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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• This study investigates the atmospheric 
components affected by the 
anthropogenic-biogenic interactions.

• The suppression effect of NO and NO2 
on the α-pinene photooxidation shows 
monotonous and parabolic trends, 
respectively.

• NH3 enhances the number concentra-
tions of SOA from the α-pinene + NOx 
photooxidation by reacting with organic 
acids.

• A series of newly-observed compounds 
advance understanding of atmospheric 
components.
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A B S T R A C T

Understanding the effects of mixed anthropogenic pollutants on the photooxidation of volatile organic com-
pounds (VOCs) is essential for unraveling the formation pathways of secondary organic aerosols (SOA). Yet, it 
remains a highly challenging experimental target owing to the complexities in the precise measurement of 
molecular compositions of products and number/mass concentrations of particles as a function of pollutant 
concentration in the ambient atmosphere. Here, a series of well-defined chamber experiments were performed to 
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explore the effects of NOx and NH3 on the SOA formation from photooxidation of the most abundant mono-
terpene, α-pinene. The results indicate that the suppression effect of NO and NO2 on the α-pinene photooxidation 
shows monotonous and parabolic trends, respectively. The presence of NH3 enhances particle number concen-
trations during the α-pinene + NOx photooxidation by participating in reactions with organic acids. New com-
pounds, including organic peroxides, esters, organic nitrates, and peroxyacyl nitrates, are observed at molecular 
weight (MW) = 166, 173, 217, 231, 280, 282, 304, and 410 through threshold photoionization making use of a 
recently constructed vacuum ultraviolet free electron laser in positive ion mode. The molecular structures and 
formation paths of these species are speculated, which advance the category of VOC oxidation products. Our 
study provides significant understanding of the influence of NOx and NH3 on the VOC photooxidation, which can 
be utilized to establish predictive SOA formation networks and to improve atmospheric models.

1. Introduction

Secondary organic aerosol (SOA) adversely affects atmospheric vis-
ibility, climate, and human health (Huang et al., 2014; Jimenez et al., 
2009). Among the volatile organic compounds (VOCs), biogenic VOCs 
(BVOCs) with relatively high emission rates are crucial precursors of 
SOA globally (Sindelarova et al., 2014). Experimental studies have 
indicated that the interactions between the compounds released by 
anthropogenic activities and BVOCs in the atmosphere lead to high 
concentrations of SOA (Yee et al., 2020). Given the significance of 
anthropogenic− biogenic interactions, the current challenge in model 
studies is to accurately simulate the complex atmospheric conditions 
and to fully elucidate the mechanisms of SOA formation (Boyd et al., 
2015).

Monoterpene (C10H16) with estimated emissions of 100 Tg/year ac-
counts for approximately 11% of BVOCs emissions (Hoffmann et al., 
1997). The reactions of monoterpene with atmospheric oxidants readily 
occur, resulting the promotion of new particle formation (NPF) (Pye 
et al., 2010). Specifically, acting as the key precursor for the formation 
of SOA globally, α-pinene accounts for approximately 34% of the total 
monoterpene content (Guenther et al., 2012). In recent decades, inten-
sive investigations have been conducted on the α-pinene-derived SOA, 
by which molecular structures of monomers and oligomers might be 
retrieved and their potential formation pathways could be observed 
(Berndt et al., 2016; Kenseth et al., 2023; Zhang et al., 2015; Zhao et al., 
2021).

NOx is primarily emitted from industrial processes and fuel com-
bustion (Ohara et al., 2007). Elucidating the effects of NOx on the 
oxidation processes of BVOCs provides important insights into the 
mechanisms of atmospheric SOA formation (Draper et al., 2015; Sar-
rafzadeh et al., 2016). Pioneering experiments of the α-pinene + NOx 
photooxidation have predominantly highlighted the suppression effect 
of NOx (Wildt et al., 2014), analyzed the compositions of 
particulate-phase products (Park et al., 2017), and explored potential 
formation pathways of highly oxygenated organic molecules (HOMs). 
The α-pinene ozonolysis appeared to govern largely the primary nature 
of SOA forming in α-pinene photooxidation under high relative hu-
midity conditions (Yu et al., 2008). Increasing the concentrations of NOx 
([NOx]) not only suppresses the NPF but also decreases the rate of SOA 
production (Eddingsaas et al., 2012). It was observed that during the 
process of high NOx photooxidation, the SOA predominantly contained 
nitrogen-containing compounds (Park et al., 2017). These studies yiel-
ded significant outcomes for understanding the individual influence of 
NOx on the α-pinene photooxidation processes.

Over the past century, NH3 has been identified as the primary 
alkaline anthropogenic pollutant resulting from agricultural and in-
dustrial activities (Erisman, 2021). With the control of vehicular NOx in 
recent years, the NH3 concentrations have been increasing (Reche et al., 
2022). Due to the complex reaction mechanisms of NH3 with other at-
mospheric compounds, lots of research have been carried out to examine 
the effect of NH3 on NPF (Gu et al., 2021). The study on the effect of NH3 
on the SOA formation from the α-pinene/ozone oxidation system in-
dicates that NH3 can interact with gas-phase organic acids to form 
condensable salts, resulting in the enhancement of SOA formation (Na 

et al., 2007). The coefficients of NH3 uptake onto SOA were found to be 
positively correlated with particle acidity (Liu et al., 2015). The SOA 
yield for dark α-pinene ozonolysis and photooxidation in the presence of 
NH3 was found to be higher as compared to the absence of NH3 (Bin 
Babar et al., 2017). In the α-pinene + NH3 + NOx photooxidation, the 
NH3–SOA interaction can induce the changes of particle size, aerosol 
mass, and chemical composition; furthermore, the reactions of organic 
acids with NH3 in the low NOx conditions would be much earlier than 
those in the high NOx conditions (Hao et al., 2020).

Chamber experiments have been carried out to investigate the im-
pacts of low- and high-NOx on the SOA formation (Eddingsaas et al., 
2012; Pullinen et al., 2020; Sarrafzadeh et al., 2016; Stirnweis et al., 
2017). However, the individual role of NO and NO2 in the HOMs for-
mation would be different. For instance, recent research has shown that 
pure NO2 suppressed the production of HOMs with mixture of α-pinene 
and Δ3-carene, whereas NO exhibited a trend of initially increasing and 
then decreasing in the production of HOMs (Nie et al., 2023). Here, we 
explored the individual and joint effects of a specific NOx component 
(NO, NO2) and NH3 on the molecular compositions of products and 
number/mass concentrations of particles formed from the α-pinene 
photooxidation. The molecular structures and formation pathways for 
newly-observed organic peroxides (i.e., esters, organic nitrates, and 
peroxyacyl nitrates (PAN)) were proposed via a combination of exper-
imental results and quantum chemical calculations. Our present results 
offer comprehensive insights into the complex interactions between 
α-pinene, NOx, and NH3 during the daytime, illuminating the underlying 
mechanisms involved in the formation of SOA influenced by both 
anthropogenic and biogenic factors.

2. Experimental and theoretical methods

The experimental instrument mainly consists of a 2 m3 smog cham-
ber system and a photoionization mass spectrometer. A comprehensive 
description of experimental details could be found in a prior study (Zang 
et al., 2024) and in the Supporting Information (SI). A concise overview 
is presented here. The temperature of smog chamber was kept constantly 
at 298 ± 0.5 K. Relative humidity of smog chamber was less than 3%. 
Before experiments, the smog chamber was cleaned using the automatic 
cleaning mode, wherein the smog chamber was flushed through zero air 
for 8 h to remove any residual pollutants. α-Pinene (98.0%, Aladdin) was 
injected into the reactor through the inlet. Subsequently, known 
amounts of NO, NO2, and NH3 (with NO2 and NH3 balanced at 500 ppm 
in N2, and NO balanced at 0.5000% in N2) were introduced into the 
reactor through separately calibrated cylinders using flow controllers. 
All reactions were performed under conditions without seed aerosol.

The NOx concentrations were monitored by Model 42i analyzer. 
Initial concentrations of NH3 ([NH3]0) were determined by taking into 
account the volume of the reactor and the controlled injection amount. 
The O3 concentrations were monitored using Model 49i analyzer. The 
VOC concentrations were monitored using a proton transfer reaction- 
mass spectrometer (PTR-QMS 3500, East & West Analytical In-
struments, China). The α-pinene concentrations ([α-pinene]) were 
determined by its fragment ions (molecular weight (MW) = 137 and 81). 
A scanning mobility particle sizer (SMPS 3938NL76) was used to 
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measure the size distributions, number concentrations, and mass con-
centrations of particles.

The full particles were seamlessly transferred from the smog cham-
ber via a 1-m-long silicone tubing (inner diameter: 6.35 mm; length: 
1000 mm) and aerodynamic lenses and deposited onto a copper rod 
(diameter: 8 mm) mounted in a time-of-flight mass spectrometer (TOF- 
MS) chamber. The deposited particles were vaporized by using a car-
tridge heater, ionized by vacuum ultraviolet free electron laser (VUV- 
FEL), and detected by TOF-MS in positive ion mode. Our TOF-MS has 
been calibrated by a series of standard organic compounds (i.e., vanillin, 
1-pentadecanol, n-Eicosane, etc.). The comparison of mass spectra of 
heater ON and OFF indicated that the ionization of gas-phase products 
had a negligible interference on the ionization of particles. The 
threshold photoionization of molecule was achieved by using the 
tunable VUV-FEL to lose an electron to produce a molecular ion M+. The 
positions of mass spectral peaks detected in this work denote the MW 
values. Our self-designed aerosol TOF-MS is able to detect the main size 
distributions of particles, ranging from 30 to 2500 nm and detect 
particle-phase products in real-time. Various experimental conditions (e. 
g., VUV-FEL wavelength and pulse energy, [α-pinene], [NO], [NO2], and 
[NH3]) were tuned to acquire optimal experimental conditions. In order 
to optimize experimental conditions, the advantages of using a tunable 
VUV-FEL and high pulse energy were utilized to measure the threshold 
photoionization mass spectra of neutral compounds. Because different 
aerosol components may have different ionization potentials, the use of 
different VUV-FEL wavelength (photon energy) helps to achieve 
threshold ionization and to reduce the fragments. During the experi-
mental optimization process, the VUV-FEL pulse energy dependence of 
mass spectral signal was assessed to prevent photoionization saturation. 
As evidenced by our previous research (Zhang et al., 2024), the frag-
mentation and reactions with threshold photoionization by using an 
appropriate VUV-FEL wavelength and pulse energy are negligible. Given 
the high cost of machine time for VUV-FEL beamlines and the shorter 
reaction time of α-pinene and NOx at high concentrations compared to 
low concentrations, the compounds were analyzed using VUV-FEL 
photoionization mass spectrometer under conditions that exceed those 
typically encountered in the natural atmosphere.

The wall loss of aerosol was corrected using established methodolo-
gies as described in the literature (Pathak et al., 2007). It was reported 
that the density of α-pinene-drived aerosols was 1.32 g/cm3 (Ng et al., 
2007). In this work, the density of α-pinene-drived aerosols was assumed 
to be 1.3 g/cm3 for the calculation of the particle mass concentration 
based on the volume concentration measured by SMPS. The SOA yield 
was determined by the ratio of the corrected particle mass concentrations 
(ΔM, μg/m3) to the comsumption of α-pinene (Δ[α-pinene], μg/m3) in the 
reaction. Representatively, the temporal profiles for wall-loss corrected 
and uncorrected particle number concentration and particle mass con-
centration in the 350 ppb α-pinene +59 ppb NO experiment are shown in 
Fig. S1 of Supplementary Material, indicating that the uncertainty of 
particle mass concentration was estimated to be <13.0%. When 
[α-pinene]0 was 433 ppb, the wall loss rate for [α-pinene]0 =433 ppb was 
8.9 × 10− 6 s− 1, which were close to 10− 6 s− 1 (Fig. S2).

To understand the experimental results, quantum chemical calcula-
tions were performed at the ωB97XD/def2-TZVP level of theory (Frisch 
et al., 2016). Transition states (TSs) were optimized with the Berny al-
gorithm and confirmed by the intrinsic reaction coordinate (IRC) cal-
culations. Relative energies were corrected by the zero-point vibrational 
energy (ZPVE). Tables 1 and 2 list the experimental conditions. The 
effects of [α-pinene]0/[NOx]0 ratios on the α-pinene photooxidation 
were investigated by varying [α-pinene]0, [NO]0, and [NO2]0. Due to the 
nature of chamber injection, the [α-pinene]0 vary in the range of 310 
ppb–388 ppb. As shown in Fig. S3, the deviation of average particle mass 
concentration between the 311 ppb α-pinene +200 ppb NO2 and 370 
ppb α-pinene +200 ppb NO2 experiments is ~5%, indicating that a small 
variation of [α-pinene]0 does not significantly affect the particle mass 
concentration.

3. Results and discussion

3.1. Effects of NOx and NH3 on particle number concentrations, particle 
mass concentrations, and O3 concentrations

The particle size distributions, particle number concentrations, par-
ticle mass concentrations, and O3 concentrations based on the variation 
of [NOx]0, [α-pinene]0, and [NH3]0 are shown in Figs. 1–4, S4, and S5, 
respectively. The temporal evolution of [NOx], [O3], and [α-pinene] 
under different conditions is shown in Figs. S7 and S8, respectively.

In the 350 ppb α-pinene +59 ppb NO photooxidation experiment 
(Fig. 1a1), there is no NPF detected at the beginning of photooxidation. 
After 0.5 h, the number concentration of particles undergoes a rapid 
increase. As [NO]0 increases from 59 ppb to 370 ppb, the moment of 
particle generation shifts later and the number concentration of SOA is 
gradually suppressed. In the 333 ppb α-pinene +59 ppb NO2 photooxi-
dation experiment (Fig. 1a2), the particle size experiences a rapid in-
crease within 1 h after nucleation and eventually stabilizes at a level. 
Upon increasing [NO2]0 from 59 to 151 ppb, NO2 exhibits a gradual 
enhancement of particle number concentration. However, further 
elevating [NO2]0–287 ppb leads to a gradual suppression of particle 
number concentration. This non-linear variation of NO2 effect on the 
particle number concentration as a function of [NO2]0 (Fig. 1a2-e2) is 
different from that of monotonically gradual variation of NO suppres-
sion effect (Fig. 1a1-e1).

The variation of particle mass concentrations and O3 concentrations 
during the photooxidation experiments involving α-pinene with NO and 
α-pinene with NO2 is shown in Fig. 2, respectively. It is observed that the 
changes in particle mass concentrations are almost synchronous with the 
accumulation of O3 in time. This underlying relationship between 

Table 1 
Experimental conditions of α-pinene + NO + NH3 photooxidation reactions.

[α-pinene]0 

(ppb)
[NO]0 

(ppb)
[NH3]0 

(ppb)
[α-pinene]0 

/[NO]0

ΔROG 
(ppb)

ΔM (μg/ 
m3)

350 59 0 5.9 345 526
336 107 0 3.1 331 455
340 206 0 1.7 333 314
388 318 0 1.2 380 274
310 370 0 0.8 299 93
350 55 30 6.4 343 537
340 54 50 6.3 334 569
354 51 100 6.9 349 660
993 397 0 2.5 985 2122

[X]0 stands for initial concentration of X, ΔROG for the amount of reacted 
organic gas, and ΔM for particle mass concentration.

Table 2 
Experimental conditions of α-pinene + NO2 + NH3 photooxidation reactions.

[α-pinene]0 

(ppb)
[NO2]0 

(ppb)
[NH3]0 

(ppb)
[α-pinene]0 

/[NO2]0

ΔROG 
(ppb)

ΔM 
(μg/m3)

333 59 0 5.6 327 424
335 98 0 3.4 330 672
338 151 0 2.2 335 868
370 200 0 1.9 365 547
311 200 0 1.6 302 517
340 287 0 1.2 330 410
327 63 30 5.2 321 445
323 52 50 6.2 316 657
348 57 100 6.1 340 794
580 112 0 5.2 559 810
588 289 0 2.0 574 1188
990 398 0 2.5 972 2307
987 411 100 2.4 977 2409
1312 405 0 3.2 1298 3330
1988 398 0 5.0 1960 5556

[X]0 stands for initial concentration of X, ΔROG for the amount of reacted 
organic gas, and ΔM for particle mass concentration.
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particle mass concentration and O3 indicates that O3 may trigger the 
generation of particles. It is worth noting that O3 is a notable byproduct 
of VOC chemical oxidation in the atmosphere, and its accumulation 
level can be used as an indicator of pollution status (Lelieveld et al., 
2015). The accumulated amount of O3 increases with [NO]0 and [NO2]0, 
which indicates that [NOx]0 is a key factor in the generation of O3. In the 
present photooxidation reactions of α-pinene with NO2, we found that 
higher [NO2]0 could result in the more generation of O3 (Fig. 2d). 
However, in the present photooxidation reactions of α-pinene with NO, 
the change of O3 concentration is non-linear with [NO]0 (Fig. 2c), which 
is reminiscent of the fact that the generation of O3 in the real atmosphere 
may not be linear positively correlated with NOx concentration (Liu and 
Shi, 2021). These findings suggest that under the conditions of severe 
NOx pollution and abundant vegetation, long-term photooxidation re-
actions may accumulate more O3, enhance the oxidative capacity of the 
corresponding troposphere and aggravate atmospheric pollution. In the 
α-pinene + NOx photooxidation, the photolysis of NO2 leads to a more 
direct production of oxidants (i.e., O3 and OH) compared to the 
photolysis of NO. The reaction of NO with organic peroxy radicals (RO2) 
forms the highly volatile organic nitrates and consequently suppresses 
the generation of low volatile species. This suggests that NO significantly 
suppresses the particle mass concentration, for which actual NOx impact 
of depends on the composition and concentration of NOx.

The [VOC]/[NOx] ratio has been shown to influence both the O3 

concentration and the SOA formation (Berezina et al., 2020; Reche et al., 
2022). Accordingly, SOA yields and [O3]max as a function of the 
[α-pinene]0/[NO]0 and [α-pinene]0/[NO2]0 ratios are plot in Fig. 3. As 
[NO]0 increases (Fig. 3a), the SOA yield continues to decline, which 
could be attributed to the fact that the increase of NO may directly 
induce competitive reactions, such as the formation of RONO2. As [NO]0 
increases (Fig. 3c), [O3]max first increases and then decreases. This 
shows with the photolysis of more [NO]0, more O3 is first produced and 
with the continuous increase of [NO]0, the accumulation of O3 may be 
suppressed due to the reaction between NO and O3. As [NO2]0 increases 
(Fig. 3b), SOA yield first increases and then decreases. This suggests that 
in low NO2 conditions, a slight increase in [NO2]0 can lead to higher 
levels of O3 production via the photolysis of NO2 (Fig. 3d), which en-
hances the oxidation of α-pinene, resulting in higher mass concentration 
and yield of SOA. Further increasing [NO2]0 may trigger some 
competing reactions, such as the formation of RONO2. In this case, the 
increase of [NO2]0 may suppress the further generation of SOA and 
result in a decrease in SOA yield. As shown in Fig. S9, the SOA yield 
increases monotonically as [α-pinene]0 increases, whereas during the 
photooxidation process, the amount of accumulated O3 decreases. This 
may be attributed to that more α-pinene is involved in the photooxi-
dation reactions and consumes more O3, causing a decrease in the O3 
concentration and an enhancement in the SOA formation. These 
experimental results have confirmed the importance of actual O3 

Fig. 1. Particle size distributions as a function of [NO]0 and [NO2]0: (a1) 350 ppb α-pinene + 59 ppb NO; (b1) 336 ppb α-pinene + 107 ppb NO; (c1) 340 ppb 
α-pinene + 206 ppb NO; (d1) 388 ppb α-pinene + 318 ppb NO; (e1) 310 ppb α-pinene + 370 ppb NO; (a2) 333 ppb α-pinene + 59 ppb NO2; (b2) 335 ppb α-pinene +
98 ppb NO2; (c2) 338 ppb α-pinene + 151 ppb NO2; (d2) 370 ppb α-pinene + 200 ppb NO2; (e2) 340 ppb α-pinene + 287 ppb NO2. Particle diameter is abbreviated as 
Dp. Normalized number size distribution is denoted by dN/dlgDp.
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concentration in the SOA formation and the influence of NOx on the RO2 
chemistry complicates the relationship between O3 and SOA formation.

Note that RO2 have a significant contribution to a variety of atmo-
spheric processes (Atkinson and Arey, 2003; Zhao et al., 2018). In the 
atmosphere, RO2 can undergo unimolecular reactions to trigger the 
formation of HOM and bimolecular reactions with other compounds to 
form dimers and organic nitrates (Berndt et al., 2015; Hasan et al., 2020; 
Nihill et al., 2021; Perakyla et al., 2023; Tsiligiannis et al., 2019). The 

main mechanism discussed in this article for the formation of dimers 
(formed by reaction (R1, R2)), organic nitrates (RONO2) (formed by 
reaction (R4)) and PAN (formed by reaction (R5)) through RO2 reactions 
is given as follows: 

RO2 + R’O2 → ROOR’ + O2                                                         (R1)

R(CO)CH2OO + R’O2 → R(CO)OR’ + O2 + HCHO                        (R2)

Fig. 2. Particle mass concentrations and O3 concentrations at the experimental conditions with different [NOx]0. The dots and triangles represent the α-pinene + NO 
experiments (a and c) and α-pinene + NO2 experiments (b and d), respectively.

Fig. 3. SOA yields (a and b), and [O3]max (c and d) as a function of [α-pinene]0/[NO]0 and [α-pinene]0/[NO2]0.
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RO2 + NO → RO + NO2                                                               (R3)

RO2 + NO → RONO2                                                                   (R4)

R(CO)OO + NO2 → R(CO)OONO2                                                (R5)

For the α-pinene + NO experiments, as [NO]0 increases, the forma-
tion rate of RONO2 through the RO2 + NO reaction (R4) also enhances, 
which suppresses the SOA formation. For the α-pinene + NO2 experi-
ments, due to the short lifetime of ROONO2 formed by the RO2 + NO2 
reaction, NO2 has relatively less impact on the consumption of RO2 than 
NO (Orlando and Tyndall, 2012; Rissanen, 2018). The increase of 
[NO2]0 may trigger the RCO(OO) + NO2 reaction (R5), forming the R 
(CO)OONO2 (PAN) product (Chan et al., 2010).

To explore the effects of NH3 on the α-pinene + NO and α-pinene +
NO2 photooxidation, a series of experiments were performed by varying 
[NH3]0 (Fig. 4 and S6). In view of the implementation of policies such as 
increasingly strict NOx emission control, the atmospheric NOx content 
has been gradually reduced, but efforts to reduce NH3 emissions are 
relatively unregulated (Gu et al., 2021; Hand et al., 2014; Hopke and 
Querol, 2022; Jia and Xu, 2020; Li et al., 2016; Ronald et al., 2017). In 
view of the effectiveness of the current NOx emission reduction policy 
(Ronald et al., 2017), we mainly examined particle size distribution as a 
function of [NH3]0 under low-NOx experimental conditions. The addi-
tion of NH3 remarkably enhances the particle number concentration for 
α-pinene + NO photooxidation (Fig. 4a1 and b1), which is reminiscent of 
the NH3 effect observed in the dark reaction between α-pinene and O3 
(Bin Babar et al., 2017). As [NH3]0 increases, the particle number con-
centration and particle mass concentration gradually increase, and the 
moment of nucleation event also becomes earlier (Fig. 4 and S6). Such 
enhancement effects of NH3 on the α-pinene + NO photooxidation are 
also observed for those on the α-pinene + NO2 photooxidation 
(Fig. 4a2-d2). These effects of NH3 on the α-pinene + NOx 

photooxidation are comparable to the effects on the toluene + NOx 
photooxidation (Bao et al., 2021). Previous studies have shown that 
ammonium nitrate may be formed by the gas-phase reaction of nitric 
acid and ammonia in the presence of sufficient water vapors; water 
molecules are needed to stabilize the ion pair configuration of ammo-
nium nitrate (Kumar et al., 2018; McCurdy et al., 2002; Tao, 1998); 
nitric acid and ammonia can nucleate directly to form ammonium ni-
trate particles at temperatures below − 15 ◦C (Wang et al., 2020). Since 
our present experiments were conducted with RH < 3% at 25 ◦C, the 
ammonium nitrate may be not readily formed under such dry condi-
tions. Considering that the vapor pressures of condensable salts from the 
gaseous reactions of organic acids and NH3 were significantly lower than 
those of the corresponding acids (Paciga et al., 2014), the promotion 
effect of NH3 may be due to the reactions of organic acids with NH3 in 
the present experimental conditions.

The previous studies indicate that the suppressing effect of NOx on 
SOA formation are ascribed to the formation of organic nitrates and the 
lowering of the OH level by NOx (Eddingsaas et al., 2012; Ng et al., 2007; 
Pullinen et al., 2020; Sarrafzadeh et al., 2016; Stirnweis et al., 2017); 
higher concentrations of organic acids during α-pinene photooxidation 
could potentially correlate with higher ozonolysis reactivity (Friedman 
and Farmer, 2018; Hao et al., 2020). In this work, we found that as 
[NO]0 increases, the particle number concentrations and particle mass 
concentrations are gradually suppressed, whereas [O3]max first increases 
and then decreases; as [NO2]0 increases, the particle number concen-
trations and particle mass concentrations first increase and then 
decrease, whereas [O3]max increases gradually. Notably, the presence of 
NH3 enhances the particle number concentrations and particle mass 
concentrations for the photooxidation reactions of both α-pinene + NO 
and α-pinene + NO2, which are analogous to the promotion effect of NH3 
in the SOA formation of the α-pinene + O3 reactions (Bin Babar et al., 
2017; Na et al., 2007) and to the contribution of NH3 in the 

Fig. 4. Particle size distributions as a function of [NH3]0: (a1) 350 ppb α-pinene + 59 ppb NO; (b1) 350 ppb α-pinene + 55 ppb NO + 30 ppb NH3; (c1) 340 ppb 
α-pinene + 54 ppb NO + 50 ppb NH3; (d1) 354 ppb α-pinene + 51 ppb NO + 100 ppb NH3; (a2) 333 ppb α-pinene + 59 ppb NO2; (b2) 327 ppb α-pinene + 63 ppb 
NO2 + 30 ppb NH3; (c2) 323 ppb α-pinene + 52 ppb NO2 + 50 ppb NH3; (d2) 348 ppb α-pinene + 57 ppb NO2 + 100 ppb NH3.
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transformation of gas-phase organic acids to the particle-phase ammo-
nium (Hao et al., 2020).

3.2. Mass spectrometry of α-pinene photooxidation

Fig. 5 illustrates the mass spectra of compounds formed from the 990 
ppb α-pinene and 398 ppb NO2 condition. Higher mass peak intensities 
appear to be higher at 125.0 nm. Changing the wavelength of VUV-FEL 
from 125.0 nm to 133.0 nm results in the disappearance of several peaks 
(Fig. 5c). As shown in Table S1, the mass peak intensities at 118.0 nm 
were significantly weaker than those at 125.0 nm (Fig. 5a and b). These 
results indicate that neutral compounds can be selectively photoionized 
by the tunable VUV-FEL, which helps to advance our understanding of 
complex atmospheric chemical reactions.

Based on the above results, the photoionization mass spectra were 
obtained by operating the wavelength of VUV-FEL at 125.0 nm under a 
range of different experimental concentrations and conditions (Fig. 6). 
The mass peak intensities show a notable enhancement with the 
experimental conditions changing from Fig. 6a to b. This indicates that 
the complete process of α-pinene photooxidation is facilitated with the 
increase of [NO2]0 in a small range, which aligns with the aforemen-
tioned increase in the particle number concentration and particle mass 
concentration (Figs. 1 and 2). The further increase in mass peak in-
tensities as the experimental conditions from Fig. 6b to c is in line with 
the rise in both mass concentration and number concentration under 
higher [α-pinene]0 and [NO2]0 conditions (Fig. S4 and Table 2). 
Representatively, the VUV-FEL photoionization mass spectra of the 
compounds generated from the 993 ppb α-pinene +397 ppb NO and 990 
ppb α-pinene +398 ppb NO2 reactions are shown in Fig. S10. It can be 
found that the MW = 254 species was observed in the experiments of 
α-pinene + NO2 (Fig. 6c) and α-pinene + NO2 + NH3 (Fig. 6d), but was 
weakly detected in the α-pinene + NO reaction system (Fig. S10a). The 
potential formula for MW = 254 is C13H18O5, for which formation 
mechanisms are shown in Fig. S11. With the addition of NH3, the mass 
peak intensities under condition (d) (Fig. 6d) are higher than those 
under condition (c) (Fig. 6c), which supports the promotional effect of 

NH3 on the number concentration of particles (Fig. 4 and S5). In contrast 
with Fig. 6c, a small peak at MW = 217 is found in Fig. 6d, which may be 
resulted from the combined effect of NH3 and NOx.

The interactions between α-pinene, NOx, and NH3 influence the 
sources of O3 and OH generation, ultimately affecting the formation of 
SOA in the complicated photooxidation cycle. The higher mass peak 
intensities with 100 < MW < 200 are attributed to higher concentrations 
of monomers (Fig. 6). With the increase of [NO2]0 (Fig. 6a and b), there 
is a concurrent increase in the O3 and OH concentrations, which leads to 
a notable increase in the products of monomers generated from the O3 
and OH pathway. The peak intensities at MW = 166, 173, 200, 280, 282, 
and 304 in Fig. 6c are larger than those in Fig. 6b, as indicated by the 
data provided in Table S2. Meanwhile, the increase in [α-pinene]0 
(Fig. 6b and c) leads to the formation of more RO2, consequently 
enhancing the formation of monomeric and dimeric products. It is 
possible that the chemical compositions of aerosols generated in 
different initial conditions are different.

3.3. Characterization of the chemical constituents during α-pinene 
photooxidation

Under the current experimental conditions, O3 and OH are the main 
oxidants, and the observed compounds at MW = 114, 184, and 200 are 
consistent with the primary products involved in the oxidation of 
α-pinene as determined in prior PTR-MS and ESI-MS measurements (Jia 
and Xu, 2020; Kahnt et al., 2018; Yu et al., 2008; Zang et al., 2022; Zhao 
et al., 2021). The OH radical is formed mainly by the reaction between 
α-pinene and O3 (Chew and Atkinson, 1996), as well as the photolysis of 
O3 (Simon et al., 2020). The OH radical serving as the main oxidant 
during the daytime reacts rapidly with VOCs through mechanisms such 
as addition to double bonds (OH-addition) and the hydrogen abstraction 
(H-abstraction) (Berndt et al., 2016; Zhang et al., 2019). With afore-
mentioned contexts, possible molecular structures and reaction 

Fig. 5. Mass spectra of the compounds formed at the 990 ppb α-pinene and 
398 ppb NO2 condition measured with λVUV-FEL = 118.0 nm (a), 125.0 nm (b), 
and 133.0 nm (c), respectively. The background has been subtracted. New 
compounds are marked with red.

Fig. 6. Mass spectra of the compounds formed under different experimental 
conditions (a–d). The compounds were ionized by the VUV-FEL at 125.0 nm. 
The background has been subtracted. New compounds are marked with red.
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processes of compounds with MW > 100 are analyzed by the combi-
nation of mass spectra and theoretical computations, but we do not rule 
out other possible structures and mechanisms. The structures of new 
species are summarized in Table S3 and their potential formation 
mechanisms are shown in Figs. 7–9, respectively. A schematic diagram 
of α-pinene photooxidation reaction is given in Scheme S1.

Fig. 7 shows the mechanisms for the generation of new compounds 
MW = 217, 231, and 304 initiated from the ozonolysis of α-pinene. 
These products are designated as PO3-n (n = 1–4) based on their 
respective molecular weights. The α-pinene + O3 → AO3-1 reaction is 
extremely exothermic with a predicted value of 60.2 kcal/mol, in 
agreement with the findings of earlier research on the α-pinene ozo-
nolysis (Bagchi et al., 2020; Kristensen et al., 2017). The ring-opening 
reaction of AO3-1 → AO3-2 is exothermic with predicted value of 19.7 
kcal/mol. Then, the isomerization of AO3-2 forms AO3-3 via an intra-
molecular hydrogen shift (H-shift), for which the exothermicity and 
barrier is predicted to be 15.6 and 14.7 kcal/mol, respectively. The 
AO3-3 → AO3-4 process is exothermic with a predicted value of 6.1 
kcal/mol. Our computational results are consistent with the established 
understanding of the early stages of the α-pinene ozonolysis (Iyer et al., 
2021). Ozone-derived RO2, such as AO3-4, exhibits a suitable structure 
for the generation of ester accretion products following the dissociation 
of the RO radical (Perakyla et al., 2023). Thus, PO3-4 (MW = 304) could 
be generated by the reaction of AO3-4 with AOH1-1, releasing O2 and 
HCHO, which process is extremely exothermic with a predicted value of 
90.8 kcal/mol. AO3-4 could also react with NO to produce AO3-5 with a 
predicted exothermicity of 17.1 kcal/mol. The RO radical AO3-5 releases 
HCHO and then reacts with O2 to produce AO3-6, for which the 
exothermicity and barrier is predicted to be 25.3 and 4.6 kcal/mol, 
respectively. AO3-6 reacts with NO2 leading to the generation of PO3-3 
(MW = 231) with the predicted exothermicity of 20.6 kcal/mol. The 
AO3-5 → AO3-7 process is extremely exothermic with a predicted value 
of 76.6 kcal/mol, for which the mechanisms are detailed in Fig. S12. 
AO3-7 reacts with HO2 to form organic acid PO3-1 (MW = 200) (Iinuma 
et al., 2004; Sekimoto et al., 2020) with the predicted exothermicity of 
16.5 kcal/mol. Previous studies have shown that gas-phase organic acids 
contribute to the SOA formation by forming organic ammonium salts, in 

which energetic information of possible formation pathways remains 
elusive (Bin Babar et al., 2017; Hao et al., 2020; Liu et al., 2015; Na 
et al., 2007). Our calculation indicates that the organic acid PO3-1 reacts 
with NH3 to produce compound the organic ammonium salt PO3-2 (MW 
= 217), which is exothermic with a predicted value of 12.7 kcal/mol.

The H-abstraction has been shown to be a pivotal mechanism in the 
formation of HOMs during the reaction of α-pinene with OH (Berndt 
et al., 2016). Accordingly, the possible mechanisms initiated from the 
H-abstraction reaction are proposed in Fig. 8, in which the 
newly-observed products MW = 166, 280, and 282 are labeled as POH1-n 
(n = 1, 3, 4), respectively. AOH1-1 reacts with NO to release NO2 and 
then with O2 to form AOH1-2, which process is extremely exothermic 
with a predicted value of 51.3 kcal/mol. AOH1-2 reacts with NO to form 
POH1-2 (MW = 213), which is highly exothermic with a predicted value 
of 52.6 kcal/mol. The AOH1-2 → AOH1-3 process is also both thermo-
dynamically exothermic and kinetically favorable. AOH1-3 reacts with 
NO to form AOH1-4, which is exothermic, with the predicted exother-
micity of 13.6 kcal/mol. AOH1-4 releases CH3COCH3 and then reacts 
with O2 to produce AOH1-5, for which the exothermicity and barrier is 
predicted to be 33.9 and 5.8 kcal/mol, respectively. The AOH1-5 → 
POH1-4 (MW = 282) accretion reaction is exothermic with a predicted 
value of 38.2 kcal/mol.

The AOH1-2 → POH1-1 (MW = 166) process is facile, for which the 
exothermicity and barrier is predicted to be 46.6 and 7.5 kcal/mol, 
respectively. The exothermicity and barrier of the POH1-1 → AOH1-6 
reaction is predicted to 59.7 and 2.0 kcal/mol, respectively. AOH1-6 
releases CH3COCHO to form AOH1-7, for which the exothermicity and 
barrier is predicted to be 5.6 and 17.8 kcal/mol, respectively. The 
exothermicity and barrier of the AOH1-7 → AOH1-8 isomerization is 
predicted to 20.6 and 20.4 kcal/mol, respectively. AOH1-8 undergoes an 
H-abstraction reaction to form AOH1-9, which is extremely exothermic 
with a predicted value of 100.6 kcal/mol. AOH1-9 undergoes CO2 
release, followed by its reaction with O2 to form AOH1-11, for which the 
exothermicity and barrier is predicted to be 46.4 and 2.7 kcal/mol, 
respectively. AOH1-11 and AOH1-2 undergoes accretion reaction leading 
to the generation of POH1-3 (MW = 280), which is exothermic with a 
predicted value of 34.5 kcal/mol.

Fig. 7. Possible mechanisms for the formation of newly-observed species MW = 217, 231, and 304. Calculations were conducted at the ωB97XD/def2-TZVP level of 
theory. Energies relative to α-pinene are given in kcal/mol.
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Fig. 9 analyzes the formation pathways of newly-observed species 
MW = 173 and 410 labeled as POH2-n (n = 1 and 2), stemmed from the 
OH-addition reaction. The α-pinene + OH → AOH2-1 process is 
exothermic with a predicted value of 32.0 kcal/mol, consistent with the 
previous research (Berndt et al., 2016). The exothermicity and barrier of 
the AOH2-1 → AOH2-2 isomerization is predicted to be 7.7 and 14.6 
kcal/mol, respectively. AOH2-2 undergoes a reaction with O2 to form 
AOH2-3 with the predicted exothermicity of 14.1 kcal/mol. Similar to the 
AOH1-3 → AOH1-4 reaction (Fig. 8), the AOH2-3 → AOH2-4 reaction is 
exothermic with a predicted value of 26.9 kcal/mol and is also facile. 
AOH2-4 releases CH3COCH3 to form AOH2-5, for which the exothermicity 
and barrier is predicted to be 3.2 and 16.6 kcal/mol, respectively. The 
AOH2-5 + O2 → AOH2-6 reaction is estimated to be exothermic with a 
predicted value of 29.6 kcal/mol. The AOH2-6 + NO → POH2-1 (MW =
173) reaction is highly exothermic with a predicted value of 51.4 
kcal/mol. Similar to the α-pinene + O3 → AO3-2 process (Fig. 7), the 
POH2-1 → AOH2-7 process is also facile, for which the exothermicity and 
barrier is predicted to be 66.4 and 20.5 kcal/mol, respectively (see 
Fig. S13 for details). The AOH2-7 → AOH2-8 reaction is exothermic with a 
predicted value of 20.6 kcal/mol. The AOH2-8 → POH2-2 (MW = 410) 
accretion reaction is a highly exothermic process with the predicted 
exothermicity of 93.8 kcal/mol.

4. Conclusions

Currently, the concentrations of NOx and NH3 in the Earth’s atmo-
sphere have been steadily rising across multiple sources (Sobota et al., 
2015; Sutton et al., 2011). We investigate the effects of NOx and NH3 on 
chemical compositions and particle number/mass concentrations 
through a series of laboratory experiments involving the α-pinene 
photooxidation. In contrast with previous studies (Nie et al., 2023), our 
results show that the suppression effect of NO and NO2 on the α-pinene 
photooxidation shows monotonous and parabolic trends, respectively. 
Such difference may be due to variations in the concentrations of the 
specific component (NO and NO2) and the types of VOC precursors. The 
multiple influences of NOx and NH3 pollutants on the α-pinene-derived 
particle formation (α-pinene + NO, α-pinene + NO2, α-pinene + NO +
NH3, and α-pinene + NO2 + NH3) indicate that predicting atmospheric 
SOA formation based solely on the individual impacts of these pollutants 
(NO, NO2, NH3) may lead to biased results. By taking the advantage of 
high photoionization efficiency and a wide range of wavelength 
tunability of VUV-FEL, we have achieved in the detection of a series of 
new products (MW = 166, 173, 217, 231, 280, 282, 304 and 410) 
formed from the α-pinene photooxidation by NOx and NH3, which 
contributes to our comprehension of oxidation product categories.

The MW = 217 (PO3-2), 231 (PO3-3), and 304 (PO3-4) products are 
found to be generated via the oxidation channel of α-pinene ozonolysis; 

Fig. 8. Possible mechanisms for the formation of newly-observed species MW = 166, 280, and 282. Calculations were conducted at the ωB97XD/def2-TZVP level of 
theory. Energies relative to α-pinene are given in kcal/mol.
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the MW = 166 (POH1-1), 280 (POH1-3), and 282 (POH1-4) products are 
generated via the oxidation channel of H-abstraction product of 
α-pinene; the MW = 173 (POH2-1) and 410 (POH2-2) products are 
generated from the oxidation channel of OH-addition product of 
α-pinene. When both NOx and NH3 are present, the MW = 217 (PO3-2) 
product is formed through the reaction of the MW = 200 (PO3-1) with 
NH3. These newly-observed species (i.e., dimeric accretion products, 
organic nitrates, and PAN) have been proposed in ambient particles and 
could function as enduring NOx sinks with influence of NOx and O3 
cycling (Berndt et al., 2018; Pye et al., 2015). Considering that NH3 
shows significant effects on the particle formation in different photo-
chemical regimes have been confirmed (Bao et al., 2021; Bin Babar 
et al., 2017) and makes a direct contribution to SOA formation through 
acid-base reactions with organic compounds (Hao et al., 2020), we 
further proposed possible formation mechanisms and energetic infor-
mation for the species generated in the experiments with the invole-
menet of NH3. Our present findings provide strong evidence that direct 
involvement of NH3 in the α-pinene + NOx photooxidation leads to the 
SOA formation through the reaction of NH3 with organic acids. As 
BVOCs are naturally emitted and difficult to be directly controlled, the 
effective regulation of NOx emissions emerges as a viable strategy for 
mitigating aerosol pollution, complemented by the efficient control of 
NH3 emissions. This study advances our understanding of how the 
interplay between anthropogenic and biogenic factors influences SOA 
formation in the neighborhood of emission origins.
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