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One major challenge in predicting secondary organic aerosol (SOA) formation in the atmosphere is
incomplete representation of biogenic volatile organic compounds (BVOCs) emitted from plants,
particularly those that are emitted as a result of stress — a condition that is becoming more frequent in
a rapidly changing climate. One of the most common types of BVOCs emitted by plants in response to
environmental stress are acyclic terpenes. In this work, SOA is generated from the photooxidation of
acyclic terpenes in an oxidation flow reactor and compared to SOA production from a reference cyclic
terpene — a-pinene. The acyclic terpenes used as SOA precursors included B-myrcene, B-ocimene, and
linalool. Results showed that oxidation of all acyclic terpenes had lower SOA yields measured after 4
days photochemical age, in comparison to a-pinene. However, there was also evidence that the
condensed organic products that formed, while a smaller amount overall, had a higher oligomeric
content. In particular, B-ocimene SOA had higher oligomeric content than all the other chemical
systems studied. SOA composition data from ultra-high performance liquid chromatography with
electrospray ionization mass spectrometry (UHPLC-ESI-MS) was combined with mechanistic modeling
using the Generator for Explicit Chemistry and Kinetics of Organics in the Atmosphere (GECKO-A) to
explore chemical mechanisms that could lead to this oligomer formation. Calculations based on
composition data suggested that B-ocimene SOA was more viscous with a higher glass transition
temperature than other SOA generated from acyclic terpene oxidation. This was attributed to a higher
oligomeric content compared to other SOA systems studied. These results contribute to novel chemical
insights about SOA formation from acyclic terpenes and relevant chemistry processes, highlighting the
importance of improving underrepresented biogenic SOA formation in chemical transport models.

This research addresses uncertainties in the formation of atmospheric aerosol generated from the oxidation of volatile organic compounds released by

terrestrial vegetation. In particular, it explores how this environmental process will be altered in a changing climate where increased frequency and severity of
drought, heatwaves, and insect outbreaks has led to increased emissions of plant stress volatiles, such as acyclic terpenes, the chemistry of which are not

accounted for in most global climate models. The work provides insight into the aerosol chemistry of acyclic terpenes, including information that can be used to
improve model representation of this process.

1 Introduction

leading to nucleation™* or condensation of oxidized reaction
products onto pre-existing particles.'®'” Globally, the largest

Secondary organic aerosol (SOA) contributes significantly to
global organic aerosol mass loading,”* which affects atmo-
spheric chemistry,>* climate change,”” and human health.?®
The formation of SOA involves chemical reaction of volatile
organic compounds (VOCs) with atmospheric oxidants'**?
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source of SOA is derived from biogenic volatile organic
compounds (BVOCs) emitted by terrestrial plants, which
comprise 90% of atmospheric VOCs."**** A comprehensive
understanding of the formation, composition, and properties of
biogenic SOA is crucial for predicting aerosol climate and
health effects.

SOA formation from just a few BVOCs, generally those that
are most abundant in forested areas, have been studied exten-
sively in laboratory experiments, and those studies have formed
the basis for model representations of the atmospheric chem-
istry of these compounds, including isoprene, a-pinene, B-
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pinene, and limonene. However, more than 1700 individual
BVOCs have been identified and the most abundant BVOCs are
not always the ones driving most of the reactivity.*® Their
atmospheric reactivity varies by orders of magnitude due to
diverse molecular structures, and this complex chemodiversity
of BVOCs has been highlighted as a research challenge
previously.”** For instance, ozonolysis of highly-reactive
sesquiterpenes was one of the major sources of secondary
products in a French maritime forest even though sesquiter-
pene abundance was ~32 times lower than monoterpenes.*
Furthermore, in the Amazon Forest, acyclic monoterpenes
including B-myrcene and B-ocimene contributed to nearly half
of total reactivity of all monoterpenes but contributed to less
than 20% of the total monoterpene emissions.>® The increased
reactivity of acyclic terpenes compared to their cyclic counter-
parts is rooted in the fact that they contain a larger number of
double bonds in their chemical structure, which highlights the
potential impact of acyclic terpenes on changing aerosol
chemistry. One major challenge in predicting SOA formation is
to accurately represent the diverse BVOCs emitted from vege-
tation in the real atmosphere as well as their respective chem-
istry, creating a need for additional laboratory studies focused
on highly reactive, but less studied, BVOCs such as acyclic
terpenes.

BVOCs with particularly high reactivity are often emitted by
plants under stressed conditions. Examples of common
stressors include insect herbivory, drought, and air pollu-
tion.>®?* Stress BVOC composition and emission rates are
influenced by several factors including, but not limited to, the
type of stressor, the degree of damage, the presence of multiple
interacting stressors,*”*® and the plant evolutionary history.>*?*"
These “stress” volatiles have important ecological functions for
signaling within and between plants, and signaling to recruit
natural enemies of plant herbivores.*® One class of highly
reactive stress BVOCs commonly emitted from plants that can
impact aerosol chemistry includes acyclic terpenes.?®?*** For
example, under aphid-stressed conditions, pine trees typically
emit more acyclic monoterpenes and sesquiterpenes, such as 3-
ocimene and a-farnesene, respectively.**?® In addition, B-oci-
mene and linalool are often identified as typical stress
compounds in many plant species.’” In complex mixtures of
plant BVOC emissions, increases in the contribution from
acyclic terpenes is associated with reduced SOA yields.***
Acyclic terpenes in a mixture could also influence cloud
formation processes, particle growth, and multiphase chemistry
by generating SOA with lower hygroscopicity and increased
liquid-liquid phase separation,.*’ Therefore, plant stress emis-
sions could have important implications for plant-aerosol
interactions in a changing climate. However, detailed mecha-
nistic insight into the aerosol chemistry of acyclic terpenes has
not been provided in previous studies referenced here because
those studies investigated complex mixtures of precursor vola-
tiles, making it difficult to attribute changes in chemistry to the
presence of any particular compound.

To date, only a few studies have systematically investigated
the oxidation of acyclic terpenes in controlled laboratory
experiments. Ozonolysis of single component acyclic terpene
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standards shows lower SOA mass yields compared to analogous
experiments conducted with cyclic terpene standards, including
a-pinene, limonene, and 3-carene.*>** Ozonolysis of acyclic
terpenes proceeds via ozone addition to the C=C double bonds
and Criegee intermediates, similar to other terpenes.*
However, for acyclic compounds, this mechanism leads to
fragmentation of the molecule. Another study looked at the
oxidation of the acyclic terpene B-myrcene via OH radical, and
demonstrated that this chemistry can regenerate peroxy radi-
cals by isomerization reactions similar to isoprene and could
therefore explain model-measurement discrepancies of OH and
HO, concentrations in recent field campaigns.** This suggests
acyclic terpene chemistry also plays an important role in
controlling the atmosphere's radical budget. Further, SOA
generated from acyclic terpene photooxidation has relatively
higher O: C compared to other biogenic SOA precursors.*> The
few studies that have focused on acyclic terpene chemistry all
demonstrate that their role in atmospheric processes is quite
different from the more typical cyclic terpene analogs, but no
study has provided enough molecular detail on SOA composi-
tion to provide further insight into how this chemistry differs
between the different acyclic versus cyclic chemical systems. To
address this challenge, we investigated photooxidation of three
common acyclic terpenes (B-myrcene, B-ocimene, and linalool)
and compared their yields, composition, and physical proper-
ties to a-pinene SOA, which served as a reference compound.
Composition data and mechanistic modeling were used to
propose simplified chemical mechanisms leading to SOA
formation from these chemical systems.

2 Methods

2.1 Experimental design

Three different acyclic terpenes including B-myrcene (Sigma-
Aldrich Inc., 95%), B-ocimene (Sigma-Aldrich Inc., 90%) and
linalool (Alfa Aesar Inc., 97%) were chosen for this study
because they are commonly induced compounds after plant
stress exposure.’”** SOA was also generated with o-pinene
(Acros Organics Inc., 98%). The molecular structures and
reaction rate constants with OH and O; for each of these acyclic
terpenes are provided in Table 1. A schematic of the oxidation
flow reactor (OFR; Aerodyne, Inc.) set-up used to generate SOA is
shown in Fig. 1. Clean air was produced using a zero-air
generator (Environics® Series 7000). The zero air was then
humidified with a bubbler, and the dry and wet air were
combined to maintain ~55% relative humidity in the OFR. Flow
rates were controlled with mass flow controllers (MFC). An
aliquot of the VOC standard was placed in a sealed glass jar and
introduced to the OFR by flowing dry clean air through the jar
and into the OFR inlet. VOC mixing ratios were not measured at
the inlet continuously, but this configuration produced stable
particle mass in the OFR as measured with the scanning
mobility particle sizer indicating that the VOC input was suffi-
ciently stable as well. The total flow through the OFR was
controlled by instrument sampling flows and supplemental
vacuum flows at the OFR outlet, as shown in “part 1” and “part
2” in Fig. 1. The two slightly different set-ups were used for
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Table1 Formulae, structures, and reaction rate constants for OH and O3 reacting with the acyclic terpene precursors selected in this study, as

well as a benchmark terpene, o.-pinene?-47-50

Reaction rate constant

Compound Formula Structure Kon (em® molecule ' s7) Ko, (em® molecule™ s7")
B-myrcene C1oHi6 W 3.34 x 107 4.44 x 107
B-ocimene Ci0Hig W 3.03 x 10~ 4.44 % 1016
s HO —-10 —16
Linalool C1oH150 W 1.70 x 10 4.30 x 10
a-pinene CyoHig 7@ 5.23 x 10~ 1.07 x 10~16

different experimental purposes where “part 1” was used for
generating SOA yield curves and “part 2” was used for collecting
filter samples for offline Orbitrap analysis. The ozone (O;)
mixing ratio was continuously monitored (2B Technologies Inc.,
ozone monitor, Model 106-M) with a flow rate of 1 L min™".
Particle size distributions were measured with a scanning
mobility particle sizer (SMPS: a custom-built blower/voltage box
interfaced with a TSI DMA (model 3081) and a Brechtel CPC,
with a >'°Po radioactive neutralizer) with a sampling flow rate of
0.35 L min~'. Custom-built scrubbers were installed at the OFR
outlet and filled with charcoal (Sigma-Aldrich Inc.) to remove
both VOCs and O;. The scrubbers were designed for efficient
aerosol transmission and built at the UCI machine shop. A

scrubber was installed in front of the SMPS and in front of the
filter holder for particle collection. An additional vacuum flow at
the OFR outlet of 5.1 L min~" was controlled with a mass flow
controller (Alicat, Inc.). Therefore, the total flow through the
OFR was maintained at 6.45 L min~", with a corresponding
residence time of 122 s. The VOC precursor concentration was
adjusted using a dilution flow at the OFR inlet controlled with
a MFC. The excess flow at the inlet was released through an
exhaust line, where the exhaust flow ranged from 4.7 to 5.4
L min~" depending on the dilution flow rate. For each experi-
mental condition, duplicate VOC samples were collected onto
stainless steel adsorbent cartridges (multibed Carbograph/
Tenax TA; Markes International, Inc.) at the OFR inlet and

Part 1

1LPM 1
|
. 0 |
Zero Air Mon?tor 0.34LPM |
Generator '
SMPS | |
UV at both 185 nm and 254 nm |
|
l Dry Air 03 Remover 5.1 LPM :
Wet Ai | 1 System !
6 :Lpl;/l 451N VOC Flow — Vacuum | |
; Pump |
| el (P 0.2 LPM |
Bubbler |
t . Aerodyne Oxidation Flow — | ‘
b - ' Reactor (OFR) | Part 2 0.34LPM :
Dilution Flow { SMPS !
voC : ‘
Exhaust ; ! !
Flow Sampling | |,| Os Remover ‘
4.7-54LPM } System |
I Filter I
: Sampling |
: Offline Analysis L :

I ’/’
§ Orbitrap Vacuum 1
| |

6.1 LPM

Fig.1 Schematic of the oxidation flow reactor. The experimental design used in this study which blue line, red line, and yellow line refer to wet
air, dry air and VOC flow at the OFR inlet, respectively. Part 1 and part 2 at the OFR outlet are designed for different experiment purposes.
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outlet. The concentration of the VOC precursor was analyzed
off-line with a thermo-desorption gas chromatograph mass
spectrometer (TD-GC-MS, Markes International TD-100xr auto-
sampler, Agilent GC 7890B, equipped with a 30 m, DB-5
column, and Agilent 5975 MS).

The OFR used in this study is a 13 L aluminum cylinder
equipped with two mercury lamps that have peak intensity at
185 nm and 254 nm. High oxidative capacity in the reactor can
produce a photochemical age ranging from hours to days in
a few minutes or less of real time. A thorough description of this
OFR system can be found in previous reports.’*~** We mitigated
and/or avoided unreasonable chemical conditions inside the
OFR (i.e., non-tropospheric VOC photolysis, VOC ozonolysis,
and elevated RO,-RO, interactions) by running the reactor in
OFR185 mode (with both 185 and 254 nm lamps on) while
maintaining high relative humidity (RH) (>50%) and low VOC
mixing ratio (<95 ppb) per recommendations in a review paper
published on this topic.>* In OFR 185 mode, O; is generated via
photolysis of O, (using the 185 nm lamp) from recombination
of O(*P) with O,. Once formed, O, is simultaneously photolyzed
with the 254 nm lamp generating O('D) radicals that further
react with water vapor to form OH radicals. OH exposure in the
OFR was calibrated using the decay of toluene (Alfa Aesar Inc.,
= 99.5%) concentration under the same RH but with changing
OFR lamp settings, similar to the SO, decay calibration
described in Lambe et al. (2015)* Additional details related to
the OH exposure calibration procedure and associated OFR
conditions are provided in the Text S1 and Table S1,f
respectively.

To better represent atmospheric conditions, understanding
the fate of RO, in the OFR is needed because an unrealistic RO,/
HO, ratio would skew radical chemistry by favoring RO, and
disfavoring HO, radical reaction pathways. Schervish and
Donahue. (2021)** recommended an RO,/HO, ratio less than 1
in order to maintain an atmospherically relevant fate of RO,,
whereby it mainly reacts with HO, as opposed to RO, cross
reactions. The OFR RO, fate estimator v1.0°*** was used to
simulate the fate of the RO, radicals based on the OH reactivity
and O; mixing ratio in the particle filter collection experiments
and the results are presented in Fig. S1. The RO,/HO, ratio
ranged from 0.67 to 0.77 for all experiments in this study which
suggests that the RO, reaction with HO, is the dominant reac-
tion pathway compared to others, e.g., RO, with OH, RO, with
RO,, and RO, isomerization.

2.2 SOA generation and collection

A summary of the OFR conditions used in each experiment is
shown in Table 2. We first characterized the SOA mass yields
across different OH exposures to identify the OH exposure
leading to the highest SOA yields. The OH exposure refers to the
integration of OH radical concentration across the residence
time of the OFR. In these experiments, the OH exposure ranged
from 4.06 x10"" to 1.1 x 10" molecules s cm?, corresponding
to an equivalent atmospheric photochemical age of 3 to 9 days
(assuming an ambient OH concentration of 1.5 x 10° molecules
cm *).*® This data product is useful for comparing oxidation
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behavior of the acyclic terpenes with other model SOA systems
that have been reported previously, including a-pinene oxida-
tion from Lambe et al. (2015)*> The OH exposure settings that
produced the largest SOA yields were used for subsequent
experiments described below.

SOA yields were calculated as the ratio of condensed organic
aerosol mass formed (Cp,) to precursor gas reacted (AVOC) in
the OFR. Cop was calculated based on SMPS size distributions
with an assumed density of 1.3 g cm >, a reasonable density for
biogenic SOA.*”"** However, because this value is quite uncer-
tain, we use the range of literature values to define the uncer-
tainty in the calculated yield (density range of 1.2 g cm > to
1.4 g cm™®) as lower and upper bounds. A minimum of five
SMPS scans (with one scan referring to both an up and down
scan) were averaged for each SOA mass loading measurement.
AVOC was calculated from cartridge samples collected from the
inlet only because all acyclic terpenes have been fully reacted
inside the OFR when inlet mixing ratio is less than 400 ppb (see
further detail in Text S27).

For further comparison of the SOA yields obtained in this
study for acyclic terpenes with previously studied biogenic SOA
systems, SOA mass yield curves were generated across a range of
condensed organic aerosol mass loadings. This data product
has been commonly reported for different chemical systems,
including biogenic SOA formed in an OFR.*»*** These mass
yield curves were fitted using two different models to estimate
the absorption partitioning parameters: the volatility basis set
(VBS)*® and the two-product model.*** The VBS model is
described with the following equation:

Yvoc = — 2 1
voC Z:l B i ( )
COA

where Yyoc is the SOA mass yield for that VOC system; Coa
denotes the mass concentration of organic aerosol; «; is the
mass-based stoichiometric yield for volatile product i; and C* is
the saturation vapor concentration. In this study, five logarith-
mically spaced saturation vapor concentration bins from 0.1, 1,
10, 100 to 1000 ug m > were used to capture the SOA mass yield
under similar SOA mass loadings. The Odum two-product

model is described with the following equation:

alKOMI
1 + KOM1M0

azKOMZ

Y = M,
0 1+ Kom, M,

(2)

where Yyoc denotes the SOA mass yield for that VOC system; M,
is the organic particle mass concentration (ug m™), and is
equivalent to the term Co, in the VBS model; Koy, is the parti-
tioning coefficient of product i, and «; is the mass-based stoi-
chiometric yield of product i.

2.3 High resolution mass spectrometry

For all acyclic terpene and a-pinene chemical systems, SOA
samples were collected on Teflon filters (MilliporeSigma, Sigma
Aldrich Inc., 0.2 pm PTFE membrane) at the OFR outlet. For
each chemical system, three replicate experiments were per-
formed, collecting one Teflon filter during each experiment.
During SOA filter collection experiments, the O; monitor was off

Environ. Sci.. Processes Impacts, 2024, 26, 1156-1170 | 1159
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Table 2 Summary of experimental conditions used in the OFR

Experiment Precursor VOC ranges (ppb) RH (%) 0;* (ppm)

SOA mass yield versus OH exposure B-myrcene 32+5 55+ 3 1.7
B-ocimene 41+ 5 58 +2 1.6
Linalool 56 + 12 60 + 2 1.6
a-pinene 81+5 59 + 3 1.8

SOA mass yield curve B-myrcene 2-31 58+ 4 2.2
B-ocimene 4-69 60 + 2 2.0
Linalool 3-54 59+ 2 1.8

“ 05 reported here is the mixing ratio at the outlet because the OFR was run in 185 mode where O; is generated inside the OFR.

and the sampling flow rate through the filter was 6.1 LPM using
a vacuum pump. There were no residence time changes inside
the OFR since the total flow was still maintained at 6.45 LPM, as
shown in the OFR outlet “part 2” of Fig. 1. The detailed OH
exposure and RO,/HO, ratio for each type of SOA filter collec-
tion experiments are summarized in Table S2.f We acknowl-
edge that some oligomerization could occur on the filter during
particle collection with the long collection times required.®
However, this is a common method used for these types of
experiments. For example, Nguyen et al. (2010)* used a similar
sample collection time when they investigated aerosol forma-
tion from isoprene ozonolysis with SOA mass loadings around
40 pg m 3. There is a trade-off between longer sample collection
times and lower, more atmospherically relevant aerosol mass
loadings, and our priority was to maintain low VOC mixing
ratios in the OFR.

Filter sample preparation and extraction processes are
described as follows. After finishing the collection, 4 mL
acetonitrile (ACN) (optima LC-MS grade, Thermo Fisher Scien-
tific) was added to a cleaned and dried extraction vial contain-
ing the sample filter cut into small pieces. The solution was
then shaken for 15 min to extract the SOA from the filter using
a toucher mixer shaker (Thermolyne Inc., Model M37615). Next,
all filter pieces were removed from the vial with clean tweezers
and the extract was evaporated to dryness using a vacuum
solvent evaporator. Finally, the sample was reconstituted in
0.5 mL HPLC grade water (optima LC-MS grade, Thermo Fisher
Scientific) as a final extraction solvent. These final extractions
were analyzed immediately by ultra-performance liquid chro-
matography coupled to a high-resolution Q Exactive Plus Orbi-
trap mass spectrometer (Thermo scientific, USA). Three
replicate analyses were performed for each extracted sample.
Compound separations were achieved with using a Luna 1.6 pm
Omega Polar C;3 150 X 2.1 mm column (Phenomenex) fitted
with a SecurityGuard ULTRA cartridge (porous polar Cyg, 2.1
mm; Phenomenex) maintained at 30 °C. Mobile phases is
consisting of (A) 0.1% formic acid (optima LC-MS grade,
Thermo Fisher Scientific) in LC-MS grade water (Fisher,
Optima) and (B) 0.1% formic acid in LCMS grade acetonitrile
(Fisher, Optima). Gradient elution was performed at a total flow
rate of 300 uL min " with A/B mixture: starting as 5% B for 0-
3 min, a linear gradient to 95% B from 3-14 min, 95% B for 14—
16 min, linear gradient back to 5% B for 16-22 min. A heated

1160 | Environ. Sci.: Processes Impacts, 2024, 26, 1156-1170

electrospray ionization source was equipped with a Q Exactive
Plus Orbitrap mass spectrometer (UPLC-HESI-HRMS; Thermo
Scientific) with the following parameters: spray voltage of 2.50
kv (negative mode) and 3.50 kV (positive mode), capillary
temperature of 320 °C (negative mode) and 325 °C (positive
mode), auxiliary gas temperature of 320 °C, sheath gas flow rate
of 35 (a.u.) and auxiliary gas flow rate of 10 (a.u.). Each sample
extraction was analyzed for both in both positive (ESI (+)) and
negative (ESI (—)) ion modes with the injection volume of 15 pL.
In this study, a full scan data-dependent MS/MS (FS-ddMS2)
approach was used with a scan range of m/z 100 to 750 with
the mass resolving power of 140000, and the top 7 most
intensive ions from the adjacent full MS scan were performed in
MS/MS scans.

The UHPLC-ESI-HRMS data were acquired and analyzed first
using Xcalibur 4.2 software (Thermo Scientific), which was then
processed using FreeStyle™ version 1.6.75.20 (Thermo Scien-
tific). A similar procedure for HRMS data analysis is detailed on
previous studies.®**” Overall, three replicates and two blank
samples (blank Teflon filter extraction) for each SOA sample
were analyzed in both positive (ESI (+)) and negative (ESI (—))
ion modes. Peaks and their abundances were obtained using
the Decon2LS software (https://omics.pnl.gov/software/
decontools-decon2ls). The mass spectra shown in this study
were all generated by integrating over the entire LC-MS run.
Only ions that were observed in all three triplicate samples were
included in the integrated mass spectrum. Additionally, ion
signal intensity does not directly correlate with abundances
without using authentic standards, which are not readily
available from chemical suppliers. Consequently, the propor-
tions shown here reflect only the signal intensities and not
necessarily the relative abundances. Peaks containing "C
isotopes and originating from background were removed.
Molecular formulae were assigned to each peak as CxHyO, with
an accuracy of + 0.001 m/z units and constraining H/C to 0.30-
2.25 and O/C to 0.00-2.30,* where O/C denotes the oxygen to
carbon ratio and H/C represents the ratio between hydron and
carbon. All HRMS data hereafter are presented as formulae of
the neutral SOA compounds combining both ionization modes.
The adducts with H' or Na" for positive ions and deprotonation
for negative ions were assumed to be the ionization mecha-
nisms. The detailed compound elemental composition is

This journal is © The Royal Society of Chemistry 2024
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performed by comparing O/C and carbon number of each SOA
sample as described in the ESLt

2.4 Volatility and viscosity prediction

The chemical properties of each SOA sample including volatility
distribution and viscosity were estimated from the HRMS
assigned molecular formulae with calculated oxidation state
(OSc) and peak intensity. In brief, the volatility distribution of
each SOA sample is determined based on the compositional
parameterization developed by Li et al. (2016)% which uses pure
compound saturation mass concentration (C,) and elemental
composition (the C, H and O number) to calculate SOA vola-
tility. The viscosity and the glass transition temperature (T,
defined as a temperature range where phase transition between
an amorphous solid and semisolid states occurs) for each SOA
was calculated following the methods from DeRieux et al
(2018)* More details are given in the ESI supplemental mate-
rials (Text S3).1

2.5 Modeling gas-phase chemical mechanisms with GECKO-A

The photooxidation and ozonolysis reaction schemes of the three
acyclic terpenes (B-myrcene, B-ocimene, and linalool) were
modeled using the Generator for Explicit Chemistry and Kinetics
of Organics in the Atmosphere (GECKO-A) model. A description of
GECKO-A is given by Aumont et al. (2005)™ It is a modeling tool to
generate nearly explicit gas-phase oxidation mechanisms for
individual or multiple organic compounds under general atmo-
spheric conditions.””> GECKO-A has been used previously to
generate mechanisms for BVOC oxidation including a-pinene,
limonene and camphene.”” The alignment of HRMS data with
GECKO-A was used to generate possible gas-phase chemical
mechanism for all acyclic terpenes. We did not include any
matches between GECKO predictions and HRMS observations for
hydroperoxides or peroxides because the analytical technique
used in this study is not optimal for detecting those compounds.”™

3 Results

3.1 SOA mass yield versus OH exposure

All acyclic terpenes reached a maximum SOA mass yield at
a lower OH exposure than a-pinene (Fig. 2). For these experi-
ments, the OH exposure ranged from 4.0 x10'" to 1.1 x 10"
molecules s cm 3, which corresponds to an equivalent atmo-
spheric photochemical age of 3 to 9 days, respectively, assuming
an ambient OH concentration of 1.5 x 10° molecules cm>.%
The OH exposure inflection points, where SOA mass yield
transitions from a positive to a negative relationship with
increasing OH exposure, were similar among all acyclic
terpenes and occurred at lower OH exposure values compared to
the reference cyclic compound, a-pinene. The inflection point
indicates where the oxidation is shifting from functionalization
to fragmentation dominated processes.’> At OH exposures
below the inflection point, OH oxidation leads to reaction
products that have more functional groups on the carbon
backbone without reducing the number of carbons. The lower
volatility of those gas-phase oxidation products promotes

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SOA mass yield versus OH exposure. The data from a-pinene
experiments are from both this work (black) and Lambe et al. (2015)%2
(yellow) for reference. The x-axis error bars represent standard devi-
ations of OH exposures based on two replicate experiments for this
study and were pulled from the Lambe et al. (2015)%? paper for their
results. The error bars along the y-axis indicate standard deviations of
the SOA mass yield calculated based on a particle density range of 1.2—
1.4 g cm > to determine upper and lower bounds.

increased gas-particle partitioning. At OH exposures above the
inflection point, OH oxidation increasingly breaks the main
carbon backbone into smaller oxidation products, which have
higher volatility and lower SOA yield. The highest SOA yield of -
myrcene, B-ocimene and linalool occurred at OH exposures of
43 x 10", 4.1 x10" and 4.06 x10'' molecules s cm >,
respectively. In addition, the a-pinene from this study exhibited
maximum SOA yield at a slightly lower OH exposure point (5.14
x10"") compared to the value from Lambe's study at 5.5 x10""
molecules s cm?, but this is within the uncertainty of the OH
exposure calibration from the Lambe et al. (2015)°* study.
Overall, the pattern of SOA yield curves for acyclic terpenes is
expected because breaking a carbon-carbon bond on an acyclic
compound will result in fragmentation of the carbon backbone
while endocyclic carbon-carbon bond breaking would lead to
ring-opening which maintains the original carbon backbone
size. Therefore, our results suggest that photooxidation of
acyclic terpenes is more prone to producing smaller, more
volatile products via fragmentation reactions at lower OH
exposures compared to many of the commonly studied cyclic
terpene systems such as o-pinene. Another process that can
contribute to lower yields is photolysis/photodegradation of the
condensed organic material, leading to volatilization of the
particle mass. This is unlikely to be a major loss process with
the acyclic terpene SOA in this study because the photolysis
lifetimes of biogenic SOA are typically on the order of hours in
the absence of seed” and the wavelengths of light using OFR185
mode do not efficiently photolyze OA.>*

Of the acyclic terpenes, B-myrcene had the highest SOA mass
yields at a maximum value of 0.33 £ 0.025, and it continued to
generate SOA at higher OH exposures than the other acyclic
terpenes. The SOA mass yield measured for f-myrcene in these
experiments was consistent with a previously reported B-myrcene
SOA mass yield value of 0.34 at 50 pg m > using similar OFR
conditions.” The highest SOA yield of a-pinene from the Lambe
et al. (2015)* study (0.35 £ 0.7) and our study (0.31 £ 0.02) was
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similar to B-myrcene (0.33 + 0.025) and B-ocimene (0.31 + 0.025).
Linalool had the lowest SOA yield at 0.1 + 0.001, possibly because
it has fewer reactive alkene sites compared to the other acyclic
terpenes.

3.2 SOA mass yield

SOA mass yields are commonly presented as a function of total
condensed organic aerosol mass loading (Cpa) because these
curves are used to develop fitting parameters for SOA models
based on absorption-partitioning theory. To generate a similar
plot, we conducted SOA experiments for each of the chemical
systems using the OH exposure that produced the highest SOA
yield (refer to Fig. 2). Thus, each of the curves presented in Fig. 3
represents an upper bound mass yield in the OFR under the
conditions used in this study. The volatility basis set® and the
two-product® absorption-partitioning models were used to fit
the SOA yield data. The fitted parameters based on the VBS and
2-product models are summarized in Table 3 and the VBS fit is
shown on Fig. 3 with the measured values.

a-Pinene had the highest SOA mass yield compared to all
acyclic terpenes (0.07-0.48) across the aerosol mass loading
range, particularly at mass loadings above 10 pg m™>. Of the
acyclic terpenes, B-myrcene (0.08-0.36) had the highest SOA yield,
followed by B-ocimene (0.04-0.1) and linalool (0.04-0.08). The
reason linalool has a particularly low SOA yield might be attrib-
uted to its lower reactivity with one less double bond compared to
the other acyclic terpene systems. The experimental data were
fitted with the VBS model using the parameters given in Table 3.
For comparison, across the chemical systems at aerosol mass
loadings of 10 ug m > (an atmospherically relevant aerosol mass
concentration in a moderately polluted region'), the estimated
SOA yields from the fits for a-pinene, f-myrcene, f-ocimene and
linalool were 0.2, 0.18, 0.08, and 0.06, respectively. Interestingly,
there is some disagreement between this study and the Ahlberg

0.6 7-—=-"a-pinene (Ahlberg et al., 2017)
---- B-myrcene (Ahlberg et al., 2017)
0.54 B-myrcene
---- p-ocimene | ___---
ke} ---- Linalool  ___er7
.go 44 T T T
- - ek ==
@ ’/}, I ‘__,P——" +
] ] - 0
go3 g B o
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Fig. 3 SOA mass yield curves. Yields of SOA for a-pinene, B-myrcene,
B-ocimene, and linalool as a function of condensed organic aerosol
(Con) mMass concentration (ug m—>). The SOA vyield data for a-pinene
(green) and B-myrcene (dark blue) are from Ahlberg et al. (2017)*®* The
error bars along the y-axis indicate standard deviations of the SOA
mass yield calculated based on a particle density range of 1.2-
1.4 g cm~3. The fits shown in the figure were generated based on the
volatility basis set®® model.
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et al. (2017)* report about the trend in a-pinene and B-myrcene
SOA mass yield values at aerosol loadings below 10 pg m’; this
study shows B-myrcene with slightly higher SOA mass yields than
a-pinene at the smaller mass loadings, but the yield values
measured in this study agree very well with the Ahlberg et al.
(2017)* study at higher mass loadings. The SOA yield for B-myr-
cene of 0.18 at 10 ug m* in this study agrees well with the value of
0.17 in Ahlberg et al. (2017).* In OFRs, vapor wall losses are
higher under conditions with a small condensational sink.”” This
can reduce SOA yields, particularly at low mass loadings, so
increased sensitivity of the system to vapor wall losses could
potentially explain the differences in yield observed between this
study and Ahlberg et al** The trend in SOA yields for acyclic
terpenes from highest to lowest correspond well with a couple
previous studies.”* However, we acknowledge that comparisons
of SOA mass yields between chambers generally, including
between OFR and smog chambers, should be approached
cautiously because there are many variables that can influence
yield. In OFRs, condensed phase chemistry that can produce less
volatile material could be inhibited, such as oligomerization
processes.” If those processes are particularly inhibited in the
acyclic terpene SOA systems, this could explain the yield trends. A
non-exhaustive list of other variables that can influence SOA yield
includes residence time (for any flow reactor approach), vapor
wall loss, presence of seed, type of seed, humidity, radical
chemistry, etc.

3.3 SOA chemical composition and properties

3.3.1 High-resolution mass spectrometry. The high-
resolution mass spectra of SOA formed from oxidation of o-
pinene, B-myrcene, B-ocimene and linalool are shown in Fig. 4.
Each acyclic terpene SOA system was plotted with the reference
system, o-pinene, for comparison. The spectra include peaks
originating from the combination of both positive (ESI (+)) and
negative modes (ESI (—)) analyses, with the most abundant
peaks for each SOA type labeled. At lower masses (<180 Da),
both B-myrcene and B-ocimene SOA exhibit high signal inten-
sity. At higher masses (>200 Da), B-myrcene had a much smaller
contribution of peaks compared to a-pinene and B-ocimene.
The contribution of peaks >280 Da in B-ocimene SOA is signif-
icantly higher than that observed in o-pinene and B-myrcene
SOA at these larger masses. Most of the major peaks >280 Da
were identified as C;; and C,; compounds. We did not observe
a well-defined monomer versus oligomer region in a-pinene
SOA, which has been presented previously in chamber experi-
ment SOA.”® This is likely due to a much lower RO,/HO, ratio in
these OFR experiments compared to previous chamber experi-
ments, which frequently require very high VOC mixing ratios to
generate enough mass loadings for high resolution composi-
tion analysis (e.g., 500 ppb of reacted a-pinene in previous
study®®). High VOC mixing ratios can lead to elevated RO,-RO,
oligomerization reactions instead of favoring more atmo-
spherically relevant RO,-HO, reactions.” Our RO,/HO, ratio
ranged from 0.67 to 0.77, within the recommended range for
reproducing atmospherically relevant RO, chemistry.>® Other
than the differences in oligomer contributions, most of the

This journal is © The Royal Society of Chemistry 2024
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Table 3 Summary of fitted parameters for B-myrcene, B-ocimene and linalool using the two-product model and volatility-basis set (VBS) model

Two-product model Volatility-basis set model

a(C] =01 pgm™) a(C; =1pgm™) a3(C; =10 pg m=) au(Cy = 10> pg m=>) as(Cs = 103 pg m=)

0 QA Kowm, Kom,
B-Ocimene 0.08 12.3 0.27 8.8 x 107> 0.022 0.011
B-Myrcene 0.10 0.33 3.35 0.03 0.061 0.026
Linalool 0.04 0.07 1.11 0.02 0.020 0.021

major peaks observed in a-pinene SOA agree well with previous
studies, including CgH;,0s, CioH1605, CoH;40; and
CgH;,0,.7%%%> There was substantial overlap in the most
abundant peaks in a-pinene SOA, f-myrcene SOA, and f-oci-
mene SOA, including CgH;,0s5, CsH1,0,, CoH1403, C;HgO3, and
C,H,00,. While these peaks all have the same exact mass, they
are very likely structural isomers with different formation
mechanisms. This will be discussed in more detail based on
GECKO-A model simulations in Section 3.3.2. Interestingly, SOA
chemical complexity varied between the different systems. This
is shown by plotting the cumulative normalized intensities
versus the number of peaks required to reach that cumulative
intensity (Fig. S2). Over 500 different peaks contributed to 80%
of cumulative normalized intensity for a-pinene and f-myrcene
SOA. In comparison, just 170 peaks contributed to 80% of
cumulative intensity for linalool demonstrating lower chemical
diversity, while over 800 peaks contributed to 80% of

(@)
CHO: ¢y 0,

0.058 6.445 x 10°* 1.088
0.113 0.328 0.017
0.007 0.085 2.204 x 1074

cumulative intensity for B-ocimene SOA demonstrating higher
chemical diversity.

A summary of the chemical composition from all SOA
samples is provided in Table 4. The monomer and oligomer
compounds are defined as the peaks that have C,-C;, and Cy;-
C,o carbon numbers, respectively, since all VOCs included in
this study are C;o compounds and any compound with more
than 10 carbons would necessitate carbon addition. B-Ocimene
SOA had the highest contribution of oligomers (31.4%) while a-
pinene and B-myrcene SOA had similar contribution of oligo-
mers at 23.9% and 25.5%, respectively, and linalool SOA had the
lowest oligomer contribution at 19.7%. Interestingly, a signifi-
cant oligomeric contribution in B-ocimene SOA is clearly
derived from C;; compounds (24%) and C,; compounds (9%)
that were not observed in the other SOA types. Linalool SOA
exhibited the smallest degree of fragmentation with Cj,
compounds contributing up to 31% of the monomeric signal. In
terms of oxygen distribution for monomers and oligomers,
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Fig. 4 SOA mass spectra. High-resolution mass spectra of SOA formed from photooxidation of a-pinene compared to the mass spectra of SOA

formed from (a) B-myrcene, (b) B-ocimene, and (c) linaloolin an OFR. Spe

ctra from both ESI (+) and ESI (—) modes were combined, and the x-axis

represents the neutral mass. The signal for each peak is scaled to the normalized intensity.
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Table 4 Summary of SOA composition. The contribution of different
molecular formulae identified in SOA mass spectra based on high
resolution mass spectrometry; the color axis indicates the relative
contribution to the total for each category indicated in the left column
and is based on the relative abundance of signal intensity

o-pinene | p—~myrcene | B-ocimene | Linalool

Monomer
Oligomer 24% 25% 31% 20%
O/C 56% 56% 61% 51%
= <C6 7% 11% 13% 8%
% C6 10% 11% 16% 17%
g Cc7 20% 21% 18% 21%
% C8 19% 17% 16% 10%
25 C9 20% 19% 15% 13%
C10 24% 20% 22% 31%
Cll1 13% 16% 24% 16%
Cl12 7% 8% 9% 6%
= Cl13 8% 9% 8% 9%
-§ Cl4 9% 10% 7% 12%
§ Cl5 9% 9% 7% 11%
% Cl6 11% 10% 7% 8%
%n Cl17 11% 10% 10% 14%
Cl18 10% 9% 8% 10%
C19 11% 10% 7% 5%
C20 10% 9% 12% 8%
<03 19% 20% 15% 29%
03 17% 19% 19% 21%
04 18% 24% 19% 18%
QZ 05 19% 17% 19% 17%
$) 06 14% 10% 14% 9%
o7 8% 6% 9% 5%
08 3% 2% 3% 1%
09-13 1% 1% 1% 0%
<07 19% 18% 12% 23%
o7 13% 12% 10% 14%
3 08 15% 15% 16% 16%
% 09 14% 15% 16% 14%
5 010 13% 13% 13% 13%
Ol1 10% 11% 12% 10%
012-14 14% 15% 19% 9%
0O15-18 1% 1% 2% 0%

[Relativetototal | 0% | 15% | 50% |RG0con RO

linalool SOA had the lowest oxygen-to-carbon (O/C) ratio of 0.51.
The a-pinene and B-myrcene SOA had similar oxidation levels
with O/C ratio of 0.56, and B-ocimene had the highest O/C ratio
of 0.61.

3.3.2 GECKO-A modeling. GECKO mechanistic modeling
was used to explore the possible chemical mechanisms of
acyclic terpene oxidation. The first four generations of reaction
products generated by GECKO-A for all acyclic terpenes
included in this study are shown in the ESI (Fig. S3-S51), and
several identified peaks in the UHPLC-ESI-HRMS spectra that
have the same exact mass as chemical structures predicted by
GECKO-A are provided in Table S3.} It is important to note that
many of the peaks could have multiple structural isomers and
we cannot confirm the exact structures with the MS data. The
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reaction of OH radicals with terpenes is mainly initiated by the
addition of OH to the C=C double bond or, to a lesser extent, by
hydrogen abstraction. A larger fraction of Co carbonyl
compounds is formed from B-myrcene photooxidation owing to
its two terminal double bonds compared to B-ocimene. Alkyl
radicals are formed from this initial step and rapidly react with
O, to generate peroxy radicals (RO,). The fate of the RO, radical
depends on the environmental conditions, including the RO,/
HO, ratio.**®* They can combine with HO,, OH, or another RO,
to form stable products.> At RO,/HO, ratios larger than one,
RO, + RO, interactions are enhanced relative to ambient
atmospheric conditions. At values less than one, RO, + HO,
interactions are promoted, better representing the chemical
interactions that occur in Earth's atmosphere. The RO,/HO,
ratios estimated in these experiments ranged from 0.67-0.77
(see Methods section 2.1). Based on the OFR RO, Fate Estimator
v1.0.,°* approximately 89.4% of B-myrcene oxidation products
can be attributed to the RO,/HO, reaction, while less than 1% of
oxidation products result from RO,/RO, reaction.

The composition of f-ocimene SOA was less straightforward
to explain. A significant fraction of the signal in f-ocimene SOA
was attributed to C;; and C,; compounds which did not
contribute appreciably to the total signal in the other SOA types
in this study. We attributed the C;; and C,; compounds to
oligomers; all SOA precursors were C;, compounds and there-
fore the formation of C;; and C,; compounds requires the
combination of two smaller compounds. One possible B-oci-
mene chemical mechanism that could generate the Cy; signals
in the mass spectrum was developed by synthesizing GECKO-A
predictions with UHPLC-ESI-HRMS data (Fig. 5). It was of
particular interest that these C;; peaks were prominent only in
the ocimene SOA and not in any other SOA types in this study.
Furthermore, GECKO only predicted five-carbon and six-carbon
products from ocimene oxidation and not any of the other SOA
precursors (Fig. S3-S57). It is possible that the GECKO pathways
that produced the five-carbon and six-carbon products unique
to the ocimene system were also the pathways leading to the
prominent C;; compounds. Another observation of note is the
C;1 compounds were highly oxygenated molecules (HOMs) with
chemical formulae, C;1H,0-2,05-o. The presence of these HOMs
suggested a possible autooxidation mechanism formed via
hydroperoxide intermediates.** One of the five-carbon peroxy
radical intermediates predicted by GECKO would serve as
a likely candidate for autooxidation because the alkyl radical
formed after a hydrogen shift would be located in a stabilized
allylic position (simplified mechanism shown in Fig. 5). This
autooxidation mechanism could produce two HOM products,
C5H;005 and C5H;(Oe. It is challenging to confirm the presence
of these peaks with the MS data because the analytical method
used here is not particularly sensitive to organic peroxides and
they are known to fragment easily during ionization with
ESL.7>%%%7 However, multifunctionalized peroxides have been
observed with ESI in positive mode previously, so it is possible
the instrument would be capable of detecting these struc-
tures.*** We observed structures in positive mode that could
match CsH,;,05 and CsH;,0¢ or a fragment that lost an HOOH
group (CsHgO,).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4em00063c

Open Access Article. Published on 29 Caxah Alsa 2024. Downloaded on 31/01/2026 6:59:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Potential autooxidation mechanism for C5 hydroperoxides

View Article Online

Environmental Science: Processes & Impacts

1,6 H-shift

0 —_—
\’/\/ ~o- +0,

(from GECKO-A)

1,5 H-shift

-0 0 —
\O/Y\/ ~oH +o,

.0 0
H \0//v’,/\/ \O_H

0
|
0

+ OH + HO,
-ocimen . Measured C4, oligomers
B-ocimens Hypothetical 1 09
P Cs hydroperoxides CiyH205 H
(0]
H _H
Ig’; Measured and O, OsoH ‘|’ T
= predicted Cg aldehydes [ 0 0
___________________________________________ H ) o~ H
i i 0 0
| ot Lo 0 MW 150 MW 282
! | | H
' +OH N _|_ 20 sl | — C11H2204 ]
| S e ' C
i e ' H H Y
: : (0] 0
| MW 98 MW 130 ; o | | 5 S
___________________________________________ ‘ 0 ico H 0 o~ H
H 0~
MW 298

Fig.5 One possible reaction mechanism that could generate Cy; oligomers from B-ocimene oxidation. The Cg aldehydes in the shaded box with
a dashed outline are predicted by GECKO-A modeling and have matching neutral masses in the ESI HRMS spectrum.

Once in the condensed phase, hydroperoxides can combine
with aldehydes to generate peroxyhemiacetal dimers®® which
would also only be detectable in positive mode. In fact, in
a study comparing various accretion reactions between
compounds including hydroperoxide, hydroxyl, carboxyl, alde-
hyde, and ketone functional groups, the reaction of hydroper-
oxides and aldehydes to form peroxyhemiacetals were the most
favorable even without the presence of an acid catalyst.” In
addition, Hall and Johnston®* indicated that under low-NO,
conditions, because of the dominant fate of RO, reacting with
HO,, hydroperoxides are likely to be formed and further react
with aldehydes which subsequently contributes to perox-
yhemiacetal production, thereby lowering SOA volatility. The
C11H,005o structures were only observed in negative mode so
they cannot be peroxyhemiacetals. However, the C;;H,,05 9
structures were present in multiple LC peaks in both positive
and negative mode. This means there were a few different
compounds contributing to this signal in the integrated mass
spectrum, some of which could be peroxyhemiacetals. One six-
carbon aldehyde predicted by GECKO is C¢H;,03, formed via
multi-generation OH oxidation. This could combine with the
five-carbon HOMs to generate peroxyhemiacetals with the
formulae C;;H,,03 and C;;H,,0, (Fig. 5). Unfortunately, the
exact structures of the C;; HOMs cannot be confirmed with the
MS/MS data collected during these experiments. Additionally,
this mechanism could only account for the signal observed in
positive mode so there is still some unexplained chemistry
leading to other C;; peaks observed in negative mode. One
alternate explanation for the presence of oligomers is the long
filter collection time required (see Methods section); others
have published results showing that condensed phase

This journal is © The Royal Society of Chemistry 2024

chemistry can occur on filters themselves.® However, this
cannot explain why the C;; and C,; oligomers are only observed
in B-ocimene SOA and not in all SOA systems in this study. The
prominent C,; peaks in the ocimene SOA mass spectrum could
be the product of these C,; compounds combining with one of
the many C;, products and intermediates that would form in
this chemical system. Recent studies by Kenseth et al.®>**
proposed a possible mechanism for the production of oligo-
meric esters formed from hydroperoxides in the particle phase
that could potentially contribute to these C,; peaks, but could
not explain the production of the C;; HOMs. There are too many
possible C;o + C;; combinations to pinpoint a particular
mechanism here, but further exploration of ocimene oxidation
mechanisms would be a natural follow-up to this study.

Some of the products shown in Table S4f with matching
exact masses in the mass spectra are only predicted via ozo-
nolysis even though we did not expect significant ozonolysis
chemistry to occur in the OFR based on our calculations of VOC
reaction rates via OH and ozonolysis. The fate of each VOC
reacting with OH and O; was estimated using reaction rate
constants of B-myrcene, B-ocimene, and linalool (kmyrcene-om/o,»
kocimene-on/o,y and Kinalool-on/o,), Which are summarized in
Table 1. Results are reported in Table S4.1 For all the experi-
mental conditions shown in Table S2,7 the fate of f-myrcene, B-
ocimene, and linalool should primarily be OH oxidation with
more than 98% expected to react with OH. However, the SOA
composition data clearly showed evidence of ozonolysis oxida-
tion products. For example, Cg compounds contributed 12.2%
and 10.2% to the total signal for f-myrcene and B-ocimene SOA,
respectively, even though these products are only predicted to
form via ozonolysis and not OH oxidation (note: these
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Fig. 6 Predicted glass transition temperature (Tg) as a function of saturation mass concentration (Co) of individual compounds derived from the
SOA mass spectra from (a) a.-pinene, (b) linalool, (c) B-myrcene, and (d) B-ocimene SOA samples. The marker size represents normalized intensity
of each peak to the total signal and color bar indicates oxygen-to-carbon (O : C) ratio.

percentages are different from Table 4 which shows the percent
contribution to total monomer signal, not the % contribution to
total signal). One possible explanation could be that ozonolysis
occurred on the Teflon filter itself as the SOA samples were
collected, downstream of the OFR. While several measures were
implemented to prevent this from occurring (including instal-
lation of two custom-built ozone scrubbers upstream of the
filter assembly), there was still ~20 ppb O; remaining down-
stream of the scrubbers. With an SOA filter collection time of 15
hours, 20 ppb O; could very well lead to chemistry on the filter
outside of the OFR. This is one of the challenges when using an
OFR system where ozone mixing ratios are very high, often in
the tens of ppm. Therefore, the ozonolysis chemistry shown in
the simplified mechanism may not have occurred within the
OFR itself and we cannot exclude this possibility.

3.3.3 SOA volatility, and viscosity. Volatility and viscosity of
SOA components were estimated based on the molecular
formulae identified in the high-resolution mass spectra. This is

1166 | Environ. Sci.: Processes Impacts, 2024, 26, 1156-1170

displayed as the glass transition temperature (T) versus satu-
ration mass concentration (C,) for each molecular formula, with
the color of the markers representing the oxygen-to-carbon, or
O: C, ratio (Fig. 6). C, is calculated based on eqn (S2 in the ESI)f
and is divided into four volatility categories including extremely
low volatility organic compounds (ELVOC; C, < 3 x 10~* pg
m %), low-volatility organic compounds (LVOC; 3 x 10 * < C, <
0.3 ug m~?), semi-volatile organic compounds (SVOC; 0.3 < C, <
300 pg m?), and intermediate volatility organic compounds
(IVOC; 300 < Cy < 3 x 10° pg m™~?).>* Many compounds fall in the
IVOC region for a-pinene,B-myrcene, and especially linalool
SOA. The elemental composition (e.g., O : C ratio and number of
carbons, or nC) and volatility distribution for each SOA system
is presented in Fig. S6.f Among these three SOA systems, o-
pinene has a relatively larger contribution of compounds in the
lower volatility region, followed by B-myrcene and linalool SOA.
A much larger contribution of oxidation products in the ELVOC
and LVOC regions are identified in B-ocimene SOA compared to

This journal is © The Royal Society of Chemistry 2024
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all the other SOA types. Most of the ELVOC and LVOC
compounds are Cy; and C,; compounds, which are absent in
the other SOA systems investigated in this study. The produc-
tion of highly oxygenated organic molecules (HOMs) of ELVOC
from auto-oxidation processes has been shown to significantly
contribute to SOA formation.">* It is possible that acyclic
monoterpenes could also undergo auto-oxidation and be
contributing to some of the ELVOCs observed in this study.
However, the absence of auto-oxidation mechanisms in
GECKO-A makes it difficult to assess HOM production in this
case.

The estimated glass transition temperature (T,) for each
peak decreases as C, increases, as expected.*>®* The overall
value of T, for each type of SOA is estimated by integrating the
individual T, values for each molecular formula observed in
that SOA system. The lower volatility oxidation products iden-
tified in B-ocimene SOA led to the highest Tg (263.6 K), followed
by a-pinene (258.8 K), B-myrcene (255.3 K), and linalool SOA
(245.2 K). The estimated particle viscosity values are 680 Pa s,
310 Pa s, 181 Pa s, and 42.7 Pa s for B-ocimene, a-pinene, -
myrcene, and linalool SOA, respectively, with the highest
viscosity in f-ocimene SOA driven by oligomers. Under relatively
high RH (>70%) and typical ambient temperatures (>295 K)
during a field campaign at a rural site in southeastern US, where
SOA is mainly formed by oxidation of isoprene and mono-
terpenes, the viscosity of ambient organic-dominated particles
were often less than 100 Pa s, exhibiting mostly a liquid phase
behavior. While at lower RH (<50%), the viscosity value of
ambient organic-dominated particles was higher than 100
Pa s,% values typical for a non-liquid phase. The lower T, value
due to the relatively lower MW oxidation products, could result
in lower viscosity at similar RH and temperature range.* Our
results demonstrated that linalool SOA is less viscous than B-
myrcene, p-ocimene and a-pinene SOA, suggesting more liquid-
like particles in the OFR. The variation in viscosity between
acyclic terpene SOA types in this study highlights that lumping
all acyclic terpenes together could lead to inaccurate predictions
of SOA properties. Compared with other studies using the same
parameterization for estimating viscosity, the particle viscosity
for a-pinene SOA at RH around 50% is much lower in this study
than the value of 10 to 10* Pa s reported by DeRieux et al.
(2018).* This difference in reports could be attributed to the
difference of RO,/HO, ratio between the environmental smog
chamber used in the previous study and the OFR used in this
study. Higher RO,/HO, ratios in the OFR prevents suppresses
RO, + RO, fate which would contribute to elevated oligomeri-
zation reactions, lower volatility oxidation products, higher
glass transition temperatures, and thus higher viscosity in
chamber experiments.

4 Conclusion

We conducted several OFR experiments to investigate SOA
formation, chemical composition, and physical properties from
photooxidation of acyclic terpenes, including B-myrcene, B-
ocimene, and linalool. Results for a-pinene are also provided as
a benchmark reference system for comparison. Plant emissions

This journal is © The Royal Society of Chemistry 2024
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of acyclic terpenes are commonly induced by adverse conditions
leading to plant stress - conditions that are increasing in
frequency and intensity in a changing climate. The result
showed that all acyclic terpenes were prone to fragmentation
reactions at relatively low OH exposures, leading to lower SOA
mass yields compared to o-pinene at a comparable OH expo-
sure. Higher abundance of acyclic terpenes in future climate
conditions would warrant more explicit absorption-partitioning
treatment of acyclic terpene oxidation products to improve
predictions of SOA formation and properties. We observed
significant contributions of C,; and C,; oligomers in p-ocimene
SOA and it remains unclear why similar oligomerization reac-
tions were not observed in the other acyclic terpene systems.
Combining UHPLC-ESI-HRMS data with oxidation schemes
from GECKO-A model simulations, we proposed one possible
chemical mechanisms that could contribute to some of the Cy;
compounds. There appears to be something unique about the
SOA chemistry associated with B-ocimene oxidation and thus
additional investigations focused on measuring gas-phase
reaction products directly and leveraging additional analytical
techniques to probe oligomer chemistry in the condensed
phase, particularly those that can target organic peroxide
analysis, would be a natural follow-up to this study. Estimated
volatility and viscosity of the different SOA systems in this study
indicated that changes in BVOC emission profiles under
stressed conditions could alter ambient SOA chemical compo-
sition and physical properties. In particular, f-ocimene SOA was
more similar to a-pinene SOA than B-myrcene SOA in its vola-
tility distribution and viscosity, which has not been highlighted
in any previous studies. This demonstrates substantial variation
even between different acyclic terpene SOA systems. One limi-
tation of the current study is that the primary pathway for SOA
production was through nucleation (e.g. no seed particles were
used). However, there are many other pathways to SOA forma-
tion in the atmosphere that were outside the scope of this study
to explore in detail. For example, it is possible that oxidation
products derived from these acyclic BVOCs could undergo
multiphase chemistry within pre-existing wet acidic aerosols, as
shown for IEPOX SOA formation in the eastern U. S.°” Future
studies should explore the potential role of acid-catalyzed
multiphase chemistry associated with these non-isoprene
acyclic BVOCs. Given the projected increases in plant stress
conditions in a rapidly changing climate, the contribution of
acyclic terpenes to the atmospheric aerosol budget may increase
and need to be included in chemical transport models.
However, SOA chemistry could vary strongly for some acyclic
terpenes, thus lumping these compounds into a single VOC
group may be insufficient to accurately predict how these
changes will alter climate-relevant SOA properties.
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