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ABSTRACT: Elucidating the difference between the photo-
oxidation mechanisms of isomeric volatile organic compounds
(VOCs) by anthropogenic pollutants helps to unravel the structural
dependence of VOCs on the formation of secondary organic
aerosols (SOAs). Herein, the effects of NOx (NO and NO2) on the
SOA formation from the photooxidation of isomeric monoterpenes
of α-pinene and Δ3-carene were compared by a series of
experimental and theoretical studies. For both the α-pinene and
the Δ3-carene systems, the increase of NO and NO2 concentration
([NO] and [NO2]) first enhances and then suppresses the particle
number concentration but enhances the particle size growth
(except for the photooxidation of Δ3-carene with NO). The
increase of [NOx] first promotes and then suppresses the SOA
yields of α-pinene. In particular, the increase of [NO] suppresses the SOA yields of Δ3-carene, whereas the increase of [NO2]
promotes the SOA yields of Δ3-carene. These findings imply that the “rate effect” (a faster oxidation rate leads to a higher SOA
yield) of photooxidation for Δ3-carene with NO2 may be more pronounced than that of α-pinene. The number of SOA components
with higher O/C in the Δ3-carene system is larger than that in the α-pinene system, which could be rationalized that the bond
tension of the three-membered ring structure of Δ3-carene is larger than that of the four-membered ring of α-pinene. The present
findings serve as a model for clarifying the effects of NOx on the SOA formation of VOCs with the same chemical formula and
stimulate systematic studies on a broad class of isomeric VOCs toward the improvement of SOA models.
KEYWORDS: secondary organic aerosol, anthropogenic−biogenic interactions, photooxidation mechanism, α-pinene, Δ-carene

1. INTRODUCTION
Secondary organic aerosols (SOAs) are condensed-phase
matters, which are mainly formed by the reactions between
volatile organic compounds (VOCs) and atmospheric
oxidants. SOAs contribute significantly to the global aerosol
content and have serious impacts on the atmospheric
environment.1−4 In particular, biogenic VOCs (BVOCs)
serve as the key precursors of SOAs.1 Monoterpene emissions
are estimated to exceed 100 Tg/yr globally, accounting for
approximately 10% of BVOC emissions, and the SOA formed
from monoterpene could contribute 50% or larger to total
SOA in some forested regions.5,6 Numerous studies have
identified the monoterpene-derived SOAs as potentially
important contributors to the particles.7−10 Since the α-pinene
and β-pinene compounds are typically the most abundant
bioemitted monoterpenes,5 their SOA formation mechanisms
have been extensively studied.11−14 Among other mono-
terpenes, Δ3-carene accounts for almost the same proportion
as α-pinene in the VOCs released by Scots pine.15

α-Pinene and Δ3-carene are isomeric compounds (C10H16)
(Scheme 1), both of which consist of six-membered carbon

rings, endocyclic double bond, and methyl substituents on the
skeleton. The main structural difference of α-pinene and Δ3-
carene lies in the secondary ring structure, in which α-pinene
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Scheme 1. Structures of α-Pinene and Δ3-Carene
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has a four-membered carbocycle while Δ3-carene consists of a
three-membered carbocycle. The SOA formation mechanisms
of α-pinene and Δ3-carene were proposed to be similar
because of their structural similarity and ozonolysis path-
ways.16−18 The study conducted in a laminar flow reactor
revealed that the ozonolysis of α-pinene and Δ3-carene
exhibited a similar temperature dependence on the particle
number concentrations and particle mass concentrations.19

Strikingly, the ozonolysis of Δ3-carene was found to favor
larger particle mass and higher SOA than that of α-pinene, and
the diversity of product distribution in the Δ3-carene-derived
SOA was much less than that in the α-pinene-derived SOA.20
Under similar OH-dominated conditions, the SOA yield of Δ3-
carene photooxidation was higher than that of the α-pinene
photooxidation.21 Thus, more detailed studies on the reactions
between anthropogenic pollutants and isomeric compounds of
monoterpenes are expected to uncover the multifaceted
mechanisms of SOA formation and refine the representative
VOCs in the air quality models.
The interactions of anthropogenic pollutant NOx (NO and

NO2) with RO2 intriguingly affect the SOA formation and
product species.22 The suppression effect of high NOx
concentrations ([NOx]) on the SOA yield has long been an
important issue.11,22−25 It could be rationalized that the
volatility of nitrate products generated from the RO2 + NO
reaction is higher than that of the hydroperoxide products
generated from the RO2 + HO2 reaction.

11,22,23 On the other
hand, the absence of particle surfaces for condensing organic
compounds and the vapor wall loss on the mass yield also
contribute to the NOx suppression effect.

25 The H/C value of
α-pinene-derived SOA at high [NOx] is lower than that at low
[NOx].

25 The [NOx] dependence study indicated that the
NOx suppression effect is mainly reflected in the impact on the
OH concentration ([OH]).14 The study indicated that OH
was formed in two ways: the photolysis of ozone stemmed
from NOx and the reaction of NO + HO2 → NO2 + OH; the
maximum [OH] was estimated to be ∼3.8 × 107 molecules
cm−3 (∼1.6 ppt).26 The study also revealed notable

distinctions in the photooxidation outcomes of VOC and
NOx when NO and NO2 were individually considered as the
main components of NOx.

14 Under the dark condition with
different [NO2], the α-pinene and Δ3-carene ozonolysis
showed different changes in the particle number concen-
trations and particle mass concentrations and the significance
of NO3-initiated SOA formation.27 The alkoxy radicals’ fates
after the RO2 + NO reactions may be different for the α-
pinene and Δ3-carene systems.28 Thus far, limited information
is available to the differences between the SOA formation
mechanisms of α-pinene and Δ3-carene photooxidations with
NOx.
In this study, we investigated the effects of NO and NO2 on

the photooxidation mechanisms of isomeric monoterpenes of
α-pinene and Δ3-carene by a series of experimental and
theoretical studies. The changes in [NO] and [NO2] are found
to have remarkably different effects on the photooxidation
mechanisms of the α-pinene and Δ3-carene systems. Especially,
the Δ3-carene-derived SOAs have more high-oxygen-content
products than the α-pinene-derived SOAs. The present
findings provide new insights into the interaction mechanisms
of isomeric VOCs with anthropogenic pollutants.

2. EXPERIMENTAL AND THEORETICAL METHODS
The photooxidation experiments were carried out in a smog
chamber reported previously,29 containing a 2 m3 cylindrical
Teflon reactor. The present experimental and theoretical
methods are detailly given in the Supporting information (SI)
and briefly described below. The 40 black tube lamps
(F40BLB) were used to trigger photochemical reactions.
Relative humidity and the temperature of the reactor were
∼2.0% and 23 ± 1.3 °C, respectively. The α-pinene and Δ3-
carene liquid samples were brought into the Teflon reactor by
the zero gas at 60 °C. The concentrations of VOCs, [NOx],
and [O3] were measured by Model 42i, Model 49i, and
proton-transfer reaction mass spectrometer, respectively. The
particle size distributions, particle number concentrations, and

Table 1. Experimental Conditions of α-Pinene and Δ3-Carene Photooxidation under Different NO and NO2 Concentrationsa

[VOC]0 (ppb) [NO2]0 (ppb) [NO]0 (ppb) [VOC]0/[NOx]0 ΔROG (ppb) ΔM (μg/m3) SOA yield (%)

α-pinene 337 50 1.4 6.6 337 375.8 16.4
385 112 4 3.3 385 523.9 23.4
358 201 5 1.7 358 820.6 36.9
376 296 12 1.2 376 1256.2 54.9
364 402 26 0.9 364 240.0 10.9
374 24 55 4.7 374 310.3 13.7
354 8 118 2.8 354 447.5 20.8
380 3 213 1.8 380 580.9 25.1
362 15 302 1.1 362 784.9 35.6
475 47 404 1.1 475 141.7 4.9

Δ3-carene 414 49 3 8.0 414 371.6 14.8
338 101 7 3.1 338 308.0 15.0
380 207 10 1.8 380 519.9 22.5
383 300 9 1.2 383 627.5 26.9
442 396 14 1.1 442 523.7 19.5
335 28 58 3.9 335 292.0 14.4
352 37 111 2.4 352 129.0 6.0
388 13 204 1.8 388 127.0 5.4
373 15 291 1.2 373 60.0 2.6
380 59 388 0.9 380

a[X]0: the initial concentration of the species X; ΔROG: the amount of reacted organic gas; ΔM: the mass concentration of formed SOA.
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particle mass concentrations were measured by a scanning
mobility particle sizer spectrometer.
Initial concentrations of reactants were recorded after the

reactants were injected, mixed until uniform, and then allowed
to stand for 30 min. The wall losses for particle number
concentrations and particle mass concentrations were
corrected.12 Owing to the difficulty in the accurate assessment
of gas-wall losses of gas phase products in the smog chamber
studies,30 the wall losses of α-pinene, Δ3-carene, and
semivolatile/low-volatile products were not considered in this
study. Losses in the sample line were also not considered.
Thus, the value of SOA yield would be underestimated.
The end time of the photooxidation reaction was marked

when the mass concentration of particles no longer showed a
significant increase. Subsequently, particle samples were
collected using a quartz filter membrane (Pall, 47 mm) by
30 min. Prior to usage, all quartz filter membranes were baked
at 600 °C for at least 5 h to eliminate the possibly adsorbed
organic matter. Based on the previous studies,20,31 particle
samples were ultrasonically extracted with the methanol
solvent (TCI, HPLC grade) for 1 h. The filtered liquid was
then purged with high-purity nitrogen (99.999%) until it was
almost dry. The residue was dissolved in 500 μL of methanol
and prepared for detection in an Orbitrap Fusion Lumos
Tribrid mass spectrometer with negative ion mode. Fur-
thermore, a second extraction was performed for one of the
filters. Compared with the mass spectra of the first extraction,
most of peaks disappeared in the mass spectra of the second
extraction (Figure S1). These results indicated that the particle
samples were almost completely dissolved in the solvent.
During the detection of SOA samples, the mass spectrometer
was configured with a resolution of 240 000.
Quantum chemical calculations for geometric optimization

and reaction pathways of the products were carried out at the
ωB97XD/def2-TZVP level of theory with the Gaussian 16
program package.32

3. RESULTS AND DISCUSSION
3.1. Effects of NOx on the Particle Number Concen-

tration and Size Distribution. The α-pinene and Δ3-carene
photooxidation experiments were explored with different
[NO] and [NO2] (Table 1), respectively. As shown in Figure
1, for the α-pinene photooxidation, the particle number
concentration in the ∼50 ppb NO2 condition (red dot in
Figure 1a) is found to be higher than that in the ∼50 ppb NO
condition (red dot in Figure 1b). Similar results are also
observed in a higher [NO] and [NO2] condition (∼400 ppb).
These findings indicate that the SOA formation from the α-
pinene photooxidation by NO2 is more favorable than that by
NO. This holds true for the Δ3-carene photooxidation (Figure
1c,d). It can be seen from Figure 1a that the particle number
concentration during the α-pinene photooxidation first
increases and then decreases with the increase of either
[NO] or [NO2], indicating that the α-pinene-derived SOA
formation is nonlinearly affected by the increase of [NO] or
[NO2]. Similarly, the increase of [NO2] also shows a nonlinear
effect on the Δ3-carene-derived SOA formation (Figure 1c).
However, the increase of [NO] shows a linear effect on the Δ3-
carene-derived SOA formation (Figure 1d).
With [NO2] at ∼50 ppb, the maximum particle number

concentrations of α-pinene and Δ3-carene are 4.9 × 104 and
4.2 × 104 particles/cm3 (Figure 1a,1c), respectively. Increasing
the NO2 concentration to ∼400 ppb, the maximum particle
number concentrations of α-pinene and Δ3-carene are 1.1 ×
104 and 1.6 × 104 particles/cm3, respectively, showing a
decrease by 78 and 62% compared with the low [NO2]
condition (∼50 ppb). This indicates that the suppression effect
of NO2 on the particle number concentration of the α-pinene
photooxidation is more pronounced than that of the Δ3-carene
photooxidation. In contrast, with the increase of [NO] from
∼50 to 400 ppb, the maximum particle number concentration
of α-pinene and Δ3-carene exhibits a decrease by 80 and 100%
(Figure 1b,d), respectively, implying that the suppression effect
of NO on the particle number concentration of the α-pinene
photooxidation is less pronounced than that of the Δ3-carene

Figure 1. Particle number concentrations in the photooxidation of α-pinene (a, b) and Δ3-carene (c, d) under different NO and NO2
concentrations. (d) The maximum particle number concentration under the condition of 373 ppb Δ3-carene +291 ppb NO is 1.4 × 104 particles/
cm3.
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photooxidation. In particular, at the 380 ppb Δ3-carene +388
ppb NO condition, no particles are observed. The particles are
observable until the [NO] is tuned to 291 ppb.
Figure 2 illustrates the size evolution of SOA. As shown in

Figure 2a, with raising [NO2], the particle geometric mean
diameter gradually increases and stabilizes when [NO2] is 201
ppb. The particle geometric mean diameter in the 364 ppb α-
pinene +402 ppb NO2 condition is larger than that in the 377
ppb α-pinene +50 ppb NO2 condition, indicating that the
higher NO2 concentration could promote the particle growth
to a larger size. Similarly, the higher NO concentration also
could enlarge the SOA size for the α-pinene photooxidation
(Figure 2b). Although the α-pinene concentration of 475 ppb
is slightly higher than other conditions, the effect on particle
size is not obvious. The promotion effect of higher [NO2] on
the particle growth is also found in the photooxidation of Δ3-
carene (Figure 2c). When the [NO2] increases from 49 to 396
ppb, the particle geometric mean diameter first remains almost
unchanged and then shows an obvious increase. Such
promotion effect may be attributed to the “rate effect” (SOA
yield is higher with a faster oxidation rate).23 With the increase
of [NO2], the oxidation rate of reactants increases significantly,
which leads to a rapid rise in the concentration of semivolatiles
and thereby favors the particle growth.23 When the [NO2]
increases by approximately 350 ppb, the maximum size of SOA
produced in the α-pinene photooxidation increases by around
50 nm (Figure 2a), whereas the maximum size of SOA
produced in the Δ3-carene photooxidation increases by
approximately 120 nm (Figure 2c). This indicates that the
NO2 promotion effect on the SOA size growth of the α-pinene
photooxidation is less pronounced than that of Δ3-carene. It
should be noted that under close [NO2] conditions (∼50 and
∼400 ppb), the [Δ3-carene] is slightly higher than the [α-
pinene], which may influence the NO2 promotion effect on the
SOA size growth of the Δ3-carene system. The higher
concentrations of VOC precursor likely enhance the
concentrations of RO2 that consume NO2 more quickly via
the R(CO)OO + NO2 → R(CO)OONO2 reactions, allowing

for the RO2 + RO2 or RO2 + HO2 termination reactions to
enhance the growth of SOA. When the [NO] increases by
about 350 ppb, the size of α-pinene SOA increases by around
70 nm (Figure 2b). While the [NO] increases by about 230
ppb (Figure 2d), the size of the Δ3-carene SOA is almost
unchanged (the maximum size of Δ3-carene SOA is close to
280 nm). In addition, Figures S2 and S3 show that the
appearance time of particles for α-pinene and Δ3-carene
system becomes later with the increase of [NO]. As shown in
Figures S2c,d and S3c,d, the time profile of particle number
concentration generally coincides with that of the NO-to-NO2
conversion and the accumulation of O3, implying that the
accumulated O3 might induce the conversion of VOC
precursor into SOA. As shown in Figure 2, the conversion
period for 404 ppb NO in the α-pinene system is even shorter
than that of 204 ppb NO in the Δ3-carene system, implying
that NO has a more pronounced effect on the α-pinene and
Δ3-carene photooxidation than NO2, which will be rationalized
later (vide infra).
Figures S2 and S3 representatively show the [NO], [NO2],

[O3], [α-pinene], [Δ3-carene], and particle number concen-
trations, respectively. In the two systems, particles are detected
when ozone begins to accumulate obviously. Meanwhile,
significant amounts of monoterpenes remained; the particle
number/size starts to grow when NO is depleted. It can be
speculated that ozonolysis might play a key role in the α-
pinene/Δ3-carene + NO/NO2 photooxidation reactions. For
Figure 1a−c, the increase of particle number concentration
with increasing [NOx] may be due to the increase in [NOx]
leading to an increase in [O3], thereby promoting particle
generation; the decrease of particle number concentration with
increasing [NOx] may be due to the consumption of RO2 by
enhanced [NOx]. In addition, NOx promotes the OH
production via the O3 photolysis and the NO + HO2 →
NO2 + OH reaction. However, the very high concentrations of
NOx might sink OH via the NO2 + OH (+M) → HNO3 (+M)
reaction.

Figure 2. Size evolution of SOA produced in the photooxidation of α-pinene (a, b) and Δ3-carene (c, d) under different NO and NO2
concentrations. (d) All of the sizes of Δ3-carene SOA are close to 280 nm except for the condition of [NO] = 388 ppb.
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3.2. Effects of NOx on the Chemical Components.
3.2.1. Mass Spectral Distribution. Figures S4−S7 show the
mass spectra of products generated from the α-pinene and Δ3-
carene photooxidation, in which the main spectral features are
consistent with previous studies.17,20,33−35 The peak intensities
were normalized relative to the highest peak. On the basis of
the high-resolution characteristics of the Orbitrap Fusion
Lumos Tribrid mass spectra, the molecular formulas of the ion
peaks could be analyzed. In the present discussion, mass
spectral analyses were mainly focused on the peaks with
relative intensities larger than 1%. The molecular formulas and
possible names of products identified in previous stud-
ies17,20,33,34,36 are listed in Tables S1 and S2, respectively.
Here, the compound containing less than 10 carbon atoms is
referred to as a “monomer” and that with 11−20 carbon atoms
is referred to as a “dimer.”
For the α-pinene system, most components of SOA are

observed in the low [NO2] condition (Figure S4a) and the
dimers (m/z > 250) are barely detected under the high [NO2]
and low/high [NO] conditions (Figures S4b−4e and S5). As
shown in Figures S6 and S7, for the Δ3-carene system, with the
increase in [NO2] and [NO], no significant changes are found
in the overall mass spectra, especially in the m/z < 250 region
(the monomers). These mass spectral results indicate that the
changes of [NO2] and [NO] exhibit a more pronounced effect
on the compositions of the α-pinene-derived products than
those of the Δ3-carene-derived products. Here, the distribution
of the mass spectrum in the two systems is analyzed by
combining the time evolution of reactants and particles
(Figures S2 and S3). In the VOC + NO2 photooxidation, O3
is formed from the photolysis of NO2. The moment when O3
starts to accumulate is about the 10th minute. Meanwhile, the
ozonolysis of the higher concentration of VOC could produce
more RO2 intermediates, and dimers would be easily generated
through the RO2 + RO2 reaction. Upon increasing [NO2], the
moment when O3 begins to accumulate is basically unchanged
(the 10th minute), but higher concentrations of NOx consume
more RO2, reducing dimer products. In the photooxidation of
VOC + NO, NO is first converted into NO2, and then the
photolysis of NO2 produces O3. The moment when O3 begins
to accumulate is basically consistent with the time of complete
NO-to-NO2 conversion. The increase of [NO] causes a
gradual delay for the accumulation time of O3. In the
photooxidation of VOC + NO2, the amount of VOC involved
in the ozonolysis is lower, resulting in a lower particle number
concentration. Note that the ozonolysis rate of Δ3-carene is
slower (kα‑pinene = 8.7 × 10−17 cm3 molecule−1 s−1, kΔ3‑carene =
4.4 × 10−17 cm3 molecule−1 s−1).37 The reaction of RO2 + RO2
may be easier to proceed in the Δ3-carene system. Therefore,
the increase in [NO2] or [NO] shows a weak effect on the
composition of Δ3-carene products. The peak numbers of m/z
< 170 in the Δ3-carene system (Figures S6 and S7) are much
more than those in the α-pinene system (Figures S4 and S5),
which may be ascribed to the instability of Δ3-carene’s three-
membered ring. Namely, the intermediates with three-
membered ring might readily undergo a ring-opening reaction
and produce substances with smaller mass numbers, resulting
in the enhanced fragmentation chemistry.
Besides the aforementioned carbohydrate products, a few

nitrogen-containing compounds are also observed via the
analysis of mass spectra. In this study, the N-containing species
might be primarily produced from the RO2 + NO or acyl RO2
+ NO2 reactions. NO3 is a kind of tipicaly oxidant in the

atmospheric system containing NOx. However, NO3 is readily
to photolysis under photooxidation conditions, an accurate
description of the reaction of NO3 with VOC is thus
challenging and is not detailed in this phooxidation study.
Under the condition that NO2 is the main component of NOx,
particles generated before NO is depleted. It is speculated that
the N-containing species may be originated from the two
pathways of acyl RO2 + NO2 and RO2 + NO. However, under
the condition that NO is the main component of NOx,
particles generated after NO is depleted, and it is speculated
that the N-containing species may be mainly originated from
the acyl RO2 + NO2 pathway. In the α-pinene system,
C22H37O3N is obtained under low [NO2] condition and
C18H31O5N2 and C19H35O5N2 are obtained under low [NO]
condition. In the Δ3-carene system, C10H15O8N and
C10H17O8N are obtained under high [NO2] condition,
C7H9O9N and C18H40O7N2 are obtained under low [NO]
condition, and C9H16O13N, C10H16O10N2, C10H17O12N3,
C16H36O7N2, C18H40O7N2, and C23H33O5N are obtained
under high [NO] condition containing more than 20 carbon
atoms (>C20) products mentioned in this study could be one
of the isomers, which may be formed from dimers and
fragment intermediates. Thus, the photooxidation of Δ3-carene
produces more nitrogen-containing compounds than that of α-
pinene. It could be speculated that semivolatiles (formed from
the RO2 + NO reaction) are more likely produced during the
Δ3-carene oxidation and condense on the particle surfaces. The
increase of [NO] consumes more RO2 to enhance the
formation of high-volatile organic nitrates that suppress the
SOA nucleation, which is in accord with previous results.11,25

As observed in Figure 1, the NO inhibition effect on the Δ3-
carene photooxidation is more pronounced than that on the α-
pinene photooxidation. This observation further supports the
hypothesis that the photooxidation of Δ3-carene with NO is
more likely to form high-volatile organic nitrates than that of
α-pinene.

3.2.2. Effects of NOx on the H/C and O/C Ratios. A visual
picture of the H/C and O/C ratios of SOA components could
be obtained from the Van Krevelen diagram,36 in which a
higher H/C value stands for a lower degree of molecular
unsaturation and a higher O/C value denotes a higher degree
of oxidation. Accordingly, such Van Krevelen diagrams for α-
pinene and Δ3-carene at the lowest/highest [NO2] and the
lowest/highest [NO] are plotted in Figures 3 and 4,
respectively. The separate Van Krevelen diagrams for α-pinene
and Δ3-carene at all of the [NO2] and [NO] concentrations
are summarized in Figures S8 and S9, respectively. The mean
values of the H/C and O/C ratios are given in Table S3. Note
that the O/C value in the real environment is larger than that
in the laboratory condition, owing to the sufficient time for
aging in the atmospheric condition.38

The mean H/C values in the Δ3-carene system are slightly
lower than those in the α-pinene system (Table S3), indicative
of a higher degree of molecular unsaturation of Δ3-carene-
derived products. The mean O/C values in the Δ3-carene
system are close to those in the α-pinene system. The number
of higher O/C products in the Δ3-carene system is larger than
those in the α-pinene system, indicating that Δ3-carene could
be more favorable for the formation of highly oxidized
products. Increasing the O/C value lowers the alcohol content
but raises the carboxylic acid content.39,40 This means that the
product is less volatile and has a higher potential for separation
in the particle phase. However, the overall particle number
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concentrations and particle sizes for α-pinene are larger than
those for Δ3-carene. Therefore, the high O/C value of SOA
stemmed from Δ3-carene system may originate from other
reasons. The distribution of O/C vs nC of the two systems is
shown in Figure S10. The products formed from Δ3-carene
with the higher O/C were mainly distributed in areas with low
nC values. Thus, the larger degree of fragmentation (smaller C)
might be the dominant reason for the higher O/C in the Δ3-
carene-derived aerosols. As far as we know, limited research
has been conducted on the comparison of the autoxidation
capacity of α-pinene and Δ3-carene. The findings in Section
3.3 of this study support the notion that the intermediates of
Δ3-carene exhibit a stronger autoxidation capacity based on
theoretical calculations (vide infra). Thus, the higher O/C in
the Δ3-carene SOA might be due to the larger degree of
fragmentation and the stronger autoxidation capacity of Δ3-
carene.
As listed in Table S3, as the concentration of NO2 or NO

increases linearly, the O/C value changes in a nonlinear trend.
Upon increasing [NO2], the O/C value of α-pinene-derived

SOA decreases from 0.46 to 0.37 and passes through a
maximum (0.49 at [NO2] ∼296 ppb). It implies that the
oxidation degree of products under high [NO2] condition is
lowered and thus makes the SOA nucleation more difficult,
which supports the decrease of particle number concentration
upon increasing [NO2] (Figure 1a). In contrast, the increase of
[NO2] or [NO] makes an insignificant change in the O/C
value for the Δ3-carene system. It is worth noting that ΔM in
the Δ3-carene system increases obviously under high [NO2]
condition (Table 1). This indicates that the increase in the
mass of a single particle (Figure 2c) might buffer the decrease
in the number of particles (Figure 1c), ultimately resulting in
an enhancement of the SOA yield.

3.2.3. Effects of NOx on the Volatility of SOA Components.
Figures 5 and 6 show the oxidation state of carbon (OSC, OSC

= 2 × O/C − H/C)41 as a function of carbon number (nC) of
SOA components in the α-pinene and Δ3-carene photo-
oxidation, respectively. The shape area represents the
normalized intensity of the mass spectral peak, and the color
represents the log10 C* (C*: mass saturation concentration of
the molecule).42 log10 C*i is given by eq 1

=
+

* n n b n b
n n

n n
blog ( ) 2i i

i i

i i10
C

C
0

C C O O
C O

C O
CO
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where nC0 stands for the carbon number of alkane (1 μg m−3),
bC for the C−C interaction, bO for the O−O interaction, bCO
for the C−O nonideality, niC for the number of C atoms of a
given compound, and niO for the number of O atoms of a given
compound.

Figure 3. Van Krevelen diagram of H/C vs O/C of SOA components
in the α-pinene photooxidation at the lowest/highest [NO2] (a) and
the lowest/highest [NO] (b).

Figure 4. Van Krevelen diagram of H/C vs O/C of SOA components
in the Δ3-carene photooxidation at the lowest/highest [NO2] (a) and
the lowest/highest [NO] (b).

Figure 5. OSC as a function of nC in the α-pinene photooxidation
under different NO2 (a, b) and NO (c, d) concentrations. The area of
the shape represents the normalized intensity of the mass spectral
peak. The color represents the log10 C* (C* is the mass saturation
concentration of the molecule).
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In general, organic products can be classified into five
grades: (1) C* < 3 × 10−4 μg/m3, extremely low-volatile
organic compound (ELVOC); (2) 3 × 10−4 < C* < 0.3 μg/m3,
low-volatility organic compound (LVOC); (3) 0.3 < C* < 300
μg/m3, semivolatile organic compound (SVOC); (4) 300 < C*
< 3 × 106 μg/m3, intermediate-volatility organic compound
(IVOC); and (5) C* > 3 × 106 μg/m3, VOC.43 Lower volatile
species readily reach their supersaturated concentration and
thus are favorable for the SOA nucleation. Previous studies on
the α-pinene ozonolysis have demonstrated that the
C10H14O6,8,10 monomers contribute to the particle growth
and the C20H30O8−16 dimers are the primary compounds
involved in the particle nucleation.44,45 The field measurement
of SOA generated by the interactions between anthropogenic
pollutants and BVOCs in cities near tropical rainforests
indicates that ELVOC plays a vital role in the early stage of
SOA generation and SVOC donates to the rapid growth of
particles.46 As shown in Figures 5 and 6, the number of
products with high OSC values in α-pinene and Δ3-carene
systems gradually decreases with the increase of nC, implying
that only partial oxidation reactions of VOC precursor could
produce dimer products with high nC. Thus, the radical
initiation, propagation, and termination reaction processes
could be engaged in the α-pinene and Δ3-carene oxidations.1,41

These processes also serve as the foundation for the RO2
autoxidation in the highly oxidized organic molecule (HOM)
generation. Moreover, the volatility of molecules with the same
nC decreases as the OSC value increases, and most of the
dimers can be classified as ELVOCs.
For the α-pinene system (Figure 5), the number and

abundance of C7−10 HOM monomers remarkably decrease

with increasing [NO2] or [NO], with the absence of HOM
dimers at high [NOx]. These suppression effects of high [NOx]
make difficulties for the SOA formation, which are consistent
with the aforementioned O/C results. That is, under high
[NOx] conditions, the creation of highly oxidized and low-
volatile products is hindered, which reduces the particle
number concentration, which is consistent with previous
studies.44,47 For the Δ3-carene system (Figure 6), with the
increase of [NO2], there are no significant changes in the
number and abundance of the monomers but with some
increase of the types (i.e., the C6−9 species), whereas those of
dimers decrease significantly. It can be inferred from the above
analyses that for α-pinene and Δ3-carene, the increase of
[NO2] or [NO] has a different effect on the monomers but a
similar effect on the dimers.
There are a few assumptions that we would put forward: (1)

Since the SOA particles were collected with methanol for mass
spectral measurement, some compounds that are not soluble in
methanol may elude the detection by the Orbitrap mass
spectrometer. (2) Since the log10 C* calculation for the
volatility is based on an empirical formula and does not take
into account the exact structure of the molecule, the estimated
volatility of the molecule may have some bias. The monomer
products might possess unique molecular structures with lower
volatility. (3) There may be unidentified mechanisms by which
the low-mass products with higher volatility also contribute to
the SOA formation. (4) Considering that the stability of Δ3-
carene’s three-membered ring is worse than that of α-pinene’s
four-membered ring and the photolysis of NO2 can generate
O(3P) to produce O3 more directly than that of NO (NO2 →
O(3P) + NO; NO → NO2 → O(3P); O(3P) + O2 → O3), the
“rate effect” in the SOA formation with high [NO2] may be
more obvious for Δ3-carene than for α-pinene. The highly
concentrated semivolatiles formed in a short time are either
physically or chemically absorbed by particles, which reduces
the particle number concentration but improves the particle
size (as depicted in Figures 1c and 2c).

3.3. Photooxidation Mechanisms of α-Pinene and Δ3-
Carene. The OH concentration was difficult to be measured
in the present experiments and then its role in the
photooxidation processes could not be definitively identified.
In the previous study,24 based on the O3 concentration and the
decay rate of isoprene in the VOCs + NOx photooxidation, O3
was found to be crucial for the SOA formation. Thus, O3 is
also assumed to be the dominant oxidant in this study.
Considering that O3 is one of the most important oxidants in
the VOC photooxidation by NOx,

21,24 we mainly discuss the
autoxidation capabilities of α-pinene and Δ3-carene. Figure
S11 shows the possible pathways of the α-pinene and Δ3-
carene ozonolysis. Products and intermediates derived from α-
pinene and Δ3-carene are prefixed with α- and Δ-, respectively.
The α-pinene and Δ3-carene ozonolysis can produce RO2 for
the subsequent autoxidation processes. The unimolecular H-
shift pathways of cyclobutyl ring-RO2 (CB-RO2)

48 and
cyclopropyl ring-RO2 (CP-RO2) are found to be very slow
and thus not favorable for subsequent autoxidation. The
isomerization pathways for CP-RO2 are shown in Figure S12,
with the smallest barrier of 21.1 kcal/mol. Previous study49

indicated that α-vinoxy readily undergoes a ring-opening
reaction, which triggers rapid autoxidation and forms a peroxy
radical α-O8-RO2 containing eight oxygen atoms. Therefore,
the ring-opening reaction of vinoxy might be the key process in
the subsequent autoxidation of α-pinene and Δ3-carene. The

Figure 6. OSC as a function of nC in the Δ3-carene photooxidation
under different NO2 (a, b) and NO (c, d) concentrations. The area of
the shape represents the normalized intensity of the mass spectral
peak. The color represents the log10 C* (C* is the mass saturation
concentration of the molecule).

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.4c00159
ACS Earth Space Chem. 2024, 8, 1668−1679

1674

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00159/suppl_file/sp4c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00159/suppl_file/sp4c00159_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00159/suppl_file/sp4c00159_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00159?fig=fig6&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.4c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


energy barrier for the ring-opening reaction of α-vinoxy49 is
predicted to be 14.6 kcal/mol, while those of Δ-vinoxy are
calculated to be much smaller (Δ-RB1, 8.0 kcal/mol; Δ-RB2,
8.6 kcal/mol) (Figure S13). It could be rationalized that the
bond tension of Δ3-carene’s three-membered ring is larger than
that of α-pinene’s four-membered ring, which makes the Δ-
vinoxy more readily to undergo the first step of autoxidation.
Even though the α-pinene-derived Criegee intermediate 2 (α-
CI2) has the structural characteristics for a direct ring-opening
reaction, the ring-opened products are still difficult to be
formed due to the high energy barrier.49 The Δ3-carene-
derived CIs (Δ-CI1 and Δ-CI2) cannot be directly isomerized
to the ring-opened structures due to the distribution of radical
site.
Figure 7 shows the energetic information on favorable

autoxidation steps of α-RB1 and Δ-RB1. As shown in Figure
7a, after three steps of α-RB1 oxidation with O2, α-O8-RO2
could further undergo isomerization via 1,5 H-shift to form the
ring-opened alkoxy radical α-O8-RO, with an exothermic value
of 46.1 kcal/mol and a barrier of 14.6 kcal/mol. Our
calculations indicate that it is very difficult to obtain a stable
carbon-centered radical via the isomerization of α-O8-RO2.
Therefore, α-RB1 could undergo three steps of autoxidation.

After the RO2 + NO and RO2 + HO2 terminal reactions, the
O/C ratio of HOMs is in the 0.6−0.9 region.
As illustrated in Figure 7b, the addition of O2 onto Δ-RB1

forms Δ-RB1-RO2 is exothermic by 26.1 kcal/mol. Δ-RB1-
RO2 undergoes cyclization to form Δ-5-member endoperoxide
with an exothermic value of 5.0 kcal/mol and a barrier value of
10.5 kcal/mol, which energetics is similar to that of the α-RB1-
RO2 → α-6-member endoperoxide cyclization of the α-pinene
system (exothermic value, 4.8 kcal/mol; energy barrier, 13.1
kcal/mol). This indicates that Δ-RB1 could also undergo a
second step of oxidation with O2. After the third step of Δ-RB1
oxidation with O2, Δ-O8-RO2 could undergo further isomer-
ization via 1,5 H-shift to form Δ-O8-HP, which process is
slightly endothermic by 7.2 kcal/mol and overcomes a barrier
of 18.9 kcal/mol. The exothermic value for the subsequent
reaction of Δ-O8-HP with O2 to form Δ-O10-RO2 is 25.4
kcal/mol. The energy barrier for 1,4 H-shift on the ring and
outside the ring of Δ-O10-RO2 is as large as 26.4 and 28.5
kcal/mol, respectively, making it difficult for further autox-
idation. Accordingly, Δ-RB1 could undergo four steps of
autoxidation, and the O/C ratio of HOMs is in the 0.6−1.1
region. Thus, Δ3-carene is more likely to generate the products
with a higher degree of oxidation compared with α-pinene,

Figure 7. Autoxidation pathways of α-RB1 (a) and Δ-RB1 (b) calculated at the ωB97XD/def2-TZVP level of theory. Relative energies are given in
kcal/mol. The values in brackets and below the arrows are the relative energies of intermediates and transition states, respectively.
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supporting the experimental results as shown in Figures 3 and
4. Note that it might be challenging to measure the mass
spectra of some highly oxidized products with low yields.
Under atmospheric conditions, the radical chain reaction is

generally ended by RO2 + NOx and RO2 + HO2. For α-pinene
and Δ3-carene, the terminal products of the first-generation
autoxidation intermediate C10H15O4 (α-RB1-RO2 and Δ-RB1-
RO2) and the second-generation autoxidation intermediate
C10H15O6 (α-O6-RO2 and Δ-O6-RO2) with HO2 is C10H16O4
and C10H16O6, respectively, which corresponds to the peak at
199 and 231 in the negative ion mass spectra of Figures S4−
S7. However, the terminal products of these intermediates with
NO are rarely observed, which could be rationalized that the
volatility of nitrate products generated from the RO2 + NO
reaction is higher than that of hydroperoxide products
generated from the RO2 + HO2 reaction. The terminal
products of the third-generation autoxidation intermediates (α-
O8-RO2 and Δ-O8-RO2) and fourth-generation autoxidation
intermediate (Δ-O10-RO2) are barely detectable.

4. CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

The photooxidation experiments of isomeric VOCs of α-
pinene and Δ3-carene in the presence of a specific NOx
component (NO2 and NO) were conducted under different
concentrations. Multifaceted impacts of NOx on the SOA
formation are found and discussed at the molecular level. The
results indicate that the increased NOx concentrations suppress
the particle number concentrations for both α-pinene and Δ3-
carene, which might be due to the decrease of high-oxygen-
content products and low-volatile dimers. On the other hand,
the increased NOx concentrations enhance the growth of
particle size (except for the photooxidation of Δ3-carene with
NO), which might buffer the suppression effect of NOx.
The highly oxidized and low-volatile products are difficult to

be formed at high [NOx], which consequently suppresses the
SOA nucleation and decreases the SOA yield. This finding
agrees with previous studies,11,25,47 implying that RO2 is
important in SOA formation. The reaction of Δ3-carene with
oxidants generated by direct NO2 photolysis might exhibit a
noticeable rate effect under high [NO2] condition. This effect
enhances the particle growth and buffers the reduction of
particle number concentration, which improves the particle
mass concentration. Consequently, higher [NO2] (101−396
ppb) promotes the SOA yield for the Δ3-carene photo-
oxidation. On the other hand, different structures of α-pinene
and Δ3-carene show a distinct influence on the SOA formation.
The number of products with higher O/C in the Δ3-carene
system is larger than that in the α-pinene system.
Quantum chemical calculations of autoxidation processes

indicate that the ring-opening reaction of Δ-vinoxy derived
from Δ3-carene is more favorable than that of α-vinoxy derived
from α-pinene. Δ-Vinoxy could undergo four steps of
autoxidation to form Δ-O10-RO2, whereas α-vinoxy only
undergoes three steps of autoxidation to form α-O8-RO2. The
terminal products of Δ3-carene have a higher oxygen content
than those of α-pinene, which may partially account for the
higher O/C value for Δ3-carene. The different effects of NOx
on the α-pinene and Δ3-carene photooxidation could be
rationalized that the bond tension of Δ3-carene’s three-
membered ring is larger than that of α-pinene’s four-membered
ring. The present findings advance our mechanical under-
standing of the interactions between NOx and isomeric

monoterpenes and stimulate further experimental and
theoretical studies on a large variety of isomeric VOCs toward
the improvement of SOA models.
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