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Elucidating the interplay between different volatile organic compounds (VOCs) is crucial for understanding the
formation mechanisms of secondary organic aerosols (SOA). This study systematically investigated the interac-
tions between the bicyclic monoterpene a-pinene and the monocyclic monoterpene limonene under NO, pho-
tooxidation and dark ozonolysis conditions. The results show that under the NO, photooxidation conditions, the
increase of [limonene], enhances particle mass concentrations, number concentrations, and particle size; the
increase of [a-pinene], results in the increase of particle mass and number concentrations without the increase
of particle size. Under the dark ozonolysis conditions, particle mass and number concentrations increase with
the increase of [a-pinene], and [limonene],; the effect of increasing [a-pinene], on SOA mass concentration is
significantly smaller than that of increasing [limonene],, which may be attributed to the shift to a smaller particle
size with the increase of [a-pinene],. As the [limonene],/[mixed VOCs], ratio increases from 0 % to 100 %, the
SOA yield increases from 54.6 % to 65.2 % under the NO, photooxidation conditions and from 19.8 % to 26.2 %
under the O conditions. Using threshold photoionization mass spectrometry based on a vacuum ultraviolet free
electron laser, a series of new products were detected at molecular weights of 364, 366, 380, 386, 411, 413, and
414, which could be assigned to the cross-dimers, such as organic peroxides, ester dimers, and organic nitrates.
Our study underscores the critical role of monocylic monoterpene limonene in the SOA formation and advances
our understanding of the SOA formation in the atmosphere.

1. Introduction

Secondary organic aerosols (SOA) are important components of
global atmospheric fine particulate matter, which not only play a vital
role in atmospheric radiation balance and climate system (Seinfeld et al.,
2016; Shrivastava et al., 2017), but also are closely related to respi-
ratory human health problems (Burnett et al., 2018; Jimenez et al.,
2009; Lelieveld et al., 2015). Volatile organic compounds (VOCs)
undergo oxidation reactions with atmospheric oxidants to generate
SOA, which make significant contribution to new particle formation
(NPF) (Atkinson, 2000; Atkinson and Arey, 2003) and climate change
(Hallquist et al., 2009). With the decrease of atmospheric SO, emissions
(Daellenbach et al., 2020), the oxidation of biogenic VOCs (BVOCs) to
form SOA would become a key driver of NPF, especially in preindustrial

regions (Griffin et al., 1999; Kirkby et al., 2016). Monoterpenes are one
important class of BVOCs, which are the main global sources of SOA
formed from the reactions of BVOCs with ozone (O3), hydroxyl radicals
(OH), and nitrogen oxides (NO,) in the atmosphere (Guenther et al.,
2012; Kelly et al., 2018; Watne et al., 2017; Yao et al., 2022).

As the most abundant monoterpene in the atmosphere, a-pinene
has become a focal point of SOA studies (Guenther et al., 1995;
Kenseth et al., 2023; Thomsen et al., 2021; Zhang et al., 2019). Un-
like a-pinene with a double ring structure, limonene has a single ring
structure (Appendix A Fig. S1) and exhibits higher reactivity due to its
two double bonds (Appendix A Table S1) (Piletic and Kleindienst, 2022;
Saathoff et al., 2009). Even though a-pinene and limonene are iso-
meric (Appendix A Fig. S1), remarkable differences in the products
and yields of SOA have been found during their atmospheric oxida-
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tion (Jonsson et al., 2007; Mutzel et al., 2021; Spittler et al., 2006).
The volatility of SOA formed from both the photooxidation and dark
ozonolysis reactions of a-pinene was slightly higher than that formed
from limonene (Kim and Paulson, 2013). As compared to a-pinene, the
single-ring structure of limonene facilitates the direct addition of O,,
resulting in a higher yield of oxidation products (Piletic and Kleindi-
enst, 2022). These results provided important insights for understanding
the different roles of monocyclic and bicyclic BVOCs in the SOA forma-
tion mechanisms and for assessing the complexity of their impacts on
atmospheric chemistry and climate.

Recently, increasing efforts have been made to study the roles of
VOCs mixtures in the SOA formation mechanisms (Berkemeier et al.,
2020; Chen et al., 2022; Dada et al., 2023; Kiendler-Scharr et al., 2009;
Li et al., 2007, 2021; McFiggans et al., 2019; Voliotis et al., 2021,
2022; Ylisirnioe et al., 2020; Zhu et al., 2024). Early studies showed
that the presence of isoprene significantly suppressed NPF and reduced
particle number concentration due to the high reactivity of isoprene
toward OH radicals (Kiendler-Scharr et al., 2009). By suppressing the
reactions between OH radicals and monoterpenes, isoprene scavenged
the highly oxygenated products, which lowers the yield of low-volatility
products and consequently suppresses the NPF (McFiggans et al., 2019).
Interestingly, the addition of only 2 % sesquiterpenes to the iso-
prene + a-pinene mixtures remarkably increased the yields of ultralow-
volatility organic compounds and doubled the rates of particle formation
(Dada et al., 2023). While the oxidation of mixtures of bicyclic monoter-
penes (a-pinene) and chain monoterpenes (myrcene) generally leaded
to a significant increase of particle mass concentrations (Ahlberg et al.,
2017), this phenomenon has not been observed in the two structurally
similar mixtures of bicyclic monoterpenes (a-pinene and A3-carene)
(Thomsen et al., 2022). When the mixture of a-pinene (the bicyclic
monoterpene) and limonene (the monocyclic monoterpene) underwent
photooxidation reaction, the SOA yield for a-pinene increased by 50 %
but that for limonene decreased by 20 % (Takeuchi et al., 2022). These
studies underscored the intricate nonlinear interactions among different
types of monoterpenes in the SOA formation, emphasizing the need to
incorporate such complexities into atmospheric models. Thus far, sys-
tematical studies of the effects of mixing ratios of monocyclic and bi-
cyclic monoterpenes on the SOA formation mechanisms remain scarce.

This study aims to elucidate the interplay between a-pinene (the bi-
cyclic monoterpene) and limonene (the monocyclic monoterpene) for
the NO, photooxidation and dark ozonolysis reactions. We investigated
the effects of the initial concentrations of a-pinene ([a-pinene],) and
limonene ([limonene],) on the mass concentration, number concentra-
tion, particle size distribution, and the yield of SOA formed from the
BVOCs mixtures. The chemical compositions of SOA were systemati-
cally analyzed by using the aerosol mass spectrometry (AMS) based on
threshold photoionization with a tunable vacuum ultraviolet free elec-
tron laser (VUV-FEL). Combined with quantum chemical calculations,
plausible formation mechanisms for the newly observed peroxide and
ester cross dimers were proposed. This work highlights the complexity
of BVOCs mixture oxidation and underscores the crucial role of mono-
cyclic monoterpenes in the SOA formation of cyclic monoterpene sys-
tems.

2. Material and methods

All the experiments were conducted by using the VUV-FEL-based
AMS apparatus coupled with a smog chamber. Detailed experimen-
tal and calibration procedures can be found in the previous study
(Zang et al., 2022) and Appendix A Text S1. A brief overview is provided
here. The zero air was supplied by a air compressor, passed through a
refrigerated dryer (Model F11, Atlas Copco, Sweden), and further puri-
fied using molecular sieves, activated carbon, and a Hopcalite catalyst.
The temperature of the smog chamber was maintained at 297 + 0.5 K
and the relative humidity was less than 3 %.
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Before the a-pinene + limonene + NO, photooxidation and a-
pinene + limonene + O3 dark ozonolysis experiments, the chamber
was flushed with purified dried zero air until the concentrations of
gaseous substances (e.g., NO,, O3, and VOCs) were below their re-
spective detection limits. A known quantity of NO, or O3 was pre-
cisely controlled by using calibrated gas cylinders and flow controllers.
a-Pinene (99.0 %, Aladdin) and limonene (99.0 %, Aladdin) were in-
troduced into the reactor via the inlet port. To avoid experimental er-
rors caused by changes in the VOCs injection sequence, a-pinene was
consistently injected before limonene, as detailed in Appendix A Text
S1. O; was generated by corona discharge using an ozone generator
(Model OZ-3 G, BNP Ozone technology Co., China). All photooxida-
tion and ozonolysis experiments were conducted under seed-free aerosol
conditions. For the a-pinene + limonene + NO, photooxidation experi-
ments, the reactants (i.e. a-pinene, limonene, and NO,) were uniformly
mixed and the concentration was basically stable for about 30 min, and
then the 40 black lamps were turned on for about 300 min. For the a-
pinene + limonene + O3 experiments in the dark, the reactants (i.e.,
a-pinene, limonene, and O3) were mixed uniformly for 30 min before
turning off the fan. By repeating the 986 ppbV a-pinene + 253 ppbV
limonene + 402 ppbV NO, experiments, the uncertainty in particle mass
concentration was estimated to be < 9.0 % (Appendix A Fig. S2). As
detailed in Appendix A Table S2, the uncertainties are shown systemat-
ically for all measured instrument parameters.

The components of gas phase and particle phase in the smog chamber
were characterized by a series of instruments. NO, concentrations were
monitored by using a gas analyzer (Model 42i, Thermo Fisher Scientific,
USA). O; concentrations were monitored by using a gas analyzer (Model
49i, Thermo Fisher Scientific, USA). The concentrations of VOCs were
monitored by a proton transfer reaction-mass spectrometer (PTR-QMS
3500, East & West Analytical Instruments, China). The concentrations
of VOCs were determined by the fragment ion at m/z = 137. The parti-
cle number concentrations and size distributions were measured by us-
ing a Scanning Mobility Particle Sizer (SMPS 3938NL76). The particle
mass concentrations were calculated based on the volume concentra-
tions measured by the SMPS, assuming a density of 1.0 g/cm? for SOA
formed from the oxidation of a-pinene and limonene. Considering SOA
generated in the smog chamber could deposit onto the reactor walls
(Bian et al., 2015), the wall-loss correction for particles was performed
by using the method described by Pathak et al. (2007) with the assump-
tion that the wall loss rate was first order and that the loss rate constant
was independent of particle size. The SOA yield was determined as the
ratio of the corrected particle mass concentration to the VOCs consump-
tion.

Particles were transmitted through the smog chamber to a Time-
of-Flight Mass Spectrometer (TOF-MS) via a silicone tube, a 100 pm
diameter critical orifice, and an aerodynamic lens. Then, the particles
were deposited onto a copper target in the ionization chamber of TOF-
MS and were thermally vaporized by using a heater. Photoionization
was carried out with VUV-FEL and the mass spectra of aerosol chemical
components were measured in positive ion mode. The tunable VUV-
FEL (50-150 nm) enables highly sensitive and selective ionization of
SOA, which has been demonstrated applications in probing complex
terpene oxidation reactions including isoprene + NO + SO, photoox-
idation (Zhang et al., 2024) and a-pinene + NO, + NH; photooxida-
tion (Zhao et al., 2024). The present TOF-MS mass spectral peaks stand
for the molecular weight (MW) values. To minimize the fragmentation,
appropriate VUV-FEL wavelengths and pulse energies were optimized
to achieve molecular threshold ionization (Zang et al., 2022). The op-
timal experimental conditions were determined by varying the VUV-
FEL wavelength, pulse energy, [a-pinene],, [limonene],, [NO,],, and
[O3]. Due to the limitation of VUV-FEL beamtime, aerosol mass spectra
were representatively measured for a few experimental conditions.

Quantum chemical calculations were performed. The structural opti-
mization and frequency calculations for a-pinene, limonene, their inter-
mediates, transition states, and products involved in the whole pathways
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Table 1 - Overview of the a-pinene and limonene photooxidation experimental conditions.

[a-Pinene], (ppbV) [Limonene], (ppbV) [NO,], (ppbV) AM (ug/m?) AROG (ppbV) SOA yields (%)
994 0 404 3005 989 54.6
986 253 402 3401 1134 55.9
979 481 396 4530 1446 56.3
995 967 408 5936 1804 59.2
954 990 396 5808 1798 58.1
484 978 415 4780 1422 60.4
244 970 418 3555 1018 62.8
0 987 392 3433 947 65.2

[X],: the initial concentration of the species X; AM: the mass concentration of formed SOA; AROG: the amount
of reacted organic gases; SOA: secondary organic aerosol.

Table 2 - Overview of the a-pinene and limonene ozonolysis experimental conditions.

[a-Pinene], (ppbV) [Limonene], (ppbV) [05], (ppbV) AM (ug/m?) AROG (ppbV) SOA yields (%)
976 0 242 760 690 19.8
989 246 240 1073 850 22.7
994 512 245 1310 1017 23.1
991 980 243 1469 1138 23.2
975 971 253 1514 1146 23.7
564 977 244 1372 1022 24.1
236 968 250 1157 845 24.6
0 978 243 1074 738 26.2

were carried out by using the Gaussian 16 software (Frisch et al., 2016)
at the M06-2X/def2-TZVP level of theory. Single-point energy calcula-
tions were conducted with the wB97XD/aug-cc-pVTZ method. The selec-
tion of such theoretical method was based on our recent studies on the
effects of isoprene on the ozonolysis of A3-carene and f-caryophyllene
(Zhang et al., 2025). The detailed theoretical methods are provided in
Appendix A Text S1.

3. Results and discussion

The experimental conditions for NO, photooxidation of a-pinene
and limonene are shown in Table 1 and those for O; dark reactions
of a-pinene and limonene in Table 2, respectively. By setting different
initial concentration combinations of a-pinene and limonene, the in-
teractions between a-pinene and limonene were investigated in depth
to evaluate their impacts on the particle mass concentrations, number
concentrations, and size distributions. Further analysis of the impact
of different initial limonene ratios on SOA yield aims to clarify how
[limonene],/[mixed VOCs] influenced the formation of SOA. Based on
the VUV-FEL aerosol mass spectra and quantum chemical calculations,
the structural characteristics of cross-dimers formed through VOC-cross
reactions were analyzed in detail.

3.1. Effects of [a-pinene],, and [limonene], on particle mass
concentrations, number concentrations, and size distributions

The temporal evolution of particle mass concentrations (Fig. 1a and
b) and particle size distributions (Fig. 1c and d) for the NO, photoox-
idation reactions under various initial concentration combinations of
a-pinene and limonene is illustrated in Fig. 1. The maximum particle
mass concentration and peak value of particle size in the 994 ppbV a-
pinene + 404 ppbV NO, condition is 3005 xg/m? and 71 nm (Fig. 1a and
¢, black curve), respectively, and that in the 987 ppbV a-pinene + 392
ppbV NO, condition is 3433 ug/m3 and 126 nm (Fig. 1b and d, black
curve). This indicates that the NO, photooxidation of limonene pro-
duces slightly higher particle mass concentration and significantly larger
particle size than that of a-pinene. As compared to the a-pinene-OH
adducts, the limonene-OH adducts do not require extra energy to break
a ring during the initial oxidation step (Piletic and Kleindienst, 2022),
facilitating the condensation of low-volatility oxidation products and
resulting in a higher particle mass concentration and a larger particle
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diameter (Hanson et al., 2022; Liu et al., 2023; Zhao et al., 2018). Pre-
vious studies indicated that the concentration of carboxylic acids pro-
duced from a-pinene ozonolysis is higher that from A3-carene within
15 min, which aligns with the evolution of particle mass concentrations
(Thomsen et al., 2022). Accordingly, the more pronounced impact of
limonene on particle mass concentrations and size distributions might
be primarily attributed to the higher reactivity of limonene and the con-
tribution of different oxidation products.

In the photooxidation experiments of ~990 ppbV a-pinene + x
ppbV limonene + ~400 ppbV NO, mixed VOCs, an increase of
[limonene], leads to a significant increase of particle mass concen-
tration (Fig. 1a), accompanied by an increase of particle number con-
centration (Appendix A Fig. S3) and particle size (Fig. 1c). This indi-
cates that higher [limonene], in the e¢-pinene + limonene + NO, mix-
tures helps to produce more low-volatility compounds, promoting par-
ticle growth and condensation. In the photooxidation experiments of x
ppbV a-pinene + ~980 ppbV limonene + ~400 ppbV NO, mixed VOCs,
when the [a-pinene] is increased, both particle mass concentration and
number concentration (Fig. 1b and d, and Appendix A Fig. S3) show
a remarkable rise, whereas the particle size distribution moves to a
smaller size. It has been demonstrated that the concentrations of RO,
radicals and closed-shell extremely low volatility organic compounds
(ELVOCs) generated from a-pinene are lower than those from limonene
(Jokinen et al., 2015). Given that ELVOCs undergo irreversible conden-
sation onto surfaces, they are expected to significantly contribute to the
growth of newly formed particles (Ehn et al., 2014). Then, the shift in
particle size distribution to smaller size when increasing [«-pinene],
may be due to the lower concentrations of RO, radicals and closed-shell
ELVOCs, as well as the molecular composition, volatility and the ra-
tio of oligomeric compounds (Liu et al., 2024). These findings suggest
that limonene plays a more pronounced role in the promotion of par-
ticle growth in mixed monoterpene photooxidation reactions. In con-
trast with aforementioned pure NO, photooxidation experiments, the
97 ppbV a-pinene + 42 ppbV limonene + 106 ppbV NO + 41 ppbV NO,,
reaction showed a time delay of approximately 3 h because of the trans-
form from NO to NO,, (Li et al., 2007).

The importance of monoterpene ozonolysis in the formation of SOA
in the atmosphere has been widely recognized (Griffin et al., 1999;
Saathoff et al., 2009; Ye et al., 2018). For the photooxidation of monoter-
penes, the photolysis of NO, generates O3, which triggers the oxidation
of monoterpenes (Luo et al., 2021; Wildt et al., 2014). The temporal evo-
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® 995 ppbV a-pinene + 967 ppbV limonene + 408 ppbV NO,
® 979 ppbV a-pinene + 481 ppbV limonene + 396 ppbV NO,
986 ppbV a-pinene + 253 ppbV limonene + 402 ppbV NO,

994 ppbV a-pinene + 0 ppbV limonene + 404 ppbV NO,
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A 954 ppbV a-pinene + 990 ppbV limonene + 396 ppbV NO,
A 484 ppbV a-pinene + 978 ppbV limonene + 415 ppbV NO,
A 244 ppbV a-pinene + 970 ppbV limonene + 418 ppbV NO,
A 0 ppbV a-pinene + 987 ppbV limonene + 392 ppbV NO,
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Fig. 1 - Particle mass concentrations (a and b) and size distributions (c and d) as a function of the initial concentration of a-pinene and limonene for the a-
pinene + limonene + NO, reactions. D,,: particle diameter; dN/dIgD,: normalized number size distribution.

lution of particle mass concentration and size distribution for the dark
reactions of a-pinene and limonene with Oj is illustrated in Fig. 2. The
maximum particle mass concentration and peak value of particle size
in the 976 ppbV a-pinene + 242 ppbV O3 condition is 760 ug/m? and
102 nm (Fig. 2a and c, black curve), respectively, and that in the 978
ppbV limonene + 243 ppbV O condition is 1074 ug/m> and 109 nm
(Fig. 2b and d, black curve). These results show that the ozonolysis of
limonene forms particles with higher mass concentration and slightly
larger particle size than that of a-pinene, which holds true for particle
number concentration (Appendix A Fig. S4). The SOA yields generated
from the ozonolysis of a-pinene and limonene were found to be higher
than those from the OH radical oxidation (Zhao et al., 2015). Addition-
ally, the volatility of SOA formed from the ozonolysis of monoterpenes
(a-pinene, p-pinene and limonene) is lower than those from the OH rad-
ical oxidation (Watne et al., 2017). Accordingly, the SOA components
could be dominated by O5 oxidation rather than OH radical oxidation.
Then, the higher particle mass/number concentration and larger particle
size of limonene than that of a-pinene could be due to the high reaction
rate (Appendix A Table S1) and lower barrier (Appendix A Fig. S5) of
the reaction between limonene and O3 as compared to the reaction be-
tween a-pinene and O3, which leads to a higher relative abundance of
highly oxygenated organic molecules (HOMs) and low-volatility com-
pounds in the ozonolysis products of limonene (Jonsson et al., 2007;
Kim and Paulson, 2013; Liu et al., 2023).

In the ozonolysis reactions of ~990 ppbV «-pinene + x ppbV
limonene + ~240 ppbV Oz mixed VOCs, the increase of [limonene],
results in a significant rise in particle mass concentration (Fig. 2a) and
number concentration (Appendix A Fig. S4b;-d; ), while the particle size
distribution shows no substantial change in diameter (Fig. 2c). In the
ozonolysis reactions of x ppbV a-pinene + ~980 ppbV limonene + ~240
ppbV O3 mixed VOCs systems, when the [a-pinene], is increased, par-
ticle mass concentration and number concentration slightly increase
(Fig. 2b and Appendix A Fig. S4), whereas particle size slightly decreases
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(Fig. 2d). These findings suggest that the increase of [a-pinene], in the
mixed VOCs system shows a smaller enhancement of particle mass con-
centration and number concentration than the increase of [limonene],.
This difference highlights the higher reactivity of limonene with Og,
which produces a larger quantity of low-volatility oxidation products
and consequently promotes the SOA formation.

Under both a-pinene + limonene + NO, photooxidation and a-
pinene + limonene + O3 dark conditions, limonene exhibits a more
pronounced promotion effect on particle mass concentrations than a-
pinene (Figs. 1 and 2), implying that limonene exhibits higher reactiv-
ity for both photooxidation and dark ozonolysis reaction, and limonene
oxidation products have a more significant contribution to particle mass
concentrations and size distributions. We found in the photooxidation
and dark ozonolysis of a-pinene and limonene mixed systems, the pres-
ence of a-pinene shifts the particle size distribution toward smaller sizes.
Recent studies have demonstrated that the particle mass concentra-
tion formed from the ozonolysis of a mixture of the bicyclic terpenes
of a-pinene and A3-carene is comparable to that from a-pinene alone
(Thomsen et al., 2022). Our findings are consistent with recent studies
that the monocyclic monoterpene of limonene plays an important role
in the formation of SOA due to its high reactivity toward ozonolysis in
the mixed cyclic monoterpenes (Takeuchi et al., 2022). The presence
of acyclic monoterpenes in the mixture of monoterpene was also found
to facilitate the formation of larger particle diameters (Ahlberg et al.,
2017). Given the high proportion of cyclic monoterpenes in the real
atmosphere, the monocyclic monoterpene limonene could contribute
more significantly to the particle mass concentration and size distribu-
tion within mixtures of monocyclic and bicyclic monoterpene.

The concentration variations and the reactivity of monoterpenes
are critical factors for the influence of SOA formation in multi-VOC
precursor systems (Takeuchi et al., 2022). Notably, the number of
double bonds in the monoterpenes directly affects the yields of SOA
(Hanson et al., 2022). The interactions among different VOCs and their
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® 991 ppbV a-pinene + 980 ppbV limonene + 243 ppbV O,
® 994 ppbV a-pinene + 512 ppbV limonene + 245 ppbV O,
® 989 ppbV a-pinene + 246 ppbV limonene + 240 ppbV O,
® 976 ppbV a-pinene + 0 ppbV limonene + 242 ppbV O,
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975 ppbV a-pinene + 971 ppbV limonene + 253 ppbV O,
564 pbbV a-pinene + 977 ppbV limonene + 244 ppbV O,
A 236 ppbV a-pinene + 968 ppbV limonene + 250 ppbV O,

A 0 ppbV a-pinene + 978 ppbV limonene + 243 ppbV O,
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Fig. 2 - Particle mass concentrations (a and b) and size distributions (¢ and d) as a function of the initial concentration of a-pinene and limonene for the a-

pinene + limonene + O reactions.

(b) o-Pinene + limonene + Og4

Fig. 3 - SOA yields as a function of
[limonene],/[mixed VOCs],. The red trian-
gle and blue dot icons represent the reaction
of a-pinene + limonene + NO, (a) and a-
pinene + limonene + O4 (b), respectively. SOA:
secondary organic aerosol.
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complex reaction pathways can lead to variations in the chemical com-
positions, volatility of aerosols, and the yields of SOA (Liu et al., 2024).
Previous studies have demonstrated that, within mixed VOCs systems,
the influence of the proportion of limonene is significantly greater
than that of VOC/NO, ratios, ambient temperature, and light inten-
sity (Li et al., 2007). As shown in Fig. 3, with the increase of the
[limonene],/[mixed VOCs], ratio from O to 100 %, the SOA yield in-
creases from 54.6 % to 65.2 % under NO,-induced photooxidation con-
ditions (Fig. 3a) and increases from 19.8 % to 26.2 % under ozonoly-
sis conditions (Fig. 3b). This trend suggests that a larger proportion of
limonene in the mixed VOCs systems helps to improve the SOA yields
under both NO, photooxidation and dark ozonolysis conditions. Our re-
sults are consistent with previous studies that the addition of a small
amount of limonene increased the SOA yield in the a-pinene system
by 50 % (Takeuchi et al., 2022). The time evolutions of O3 concentra-
tion during the NO, photooxidation and O3 dark reactions under dif-

40
[Limonene],/[mixed VOCs], (%)
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ferent experimental conditions are shown in Appendix A Figs. S6 and
S7, respectively. As exemplified in a comparison between two exper-
imental conditions 986 ppbV a-pinene + 253 ppbV limonene + 402
ppbV NO, (Appendix A Fig. S6b;) and 989 ppbV a-pinene + 246 ppbV
limonene + 240 ppbV O3 (Appendix A Fig. S6b,), the time-weighted av-
erage O3 concentration over the 5 h photooxidation period (90 ppbV) is
significantly higher than that under dark reaction condition (16 ppbV).
While NO4 radical is known to contribute to SOA formation, particularly
under nighttime conditions, the impact of NO5 radical during a-pinene
and limonene photooxidation is minimal because of their rapid photoly-
sis under illuminated conditions. The higher SOA yields observed in the
NO, photooxidation system (Fig. 3a) than those in dark ozonolysis con-
ditions (Fig. 3b) are more likely driven by the higher average O3 concen-
tration from NO, photolysis and OH radical production (Draper et al.,
2015; Luo et al., 2023), the influence of NO, radicals plays only a minor
role.
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3.2. VUV-FEL photoionization mass spectra of photooxidation of a-pinene
and limonene

In this study, the mass spectra of particle components were continu-
ously monitored after the particles appeared. As the particle mass con-
centration increases, the intensities of the mass spectra gradually in-
crease. Taking the photooxidation of 995 ppbV a-pinene + 967 ppbV
limonene + 408 ppbV NO, as an example, the time distribution of the
monomer intensities is shown in Appendix A Fig. S8. During the contin-
uous detection, the positions of mass spectral peaks do not show signif-
icant changes. The mass spectra corresponding to the time of maximum
particle mass concentration were selected for analysis. The results un-
der different experimental conditions are systematically compared to
explore the formation of monomer and dimer products and the possible
reaction pathways.

The photoionization mass spectra of the products formed from
NO, photooxidation and dark ozonolysis reactions of a-pinene and
limonene are presented in Appendix A Fig. §9. All numerical mark-
ers in Appendix A Fig. S9 represent the MW of compounds and the
molecular formula of compounds are listed in the Appendix A Table
S3. As shown in Appendix A Fig. S9a; and c;, under NO, photooxida-
tion conditions, the monomer products (120 < MW < 220) of limonene
exhibit stronger signal intensities than those of a-pinene. These results
of mass spectra suggest that under identical photooxidation conditions,
limonene is more likely to form monomer products. Under ozonoly-
sis conditions (Appendix A Fig. S9a, and c,), the signal intensities of
MW =200 (C;oH;¢04) and MW = 216 (CqH;,0¢) for limonene are much
higher than those for a-pinene. However, the intensity of MW = 184
(C10H;603) for limonene is weaker than that for a-pinene (Appendix A
Fig. S9a, and c,). This indicates that the monomer products formed
from limonene have a higher oxygen content than those formed from
a-pinene.

In contrast with the single VOC system (Appendix A Fig. S9a; , and
€4,2), mass spectra of the mixed VOCs system (Appendix A Fig. S9b; and
b,) reveal a significant enhancement in the intensities of the monomer
signals (120 < MW < 220). This may be rationalized that the oxida-
tion of both a-pinene and limonene could form the monomer products
with identical molecular weights but with different structures. The sig-
nals of the dimer products (MW = 350-420) for the mixed VOCs sys-
tem are much more than those for the single VOC system, especially at
MW = 364, 366, 380, 386, 411, 413, and 414, implying that the cross re-
actions might occur in the oxidation of the mixed VOCs system. In con-
trast with the a-pinene + limonene + O; dark condition (Appendix A
Fig. S9b,), the products of MW = 411 and 413 were observed in the
a-pinene + limonene + NO, photooxidation reaction (Appendix A Fig.
S9b,), which may be attributed to the nitrogen-containing dimers. In
the atmosphere, the cross-reactions of RO, radicals exhibit a high re-
action rate, leading to the formation of accretion products through
the reaction RO, + R’O, — ROOR’ 4+ O, (Berndt, et al., 2018a). Re-
cently, a nucleophilic addition mechanism of particle-phase alcohols
and cyclic acylperoxyhemiacetals has been proposed (Kenseth et al.,
2023). In this study, the cross-reactions in the oxidation of a-pinene
and limonene could be driven by the interactions between their pri-
mary oxidation products (vide infra), including the cross-reaction of
RO, radicals to form more complex dimers and the nucleophilic addi-
tion between C9 and C10 monomers to form thermally stable accretion
products (Kenseth et al., 2023; Takeuchi et al., 2022).

3.3. Analysis of chemical compositions and formation mechanisms of
products

To understand the structures and possible formation mechanisms of
the products formed from photooxidation and ozonolysis of a-pinene
and limonene, we performed quantum chemical calculations. For the
NO, photooxidation of a-pinene and limonene, O; generated from NO,
photolysis serves as the main oxidant. For the ozonolysis of a-pinene
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and limonene, O3 also triggers the primary oxidation. Accordingly, the
possible reaction pathways of a-pinene and limonene with O; are shown
in Appendix A Fig. S10, highlighting the key steps involved in the for-
mation of major intermediates and products, including O addition to
double bond, O, addition, intramolecular hydrogen-shift (H-shift), and
decomposition reactions. For the reaction of a-pinene and O3, O3 un-
dergoes an addition reaction with the molecular double bond to form
the primary ozonide (POZ), which subsequently undergoes the decom-
position reaction to generate intermediate Al, which is calculated to
be highly exothermic by 77.3 kcal/mol with an O; addition barrier of
3.1 kcal/mol and a POZ decomposition barrier of 22.3 kcal/mol, re-
spectively. The A1 — A2 reaction is exothermic by 23.6 kcal/mol with
an intramolecular H-shift barrier of 12.7 kcal/mol, which aligns with
the previously reported molecular mechanism for rapid autoxidation in
the a-pinene ozonolysis (Iyer et al., 2021). The reaction of A2 — P-A-1
(MW = 184) and A2 — P-A-2 (MW = 200) is exothermic of 11.2 kcal/mol
and 85.3 kcal/mol, respectively, which two products have been reported
recently (Iyer et al., 2021; Jia and Xu, 2020; Zhao et al., 2024). Notably,
the a-pinene-formed A2 and the limonene-formed L5 undergo a cross-
reaction with the loss of HCHO and O, to form A3, which is highly
exothermic by 100.3 kcal/mol. Following the ozonolysis of the double
bond in A3, VOC-cross reaction product CP-1 (MW = 386) is formed,
which is predicted to be extremely exothermic by 180.3 kcal/mol with
the O5 addition barrier of 5.1 kcal/mol and the POZ decomposition bar-
rier of 23.4 kcal/mol (loss of HCOOH).

For the oxidation of limonene, the limonene — L2 reaction is pre-
dicted to be exothermic (96.7 kcal/mol) with a smaller O5 addition bar-
rier (1.1 kcal/mol) and a smaller decomposition barrier (20.6 kcal/mol)
than the a-pinene — A2 reaction. L2 further reacts with NO to form
L3, which is exothermic by 12.3 kcal/mol. L3 undergoes the H-shift
reaction and reacts with O, to produce L4, which is exothermic by
53.9 kcal/mol with the H-shift reaction barrier of 8.9 kcal/mol. The
L4 — P-L-1 (MW = 214) is calculated to be exothermic (7.9 kcal/mol)
with the H-shift barrier of 18.8 kcal/mol. Similar to the L3 — L4 reac-
tion, the autoxidation reaction from L4 to L5 is thermodynamically and
dynamically feasible. The limonene-formed L5 and the a-pinene-formed
A2 undergo VOC-cross reaction to form CP-2 (MW = 414) through the
RO, + R’O, — ROOR’ + O, mechanism, which is predicted to be highly
exothermic (38.7 kcal/mol). These results suggest that the VOC-cross
products CP-1 and CP-2 may be formed through VOC-cross dimeriza-
tion between RO, radicals generated by ozonolysis of a-pinene and
limonene, respectively.

In addition to the cross-reactions between RO, radicals
(Berndt, et al., 2018b; Perakyla et al., 2023), recent studies sug-
gested that the nucleophilic addition of alcohols to cyclic acylperox-
yhemiacetals may also form VOC-cross dimers in the particle phase
(Kenseth et al., 2023). The potential formation mechanisms of the prod-
ucts MW = 364, 366, and 380 are shown in Fig. 4. These products may
be formed through the VOC-cross-reaction between a-pinene-formed
monomer P-A-1 and limonene-formed monomers P-L-n (n 1-3),
which involve a series of isomerization, nucleophilic addition, and
dehydration reactions. During the oxidation of a-pinene and limonene
mixture, P-L-1 undergoes ozonolysis and releases HCOOH to form the
C9 monomer product P-L-3 (MW = 216), which is highly exothermic
(181.7 kcal/mol) with the O5 addition barrier of 4.2 kcal/mol and
the decomposition barrier of 24.9 kcal/mol. Additionally, P-L-1 may
also undergo intramolecular isomerization to form the monomer P-L-2
(MW = 214), which is exothermic by 3.2 kcal/mol.

The limonene-formed monomers P-L-1, P-L-2, and P-L-3 could react
with a-pinene-formed P-A-1 to form cross-reaction dimers, which pro-
cesses are analyzed in detail as follows. P-L-1 undergoes nucleophilic
addition with P-A-1 to form the acylperoxyhemiacetal L-5, which is
exothermic by 10.5 kcal/mol. Based on previously proposed mecha-
nisms (Kenseth et al., 2023), L-5 further reacts with P-A-1, releasing P-A-
2 and H,0 and producing CP-3 (MW = 364), which process is exother-
mic by 76.8 kcal/mol. Similar to the P-L-1 — CP-3 reaction, the P-L-
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Fig. 4 - Possible formation mechanisms of possible VOC-cross products MW = 364, 366, and 380 calculated at the ®¥B97XD/aug-cc-pVTZ//MO06-2X/def2-TZVP level

of theory. Relative energies are given in kcal/mol. MW: molecular weight.

3 — CP-4 (MW = 366) reaction is exothermic by 118.3 kcal/mol. P-L-2
might also participate in the reaction with P-A-1 to form L-7 (MW = 214)
with the predicted exothermicity of 2.4 kcal/mol. Then, L-7 loses H,O
to produce CP-5 (MW = 380), which is exothermic by 80.6 kcal/mol.
For the photooxidation and ozonolysis of a-pinene and limonene, ester
dimer products CP-3, CP-4, and CP-5 are formed through nucleophilic
addition of alcohols to acylperoxyhemiacetals and dehydration reac-
tions. As described in Appendix A Fig. S11, the limonene-formed C9
monomer P-L-3 reacts with the a-pinene-formed C10 monomer P-A-1
to generate the C19 dimer CP-4. The C10 monomers P-L-1 and P-L-2
from limonene oxidation and C10 monomer P-A-1 from a-pinene oxi-
dation undergo VOC-cross reactions to form the C20 cross-dimers CP-3
and CP-5.

The potential formation pathways of nitrate ester VOC-cross dimers
CP-6 (MW = 411) and CP-7 (MW = 413) formed through nucleophilic
addition of alcohols to a cyclic acylperoxyhemiacetal are illustrated in
Fig. 5. OH radical plays a key role in the monoterpene photooxidation,
promoting the formation of low volatile products (Rolletter et al., 2019).
a-Pinene reacts with OH radical to form A5 with the predicted exother-
micity of 34.6 kcal/mol. A5 reacts with O, to form A6, which is pre-

531

dicted to be highly exothermic by 27.8 kcal/mol. Previous studies indi-
cated that organic nitrates could be generated from the NO, photooxi-
dation of a-pinene (Park et al., 2017; Zhao et al., 2018). A6 reacts with
NO generated from the photolysis of NO, to form the organic nitrate
ester P-A-3 (MW = 215), which is predicted to be highly exothermic
by 50.3 kcal/mol. The a-pinene-formed P-A-3 reacts with the limonene-
formed P-L-2 to form A7, which is exothermic by 9.5 kcal/mol. A7 sub-
sequently loses H,O to form the organic nitrate cross-product dimer
CP-6 (MW = 411) with the predicted exothermicity of 73.0 kcal/mol.
The double bond in CP-6 undergoes ozonolysis reaction to form A8,
which is a highly exothermic reaction (64.1 kcal/mol) with a very small
O3 addition barrier of 0.4 kcal/mol. A8 loses HCOOH to form CP-7
(MW = 413), which is highly exothermic by 117.5 kcal/mol with the de-
composition barrier of 25.0 kcal/mol. Our calculations reveal that in the
a-pinene + limonene + NO, photooxidation reaction, the monomer P-L-
2 derived from limonene oxidation reacts with the organic nitrates P-A-3
derived from a-pinene oxidation to form the cross-dimers CP-6 and CP-
7. The results in Figs. 4 and 5 further demonstrate that the limonene-
formed monomers (P-L-1, P-L-2, and P-L-3) and the a-pinene-formed
monomers (P-A-1 and P-A-3) could undergo nucleophilic addition reac-
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tions of alcohols to acylperoxyhemiacetals, resulting in the formation of
the VOC-cross dimers CP-n (n = 3-7).

4. Conclusions and implication

Gaining a deep understanding of the mechanisms of chemical inter-
actions of oxidation products in the multi-VOC systems is crucial for
accurately modelling the SOA formation. In this study, we explored the
complex interactions between the bicyclic monoterpene a-pinene and
the monocyclic monoterpene limonene during NO, photooxidation and
dark ozonolysis reaction, with the emphasis on the significant role of
[a-pinene] and [limonene], in the influencing of SOA formation. The

results demonstrate that under the a-pinene + limonene + NO, photoox-
idation conditions, an increase of [limonene], leads to the enhanced
particle mass and number concentrations and a shift in particle size dis-
tributions toward larger sizes. In contrast, an increase of [«a-pinene],
results in higher particle mass and number concentrations but no shift
toward larger particle sizes. Under the a-pinene + limonene + O3 dark
conditions, the particle mass and number concentrations show an in-
crease trend with the increase of [a-pinene], and [limonenel],; the ef-
fect of increasing [a-pinene], on SOA mass concentration is significantly
smaller than that of increasing [limonene],, which may be attributed to
a shift to smaller size in particle size distributions with the increase of
[a-pinene],. As the increase of [limonene],/[mixed VOCs], ratio from
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0 to 100 %, the SOA yield increases from 54.6 % to 65.2 % under the
a-pinene + limonene + NO, photooxidation conditions and increases
from 19.8 % to 26.2 % under the a-pinene + limonene + O3 conditions.
In the mixed VOCs system, the proportion of initial limonene concentra-
tion plays a more dominant role in the enhancement of SOA yield. Based
on the VUV-FEL photoionization mass spectra and quantum chemical
calculations, we proposed that the cross-reactions between RO, radi-
cals formed from the oxidation of a-pinene and limonene, as well as
cross-dimerization driven from nucleophilic addition involving alcohols
and acylperoxyhemiacetals, are key mechanisms for the formation of
cross-dimers. The RO, cross-reactions produce cross-dimers such as CP-
1 (MW = 386) and CP-2 (MW = 414), whereas the ester dimer products
CP-3 (MW = 364), CP-4 (MW = 366), and CP-5 (MW = 380) are formed
through nucleophilic addition reactions of between monomer products.
CP-6 (MW = 411) and CP-7 (MW = 413) are identified as nitrogen-
containing dimer products.

In recent decades, the length and frequency of the dry seasons
in the southern Amazon have increased due to deforestation and cli-
mate change (Fu et al., 2013). Additionally, the average temperature
in the Amazon region from 1973 to 2013 was observed to be 26.5
°C (Almeida et al., 2017). Our simplified conditions are close to the
Amazon dry seasons. Our observations of dimeric species (C;gHy¢Og,
CyoH300g, CogHygOg, Ci9Hy60; and CygHygO,) are consistent with
dimeric monoterpene oxidation products (Cyg_50H,04_g) observed in
the boreal forest in Finland in spring 2013 and 2014 (Mohr et al.,
2017). Our present studies could contribute to understand the forma-
tion mechanisms of (Cy6_39H,Og_o) observed in the boreal forest in Fin-
land. Considering the inconclusive formation pathways of these dimers
observed by chemical ionization mass spectrometer in the Finnish bo-
real forest, we hypothesize that the dimeric species in this region may
potentially originate from cross-reactions between RO, radicals as well
as cross-dimerization driven by nucleophilic addition involving alcohols
and acylperoxyhemiacetals.

With the increase of RH (20 %-60 %), the yield of limonene-derived
SOA increases (Zhang et al., 2023), whereas that of a-pinene-SOA ex-
hibits a minor increase (Jonsson et al., 2006). During the ozonolysis
of limonene, the stabilized Criegee intermediate can react with H,O to
form keto-limonene (Zhang et al., 2023). Moreover, SOA yield from the
limonene + NO; reaction remains relatively stable (~174 %) at 25°C,
but varies between 81 % and 148 % at 40 °C (Boyd et al., 2017). SO,
has been shown to influence SOA formation through multiple pathways,
including acid-catalyzed reactions, which create acidic aerosol surfaces
that facilitate heterogeneous reactions and oligomerization (Jang et al.,
2004). Additionally, SO, can interact with Criegee intermediates to form
H,SO,4, which enhances the maximum number concentration of parti-
cles and affects both SOA yields and the formation of HOMs (Yang et al.,
2023). In real atmospheric conditions, the presence of other VOCs, such
as isoprene and o-cresol, can further influence SOA formation. Isoprene
competes with monoterpenes for the scavenging of both OH and low-
volatility products (McFiggans et al., 2019), but no significant suppres-
sion or promotion of particle yield was observed in the mixed system of
o-cresol and isoprene (Voliotis et al., 2022). The influence of water va-
por, temperature, sulfur dioxide, and other VOCs on the reaction mech-
anisms and SOA formation will be studied in the future experiments.

The cross-dimerization reactions between gas-phase RO, radicals de-
rived from a-pinene and limonene, and oligomerization of their respec-
tive oxidation products, have been demonstrated to effectively generate
thermally stable C20 and C30 accretion products (Takeuchi et al., 2022).
For the limonene + myrcene + OH reactions, the suppression effect on
certain C19 dimers in the mixed SOA was also observed compared to -
myrcene SOA, indicative of the presence of complex interactions during
the oxidation process of monoterpene mixtures (Liu et al., 2024). Due to
the thermal desorption technique employed by a filter inlet for gases and
aerosols coupled to a chemical ionization mass spectrometer (FIGAERO-
CIMS), thermally unstable oligomers in the experiments may have de-
composed. VUV-FEL-based AMS was utilized for online measurements of
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monoterpene cross-products that are difficult to detect using FIGAERO-
CIMS. Based on our proposed mechanism of RO, radicals cross-reactions
and nucleophilic addition of alcohols to peroxyhemiacetals, we demon-
strate that limonene-derived RO, radicals and limonene-formed oxida-
tion products (P-L-1, P-L-2, P-L-3) can provide additional binding sites
leading to the formation of C18, C19 and C20 VOC-cross dimers to en-
hance the SOA yield. Our findings emphasize the need for further studies
on mixtures of monocyclic terpenes to achieve a more comprehensive
understanding of the complex chemical reaction networks that emerge
during the atmospheric oxidation of VOCs mixtures.
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