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ABSTRACT: The chemical composition and physical properties
of secondary organic aerosol (SOA) generated through OH-
initiated oxidation of mixtures containing β-myrcene, an acyclic
monoterpene, and D-limonene, a cyclic monoterpene, were
investigated to assess the extent of the chemical interactions
between their oxidation products. The SOA samples were prepared
in an environmental smog chamber, and their composition was
analyzed offline using ultraperformance liquid chromatography
coupled with electrospray ionization high-resolution mass spec-
trometry (UPLC-ESI-HRMS). Our results suggested that SOA
containing β-myrcene showed a higher proportion of oligomeric
compounds with low volatility compared to that of SOA from D-
limonene. The formula distribution and signal intensities of the mixed SOA could be accurately predicted by a linear combination of
the mass spectra of the SOA from individual precursors. Effects of cross-reactions were observed in the distribution of isomeric
oxidation products within the mixed SOA, as made evident by chromatographic analysis. On the whole, β-myrcene and D-limonene
appear to undergo oxidation by OH largely independently from each other, with only subtle effects from cross-reactions influencing
the yields of specific oxidation products.
KEYWORDS: cyclic monoterpene, acyclic monoterpene, stressed-plant emissions, cross-reaction product, oligomer, volatility, viscosity

■ INTRODUCTION
Secondary organic aerosol (SOA) constitutes a substantial
fraction of global atmospheric particulate matter,1−3 contribu-
ting to the uncertainty of climate change predictions because of
its complex effects on clouds and radiative forcing.2−5

Generated primarily from atmospheric oxidation of volatile
organic compounds (VOCs),6−9 SOA plays an integral role in
new particle formation (NPF) and growth,8,10,11 cloud
condensation,12,13 visibility degradation,14,15 chemical trans-
formations of air pollutants,10,11 and air quality.16−18

Biogenic volatile organic compounds (BVOCs), such as
isoprene, monoterpenes, and sesquiterpenes, are plant-emitted
secondary metabolites that constitute up to 90% of global
VOC emissions and play a crucial role in the formation of
SOA.6,19−23 Environmental stressors and climate change
significantly impact the quantity and composition of BVOC
emissions.6,24−27 Once released to the atmosphere, these
highly reactive BVOCs engage in chemical interactions within
a complex mixture of atmospheric compounds.19−21,28

Mechanistic understanding of this chemistry has been explored
in laboratory biogenic SOA studies that have largely focused
on individual monoterpene oxidation, offering key insights into
simplified atmospheric BVOC chemistry. However, evidence is
accumulating that the chemistry of mixtures, which is more

representative of the natural environment, can often deviate
from predictions based on simple chemical systems. Mecha-
nistic understanding of the chemical interactions between
different BVOCs and their oxidation products, which is
essential for SOA formation, remains uncertain. This ambiguity
hinders accurate SOA representation in climate models,
complicating the prediction of climate scenarios and the
development of mitigation strategies.
In plant chamber experiments by Kiendler-Scharr et al.,

isoprene was found to suppress new particle formation (NPF)
significantly, with the extent of the suppression increasing with
the isoprene mixing ratios. This effect was attributed to the
reduction in the concentration of hydroxyl radical (OH) by
isoprene.29 This mechanism for isoprene suppression of NPF
could not explain field observations where the suppression was
observed without any clear reduction of OH available for
reaction.30,31 In a follow-up study by the same group,
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McFiggans et al. maintained constant levels of OH in the
chamber and showed that intermediates and products of
isoprene oxidation reduced the formation of dimeric
compounds from α-pinene by scavenging highly oxidized α-
pinene peroxy radicals that would otherwise form dimers with
low volatility.32 This effectively increased the volatility of the
oxidation products in the mixed system compared to α-pinene
alone, which could mechanistically explain how a small acyclic
BVOC like isoprene could suppress NPF in an environment
containing a mixture of isoprene and monoterpenes. Nonlinear
mixture effects have also been investigated in a few other
BVOC chemical systems.33−35 Dada et al. investigated the
effects of sesquiterpenes in the mixture of α-pinene and
isoprene and found that the addition of sesquiterpene to the
mixture counteracted the scavenging effects of isoprene and
increased the low volatility organic compound formation and
NPF efficiency.36 Takeuchi et al. conducted chamber experi-
ments on NO3 oxidation of α-pinene and D-limonene mixtures
and observed that the yield of α-pinene oxidation products was
enhanced by the presence of D-limonene, and conversely, the
yield of D-limonene oxidation products was suppressed,
suggesting nonlinear chemical effects in these mixed VOC
systems.37 Taken together, these previous studies emphasize
the significant role of different types of VOC interactions in
SOA formation, hinting at the complex nonlinear mixture
effects at play. They collectively highlight the need for an in-
depth understanding of these interactions to accurately
represent SOA formation in atmospheric models.
This work aims to elucidate the chemical interactions taking

place during the oxidation of mixtures of acyclic and cyclic
monoterpenes, with an emphasis on the response of plants to
stress factors including heatwaves, insect outbreaks, and
drought leading to increased acyclic terpene emissions.19,38,39

Faiola et al. demonstrated the tendency of acyclic terpene to
fragment into smaller (<C10) products during oxidation,
especially ozonolysis.40 Ylisirniö et al. observed similar effects
of β-farnesene, an acyclic sesquiterpene, attributing to the
exocyclic C=C bond scission during oxidation.41 Given the fact
that isoprene can change the SOA monomer/dimer distribu-
tion and thus the SOA formation,29,32,42 we speculated that the
small primary oxidation products from acyclic monoterpenes
oxidation, such as β-myrcene, could have a similar suppressing
effect.43 Therefore, we hypothesized that smaller products of β-
myrcene oxidation may also alter the dimeric compounds of
SOA from D-limonene (Figure 1) by a mechanism similar to
that presented in McFiggans et al.32 We additionally postulated
that interactions between acyclic β-myrcene and cyclic D-
limonene oxidation products may yield distinct SOA formation

mechanisms, impacting SOA composition and properties, such
as viscosity and volatility.44,45 To probe the potential cross-
reaction between oxidized products of D-limonene and β-
myrcene and compare the composition of SOA generated via
photooxidation of different VOC mixtures with the presence of
OH, we utilized offline UPLC-ESI-HRMS to examine the
distribution of oxidation products in mixtures with different
initial compositions of β-myrcene and D-limonene. Our study
underscores the complexity of BVOC mixture oxidations and
emphasizes the necessity for further investigation.

■ METHODS
Chamber Experiments. SOA was generated in a 5 m3

Teflon PFA environmental smog chamber via OH-initiated
photooxidation. Before each experiment, the chamber was
thoroughly cleaned for 12 h by UV-irradiating air containing
parts per million levels of O3 and H2O2 at ∼100% relative
humidity (RH). The chamber was then flushed with zero air to
remove the products of cleaning, resulting in undetectable
levels of residual particles. The chamber was reconditioned to
∼50% RH with an air humidifier (Perma Pure FC125) and
room temperature (20 ± 1 °C) for SOA generation. D-
limonene (Thermal Fisher, 97% purity, stabilized) and/or β-
myrcene (Sigma-Aldrich, purity 93.5%, Lot # BCBS9813 V)
were injected into the chamber by evaporating microliter
quantities (1−2 μL) of pure compounds into a flow of heated
air (2 L min−1 at ∼45 °C), followed by injection of 45 μL of 30
wt % H2O2 to provide ∼2 ppm of H2O2 vapor to serve as a
precursor for OH. The initial mass concentrations of D-
limonene and β-myrcene are summarized in Table 1. The
experimental approach was designed to keep the overall
reactivity with OH the same for all mixtures, i.e., keeping
kOH+LIM[LIM] + kOH+MYR[MYR] constant. As a result, the
starting concentration of β-myrcene is intentionally lower than
that of D-limonene in Table 1, in order to account for β-
myrcene’s higher rate constant for OH reaction (kOH+MYR =
2.15 × 10−10 cm3 s−1 mol−1), compared to that of D-limonene
(kOH+LIM = 1.64 × 10−10 cm3 s−1 molecule−1).46 However, the
steady-state OH level turned out to be different for different
monoterpene mixtures (see below), making the overall rate of
monoterpene change by up to a factor of 2, depending on the
mixture composition. For mixed-VOC experiments, D-
limonene was injected into the chamber first, followed by β-
myrcene. Proton-transfer-reaction time-of-flight spectrometry
(PTR-ToF-MS; IONICON model 8000) was used to verify
that the mixing ratios of monoterpenes reached a stable level
by monitoring the m/z 137 signal corresponding to protonated
monoterpenes. Air samples were collected using multibed
stainless steel adsorbent cartridges to measure monoterpene
concentrations before and after photooxidation, and sub-
sequently analyzed via thermal-desorption coupled to gas
chromatography−mass spectrometry (TD-GC−MS). Detailed
sampling and analysis procedures are provided in the
Supporting Information.
To initiate SOA generation, a bank of UV−B light was

turned on. PTR-ToF-MS was used to monitor the rate of
monoterpene consumption to estimate the steady-state
concentration of OH. The estimated average number
concentrations of OH for pure β-myrcene and D-limonene
experiments were 1.93 × 106 and 3.85 × 106 cm−3,
respectively. The OH should reach a photostationary state in
a chamber containing only H2O2 but the presence of reactive
monoterpenes reduces the steady-state OH concentration, and

Figure 1. Fragmentation resulting from β-myrcene oxidation could
hypothetically alter the product distribution in the mixture, favoring
smaller carbon numbers in the backbone compared to those in pure
D-limonene SOA.
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the reduction is larger for β-myrcene because its first-
generation products have higher reactivity toward OH. The
particle number concentration and size distribution were
measured with a scanning mobility particle sizer (SMPS; TSI,
Inc.), consisting of an electrostatic classifier, a differential
mobility analyzer (DMA; model 3080), and a condensation
particle counter (CPC; model 3775). After the concentration
of particles reached ∼250 μg/m3 (approximately 2 h into
photooxidation), the UV−B lights were turned off. Another set
of adsorbent cartridge samples was collected to confirm that all
of the monoterpenes reacted within the measurement
uncertainties (Table 1). After that, SOA was collected on a
Teflon filter (Fluoropore 0.2 μm PTFE hydrophobic nonsterile
membrane) at a flow rate of ∼20 L min−1 for ∼3 h. The filter
was weighed using a microbalance (Sartorius ME-5F, 1 μg
precision) before and after the collection, sealed, and stored in
a freezer (∼−20 °C) before offline analysis. SOA filter samples
were then analyzed using UPLC-ESI-HRMS, with molecular
formula assignments to the detected mass spectra peaks using
MFAssignR.47 Detailed extraction and analysis methods are
provided in the Supporting Information.

GECKO-A Mechanism Modeling. The Generator for
Explicit Chemistry and Kinetics of Organics in the Atmosphere
(GECKO-A)48 was used to generate reaction mechanisms for
the photooxidation of D-limonene, β-myrcene, and the mixture
of the two species. Since GECKO-A does not treat
autoxidation nor the ROOR formation pathway, GECKO-A
was primarily used for [HO2]/[RO2] predictions. In addition,
the top 2000 predicted products were used for estimating
isomer diversity among different reaction systems. The detailed
GECKO-A parameters and methods are included in the SI.
Importantly, the simulations predicted the number concen-
trations of HO2 (1.3 × 108, 3.8 × 108, 7.5 × 107 cm−3 for D-
limonene, β-myrcene and the mixture case, respectively) and
all RO2 radicals combined (4.4 × 109, 9.7 × 109, 1.1 × 1010
cm−3) after 2 h oxidation in the chamber. The rate constants
for RO2 + HO2 reactions are on the order of 10−11 cm3 s−1, and
rate constants for RO2 + RO2 reactions range from 10−13 cm3

s−1 for less oxidized RO2 to 10−11 cm3 s−1 for more oxidized
RO2.

49 These concentrations and rate constants suggest that
RO2 + R′O2 reactions played an important role in controlling
the fate of RO2 in the chamber and presumably contributed to
the dimer formation.

Table 1. Summary of Chamber Experiments: Starting Mass Concentrations of β-Myrcene and D-Limonene, Change in Total
Monoterpene Mass Concentration during Photooxidation, Amount of SOA Produced, SOA Yield, Monomer/Oligomer Ratio,
and Average O/C Ratio in the SOA

precursors

starting β-
myrcene
(μg/m3)

starting D-
limonene
(μg/m3)

fraction of OH
reactivity due to β-

myrcene (%)

total VOC
reacted,

ΔVOC (μg/m3)
ΔSOA
(μg/m3) SOA yield

monomer
fraction in
SOA (%)

average
O/C in
SOA

D-limonene 0 688 ± 45 0 688 ± 45 224 ± 37 0.33 ± 0.05 67.1 0.45
β-myrcene 412 ± 72 0 100 412 ± 72 269 ± 45 0.65 ± 0.16 53.3 0.52
β-myrcene + D-limonene 172 ± 17 189 ± 19 54.5 361 ± 26 193 ± 32 0.53 ± 0.10 61.7 0.49
β-myrcene + D-limonene 312 ± 45 97 ± 14 80.8 378 ± 47 308 ± 51 0.81 ± 0.17 56.7 0.50
β-myrcene + D-limonene 190 ± 17 246 ± 21 47.9 399 ± 26 267 ± 45 0.67 ± 0.12 61.9 0.50
β-myrcene + D-limonene 124 ± 12 188 ± 19 46.3 283 ± 23 296 ± 49 1.04 ± 0.19 64.6 0.49
β-myrcene + D-limonene 87 ± 8 294 ± 30 28.0 347 ± 31 224 ± 37 0.65 ± 0.12 63.5 0.48
β-myrcene + D-limonene 369 ± 18 167 ± 12 19.6 372 ± 22 270 ± 45 0.72 ± 0.13 61.5 0.46

Figure 2. High-resolution mass spectra (100−700 Da) of SOA produced from mixtures of β-myrcene and D-limonene. Each panel represents a
different starting VOC system and is labeled by the fractional OH reactivity contributed by β-myrcene (a) pure β-myrcene, (b) 80.6% β-myrcene,
(c) 54.5% β-myrcene, (d) 47.9% β-myrcene, (e) 46.4% β-myrcene, (f) 28.0% β-myrcene, (g) 19.6% β-myrcene, and (h) pure D-limonene. Major
peaks in each spectrum are labeled with their respective assigned chemical formula.
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■ RESULTS AND DISCUSSION
High-Resolution Mass Spectra. The mass spectra of the

SOA formed from eight different chemical systems represent-
ing a range of β-myrcene:D-limonene ratios are shown in
Figure 2. The major detected formulas for all the reaction
systems are dominated by C9 compounds. However, the most
common monoterpene monomer products observed in
previous laboratory experiments and field work are C10
compounds.50,51 Extracted ion chromatograms (EICs) for the
top C9 ions across all systems displayed broad, unresolved
peaks, indicating that at least some of the C9 ions must have
formed by fragmentation of ions from multiple eluting SOA
compounds (Figure S3).
To avoid ion fragmentation issues, we focus our attention on

the major C10 monomer and C19−20 dimer compounds
observed in the different reaction systems, as these groups
are consistently identified in previous monoterpene mass
spectra.50−52 The C10H16Ox and C10H14Ox families represent
the most abundant compounds observed across SOA from
various mixtures, which is attributable to the fact that β-
myrcene and d-limonene are isomers. Specifically, for β-
myrcene, the predominant C10 monomers are C10H16O5,
C10H14O4, and C10H14O6, listed in order of decreasing
abundance. Conversely, D-limonene SOA displays a less
oxygenated profile of the top C10 monomers, including
C10H14O2, C10H14O3, and C10H16O4. Reducing the proportion
of β-myrcene in the precursor mixture results in a shift toward
D-limonene’s formula products as the dominant C10 mono-
mers, as depicted in Figures 2 and S4. The observed dominant
dimer families among all of the SOA are C19H30Ox, C20H30Ox,
and C20H32Ox (Figures 2 and S5). The C20H30Ox dimers likely
form from C10H15Ox + C10H15Oy dimerization reactions,
whereas C20H32Ox may result from reactions between
C10H15Ox and C10H17Ox radicals, the major C10−RO2 species
in monoterpene oxidation.52 C19 dimers presumably emerge
from C9 and C10−RO2 radical cross-reactions or via RO2−RO2
reactions followed by the loss of CH2O. In terms of the relative
abundance of the monomer and dimer products, in the case of
pure β-myrcene SOA, approximately 45% of the peak
abundance originated from dimeric (10 < #C ≤ 20) and
larger (#C > 20) components. The oligomer signals identified
in D-limonene SOA were smaller and accounted for 30% of the
total signal abundance (Table 1). As the fraction of β-myrcene
in the mixture increases, as shown in Figure 2, the proportion
of oligomers also increases.
McFiggans et al. compared the monomer/dimer ratio in α-

pinene SOA formed in the presence and absence of isoprene
and found that the dimer to monomer ratio was decreased by
nearly a factor of 3 in the presence of isoprene, small and
highly reactive, illustrating the product scavenging effect.32

Contrary to expectations that the primary oxidation products
of acyclic β-myrcene would shift the monomer/dimer
distribution in SOA mass spectra toward lower molecular
weights (Figure 1), β-myrcene in the mixture did not impede
the formation of high molecular weight compounds essential
for SOA particle formation. Instead, SOA from β-myrcene
exhibited a higher proportion of dimeric compounds than did
SOA from D-limonene. Furthermore, a consistent progression
in the ratio of monomers to dimers was observed in the SOA
mass spectra, transitioning smoothly from systems dominated
by β-myrcene to systems dominated by D-limonene. This
implies that β-myrcene does not efficiently fragment during

OH oxidation to form smaller oxidation products that would
otherwise act as SOA scavengers. Therefore, the inhibition of
dimer formation by isoprene observed by McFiggans et al.
cannot be generalized to acyclic monoterpenes such as β-
myrcene, despite their previously noted propensity to fragment
during oxidation.
The mass spectra of SOA generated from all precursor

systems were dominated by the same set of formulas, with
some small variation in peaks observed between different
systems. The UpSet plots in Figure 3 help illustrate the level of

overlap in the formula distributions. The combined set of
assigned formulas for 54.5% β-myrcene (mixture), β-myrcene,
and D-limonene SOA had 1665 species. Of those, 1193
formulas were common to all three SOA systems, and 73
chemical formulas were only observed in the mixture SOA,
constituting less than 5% by peak number and less than 1% by
the integrated peak abundance in the mass spectra. Figure 3
implies that cross-reactions between β-myrcene and D-
limonene oxidation products (including reactions of peroxy
radicals) do not form a large number of unique formulas.
However, the overlapping formula distributions can be
ambiguous, as they do not account for the isomerism of the
observed compounds (see below). Indeed, the GECKO-A
modeling results suggest that there could be up to 75 isomeric
products for a single chemical formula product (Figure S6).

Modeling Mixture SOA As a Linear Combination of
Individual SOA. Takeuchi et al. conducted chamber experi-
ments with a mixture of α-pinene and D-limonene in the
presence of nitrate radicals (NO3).

37 They observed that
additional α-pinene resulted in an increased abundance of
monomeric products in the resultant SOA compared to the
SOA formed from only D-limonene, which could not be simply
explained by linear addition. We also tested how well the mass
spectra of SOA from the mixed VOC experiments can be
modeled as a linear combination of mass spectra from
experiments for individual VOCs. Figure 4 compares observed
peak abundances in mass spectra of SOA prepared from VOC
mixtures on the x-axis and peak abundances obtained from a
linear combination of peak abundances in mass spectra of

Figure 3. UpSet plots for comparing overlap among molecular
formulas detected in 54.5% β-myrcene (mixture), β-myrcene, and D-
limonene SOA as identified by HRMS. The horizontal bar charts at
the bottom left display the total number of unique chemical formulas
or structural formulas in each system. The matrix illustrates the
intersections between systems through filled blue circles. The vertical
bar chart quantifies the number of these intersections. Each data point
was only counted once. For example, the leftmost vertical bar in panel,
with all circles filled, indicates 1193 shared formulas across all three
SOA systems, whereas the second bar represents 271 formulas unique
to the D-limonene SOA.
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predictions of the glass transition temperature and viscosity of
organic aerosols from volatility distributions d-limonene and β-
myrcene SOA, based on their concentration ratio. If the
predicted signal intensity from the linear combination aligns

with the measured intensity of compounds within the SOA
mixture, the resulting plot would exhibit a slope of 1 with
minimal scattering. Compounds whose signal is either
amplified or diminished due to mixing would be positioned

Figure 4. Comparison between HRMS peak abundance of linear addition prediction and observed mixture SOA. The blue line is plotted to serve as
the 1:1 reference line. This line would signify perfect agreement between the predicted and observed values. The red line represents a linear
regression through the actual data.

Figure 5. EICs displaying the ion abundance observed for (a) C10H15O2
+, (b) C10H15O3

+, (c) C10H15O4
+, and (d) C10H15O6

+ monomeric and (e)
C19H30O7Na+, (f) C19H30O8Na+, (g) C20H31O7

+, (h) C20H34O10Na+ dimeric ions of β-myrcene (black lines), 54.5% β-myrcene (blue lines), and D-
limonene (red lines) SOA. Each panel represents comparative signal abundance across three different SOA sample types.
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above or below the 1:1 line, respectively. Additionally, any shift
in the dimer or monomer pattern resulting from cross-
reactions would be evident.
The linear combination predicted the peak abundances in

the mass spectra of mixed SOA with the slopes varying from
0.77 to 0.96 and R2 values ranging between 0.90 and 0.97,
suggesting a good correlation between our predicted and
observed values. The closest agreement was observed for
19.6% β-myrcene SOA, with a slope of 0.96, close to the 1:1
line. For the other cases, the predicted peak abundances fell
slightly below the 1:1 line, with slopes around 0.8−0.9, but the
linearity was maintained, as indicated by unchanged R2 values.
Overall, we observed no significant nonlinear relationship
between the predicted and measured signals, with the
monomer and dimer patterns remaining consistent.

Extracted Electron Ion Chromatograms. The similar
monomer/dimer pattern and the highly overlapping formula
distribution across the SOA from different precursor systems
obscured the possible mixture-specific products from cross-
reaction between β-myrcene RO2 and D-limonene RO2.
Therefore, we turned to UPLC data, which can separate
isomeric compounds in SOA by their polarity.53 Here, we
examine the extracted electron ion chromatograms (EICs) of
the top monomer and dimer products of β-myrcene, D-
limonene, and mixture SOA. When comparing the major
detected ions and the EICs of C10H14Ox and C10H16Ox
monomer families, we observed that the majority of EICs for
the mixture-derived SOA predominantly resemble a composite
of the EICs observed in the D-limonene and β-myrcene SOA
(Figures 5a−d and S7), that is to say, no major new
monomeric peaks appear in the mixed SOA case. It should
be noted, however, that the chromatograms do not simply add
up: peaks from one of the monoterpenes tend to dominate the
pattern. For example, the detected ion for C10H14O6
(C10H15O6

+, m/z 231.1) in the mixture-derived SOA, shows
a similarity to the EIC of C10H15O6

+ observed in the D-
limonene SOA, whereas the corresponding pattern from the β-
myrcene SOA is notably absent. This implies that while no
new monomeric compounds form in the mixed SOA case, the
yields of the monomeric peaks do change.
To further investigate the cross-reactions, we examined the

EICs of the top dimer products, which may form through the
RO2−R′O2 accretion pathway. Figures 5e−g and S8 illustrate
the EICs for the primary C19 and C20 dimer products. Unlike
EICs of monomers, the dimer EICs show not only a blend of
D-limonene and β-myrcene SOA EICs but also traces of
distinct new isomers in the mixture SOA. For example, the
most prominent peak of C19H30O7, detected as C19H30O7Na+,
presents a distinct isomer in the mixture-derived SOA, eluting
at approximately 10.48 min, absent in both D-limonene and β-
myrcene SOA (Figure 5e). Similarly, the distinct peak at 9.75
min for the EIC of C19H30O8Na+, in the mixture of SOA
signifies the cross-reaction producing a unique isomer of
C19H30O8 (Figure 5f). In addition, an inhibition of certain
isomeric compounds in the mixture SOA was also observed for
dimeric compounds. For example, EICs of C19H30O7Na+ of β-
myrcene SOA have a strong peak at a retention time of 12.5
min that is absent from the SOA from the mixture SOA. We
can therefore conclude that a complex interplay of interactions
may occur during the oxidation of the VOC mixture, including
both the suppression of specific pathways and the formation of
new accretion products.

Volatility and Tg Estimation of BVOC Mixture SOA.
Volatility and viscosity are important properties of SOA. They
affect particle growth and evaporation kinetics, diffusion rates
inside the particles, and atmospheric chemistry of compounds
trapped inside the particles, including heterogeneous and
multiphase reactions.54−59 We estimated the pure compound
saturation mass concentration (C0) of each observed
compound, calculated using the parametrization by Li et al.60

(see detailed parametrizations in the SI). Figure 6 depicts the

relationship between the average carbon oxidation state (OSC)
and volatility classes. It was observed that the SOA from β-
myrcene contained a larger portion of its signal classified as
ELVOC and LVOC compared to that from d-limonene SOA.
Furthermore, as the concentration of β-myrcene in the mixture
decreased, there was a notable decrease in the ELVOC and
LVOC fractions, with an increase in the SVOC fraction,
alongside a general decrease in the oxygen-to-carbon (O/C)
ratio.
In our volatility predictions, we observed a substantial

presence of IVOCs (generally corresponding to low-molecular-
weight compounds with low O/C ratios). Given their high
volatility, these compounds are not expected to reside in the
particle phase, even under the relatively high mass loading
(∼102 μg m−3) in the chamber. While ESI-HRMS is

Figure 6. Relationship between average carbon oxidation state (OSC)
and the logarithm of the saturation concentration (log10 C0) for (a) β-
myrcene, (b) 54.6% β-myrcene, and (c) D-limonene SOA. The bubble
size is correlated with the detected peak abundance in the mass
spectrum. Each plot displays a distribution of HRMS detected
compounds classified into four volatility categories: extremely low
volatility organic compounds (ELVOC; C0 < 3 × 10−4 μg/m3), low-
volatility organic compounds (LVOC; 3 × 10−4 < C0 < 0.3 μg/m3),
semivolatile organic compounds (SVOC; 0.3 < C0 < 300 μg/m3), and
intermediate volatility organic compounds (IVOC; 300 < C0 < 3 ×
106 μg/m3). The orange dashed line indicates the area where highly
oxygenated molecules are likely to be found based on their oxidation
state and low volatility. The percentage of compounds in each
category is also labeled at the bottom of each figure.
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considered a “soft-ionization” technique, some ion fragmenta-
tion does take place in the ion source. This means that some of
the IVOC signals must have originated from the fragmentation
of larger oligomers, rather than being inherently present in the
SOA. Therefore, we excluded compounds with C0 larger than
102 μg m−3 from the viscosity calculations described below.
We characterized the viscosity using the glass transition

temperature Tg, which represents the temperature at which a
transition to a glassy solid state occurs in a material. Tg was
calculated for all detected compounds from their molecular
formulas using the parametrizations by DeRieux et al. and Li et
al.61,62 (see the SI). Excluding the IVOC with C0 > 102, the
estimated viscosity for different SOA estimated for the
experimental conditions (i.e., around 50% RH) ranges from
4.0 × 1011 to 5.3 × 1010 Pa s (Figure S9). Notably, SOA from
pure β-myrcene and mixtures exhibits the higher viscosity
characteristic of a semisolid material. With an increased
fraction of D-limonene in the precursor mixture, there is a
general trend of decreasing Tg and viscosity.
This observed pattern aligns with the results of Jokinen et al.,

who reported a substantially higher ELVOC formation from
the oxidation of acyclic or exocyclic monoterpenes initiated by
OH, compared to cyclic terpenes.63 OH oxidation of both
cyclic and acyclic bonds begins by adding an OH to the double
bond, generating a peroxy radical. The key difference is that
RO2 radicals from acyclic terpenes are more flexible and have
more available hydrogen atoms for intramolecular isomer-
ization than d-limonene, making them more likely to form
highly oxygenated organic molecules (HOMs).64 The
possibility of HOM loss during sample handling and mass
spectrometry detection is noted.65,66 Figure 6 highlights the
potential HOM regions, where the β-myrcene-derived SOA
exhibits a greater fraction of potentially detected HOMs in this
region compared to all other examined SOA, and a decrease in
the fraction of β-myrcene within the mixture precursors
correlates with a reduction in the potential HOM signal. For β-
myrcene, some of the RO2 isomerization channels are expected
to be especially favorable because of the allylic radical
stabilization of the isomerization product (Figure S10). This
stabilization could facilitate a more efficient autoxidation
process, possibly leading to a higher yield of ELVOCs and a
greater oxidation level in β-myrcene-derived SOA. In
conclusion, the findings from this section indicate that pure
β-myrcene SOA has lower volatility, higher viscosity, and
greater oxidation compared to β-myrcene mixture SOA and d-
limonene SOA.

SOA Yield. SOA yield is an important parameter describing
the efficiency and extent of SOA formation from different
precursor VOCs. The apparent SOA yields for all the cases
studied here are included in Table 1 and Figure S11. For single
precursor systems, β-myrcene exhibited almost double the
SOA yield compared to D-limonene, 0.65 ± 0.16, and 0.33 ±
0.05, respectively. The SOA yield data in Figure S11 are
relatively noisy but there is a clear trend for increasing the yield
with an increased fraction of β-myrcene reactivity in the β-
myrcene/D-limonene mixtures. As discussed above, the radical
stabilization may contribute to β-myrcene’s higher yield of
ELVOC and LVOC, making it more efficient at making SOA.
The scatter in SOA yield might be due to the inconsistency of
starting VOC concentrations, which resulted in different
amounts of SOA produced in the chamber leading to
differences in the efficiency of gas-particle partitioning.67 It is
important to emphasize that specific measurements for the

SOA yield to assess the comparative and conclusive influence
of the mixture effect were not within the scope of our analysis,
leaving the detailed investigation of this aspect for future work.

■ ATMOSPHERIC IMPLICATIONS
Ozonolysis of acyclic monoterpenes readily breaks them into
smaller fragments compared to ozonolysis of cyclic mono-
terpenes with endocyclic C=C bonds.40 Unlike ozonolysis,
which breaks the C=C bonds, the OH oxidation is initiated by
the addition of OH to the C=C bonds, followed by the usual
RO2/RO chemistry. While C−C bond scission in RO radicals
from acyclic monoterpenes could lead to fragmentation as well,
our work suggests that this fragmentation is relatively
insignificant during OH-oxidation of β-myrcene. The extended
and flexible skeleton of RO2 radicals formed in the OH-
oxidation of β-myrcene may afford efficient isomerization of
these RO2 radicals, leading to highly oxidized low-volatility
products. In fact, β-myrcene forms SOA in a higher fraction of
low-volatility dimeric products than SOA from OH oxidation
of D-limonene, a cyclic monoterpene.
The lack of efficient fragmentation in the OH-oxidation of β-

myrcene means that its primary oxidation products are not
going to suppress SOA formation from other monoterpenes, as
happens for isoprene. Both isoprene and longer acyclic
monoterpenes, such as β-myrcene, have high reactivity toward
OH (kOH+ISO = 1.01 × 10−10; kOH+MYR = 2.15 × 10−10 cm3

s−1).46 However, the products of isoprene oxidation, including
cross-reaction products between isoprene and monoterpenes,
are more volatile compared with the corresponding products
from β-myrcene. Whereas there is a detectable suppression
effect in the OH oxidation of the isoprene + α-pinene
mixture,29,32 there is no observable suppression in the β-
myrcene + D-limonene case.
Another implication of this work is that chemical formulas of

SOA products from OH-induced oxidation of cyclic and
acyclic monoterpene mixtures can be adequately represented
as a linear combination of contributions from individual VOCs.
Indeed, SOA produced from β-myrcene/D-limonene mixtures
appears to be dominated by chemical formulas that are also
observed in the pure single-component systems, with only a
small contribution from formulas that are unique to mixtures
of VOCs. When analyzing EICs of specific ions in more detail,
distinct isomers do emerge in the mixture SOA, confirming
product formation pathways that are unique to the mixtures of
VOCs. However, one must keep in mind that these mixture-
specific products can be expected only under relatively high
concentrations of VOCs or oxidants when RO2 + R′O2 and
other types of dimer-forming reactions become significant.
Under most actual atmospheric conditions, wherein the RO2
concentrations are markedly lower than in the reaction
chambers, the RO2 isomerization and reactions of RO2 with
HO2 or NO prevail, leading to minimal cross-products, even
when complex mixtures of VOCs are oxidized.
As the impacts of climate change escalate, environmental

stressors prompt plants to modify their BVOC emission
profiles. Our experiments showed that an increased concen-
tration of acyclic terpenes consistently produced greater SOA
yields than cyclic terpenes. Owing to its additional reaction site
and heightened reactivity, β-myrcene is observed to have
higher efficiency at making SOA. Our finding highlights the
need for more investigations on acyclic terpene mixtures in the
context of changing climate.
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