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ABSTRACT: Elucidating the impacts of gaseous pollutants on
secondary organic aerosol (SOA) formation mechanisms is critical
for developing effective PM2.5 mitigation strategies. However, the
combined effects of NOx (NOx = NO2 + NO) and SO2 on SOA
compositions under complex photochemical conditions remain
mechanistically unresolved. Here, we investigated the individual
roles of NO2/NO and their combined effects with SO2 on β-
myrcene photooxidation. Our results showed that NO2 enhanced
the SOA yield and the O:C ratio through oxidant amplification,
whereas NO suppressed nucleation and oxidation states of
products but facilitated particle size growth via organic nitrate
partitioning. SO2 exhibited significant synergistic effects with both
NO2 and NO, facilitating particle formation and growth processes.
The newly built vacuum ultraviolet free electron laser photo-
ionization aerosol mass spectrometer enabled the observation of a series of new compounds (i.e., organic peroxides, organic nitrate,
and organosulfates) and identified new mechanisms of SOA formation. Notably, a novel compound with a molecular weight of 287
was characterized to be a nitrogen- and sulfur-containing species. These findings highlight the critical roles of pollutants in particle
formation in environmental processes and provide key scientific support for regional air quality management and climate change
mitigation.
KEYWORDS: β-myrcene, photooxidation mechanism, synergistic effect, organic nitrates, organosulfates

1. INTRODUCTION
China’s industrialization and urbanization have led to
heightened energy consumption, leading to severe air pollution.1

Although air pollutant emissions were reduced in recent years,
high-pollution events where SO2 and NOx hourly concen-
trations exceed 100 ppb still frequently occur in densely
populated cities.2−6 Secondary organic aerosol (SOA) poses a
major threat to both human health and air quality.2,7,8 The
processes of SOA formation are driven by photochemical
reactions or oxidants, such as hydroxyl radicals (OH) and ozone
(O3).

9,10

As one of the key pollutants, NOx plays a critical role in
regulating atmospheric oxidative capacity and alters the
transformation pathways of RO2 radicals.

11−16 Recent studies
on monoterpene oxidation have revealed a general consistency
in the response trends of SOA formation toNOx concentrations;
however, there were significant differences in the critical
transition points ([NOx]0/[VOC]0 (volatile organic com-
pound)) where NOx plays a transitional role.

16−20 Diverse
research results highlighted that SOA formation was closely

related to the NOx proportion, suggesting that the composition
of NOx influences the pathways of SOA formation. Yet, the
differential impacts of NO2 and NO on the overall formation
pathways of oxidation products and their component distribu-
tions remain underexplored.
Given the complexity of real-world environments, extensive

studies have examined the combined effects of pollutants such as
NOx, SO2, and NH3, revealing significant synergistic or
antagonistic effects among these components.21−24 Notably,
SO2 not only drives new particle formation (NPF) by generating
sulfate (H2SO4) particles but also significantly influences the
chemical composition of products by enhancing acid-catalyzed
reaction pathways of VOCs with appropriate humidity.22,25−28
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In the context of NOx and SO2 copollution studies, the resulting
SOA is characteristic of a high abundance of polar functional
groups, which critically impact the formation mechanisms,
yields, and physicochemical properties of SOA.20,22,23,28

β-Myrcene, one of the most common open-chain mono-
terpenes, exhibits high reactivity in the atmosphere.29 Due to the
ready influence of factors such as region and season, direct
measurement of β-myrcene concentration is limited. In the field
studies, the concentrations of β-myrcene in the Amazon
rainforest were estimated to be in the range from a few to
several hundred ppt.30,31 Recent research studies indicated that
β-myrcene not only significantly contributes to the recycling of
OH radicals during oxidation processes but also exhibits the
highest SOA yield among noncyclic terpenes, comparable to
that of α-pinene.32−34 While theoretical and laboratory studies
have analyzed the ozonolysis andOH oxidation products (i.e., 4-
vinyl-4-pentenal (4 V4P)) of β-myrcene, the understanding of
the formation mechanism of high-mass products remains
insufficient.34,35 To address such a gap, this study utilized an
online aerosol mass spectrometer to analyze chemical
compositions of β-myrcene-derived SOA under various
conditions, discovering a series of new compounds. Exper-
imental results revealed remarkable differences in the roles of
NO and NO2 during β-myrcene photooxidation, as well as
distinct synergistic effects between SO2 and NOx. Quantum
chemical calculations were performed to elucidate the possible
oxidation pathways.

2. MATERIALS AND METHODS

2.1. Smog Chamber Experimental System
β-Myrcene photooxidation experiments (Table 1) were studied in a 2
m3 Teflon chamber, with a detailed description in the Supporting

Information (SI). β-Myrcene (≥90.0%, Aladdin) and reaction gases
were brought into the chamber by zero air. Only the molecular weight
(MW) = 137 peak of β-myrcene was detected by the proton-transfer
reaction mass spectrometer (PTR-QMS 3500, East & West Analytical
Instruments, China), indicating the concentrations of impurities in the
chamber were negligible. Initial concentrations of all reactants were
recorded by gas analyzers (Models 42i, 43i, and 49i, Thermo Fisher
Scientific, USA) following a 30min equilibration period in the chamber.
Particle size distribution, volume, and number concentrations were
monitored by a scanning mobility particle sizer spectrometer (SMPS
3938L76, TSI Incorporated, USA).
Recently, laboratory studies at high concentrations of VOCs have

contributed to understanding the complicated mechanisms of SOA
formation, especially near the emission origins.20,28,36,37 Notably, these
formation mechanisms share fundamental common characteristics at
an intrinsic level. In this study, considering that the vacuum ultraviolet
free electron laser (VUV-FEL) beamline time is very expensive, the
experiments were conducted at higher β-myrcene concentrations than
those typically found in the atmosphere. Even though the
concentrations listed in Table 1 do not reflect the actual atmospheric
concentration of β-myrcene, the aim of this work was to provide
insights into the mechanism of SOA formation in high-pollution areas.

2.2. Chemical Composition Characterization
The chemical compositions of SOA were detected by a VUV-FEL
photoionization time-of-flight (TOF) aerosol mass spectrometer
(abbreviated as VUV-FEL-TOF-AMS).38 Threshold photoionization
of the compounds is accessible by tuning the wavelength of the VUV-
FEL (50−150 nm).39 The mass resolution (M/ΔM) of VUV-FEL-
TOF-AMS is about 4200 (Figure S1). Here, the mass spectral peak
denotes the molecular ion and is written as the value of MW.
The oxidation states of SOA were analyzed by using the online

electron ionization (EI) TOF-AMS (abbreviated as EI-TOF-
AMS).20,37,40 The known ion fragmentation of m/z = 44 (predom-
inantly CO2+) andm/z = 43 (mainly C2H3O+) enabled the extraction of
the elemental ratio H:C and O:C.41−44 EI-TOF-AMS organic signal

Table 1. Initial Experimental Conditions and Results for All β-Myrcene Photooxidation Experiments

[β-myrcene]0 (ppb) [NO2]0 (ppb) [NO]0 (ppb) [SO2]0 (ppb) [O3]max (ppb)
a ΔROG (ppb)b ΔM (μg/m3)c SOA yield (%) RH (%)d T (K)

408 54 26 371 315.5 15.3 2.7 296.5
404 97 61 370 460.7 22.4 1.9 296.2
403 200 144 381 690.1 32.5 2.0 296.1
401 300 202 385 939.2 43.8 2.3 296.3
389 391 221 379 930.0 44.1 0.7 295.4
407 489 278 389 1009.5 46.6 0.7 295.9
393 63 45 366 420.7 20.6 0.8 294.7
390 104 128 371 443.2 21.5 0.9 296.6
384 200 158 370 447.0 21.7 0.6 294.1
400 283 224 372 479.0 23.1 1.4 296.6
393 403 133 373 294.9 14.2 0.9 294.4
387 480 93 365 155.1 7.6 1.8 295.7
403 291 25 182 385 1465.4 68.4 0.9 294.5
410 296 56 185 390 1539.8 70.9 0.6 294.8
398 300 100 143 387 1504.5 69.8 0.7 294.7
401 299 204 160 383 1567.7 73.5 0.9 294.4
401 296 294 145 383 1593.4 74.7 1.3 294.6
412 314 393 118 396 1722.1 78.1 0.8 294.1
407 296 30 173 386 801.2 37.3 0.8 294.0
404 293 51 187 382 1032.6 48.5 0.8 294.5
413 294 105 190 387 1175.5 54.5 0.8 294.5
395 296 203 155 382 1242.4 58.4 0.9 294.2
401 301 296 150 380 1183.4 55.9 0.9 294.2
397 296 397 141 381 1094.5 51.6 0.6 294.2

a[O3]max for the maximum accumulation of O3 in the experiments.
bΔROG stands for the amount of reacted organic gas. cΔM mean particle mass

concentration at steady state, which was obtained by multiplying SMPS-determined volume concentration by the assumed density of 1.0 g/cm3 and
was wall-loss corrected. dRelative humidity in the experiments was controlled by zero air and was lower than 2%.
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was normalized to nitrogen concentration to account for changes in the
collection efficiency (see the SI for details).

2.3. Theoretical Methods

Quantum chemical calculations were performed by using the Gaussian
16 program package at the ωB97XD/aug-cc-pVTZ//M06−2X/def2-
TZVP level of theory.45 Relative energies included zero-point
vibrational energy (ZPVE) corrections. The selection of present
theoretical methods was based on recent studies on the effects of
monoterpene photooxidation and ozonolysis.46,47

3. RESULTS AND DISCUSSION

3.1. Different Effects of [NO2]0 and [NO]0 on β-Myrcene
Photooxidation

As shown in Figure 1a, the mode diameter of particle number
size distribution (PNSD) increases from 126.3 to 209.1 nm with
the increase of [NO2]0 from 54 to 300 ppb and then converges
with further increasing [NO2]0 up to 489 ppb. In contrast, the
trend of the maximum particle number concentration exhibits
only slight fluctuations (Figure S2). Differently, as [NO]0 is

Figure 1. Particle number size distributions as a function of the [NOx]0 (a, b) and [SO2]0 (c, d) for all β-myrcene photooxidation experiments.Dp is the
particle diameter. dN/dlogDp is the normalized number size distribution. The time point of PNSD was the second hour of the reaction, which was
determined by the stabilization of the compositions of the SOA products via temporal evolution of particle size distribution of particles.

Figure 2. SOA yield and the generation time of particulate matter as a function of the [NOx]0 and [SO2]0 (a, b). The maximum ozone concentration
and the occurrence time of [O3]max as a function of [NOx]0 and [SO2]0 (c, d).
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increased from 63 to 283 ppb, particle number concentrations
exhibit a significant decline (Figure 1b), demonstrating that NO
has a pronounced suppressive effect on NPF. The RO2 + NO
pathway was demonstrated to be a key oxidation pathway for
VOCs.14,48−51 In our experiments, high [NO]0 enhances the
reaction proportion of RO2 and NO, leading to highly volatile
organic nitrates, which could be the reason for the sharp decline
in the particle number concentration. This will be confirmed by
subsequent mass spectral analysis. Especially, with [NO]0
increasing from 63 to 104 ppb, the PNSD shifts from unimodal
to bimodal distribution and exhibits a broader range. Previous
studies revealed significant differences in SOA formation
mechanisms under different NO concentrations.52,53 Thus, it
is speculated that the variation of [NO]0 may alter the branching
ratio of RO2 reactions with HO2 and NO, thereby increasing the
complexity of the photooxidation process. This may also explain
the gradual increase in the mode diameter of PNSD within
[NO]0 = 63−283 ppb. As [NO]0 increases from 283 to 480 ppb,
highly volatile product formation becomes more favorable.
Correspondingly, the increased consumption of NO subse-
quently inhibits its conversion to NO2, leading to a reduced
oxidant availability and a consequent decline in the mode
diameter of PNSD.
Figure 2a shows how the SOA yields exhibit a different trend

with increasing [NOx]0. In the NO2 experiments, the trend of
SOA yields parallels the evolution of the mode diameter of
PNSD. In contrast, SOA yields remain stable within [NO]0 =
63−283 ppb before declining significantly in the NO experi-
ments. Significant differences appear in the timing trends of
particulate matter generation between the two sets of experi-
ments. In the NO2 experiments, particulate matter formation
begins within the first 10 min in all experiments. However, in the
NO experiments, as [NO]0 increases from 63 to 480 ppb, the
generation time of particulate matter gradually increases from 16
to 81 min. Such distinctions suggest that while there is mutual
conversion between NO2 and NO during the NOx cycle, the
initial component of photooxidation experiments has a crucial
impact on VOCs oxidation. As a critical component within the
NOx cycle, NO2 serves as the initiating step, playing a critical
role in oxidant formation and facilitating subsequent oxidation
processes.48 In the NO2 experiments, the abundant NO2 serves
as a rich source of oxidants, facilitating β-myrcene oxidation and
thereby promoting the SOA yield. In the NO experiments, a
large amount of NO significantly affects the fate of RO2, thereby
suppressing the SOA yield. Furthermore, NO undergoes a
conversion process to NO2 to initiate oxidant formation in the
NOx cycle. High [NO]0 prolongs the conversion period,
delaying oxidant formation and ultimately shifting the timing
of particulate matter generation to later stages.
In the NOx cycle, O3 is primarily generated through the NO2

photolysis.49 Under fixed [BVOC]0, the occurrence time of
[O3]max is correlated with the timing of particle formation.

18,20,24

Therefore, [O3]max and its occurrence time can serve as
indicators of the photooxidation process. As shown in Figure
2c, a comparison of [O3]max reveals distinctly different trends in
the NOx experiments. In the NO2 experiments, as [NO2]0
increases from 54 to 489 ppb, [O3]max rises continuously from
26 to 278 ppb, while the occurrence time of [O3]max remains
relatively stable. This indicates that as [O3]max produced from
the photolysis of NO2 increases, the ozonolysis may become
increasingly significant. In contrast, in the NO experiments,
[O3]max exhibits a nonlinear response, consistent with previous
smog chamber studies.18,20,37 This could be attributed to the fact

that as [NO]0 rises to 283 ppb, more NO significantly alters the
fate of RO2, favoring RONO2 formation. The consumption of
RO2 not only disrupts the ROx cycle but also perturbs the
dynamic balance of NOx: acting as a sink forNOx, the generation
of RONO2 reduces the interconversion between NO and NO2,
suppressing the key process of ozone production initiated by
NO2 photolysis and ultimately inhibiting the O3 formation.
Notable discrepancies in SOA formation primarily stemmed

from the NOx cycle. NO2 rapidly provides oxidants, facilitating
VOC oxidation. Once the vapor of oxidation products becomes
supersaturated, they are transformed into particle form, and a
large amount of particulate matter will be produced in a short
period of time. Though NO2 can affect RO2 chemistry, its
products are thermodynamically unstable during the photo-
oxidation process, indicative of insignificant impact.48 In the NO
experiments, NO can directly participate in oxidation reactions,
increasing the volatility of the products and thereby inhibiting
particle formation. Additionally, NO must first be converted to
NO2 to drive oxidant formation. While the delayed effect of this
process may suppress particle formation, the extended reaction
time provides for oxidation processes, which, in turn, promote
subsequent particle size growth.
3.2. Synergistic Effects of [SO2]0 and [NOx]0 on SOA
Formation

As demonstrated in Figure 1c and d, the change of [SO2]0
mainly impacts the particle number concentrations for the
oxidation products. With SO2 added, the particle number
concentration increases significantly in NOx experiments
(Figure S3). This is likely due to the fact that SO2 is oxidized
by OH or stabilized Criegee intermediates (sCIs) to form
H2SO4. On one hand, the generated H2SO4 serves as acid seeds,
facilitating the condensation of oxidation products in the gas
phase by increasing the available surface area and volume. On
the other hand, H2SO4 enhances the heterogeneous reactions
under appropriate humidity, leading to the formation of
organosulfates and promoting the generation of new particles.
It has been found that the acid-catalyzed reactions at RH of∼25
and ∼50% could be effective for some monoterpenes and
anthropogenic VOCs.28,54

Compared to the SO2-free experiments, the SOA yields show
an increasing trend in SO2 experiments (Figure 2b). The
difference is that adding more than 25 ppb of SO2 in the NO2
experiments, SOA yields basically tend to converge; in the NO
experiments, as [SO2]0 ranged from 30 to 203 ppb, SOA yields
increase slightly and then tend to converge. We consider that
H2SO4 may be a main contributor to the observed increase in
particle number concentration, which subsequently enhances
the SOA yields. More importantly, the addition of SO2 does not
significantly affect the generation time of particulate matter in
the NO2 experiments; but in the NO experiments, generation
time gradually decreases from 38 to 11 min. According to the
dominating role of H2SO4 in nucleation investigated by binary,
ternary, and ion-induced nucleation theories,25,55 the generation
of OH during the conversion of NO to NO2 facilitates the
formation of H2SO4, leading to an earlier onset of particulate
matter in the NO experiments. In addition, [O3]max decreases
with the increase of [SO2]0 in NOx experiments, suggesting that
the ozonolysis plays a more significant role in the presence of
SO2. Besides, the occurrence time of [O3]max remains constant
despite increasing [SO2]0, suggesting that SO2 does not interfere
with the NOx cycle.
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3.3. Molecular Characteristics of SOA

In the V−K diagram (Figure 3), the dotted line represents the
oxidation state (OS), which is an important parameter for
describing the oxidative evolution of organic aerosols and
assessing their atmospheric aging state.56 During all photo-
oxidation experiments, the OSs’ values of oxidation products
exhibited a consistent increase from −1 to 0 over time,
indicating a systematic increase in both the abundance of
oxygen-containing functional groups and the average oxidation
state of the products. Different functionalization reactions alter
the elemental ratios of O:C and H:C. The black straight lines
represent the addition of specific functional groups to aliphatic
carbons that are initially unfunctionalized.57,58

In Figure 3a, the O:C ratio increases significantly as [NO2]0
increases from 54 to 300 ppb, suggesting that oxygen-containing
functional groups are effectively incorporated into the product.
In contrast, the O:C ratio exhibits a marked decrease with
increasing [NO]0 (Figure 3b), indicating that higher [NO]0
inhibits the increase of OSs. Previous studies have shown that
RONO2 generally had relatively high vapor pressures, and their
formation could significantly reduce the OSs of the
products.48,50,51,59 The result in Figure 3b shows that the
reaction pathway (RO2 + NO → RONO2) likely becomes
increasingly significant as [NO]0 increases in the NO experi-
ments, corroborating our aforementioned speculation. The
values of slope in the NO2 experiments are found to fall within
the range of −1 to −0.5, whereas those in the NO experiments

are greater than −0.5. This suggests that in the NO2
experiments, the oxidation products tend to form carboxylic
acids or lipid peroxide, while in the NO experiments, the
oxidation products predominantly contain alcohol and peroxide
groups. The oxidation effect in the NO2 experiments is
significantly stronger than that in the NO experiments.
As shown in Figure 3c,d, an increase in [SO2]0 leads to a

significant rise in the O:C ratio in NOx experiments,
accompanied by a notable decrease in the H:C ratio. The
reduction in H:C is typically associated with processes such as
hydrogen abstraction, dehydration, and oxidation. It is
speculated that the reactions such as ROH + H2SO4 →
ROSO3H + H2O may occur in these experiments. Such
formation of organosulfates has been previously observed in
other monoterpene oxidation studies.22,23 These organosulfates
likely exhibit a sulfate ester structure, which significantly
enhances the oxidation state of the product.
Furthermore, the increase in the O:C ratio in the NO2

experiments is more pronounced than that in the NO
experiments. This differencemay be attributed to the abundance
of oxidants in the NO2 experiments, which could enhance the
formation of more sulfate particles. These particles serve as sites
for multiphase reactions and facilitate the capture of low
oxidation products from the gas phase into the particle phase,
thereby increasing the overall OSs of SOA. In the NO
experiments, the presence of organic nitrates may influence
the increase in the O:C ratio, which may explain why the O:C

Figure 3. Van Krevelen diagram for β-myrcene photooxidation experiments. The gradual darkening of icon color denotes time evolution, which data
points were collected every 5 min over a total period of 5 h. Specifically, slope = 0 means the replacement of a hydrogen atom (−H) on an aliphatic
carbon (−CH2−) by an alcohol group (−OH) or a peroxide group (−OOH); the slope of −1/0.5 corresponds to the formation of a carboxylic acid
group (−C(�O)OH); and the slope of −2 represents a ketone or aldehyde group (−C(�O)−) replaces an −CH2−.
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ratio increased more slowly. Oxidation products containing
multifunctional groups (−ONO2 and −OSO3H) have been
recently identified in the monoterpene oxidation22,23,28 and are
also likely formed in this work.
3.4. Molecular Composition of β-Myrcene Photooxidation

The studies on β-myrcene oxidation revealed the preferential
reactivity of independent double bonds with oxidants and
identified the 4 V4P as a key SOA precursor.34,35,34,35,60−63 In
this work, O3 is produced via the NOx cycle and is likely the
principal and initial oxidant responsible for triggering β-myrcene
oxidation. Recent investigations have underscored the pivotal
role of O3 in photooxidation processes.

19,24 Specifically, β-
myrcene reacts with O3 to yield primary ozonide (POZ), which
is very unstable and rapidly decomposes to produce sCIs,
contributing further to aerosol formation.35 Previous studies
have consistently identified a series of gas-phase products (MW
= 58, 110, 112, 114, and 138) during the β-myrcene
oxidation.34,62−64 Since acetone was identified as one of the
key products, it was detected by using the PTR-QMS in this
work (Figure S4). The MW signals of 110, 112, 114, and 138
were also successfully detected in the VUV-FEL-TOF-AMS

mass spectra (Figure 4). It is suggested that these compounds
may partition into the particle phase or undergo continuous
oxidation due to double bonds in their molecular structures,
leading to their absence in the gas-phase measurements.
Figure 4 shows a summary of the β-myrcene oxidation

mechanism, indicating that most oxidation products match well
in the mass spectrum. The partial deviation of mass spectra of
RONO2 could be rationalized by the fact that RO2 may be
consumed by other competing reaction pathways, reducing its
reaction with NO. While under relatively high NOx conditions,
the rate constants for RO2 autoxidation and self-/cross-reactions
in monoterpene oxidation were found to be sufficiently fast to
compete effectively with the RO2 + NO pathway.10,65 The
branching ratio for RONO2 from β-myrcene oxidation
constituted only approximately 13% of the total RO2 + NO
reactions, underscoring a preference for the formation of other
oxidation products over RONO2.

34 Moreover, the introduction
of nitrogen-containing groups elevated the saturation vapor
pressure of these compounds.51 Even for some RONO2
molecules (with carbon numbers up to ∼C12), the vapor
pressure remained too high to favor partitioning to the particle
phase,50 which might be a reason for the absence of a part of

Figure 4. Summary of potential formation mechanisms of oxidation compounds generated by β-myrcene photooxidation. The possibility of other
oxidation pathways and products is not excluded.
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larger RONO2 in the mass spectra. Notably, several peaks with
high intensities and irregular changes (MW= 260, 306, and 414)
are also observed, which may originate from cross-reactions.
In the previous VUV-FEL-TOF-AMS studies of mono-

terpenes photooxidation, comparative analysis of mass spectra
at different wavelengths revealed that the 125.0 nm wavelength
was suitable for the detection of oxidation products (i.e., organic
peroxides, organic nitrates, and esters).18,20 The VUV-FEL-
TOF-AMS experiments on the Δ3-carene + NO2 + SO2 system
at the 125, 115, and 105 nm wavelengths indicated that the
wavelength of 115.0 nm was optimal for threshold photo-
ionization of most organosulfates.20 Considering that the scan of
VUV-FEL wavelength is not as readily available as synchrotron
radiation light source and the ionization thresholds of the
homologues generated from β-myrcene photooxidation could
be similar to those from the α-pinene andΔ3-carene systems, we
measured the mass spectra at the VUV-FEL wavelengths of 115
and 125 nm in this work. Recently, photoionization efficiency
spectroscopic studies on Δ3-carene oxidation identified the
compounds with MW ≤ 200.66,67 In this work, we mainly focus
on the analysis of mass spectra in the range of MW > 200 with
fewer fragments, for which the mass resolution is reliable to
identify the compounds.
Optimizing VUV-FEL wavelength and pulse energy could

achieve high sensitivity and selectivity in threshold photo-
ionization for monoterpene oxidation experiments.18,20,24,47

Mass spectra of SOA generated by β-myrcene + NOx and β-
myrcene + NOx + SO2 were measured at the VUV-FEL
wavelengths of 125 and 115 nm, respectively. In Figure 5a,b, the
MW = 168, 184, and 216 peaks are observed, which are
consistent with the confirmed products of β-myrcene oxidation
as reported in literature.33,36,63,68 This consistency demonstrates
the reliability of the VUV-FEL-TOF-AMS.
In Figure 5a, new peaks are observed at MW = 260, 306, and

414, respectively, which are hypothesized to be the accretion

products of ROOR′. In contrast with Figure 5a, the MW = 306
peak disappears in Figure 5b, whereas the intensities of the MW
= 260 and 414 peaks are obviously reduced but still observable; a
new peak appears at MW= 223 and is tentatively identified as an
organic nitrate. The overall number and intensities of mass
spectral peaks of SOA in the NO2 experiment are significantly
higher than those in the NO experiment (Table S1). This
indicates that the generation of particulate matter is more
favorable in the NO2 experiment, and its chemical composition
is more complex. The mass spectra of Figure 5c,d reveal the
newly observed peaks at MW = 212, 240, 287, and 304,
respectively. Indeed, the intensity of the 414 peak (organic
peroxide) measured at the high VUV energy of 115 nm/10.8 eV
(Figure 5c) is obviously reduced as compared to that at the low
VUV energy of 125 nm/9.9 eV (Figure 5a), indicating that the
photoionization at 125 nm is more suitable for detection of
organic peroxides, whereas the photoionization at 115 nm is
favorable for detection of organosulfates. Therefore, the newly
observed peaks at 115 nm provide evidence for the formation of
organosulfates that are promoted by the addition of SO2.
Notably, a new peak at MW = 287 (Figure 5d) is hypothesized
to be an oxidation product containing both -ONO2 and -OSO3H
functional groups. Compared with Figure 5c, the overall peak
intensities in Figure 5d decrease, and the MW = 304 peak
disappears. This reduction may be attributed to the process of
NPF inhibitory effects in the NO experiments.

β-Myrcene ozonolysis experiments were performed to further
confirm the generation pathway of oxidation products (Table S2
and Figures S6 and S7). The MW = 260, 306, and 414 peaks are
observed in the ozonolysis experiments (Figure S8a), suggesting
that most oxidation products originate from the OH or O3
oxidation pathway. After introducing the OH scavenger
(cyclohexane) (Figure S8b), all the peaks are still observable
but exhibit varying degrees of intensity reduction. This
demonstrates that these cross-products are formed simulta-
neously in both the OH and the O3 oxidation pathways and are
likely the oxidation products of 4 V4P. The presence of the MW
= 212 and 304 peaks in both experiments (Figure S8c,d)
indicates that these peaks might be organosulfates formed
through the oxidation of 4 V4P. After adding cyclohexane
(Figure S8d), the MW = 240 peak disappears, indicative of its
formation from the OH oxidation. Notably, the MW = 223 and
287 peaks are absent in the ozonolysis experiments, suggesting
that these compounds contain nitro groups.
3.5. Possible Formation Mechanisms of New Compounds

Based on quantum chemical calculations, formation pathways
for the newly observed compounds were proposed and were
predicted to be thermodynamically favorable and kinetically
feasible. For most pathways, the corresponding rate constants
have been previously reported (Table S3).34,35,49,65,34,35,69−71

Molecular formulas of the compounds are given in Table S4. We
do not exclude alternative structures/pathways.
As shown in Figure 6, the reaction between β-myrcene and

OH initiates free radical propagation, leading to the formation of
multiple intermediates (MOH-Iy (y = 1−4)). Then, NO
terminates the oxidation reaction of MOH-I4, forming MOH-P3
(MW = 223). Conjugated double bond addition is calculated to
be most favorable at the terminal carbon of the branch chain
(Table S5), formingMOH-P1 andMOH-P2. The ROH structural
products from monoterpene oxidation undergo nucleophilic
substitution reactions involving H2SO4.

72 MOH-P4 is proposed

Figure 5. VUV-FEL photoionization mass spectra of the compounds
generated under different experimental conditions. The compounds
were ionized by the VUV-FEL at 125.0 (a, b) and 115.0 nm (c, d). New
compounds are markedwith red, and the background of all mass spectra
has been subtracted. The time point of mass spectra was the third hour
of the reaction, which was determined by the stabilization of the
compositions of the SOA products via temporal evolution of particle
mass concentrations (Figure S5).
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to be the condensation product generated through the
synergistic interaction of SO2 and NO.
Based on the analysis of Section 3.4, we suppose that the MW

= 260, 306, and 414 compounds resulted from 4 V4P oxidation
(Figures S9 and S10). The H-abstraction is a pivotal mechanism
during monoterpene oxidation.73 Consequently, the formation
mechanisms of these three compounds could be initiated from
the H-abstraction reaction (Figure S10). The formation ofM-Iy
(y = 1−7) primarily encompasses OH-addition, decomposition,
and bimolecular reaction. Several studies indicated that RO2
cross-reaction is one of the important pathways for mono-
terpenes oxidation.74,75M-I4 andM-I7 undergo cross-reactions
withM-I9 (Figure S11), formingM-P1 (MW = 260) andM-P3
(MW = 414). Similar mechanisms yielded M-P2 (MW = 304).
M-Px (x = 1−3) possess multifunctional groups (ester, acid,
alcohol, etc.), which significantly enlarge the O:C ratio of the
compounds.
Figure S12 shows the possible formation processes of theMW

= 212, 240, and 304 compounds, which are primarily initiated
from M-I7/M-I8 and MOH-P1. We hypothesize that M-OS-Px
(x = 1−3) (MW = 212, 240, and 304) are organosulfates,
potentially formed by esterification of oxidation products with
H2SO4. These multiphase reactions represent a significant SO2-
enhancement mechanism for SOA formation, converting
higher-volatility oxygenates into lower-volatility organosulfates
incorporated into the particle phase. Indeed, recent studies
indicated that the reaction of SO2 with organic peroxides formed
through monoterpene oxidation could effectively facilitate
organosulfate formation.54,76

Previous studies indicated that under dry conditions, sulfuric
acid could be formed from the reactions of sCIs with SO2 and
enhanced SOA formation through the acid-catalyzed mecha-
nisms.54,77 Nevertheless, the heterogeneous acid-catalyzed

reaction may not be the key contributor to the SOA formation
under our experimental conditions with RH close to zero. This
work suggests that the gas-phase formation pathways also
contribute appreciably to organosulate mass in SOA. Field
observations revealed that some organosulfates remained stable
in both gas and particle phases.78,79 Laboratory studies on the
monoterpene oxidation also indicated that organosulfates might
originate from the reaction of SO3 with oxidized organic
molecules.80 Recent observation of gas-phase glycolic acid
sulfate verified the contribution of gas-phase reactions to
organosulfate formation.81

4. ENVIRONMENTAL IMPLICATIONS
This study systematically investigated SOA formation from β-
myrcene photooxidation with NOx and SO2. With the unique
capabilities of VUV-FEL-TOF-AMS, we discovered a series of
new compounds. A key finding is the significant difference in the
roles of NO2 and NO during the photooxidation process. NO2
not only promotes particle formation but also enhances the
generation of oxygenated organic compounds. However, NO2
induces abundant oxidants, leading to the formation of smaller
particles. In contrast, NO initially suppresses particle formation
but promotes particle size growth in later stages through a
″delayed effect″. NO directly participates in oxidation reactions,
reducing the oxidative states of the products. While highly
oxygenated organic compounds (MW = 260, 306, and 414) are
detected in the NO2 experiments, the overall mass spectral
intensities of compounds are reduced in the NO experiments,
with a characteristic peak concentrated in compound (MW =
223) containing nitrogen−oxygen functional groups.
The coexistence of SO2 and NOx significantly enhances SOA

yields, which could be due to the partial contribution from the
organosulfate formation. We identified new compounds with

Figure 6. Possible formation mechanisms of new compounds MW = 223 and 287 calculated at the ωB97XD/aug-cc-pVTZ//M06−2X/def2-TZVP
level of theory. Relative energies are given in kcal/mol. The new compounds are labeled asMOH-Px (x = 1−4) sorted by molecular weight, and the
intermediates are successively labeled as MOH-Iy (y = 1−4).
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MW values of 212, 240, 287, and 304 in the β-myrcene + SO2 +
NOx experiments. The MW = 287 compound was characterized
as a multifunctional oxidized complex containing both
−OSO3H and −ONO2 groups. The identification and analysis
of these novel compounds help to correct the biases in SOA
formation predictions, providing more precise data for under-
standing aerosol formation mechanisms in regions influenced by
both anthropogenic and biogenic sources.
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