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a b s t r a c t 

Elucidating the mutual effects between the different volatile organic compounds (VOCs) 

is crucial for comprehending the formation mechanism of atmospheric secondary or- 

ganic aerosols (SOA). Here, the mixed VOCs experiments of isoprene and �3 -carene/ β- 

caryophyllene were carried out in the presence of O3 using an indoor smog chamber. The 

suppression effect of isoprene was recognized by the scanning mobility particle sizer spec- 

trometer, online vacuum ultraviolet free electron laser (VUV-FEL) photoionization aerosol 

mass spectrometry, and quantum chemical calculations. The results indicate that the sup- 

pression effect of isoprene on the ozonolysis of �3 -carene and β-caryophyllene shows fluc- 

tuating and monotonous trends, respectively. The carbon content of the precursor could be 

the main factor for regulating the strength of the suppression effect. Plausible structures and 

formation mechanisms of several new products generated from the single VOC precursor 

and VOC-cross-reaction are proposed, which enrich the category of VOC oxidation products. 

Meanwhile, a new dimerization mechanism of the RO2 + R’O2 reaction is suggested, which 

offers an intriguing perspective on the gas phase formation process of particle phase ac- 

cretion products. The present findings provide valuable insights into clarifying the pivotal 

roles played by isoprene in the interplay between different VOCs and understanding of SOA 

formation mechanisms of VOC mixtures, especially nearby the emission origins. 
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Scheme 1 – Structures of isoprene, �3 -carene, and 

β-caryophyllene. 
Introduction 

Secondary organic aerosol (SOA) generated from the oxida-
tion of biological volatile organic compounds (BVOCs) is a
crucial source of fine particles, which seriously affects the
balance of atmospheric radiation, traffic safety, and human
health ( Brauer et al., 2016 ; Ehn et al., 2014 ; Hallquist et al., 2009 ;
Lewis, 2018 ; Shiraiwa et al., 2017 ). Terpenoids represent an
important class of BVOCs. Laboratory studies and field mea-
surements of terpenoids (i.e., hemiterpenes, monoterpenes,
and sesquiterpenes) have provided important insights into
the atmospheric fate of BVOCs ( Atkinson and Arey, 2003 ;
Guenther et al., 2012 ; Koch et al., 2000 ; Liu et al., 2016 ;
Wennberg et al., 2018 ; Winterhalter et al., 2009 ). Currently,
numerous studies mainly focus on understanding the im-
pacts of anthropogenic pollutants (i.e., O3 , NOx , and SO2 )
on the oxidation of single-component VOCs and the cor-
responding mechanisms ( Atkinson, 2000 ; Kleindienst et al.,
2006 ; Shrivastava et al., 2019 ; Xu et al., 2015 ). However, the
SOA formation is known to be intricately affected by the types
and concentrations of VOCs and oxidants, owing to the com-
plexity of precursors in the ambient atmosphere. The studies
on the multi-component VOCs have thus emerged in recent
years, highlighting the requirements for more detailed exper-
iments of mixed VOCs to provide a more scientific basis for
reducing pollution and carbon emissions ( Ahlberg et al., 2017 ;
Heinritzi et al., 2020 ; McFiggans et al., 2019 ; Takeuchi et al.,
2022 ). 

The investigation of the SOA formation from a mixture sys-
tem containing various monoterpenes and sesquiterpenes re-
vealed a pronounced enhancement in SOA mass concentra-
tion as compared to a single-component monoterpene sys-
tem, implying that the simplification of terpene complexity
in SOA models might underpredict the aerosol mass load-
ing ( Faiola et al., 2018 ). The SOA production of anthropogenic
VOCs (AVOCs) was found to be enhanced ( + 83.9%) by the coex-
istence with other AVOCs but suppressed (-51.4%) by the pres-
ence of isoprene through OH scavenging ( Chen et al., 2022 ).
Suppression effects of isoprene have even been observed in ar-
eas where monoterpenes are abundant ( Kanawade et al., 2011 ;
Lee et al., 2016 ; Li et al., 2022 ; Wimmer et al., 2018 ). A smog
chamber study of α-pinene showed that the SOA formation
was monotonically suppressed by increasing the mixing ratio
of isoprene, suggesting that isoprene not only plays the role
of OH scavenger, but also removes the monoterpene-derived
highly oxidized products with low volatility ( McFiggans et al.,
2019 ). Recent investigation indicated that the rapid reaction of
isoprene with OH promotes the formation of isoprene-derived
RO2 rather than the C20 products, ultimately affecting particle
nucleation ( Heinritzi et al., 2020 ). 

In the multi-component VOCs system, an assumption im-
plemented in the simulation of SOA mass concentrations is
that SOA is formed independently from each individual VOC
precursor ( Appel et al., 2017 ). However, a study on mixed
AVOCs indicated that the interaction between intermediate
products is the primary factor contributing to the improve-
ment in SOA mass concentrations as compared to single pre-
cursor conditions ( Li et al., 2021 ). The particle-phase accretion
products generated from the ozonolysis of the monoterpene
mixture were tentatively identified by liquid chromatography-
mass spectrometry, but the specific formation pathway was
not clear ( Thomsen et al., 2022 ). Previous studies have put
forth various hypotheses of the dimer formation, includ-
ing the connection of two monomers in the form of es-
ter or anhydride ( Hamilton et al., 2006 ; Mueller et al., 2008 ;
Yasmeen et al., 2010 ), oligomer formation in atmospheric
organic aerosols through acid- or base-catalyzed heteroge-
neous reactions ( Gao et al., 2004 ; Tolocka et al., 2004 ), and
dimerization between peroxyl radicals (RO2 ) in the gas phase
( Hasan et al., 2021 , 2020; Salo et al., 2022 ). During the ox-
idation of VOCs, reaction intermediates containing differ-
ent functional groups are generated, including organic acids
that have a significant contribution in the SOA formation
( Zhang, 2010 ; Zhang et al., 2004 ). However, the process of con-
densing organic acids with other products to create dimer
products in the gas phase requires strict reaction conditions.
Chen et al. (2022) pointed out that the cross-reaction of RO2

produced by different AVOCs is the main source of SOA for-
mation (up to 39.0%), emphasizing the importance of the
RO2 + R’O2 reaction in the case of mixed VOCs. Recent study
of multiple BVOCs mixtures also highlighted the importance
of RO2 cross-reactions in the formation of highly oxygenated
dimers ( Dada et al., 2023 ). 

In contrast with α-pinene, �3 -carene (C10 H16 ) possesses a
different geometrical structure with a three-membered ring
( Scheme 1 ) ( Ma et al., 2009 ; Yu et al., 1999 ). This raises an in-
teresting issue: what is the difference in the isoprene effect on
the ozonolysis of �3 -carene and α-pinene? β-caryophyllene
(C15 H24 ) ( Scheme 1 ) exhibits higher reactivity with O3 in com-
parison to isoprene and monoterpene ( Ciccioli et al., 1999 ;
Ng et al., 2007 ), and can even dominate the SOA formation
depending on the region and season ( Geron and Arnts, 2010 ).
Does the addition of isoprene also have a suppression effect
on the ozonolysis of β-caryophyllene ( Heinritzi et al., 2020 )?
Based on the previous hypothesis ( Heinritzi et al., 2020 ), would
the C5 and C15 products readily react to form the C20 cross-
products to promote the new particles formation? In order
to clarify these aforementioned issues, this study conducted
the mixed VOC experiments using isoprene in combination
with �3 -carene and β-caryophyllene. We analyzed the poten-
tial impact mechanisms of isoprene on the ozonolysis of �3 -
carene and β-caryophyllene by examining the changes in par-
ticles under different mixing conditions. The plausible struc-
tures and formation pathways for newly-observed single-
precursor products and double-precursor cross-products in
particle phase were proposed with the combination of online
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acuum ultraviolet free electron laser (VUV-FEL) photoioniza- 
ion mass spectrometry and theoretical calculations. These 
esults shed light on the suppression effect of isoprene on the 
OA formation of monoterpenes and sesquiterpenes in areas 
ith abundant vegetation and high levels of O3 pollution. This 
ork affords a novel pathway for the cross-dimerization of es- 

er accretion products through the RO2 reaction, potentially 
eading to the formation of a large variety of other types of 
ccretion complexes. 

. Methods 

.1. Experimental methods 

he experiments involved in this study were carried out in an 

ndoor smog chamber (DICP-Chamber) with a built-in cylindri- 
al Teflon reactor with a volume of 2 m3 , and the detailed de- 
criptions have been reported in a previous study ( Zang et al.,
022 ). Before each experiment, the reactor was purged with 

ero gas for at least 12 hr. The smog chamber was operated in a 
tatic mode. The relative humidity (RH) in the reaction cham- 
er was < 2.0%, and the temperature was 23.2 ± 1.3◦C. The 

iquid phase of isoprene (99.0%, Aladdin), �3 -carene (90.0%,
laddin), and β-caryophyllene (90.0%, Innochem) was intro- 
uced into the reactor by zero air at 40◦C. A dual-channel in- 

ection was used for two-precursor experiments. Gas phase 
nd particle phase species were characterized by various in- 
truments. The VOCs were characterized by proton-transfer 
eaction mass spectrometer (PTR-QMS 3500, East & West Ana- 
ytical Instruments, China). The concentration of O3 was mea- 
ured by a gas analyzer (Model 49i, Thermo Fisher Scientific,
K). The number concentrations and size distributions of par- 

icles were measured by a scanning mobility particle sizer 
pectrometer (SMPS 3938NL76, TSI Incorporated, USA). 

The chemical compositions of the particles were detected 

y a home-built aerosol time-of-flight mass spectrometer 
TOF-MS) based on VUV-FEL photoionization ( Zang et al.,
022 ). The VUV-FEL mass spectrometer can detect particle- 
hase products online. A silicone tubing (inner diameter size: 
.35 mm; length: 1 m) was used to connect the reaction cham- 
er and the TOF-MS chamber coupled to the VUV-FEL beam- 

ine. The measurement range of aerosol size for the home- 
uilt aerosol MS was 30–2500 nm, which covered the main 

ize distribution of the particles. Considering that the VUV- 
EL beamline time is very expensive and the reaction time of 
OCs with O3 is shorter at high concentrations than that at 

ow concentrations, the VUV-FEL photoionization mass spec- 
ra of the compounds were thus measured at higher concen- 
rations of isoprene, �3 -carene, β-caryophyllene, and O3 than 

he atmospheric conditions. The optimum experimental con- 
itions were found by carefully optimizing the reactant con- 
entrations to be closer to the atmospheric levels and the 
avelength and pulse energy of VUV-FEL to avoid the satura- 

ion of photoionization. In order to compare the impact of the 
ixing amount of isoprene on the experimental results, low- 

nd high-isoprene conditions were set respectively by ensur- 
ng that the mass spectrum of the particle components could 

e detected. 
The SOA yield was the ratio of �M and �ROG ( �M : the mass
oncentration of formed SOA; �ROG: the amount of reacted 

rganic gas). During the experiments in the smog chamber,
ome particles were lost to the wall, resulting in a decrease 
n the particle mass concentrations. Assuming that the wall 
oss rate was first order and that the loss rate constant was 
ndependent of size ( Pathak et al., 2007 ). The rate constant k
or the loss of aerosol mass to the wall was given by: 

n [ ( M ( t) ] = −kt + C (1) 

here, C is a constant. A plot of ln[ M ( t )] versus time after the
essation of SOA generation provided the mass loss rate con- 
tant k (hr−1 ) as the slope of the corresponding line. The fitting 
alculation obtains k . SOA(t) was given by: 

OA ( t) = M( t) + k

t ∫ 

0 

M( t) dt − MS (2) 

here, MS is the seed concentration at the time when the SOA 

ormation begins. All reactions were carried out under seed- 
ree aerosol conditions. Taking the 100 ppb �3 -carene + 45 
pb isoprene + 100 ppb O3 experiment as an example, tempo- 
al profiles for wall-loss corrected and uncorrected SOA num- 
er concentrations and mass concentrations are shown in Ap- 
endix A Fig. S1a and b, respectively. In the calculation of SOA 

ield, the value of SOA mass concentration was corrected. The 
osses of organic vapor included gas-particle loss and gas-wall 
oss. The gas-particle loss of organic vapor led to the parti- 
le growth. However, precise evaluation of the gas-wall losses 
f organic vapor in a smog chamber with nucleation event is 
ery challenging ( Krechmer et al., 2020 ; Zhang et al., 2014 ).
herefore, the loss of organic vapor was not taken into con- 
ideration in this study. For the O3 -only experiments in this 
tudy, it was assumed that all O3 reacted directly with VOCs,
o we assumed that all uncertainty on the aerosol mass yield 

as due to the precision of the �M measurement. Uncertainty 
n �M estimated by replicating measurements of 100 ppb �3 - 
arene + 45 ppb isoprene + 100 ppb O3 was < 14.0% (Appendix 
 Fig. S1c). 

.2. Theoretical methods 

eometric optimization and frequency calculations of the in- 
ermediates, transition states, and products involved in the 
hole pathways were performed using the Gaussian 16 pro- 

ram package ( Frisch et al., 2016 ) at the M06–2X/def2-TZVP 
evel of theory. Based on the optimized structures, single- 
oint energy calculations were carried out at the ωB97XD/aug- 
c-pVTZ level of theory. The relative energies included the 
ero-point energy (ZPE) corrections. In the discussion of cross- 
roducts, the most stable isomers of RO, 3 (RO…OR’), 3 (RO…R’),
 CPHC , and 1 CPHC generated from the mixed VOC systems 
ere determined by regularly rotating the target angles us- 

ng the Molclus program ( Lu, 2023 ). The structure of R was de-
ermined according to the most stable structure of RO after 
O2 dissociation. The detailed screening process is described 

n the Appendix A. Based on the transition state structures 
or the dissociation of CO2 by RO(i), RO( �), and RO( β) (i stands
or isoprene, � for �3 -carene, and β for β-caryophyllene,
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Table 1 – Overview of the experimental conditions. 

HC1 HC2 

[isoprene]0 
(ppmV) 

[ �3 -carene]0 
(ppmV) 

[ β-caryophyllene]0 
(ppmV) 

[O3 ]0 
(ppbV) 

�ROGisoprene / �ROGHC 

(μg/μg) 
�M 

(μg/m3 ) 
SOA yield 

0 3.7 – 304 0 2083 30.9% 

0.6 3.7 – 289 0.18 2144 19.5% 

1.7 3.7 – 290 0.41 2377 13.6% 

0 – 3.7 1451 0 3887 12.5% 

0.6 – 3.7 1488 0.10 2629 14.1% 

1.7 – 3.7 1493 0.29 1454 6.4% 

[X]0 : the initial concentration of the species X; �ROG: the amount of reacted organic gas; �M : the mass concentration of formed SOA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

respectively) optimized by the Berny algorithm, the multi-
conformers searches were also performed through freezing
the atoms relevant to chemical reactions using the Molclus
program, but no other target conformers were found. The
reaction rate constants for the dissociation of CO2 by RO(i),
RO( �), and RO( β) were calculated using the variational tran-
sition state theory (VTST) ( Bao and Truhlar, 2017 ) with the
KiSThelP program ( Canneaux et al., 2014 ). 

2. Results and discussion 

In this work, the mixed VOCs experiments of isoprene with
�3 -carene (referred as HC1 ) or β-caryophyllene (HC2 ) were
conducted in the presence of O3 . The experimental conditions
are listed in Table 1 . The effect of initial concentration of iso-
prene on the particle number concentration and mass con-
centration of SOA formed from the ozonolysis of �3 -carene-
and β-caryophyllene was evaluated in combination with the
reaction rate of precursors with oxidant. The plausible struc-
tures and formation pathways of the newly observed single-
precursor products and VOC-cross-product dimers were ana-
lyzed on the basis of VUV-FEL photoionization mass spectra
and quantum chemical calculations. 

2.1. Effects of isoprene on the number concentration and 

mass concentration of SOA generated from the ozonolysis of 
�3 -carene and β-caryophyllene 

The particle size distribution and mass concentration as a
function of initial concentration of isoprene are shown in
Fig. 1 . For the isoprene + �3 -carene experiments, when the
initial concentration of isoprene varied from 0.0 to 0.6 ppmV,
the particle number concentrations decrease significantly
( Fig. 1a ), indicative of a pronounced suppression effect of iso-
prene; the particle size at maximum number concentration
increases slightly from 120 to 130 nm, which may be due to
the easy adsorption of isoprene oxidation products on the sur-
face of the �3 -carene-derived particles. Although the parti-
cle number concentration is significantly reduced, the particle
mass concentration is virtually unchanged with the variation
of isoprene concentration from 0.0 to 0.6 ppmV ( Fig. 1c ), in-
dicating that the particle mass concentration is compensated
by the isoprene-derived products. When the initial concentra-
tion of isoprene increases to 1.7 ppmV, the particle size also
increases slightly to 140 nm; the maximum number concen-
tration is remarkably higher than that at the condition with
isoprene concentration of 0.6 ppmV; the particle mass con-
centration is even higher than that at the condition without
isoprene mixing. This indicated that the suppression effect of
isoprene on the reaction of �3 -carene with O3 is weakened
with isoprene concentration of 1.7 ppmV. In other words, as
the mixing amount of isoprene increases, the interphase in-
teraction between isoprene- and �3 -carene-derived interme-
diates is enhanced, resulting in a compensation in the parti-
cle mass concentration. These experimental phenomena indi-
cate that as the mixing amount of isoprene increases, the sup-
pression effect on the ozonolysis of �3 -carene is not mono-
tonically changed but fluctuated, which are different from the
monotonous effect of isoprene on the reaction of α-pinene
with OH ( McFiggans et al., 2019 ). Such difference might be
mainly due to the different molecular structures of �3 -carene
and α-pinene. 

To further understand the difference in the effect of iso-
prene on the SOA formation of �3 -carene and α-pinene,
we did a comparative experiment at low concentrations
similar to the literature ( McFiggans et al., 2019 ). The ex-
perimental conditions are listed in Appendix A Table S1.
The particle mass concentrations as a function of the ratio
( �ROGisoprene / �ROG�

3 
-carene ) is shown in Appendix A Fig. S2.

In the range of ratio 0–6.53, the suppression effect of isoprene
on particle mass concentration shows a fluctuation trend with
increasing the ratio (Appendix A Fig. S2a), which is similar to
the experimental results under high concentrations. This may
be due to the gradual increase in the proportion of the iso-
prene oxidation. The SOA yields also fluctuate with the ratio
(Appendix A Fig. S2b). 

For the isoprene + β-caryophyllene experiments, when the
mixing amount of isoprene increases from 0.6 to 1.7 ppmV,
the suppression effect of isoprene is observed for both par-
ticle number concentration and mass concentration ( Fig. 1b
and d ), which are different from the isoprene + �3 -carene
experiments ( Fig. 1a and c ); the particle size at the maxi-
mum number concentration increased from 85 to 126 nm, in-
dicating that increasing the concentration of isoprene has a
significant competitive effect on O3 , but its products maybe
more likely adsorb on the surface of particles generated by
β-caryophyllene to increase the particle size, rather than nu-
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Fig. 1 – Particle size distributions at maximum number concentrations (a and b) and SOA mass concentrations (c and d) as a 
function of the amount initial concentration of isoprene. ISOP, HC1 , and HC2 represents isoprene, �3 -carene, and 

β-caryophyllene, respectively. Dp : particle diameter; d N /dlog Dp : normalized number size distribution. 
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leate to form particles. The monotonous suppression effect 
f isoprene on the ozonolysis of β-caryophyllene is similar to 
revious findings ( McFiggans et al., 2019 ). 

The mechanism for suppression effect of isoprene on 

he ozonolysis of �3 -carene and β-caryophyllene is pro- 
osed as follows. The reaction rate constant and lifetime 
or the reaction of BVOCs with O3 and OH are listed in 

ppendix A Table S2 ( Atkinson and Arey, 2003 ; Bonn and 

oortgat, 2002 ; Hantschke et al., 2021 ; Winterhalter et al.,
009 ; Zhang et al., 2002 , 2000 ). In the conditions of �3 -
arene + isoprene, the reaction rate constant of �3 -carene 
nd O3 is approximately three times higher than that of iso- 
rene and O3 ( k�3-carene = 4.4 × 10−17 cm3 /(molecule∗sec),

isoprene = 1.6 × 10−17 cm3 /(molecule∗sec)). Since the concen- 
rations of �3 -carene is higher than that of isoprene in this 
tudy, the ozonolysis of �3 -carene is dominant. At the stage 
hen the increase in the amount of isoprene weakens the 

uppression effect on the �3 -carene ozonolysis, the difference 
n the concentrations between �3 -carene and isoprene might 
acilitate the production of C15 dimers (formed from the cross- 
ntermediate reaction of �3 -carene and isoprene) with lower 
olatility, which in turn promotes the SOA formation. How- 
ver, as the amount of isoprene continues to increase, the en- 
ire reaction is gradually dominated by the isoprene ozonoly- 
is. Though this promotes the production of C5 complexes (de- 
ived from the isoprene oxidation), it is not favorable for parti- 
le nucleation because of higher volatility of C5 complexes. Ul- 
imately, the suppression effect of isoprene on the ozonolysis 
f �3 -carene shows fluctuating trend. However, in the mixed 

eaction of α-pinene and isoprene, the suppression effect of 
soprene on the oxidation of α-pinene shows monotonous 
rend ( McFiggans et al., 2019 ). The different suppression effect 
f isoprene on the SOA formation of two monoterpene is due 
o the different structures of precursors. The three-membered 

arbocycle of �3 -carene has stronger tension than the four- 
embered carbocycle of α-pinene, which makes �3 -carene 
ore reactive and unstable. In addition, the secondary oxidant 

OH) could be generated from the VOC oxidation ( Fuchs et al.,
014 ; Lester and Klippenstein, 2018 ; Zhang and Zhang, 2002 ),
nd it might also be one of the factors for regulating the 
trength of suppression effect. However, the specific mecha- 
ism is difficult to elucidate in this study. 

In the condition of β-caryophyllene + isoprene, the re- 
ction rate constant of β-caryophyllene and O3 is nearly 
 orders of magnitude higher than that of isoprene and 

3 ( kβ-caryophyllene = 1.2 × 10−14 cm3 /(molecule∗sec) (endo- 
yclic), kisoprene = 1.6 × 10−17 cm3 /(molecule∗sec)). With the 
ncrease of isoprene concentration, the competition of iso- 
rene for O3 is more significant, leading to a reduction in the 
umber of C15 products and intermediates. While the C15 in- 
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Fig. 2 – VUV-FEL photoionization mass spectra of the 
compounds generated from the ozonolysis of �3 -carene 
under different concentrations of isoprene. The compounds 
were ionized by the VUV-FEL at 118.0 nm. The 
newly-observed peaks are marked in red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

termediates play a key role in the formation of lower volatile
products. Thus, the number of C20 accretion products formed
from the C15 + C5 cross reactions decrease with the decrease
of C15 intermediates. In contrast with the �3 -carene experi-
ments, the more obvious suppression phenomenon in the β-
caryophyllene ozonolysis reflects the importance of C15 prod-
ucts and intermediates in the SOA formation. As reported
by Dada et al. (2023) , the addition of sesquiterpenes in the
mixed reaction of isoprene and α-pinene increases the yield of
ultralow-volatility organic compounds (ULVOC) and promotes
the SOA formation. 

2.2. VUV-FEL photoionization mass spectra of SOA 

In this study, mass spectra of particle components were de-
tected continuously from the time of particle observed. The in-
tensities of overall mass spectral peaks gradually increased as
the particles formation and growth, and gradually decreased
as the particles sedimentation. Taking the ozonolysis of �3 -
carene and β-caryophyllene as the examples, the temporal
profiles for the intensities of newly-observed peaks are shown
in Appendix A Fig. S3 and S4, respectively. During the continu-
ous detection, there was no significant change in the positions
of mass peaks. Relative ion intensities (m/z > 100) normalized
by SOA mass concentrations in the �3 -carene + isoprene and
β-caryophyllene + isoprene experiments are illustrated in Ap-
pendix A Fig. S5 and S6, respectively. 

2.2.1. Mass spectral analysis of the effects of isoprene on the
ozonolysis of �3 -carene 
Fig. 2 shows the photoionization mass spectra of the com-
pounds generated from the ozonolysis of �3 -carene under
different concentrations of isoprene. Upon the addition of
0.6 ppmV isoprene ( Fig. 2b ), the intensity of the product peak
m/z = 224 decreases notably. This decrease could be attributed
to the competition between the reactions of isoprene + O3

and �3 -carene + O3 that reduces the proportion of products
derived from �3 -carene, implying that the contribution of
VOC-cross product is not substantial. However, after adding
1.7 ppmV isoprene, the intensity of the m / z = 224 peak in-
creases significantly, along with an overall increase in the in-
tensity of other product peaks. This is likely due to the for-
mation of cross products from ozonolysis of the �3 -carene
and isoprene mixture. Therefore, two different components
might be involved in the m/z = 224 product. In Fig. 2b , the
intensities of the m/z = 152, 156, 182, 184, and 198 peaks
decrease significantly, indicative of the pronounced suppres-
sion effect of isoprene. It can be seen from Appendix A Fig.
S5 that the intensities of the m/z = 156, 182, 184, and 198
peaks under the condition of 3.7 ppmV �3 -carene + 1.7 ppmV
isoprene + 0.3 ppmV O3 decreased slightly as compared to
the condition of 3.7 ppmV �3 -carene + 0.3 ppmV O3 , but in-
crease obviously as compared to the condition of 3.7 ppmV �3 -
carene + 0.6 ppmV isoprene + 0.3 ppmV O3 . The increase in
the proportion of these products in the particle phase may be
due to both the formation of VOC-cross products and the in-
crease in mass concentration and particle size. Among them,
the relative intensity of the m/z = 152 peak changes obviously,
indicating that the change of isoprene concentration has a re-
markable effect on the m/z = 152 compound. The peak in-
tensity of m/z = 168 increases in both conditions with iso-
prene, which may be mainly stemmed from the oxidation of
isoprene or/and the formation of VOC-cross products. The cor-
responding structure of m/z = 168 in the ozonolysis of iso-
prene has been pointed out in previous studies (2-hydroxy-
dihydroperoxide (C5 H12 O6 )) ( Amaladhasan et al., 2022 ). 

The m/z = 112, 124, 128, and 140 compounds account
for a relatively high proportion in the product peaks, and
their intensities increase with the concentration of isoprene,
which may be due to the formation of VOC-cross products
or the increase of particle size. The overall intensities of the
50 < m / z < 100 peaks decrease slightly in Fig. 2b and increase
obviously in Fig. 2c . These signals may be originated from the
cleavage of intermediate products, and are clearly related to
the changes of particle size, number concentration, and mass
concentration. When the particle number concentration de-
creases significantly and the mass concentration remains ba-
sically unchanged in the 3.7 ppmV �3 -carene + 0.6 ppmV iso-
prene + 0.3 ppmV O3 experiment ( Fig. 2b ), the intensities of
the 50 < m/z < 100 peaks decrease relative to Fig. 2a . Such
trend holds true for the m / z = 140, 152, 156, 182, 184, 198,
and 224 peaks, indicating that the mutual polymerization be-
tween these products has a significant impact on the nucle-
ation of particulate matter. When the particle number con-
centration decreases and the mass concentration increases
( Fig. 2c , 3.7 ppmV �3 -carene + 1.7 ppmV isoprene + 0.3 ppmV
O3 ), the intensities of the 50 < m/z < 100 peaks increase rel-
ative to the condition of 3.7 ppmV �3 -carene + 0.3 ppmV O3 .
Such trend holds true for the m/z = 140 and 152 peaks, illus-
trating that these products may be readily adsorbed by parti-
cles. 

To understand the structures and formation mechanisms
of ozonolysis products (100 < m/z < 250) of �3 -carene, we
performed quantum chemical calculations. The product is la-
beled as PHC1 - n ( n = 1–12) sorted by the molecular weight,
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nd the intermediate is successively labeled as IHC1 - m ( m = 1–
1). The structures of the m/z = 140 ( Yu et al., 1999 ), 156
 Yu et al., 1998 ), 168 ( Ma et al., 2009 ), 184 ( Ma et al., 2009 ),
nd 198 ( Koch et al., 2000 ) products have been proposed in 

he previous studies, and the m/z = 112, 124, 128, 152, 166,
82, and 224 products are the newly-observed species in this 
ork, which benefit from the advantages of high-efficiency 

onization of VUV-FEL. Newly-observed products identified in 

he ozonolysis of �3 -carene are listed in Appendix A Table S3.
e will mainly analyze these newly-observed products, for 
hich the corresponding molecular weights are marked in red 

n Figs. 2-7 . The formation pathways of PHC1 –1 (m/z = 224) 
nd PHC1 –6 (m/z = 166) are proposed in Fig. 3 . O3 is added 

o the double bond of �3 -carene to form a primary ozonide 
 POZ ), which is a high-energy unstable substance (marked 

ith ∗) and undergoes a rapid ring-opening reaction to pro- 
uce IHC1 –1. PHC1 –5 (m/z = 168) (3-caronaldehyde) is formed 

y the O(3 P) radical elimination reaction of IHC1 –1 , which is 
alculated to be exothermic by 20.3 kcal/mol. The hydrogen on 

he -CH2 - and aldehyde groups in PHC1 –5 is abstracted by OH 

o produce IHC1 –2 and IHC1 –3 , respectively, with an exother- 
ic value of 32.5 and 29.1 kcal/mol and the energy of the 

ransition state relative to the PHC1 –5 + OH complex of -0.3 
nd -4.5 kcal/mol, respectively. PHC1 –6 (m/z = 166) is gener- 
ted by the H-abstraction from IHC1 –2 with a transition state 
nergy of -3.8 kcal/mol relative to the reactants. IHC1 –5 is ob- 
ained by multi-step reactions from IHC1 –3 , during which the 
nergy barrier for the dissociation of CO and CH2 O is 13.7 and 

9.7 kcal/mol, respectively. IHC1 –5 and IHC1 –6 (the formation 

rocess of IHC1 –6 could be referred to IHC1 –13 in Fig. 4 ) react 
ith each other to form accretion products PHC1 –1 (m/z = 224) 

 Perakyla et al., 2023 ), which process is calculated to be highly 
xothermic by 70.6 kcal/mol. 

The reaction pathways of PHC1 - n ( n = 4, 7, 8, 10, 11, 12) are
hown in Fig. 4 . PHC1 –3 (m/z = 184) stemmed from the unstable 
OZ could undergo a H-abstraction reaction to produce IHC1 –
 , which is exothermic 29.3 kcal/mol, and the relative energy 
f the transition state relative to the reactant is -3.9 kcal/mol.

HC1 –7 undergoes an intramolecular hydrogen shift isomeriza- 
ion (H-shift) to produce IHC1 –8 with a barrier of 16.4 kcal/mol.

HC1 –4 (m/z = 182) is obtained by the H-abstraction reaction 

rom IHC1 –8 , for which the IHC1 –7 → PHC1 –4 process is calcu- 
ated to be exothermic by 65.0 kcal/mol. IHC1 –7 releases CO to 
roduce IHC1 –9 , which is endothermic by 9.0 kcal/mol with a 
arrier of 13.5 kcal/mol. A new structure of PHC1 –7 ́ (m/z = 156) 

s formed by the hydrogenation of IHC1 –9. PHC1 –3 can read- 
ly release CH2 OH to produce IHC1 –10 prior to its own stabi- 
ization ( Yu et al., 1998 ). IHC1 –10 undergoes an intramolecu- 
ar H-shift to form IHC1 –11 with a barrier of 14.6 kcal/mol,
nd the subsequent H-abstraction reaction produces PHC1 –8 
m/z = 152), for which the IHC1 –10 → PHC1 –8 process is calcu- 
ated to be highly exothermic by 67.0 kcal/mol. IHC1 –10 could 

lso release CO to produce IHC1 –12 , which is slightly endother- 
ic by 7.9 kcal/mol with a barrier of 12.8 kcal/mol. IHC1 –12 

ndergoes an intramolecular H-shift (on the aldehyde) with a 
arrier of 13.5 kcal/mol and proceeds the dissociation of CO 

ith a barrier of 13.5 kcal/mol and the bimolecular reaction 

ith RO2 , resulting in the formation of IHC1 –13 , for which the 

HC1 –12 → IHC1 –13 process is exothermic by 38.2 kcal/mol. The 
ydrogen atom on the -CH2 - of IHC1 –13 is extracted by O2 to 
orm PHC1 –12 (m/z = 112), for which the process is exother- 
ic 31.6 kcal/mol and the relative energy of its transition state 

elative to the reactant is 12.5 kcal/mol. PHC1 –10 (m/z = 128) 
s obtained from PHC1 –12 after multi-step reactions. IHC1 –12 
ould also undergo dehydrogenation reaction to form PHC1 –
1 (m/z = 124) and analogues including PHC1 –4 and PHC1 –
 . These products containing unsaturated double bonds are 
eadily formed in this hypothesis and can participate in the 
zonolysis again. 

.2.2. Mass spectral analysis of the effects of isoprene on the 
zonolysis of β-caryophyllene 
ig. 5 shows the VUV-FEL photoionization mass spectra of the 
ompounds generated from the ozonolysis of β-caryophyllene 
nder different concentrations of isoprene. As the mixing 
mount of isoprene increases, the suppression effect becomes 
ore apparent and the overall trend of the mass spectrum 

eaks decreases. Upon the addition of 0.6 ppmV isoprene 
 Fig. 5b ), the peak intensity of the m/z = 126, 152, and 198
roducts increase notably as compared to the absence of iso- 
rene, whereas those of other products are significantly weak- 
ned besides m/z = 168 and 182 products. Upon the addition 

f 1.7 ppmV isoprene ( Fig. 5c ), the m/z = 198 peak is still ob-
erved, whereas other peaks in the range of m/z = 50–250 are 
arely detected. It is speculated that the m/z = 198 peak may 
ontain multiple components. Under the mixed-VOC condi- 
ions, the origin of the m/z = 198 peak is mainly attributed to
he formation of VOC-cross products, which may compensate 
or its peak intensity observed in Fig. 5b . In Fig. 5, it is found
hat after adding 0.6 ppmV isoprene ( Fig. 5b ), the relative in-
ensities of some product peaks in the range of m/z = 50–
50 change as compared to the absence of isoprene ( Fig. 5a ).
he variation in the relative intensity of the m/z = 166 and 

68 peaks may be due to the oxidation product of isoprene 
 Amaladhasan et al., 2022 ), or to the compensation by the 
OC-cross product. The intensity of the m/z = 128 peak is no- 

iceably lower than that of m/z = 126. It is hypothesized that 
he primary source of m/z = 128 is the ozonolysis product of 
-caryophyllene. 

Quantum chemical calculations were carried out to under- 
tand the structures and formation mechanisms of ozonolysis 
roducts (100 < m / z < 250) of β-caryophyllene. The nomen- 
lature for ozonolysis products of β-caryophyllene is similar 
o that of �3 -carene. The structures of the m / z = 238, 224
 Atkinson and Arey, 2003 ), 198, 166, 152, 140, 126, and 112
 Du et al., 2023 ) products have been proposed in the previ- 
us studies, for which the formation pathways are given in 

ppendix A Fig. S7. Here, we focus on the analyses of the 
ewly-observed products of m/z = 128, 168, 182, and 214.
ewly-observed products identified in the ozonolysis of β- 
aryophyllene are listed in Appendix A Table S4. The struc- 
ures and formation pathways of PHC2 - n ( n = 3, 5, 6, 10) are
hown in Fig. 6 . After the hydrogen on the aldehyde group of

HC2 –2 (m/z = 224) is extracted by OH, the RO2 radical obtained 

y autoxidation reacts with other RO2 intermolecularly to pro- 
uce alkoxyl radicals (RO), and ultimately releases the CHO 

roup to form IHC2 –1 , for which the PHC2 –2 → IHC2 –1 process 
s exothermic by 49.9 kcal/mol with a small dissociation en- 
rgy barrier of 8.7 kcal/mol. IHC2 –1 undergoes H-abstraction 

eaction and releases CO to form IHC2 –2 , which overall pro- 
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Fig. 3 – Possible formation mechanisms of newly-observed species PHC1 –1 and PHC1 –6 generated from the ozonolysis of 
�3 -carene calculated at the ωB97XD/aug-cc-pVTZ//M06–2X/def2-TZVP level of theory. Relative energies are given in 

kcal/mol. The values in parentheses beside the arrows are the relative energies of transition states and reactants. 



564 journal of environmental sciences 150 (2025) 556–570 

Fig. 4 – Possible formation mechanisms of newly-observed species PHC1 - n ( n = 4, 7 ́, 8, 10, 11, 12) generated from the 
ozonolysis of �3 -carene calculated at the ωB97XD/aug-cc-pVTZ//M06-2X/def2-TZVP level of theory. Relative energies are 
given in kcal/mol. The values in parentheses beside the arrows are the relative energies of transition states and reactants. 
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ess is exothermic by 31.9 kcal/mol. IHC2 –2 reacts with O2 and 

ubsequently with HO2 to form PHC2 –3 (m/z = 214), which 

verall reaction is highly exothermic by 77.2 kcal/mol. The 
-addition of IHC2 –2 forms PHC2 –5 ( m / z = 182), which is even 

ighly exothermic by 86.5 kcal/mol. POZ generated by the β- 
aryophyllene + O3 reaction isomerizes to form IHC2 –3 , which 

ndergoes O3 addition reaction to form IHC2 –4 . The isomer- 
zation from IHC2 –4 to IHC2 –5 is exothermic by 23.4 kcal/mol 
ith a barrier of 15.3 kcal/mol. IHC2 –5 proceeds the hydrogen 

bstraction reaction of -CH- on the three-membered ring, re- 
eases CO2 , and then reacts with O2 and RO2 in sequence to 
orm PHC2 –5 ́ (m/z = 182), whose overall process is extremely 
xothermic by 257.2 kcal/mol. Similar to the IHC2 –1 → IHC2 –2 
eaction, the PHC2 –5 ́ → PHC2 –6 reaction is facile and highly 
xothermic by 89.4 kcal/mol. PHC2 –5 ́ could also react with 

3 to form IHC2 –6 , which is then isomerized to form IHC2 –7 
ith an exotherm of 13.8 kcal/mol and an isomerization bar- 

ier of 16.5 kcal/mol. IHC2 –7 reacts with O3 to produce PHC2 –10 
m/z = 128), which is the fourth generation of ozonolysis prod- 
ct in this hypothesis. 

The PHC2 - m ( m = 7, 8, 9, 11, 12) (m/ z = 166, 152, 140, 126, 112)
ompounds have been proposed as the fragments (Appendix 
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Fig. 5 – VUV-FEL photoionization mass spectra of the 
compounds generated from the ozonolysis of 
β-caryophyllene under different concentrations of isoprene. 
The compounds were ionized by the VUV-FEL at 118.0 nm. 
The newly-observed peaks are marked in red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A Fig. S7). However, other fragment peaks were not detected
(probably due to the rapid dissociation) ( Du et al., 2023 ), and
the relative proportions between the fragment peaks are dif-
ferent. Thus, these products are not definitely fragment peaks.
Fig. 6 – Possible formation mechanisms of newly-observed speci
β-caryophyllene calculated at the ωB97XD/aug-cc-pVTZ//M06-2X
kcal/mol. The values in parentheses beside the arrows are the re
Possible structures and formation pathways are shown in Ap-
pendix A Fig. S8. 

2.3. Hypothesis on the structures and formation paths 
for VOC-cross-product dimers 

In the two sets of �3 -carene + isoprene and β-
caryophyllene + isoprene experiments, the change of mass
spectral peaks of the products as a function of isoprene
concentration is rather complicated. It is cumbersome to
unambiguously clarify the sources and proportions for all
these products because of their inherent complexity of the
elementary reactions. However, the m/z = 224 peak in the
�3 -carene + isoprene experiment and the m/z = 198 peak
in the β-caryophyllene + isoprene experiment exhibits a
relatively clear variation trend with independence of VOC
mixtures, respectively. This suggests that the m/z = 224 and
198 peaks measured under mixed conditions might be mainly
due to the representative VOC-cross products formed from
the �3 -carene + isoprene and β-caryophyllene + isoprene
experiments, respectively. The general bimolecular reactions
based on literatures are listed in Appendix A Table S5. Based
on the importance of RO2 chemistry in the atmosphere
( Orlando and Tyndall, 2012 ), the structures and formation
paths of these two VOC-cross-product dimers (m/z = 224 and
es PHC2 - m ( m = 3, 5, 6, 10) generated from the ozonolysis of 
/def2-TZVP level of theory. Relative energies are given in 

lative energies of transition states and reactants. 
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Fig. 7 – Hypothetical structures and formation mechanisms of cross products in the ozonolysis of isoprene with �3 -carene 
and isoprene with β-caryophyllene. RO(i), RO( �), and RO( β) are derived from isoprene, �3 -carene, and β-caryophyllene, 
respectively. Percentages in parentheses are relative values obtained from the reaction rate constant of RO dissociation CO2 . 
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98) are deduced from the cross reactions of RO2 . Typically,
O2 undergoes chain termination via bimolecular reactions 
ith NO, HO2 and RO2 ( Vereecken et al., 2012 ). Previous stud- 

es have shown that the tetroxide (ROOOOR’) intermediate 
ormed by the reaction between different RO2 radicals will 
apidly decompose into a complex (RO…OR’) and a free O2 

 Hasan et al., 2020 ). The complex (RO…OR’) will undergo 
urther dissociation or hydrogen migration to form RO + R’O 

r ROH + R’’O, respectively ( Orlando and Tyndall, 2012 ). More 
mportantly, the complex can further form the well-known 

ccretion product (ROOR) through intersystem crossing (ISC) 
 Hasan et al., 2021 , 2020). However, the instability of ROOR has
een identified in a recent study and RO with suitable struc- 
ures can undergo extremely rapid C−C β scissions before 
O recombination, resulting in ester products ( Perakyla et al.,
023 ). These studies provide new insights into the formation 

f gas-phase accretion products in the process of aerosol 
ormation. 

Based on previous studies on the formation of accre- 
ion products centered around the RO complex, the struc- 
ures and formation mechanisms of the m/z = 224 and 198 
OC-cross-product dimers are proposed in Fig. 7a and b, re- 
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spectively. RO(i), RO( �), and RO( β) are derived from isoprene,
�3 -carene, and β-caryophyllene, respectively. Methacrolein
(MACR) is one of the main ozonolysis products of isoprene
( Galloway et al., 2011 ), which is autoxidized to RO2 (i) after
H-abstraction reaction. RO2 ( �) is generated from the autox-
idation of IHC1 –3. As shown in Fig. 7a , after dissociation of
CO2 from RO( �)…OR(i), subsequent reactions can lead to the
formation of either R’( �)…OR(i) or RO( �)…R’(i), resulting in
the formation of cross product (CP) of CPHC1 or CPHC1 ’ , re-
spectively. The calculated results (Appendix A Fig. S10a) show
that the energy of the singlet CPHC1 and CPHC1 ’ is about
76.5 kcal/mol lower than that of the triplet state, indicating
that 3 (RO( �)…R’(i)) or 3 (R’( �)…OR(i)) is easy to undergo ISC
to form a more stable closed-shell product. Before the re-
combination of RO(i) and RO( �), the dissociation rate con-
stant of CO2 by RO(i) and RO( �) is 4.32 × 1011 sec−1 and
1.23 × 1012 sec−1 , respectively. Considering the involvement
of other isomerization processes of complex RO( �)…OR(i), the
rather slow intramolecular H-shift reaction, with a rate on
the order of 1 × 109 sec−1 or below, competes weakly with
the dissociation process of CO2 from RO. In addition, the dis-
sociation of the 3 (RO( �)…OR(i)) complex to RO( �) and RO(i)
is slightly endothermic by 7.1 kcal/mol, which may compete
strongly with the dissociation of RO. However, the dissocia-
tion of the 3 (RO(i)…OR( �)) complex into 3 (R’( �)…OR(i)) + CO2 

or 3 (RO( �)…R’(i)) + CO2 is exothermic by 19.5 kcal/mol and
7.6 kcal/mol, respectively, indicating that the process of re-
leasing CO2 from the complex is more thermodynamically
favorable. In conclusion, RO(i) and RO( �) compete more sig-
nificantly for the dissociation of CO2 for the formation of
VOC-cross-product dimers. Assuming that the concentration
of RO2 (i) and RO2 ( �) is not taken into account, the relative pro-
portion (%) of CPHC1 and CPHC1 ’ can be determined based on
the dissociation rate of CO2 . Similarly, the structures of VOC-
cross-product dimers derived from RO( β)…OR (i) are shown in
Fig. 7b , and the formation pathway of RO2 ( β) is shown in Ap-
pendix A Fig. S9. The dissociation rate constant of CO2 by RO( β)
is 3.80 × 1012 sec−1 , and the relative proportions of CPHC2 and
CPHC2 ’ are 89.8% and 10.2%, respectively. The associated en-
ergy information is shown in Appendix A Fig. S10b. 

3. Conclusions and atmospheric implications 

In this study, two series of double precursor experiments were
carried out under O3 conditions. Based on the mutual com-
petition of precursor VOCs, different mixed concentrations
of isoprene can significantly regulate the ozonolysis of �3 -
carene and β-caryophyllene to form SOA. With the increase
of the mixing amount of isoprene, a fluctuation suppression
trend is observed in the isoprene + �3 -carene experiment,
whereas a monotonous suppression trend is found in the iso-
prene + β-caryophyllene experiment. Such different suppres-
sion effects of isoprene could be closely related to the car-
bon content of the precursor, for which the generation of
products with lower volatility plays a key role in the regu-
lation of the SOA formation. The decreased suppression ef-
fect of isoprene on �3 -carene ozonolysis may be attributed
to the increased generation of C15 dimers that promote the
SOA formation. The more obvious suppression effect of iso-
prene on β-caryophyllene ozonolysis may be due to the re-
duction of oxidized β-caryophyllene, resulting in a decrease
of the production of C20 dimers. This provides fundamental
insights into the divergent outcomes resulted from the com-
petitive reactions between the different VOC precursors under
O3 conditions. Furthermore, to improve SOA simulations and
to develop strategies for controlling particles pollution, the
competition between VOCs and primary/secondary oxidants
needs to be considered in more details. It has been shown
that the isoprene emitted at dusk could persist until the night
( Brown et al., 2009 ; Stroud et al., 2002 ). For the cities downwind
of isoprene-emitting forests, the nighttime isoprene chem-
istry may have a critical impact on the ozone air quality and
photochemistry ( Millet et al., 2016 ). 

In the courtesy of high photoionization efficiency of tun-
able VUV-FEL, several new products formed from the ozonol-
ysis of �3 -carene and β-caryophyllene are observed, which
advance our understanding of the related oxidation product
categories. Based on the speculation of the formation of VOC-
cross-product dimers, a new path for the formation of sta-
ble accretion products derived from RO…OR complex is pro-
posed: R(CO)O would quickly decompose CO2 to form R’ be-
fore two R(CO)O recombining, and R(CO)O…R’ reacts to form a
more stable ester product. The dissociations of CO2 by R(CO)O
and R’(CO)O are highly competitive, resulting in the forma-
tion of dimers with variable structures. It is inferred that a
large number of ester or ether products would be formed
by cross-reaction of RO2 derived from the same or different
precursors in a similar manner. The stability of esters com-
pared to peroxides makes this new pathway crucial in the for-
mation of long-lived, low-volatility accretion products for at-
mospheric aerosol formation. Moreover, a meticulous analy-
sis of the interactions among reaction intermediates is also
important for precise evaluation of the physical and chem-
ical characteristics of SOA. Note that the concentrations of
VOCs utilized in this work are two/three orders of magni-
tude higher than the atmospheric concentrations, for which
the new particle formation might be different from the at-
mospheric SOA. It was found that recent laboratory and field
studies at high concentrations of VOCs and anthropogenic
pollutants have contributed to understand the complicated
mechanisms of SOA formation at various conditions, espe-
cially nearby the emission origins ( Boge et al., 2006 ; Jaoui et al.,
2021 ; Kleindienst et al., 2006 , 2007 ; Lin et al., 2013 ; Surratt et al.,
2007 ). The improvement of VUV-FEL photoionization aerosol
mass spectrometric experiments at the concentrations of re-
actants close to atmospheric conditions is on the way. 
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