wach et al., 2020). It
should be noted that a large amount of RO, are also derived from the
reaction between isoprene and SOz, which convert NO into NO,. As
mentioned above, the presence of SO, shortens the conversion time of
NO in the photooxidation process by about 0.2 h.

4. Conclusions and atmospheric implications

In this study, the effects of NO and SO, on the mass concentrations,
particle number concentrations, and chemical compositions of SOA
formation were explored by a number of laboratory studies for isoprene
photooxidation. It is found that the accumulated O3 originated from the
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NO conversion triggers the main oxidation reaction, by which the oxi-
dants (i.e., OH and SOy) are derived. In the absence of SO,, the P1, P3,
and P7 (m/z = 179, 152, 168) compounds are formed through the cross-
oxidation channels of isoprene with O3 and OH; P5, P6, P7, and P8 (m/z
= 134, 197, 168, 128) are produced via the oxidation reaction of
isoprene with OH. These products further oligomerize to form species
with lower volatility or/and undergo a homogeneous nucleation pro-
cess, eventually forming SOA in the absence of seed aerosols. In the
presence of SO9, P1, P2, P6, and P7 (m/z =179, 150, 152, 197, 168) are
formed through cross-oxidation channels of isoprene with O3 and OH;
P9, P10, and P11 (m/z = 182, 154, 140) are generated from the reaction
of isoprene with SO4; P4 (m/z = 137) is formed by a heterogeneous
reaction. The homogeneous reaction processes under this condition
include: mutual polymerization and nucleation of low-volatility prod-
ucts formed by isoprene oxidation; SO is oxidized by OH and sCIs to
produce HySO4 in the gas phase, and finally condenses with other sub-
stances to form acidic particles; organicsulfates are formed by the re-
action of intermediates with derivatives of SO, (H2SO4 or SOgz).
Heterogeneous reaction processes include the catalytic reaction by
employing H»SO4 on the surface of acidic particles and the adsorption or
absorption of gas and semi-volatile products on the surface of particles.
The present results support the insights proposed in previous studies,
and also demonstrate the importance of the synergistic effects of NO and
SO, in the atmosphere, which help to advance mechanical under-
standing of atmospheric components affected by the anthropogenic-
biogenic interactions nearby the emission origins, especially under
extreme conditions.
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