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ABSTRACT: Ambient water-soluble organic gases (WSOGs) are w0
photochemically processed in atmospheric waters, which contributes to o L o _, Gas to Aqueous-Phase

i i B )L Partitioning
aqueous secondary organic aerosol (agSOA). Chemical characterization

of this atmospheric pathway has not been undertaken for monoterpene or P—< \

aromatic oxidation products. In this work, gas-phase a-pinene, d-

limonene, and toluene were oxidized via O;- and eOH-initiated reactions. o Phase QAZQST

Resulting water-soluble oxidation products were collected using a mist Oxidation “ Aqueous-Phase
chamber, in which WSOGs were scrubbed by aqueous droplets. WSOG C @ d- leonene Photooxidation
samples were then subjected to aqueous-phase photooxidation to quantify 7@ AqSOA ® ® ®

aqSOA mass yields and characterize aqSOA chemical composition.
AqSOA particle mass concentrations and O/C ratios increased with
aqueous-phase photooxidation time for monoterpene WSOGs, while only
marginal increases were observed for toluene WSOGs. Mass spectra for
a-pinene WSOGs showed an abundance of small carboxylic acids (C,—C,) and monomeric (C,— C,,) carbonyls formed during the
aqueous-phase photooxidation. The a-pinene WSOGs exhibited a distinct molecular composition and underwent different
photochemical processes when contrasted with water-soluble organic particles (WSOPs) from the gas-phase oxidation of a-pinene.
These results underscore the need for chemical-level characterization of monoterpene-derived WSOGs to quantitatively evaluate
their potential contribution to the global atmospheric agSOA burden.

(.C_% A Toluene @ @ @ @
VOC Emissions AqSOA AgSOA

KEYWORDS: aqueous-phase photooxidation, aqueous secondary organic aerosol (agSOA), cloud processing, mist chamber,
multiphase chemistry

1. INTRODUCTION agSOA precursors.”* "> Monoterpene oxidation products,
including pinonic, pinic, and limononic acids, are also reported

The oxidation of volatile organic compounds (VOCs) in the 2P
to form aqgSOA.” " In addition to laboratory experiments,

atmosphere forms oxidized organic compounds, including

water-soluble organic gases (WSOGs), that contribute to ambient WSOG samples have been shown to form agSOA
secondary organic aerosol (SOA) through physxcal and through aqueous-phase photooxidation, in which several water-
reactive uptake in existing particles or droplets Tropo- soluble precursors were proposed and tentatively character-
spheric WSOGs are primarily small, polar carbonyl compounds ized.*®*” Water-soluble organic particles (WSOPs) are gasSOA
and carboxylic acids. Formic and acetic acids are the most particles that partition into the aqueous phase. WSOPs may
abundant carboxylic acids, found widely in the atmosphere in undergo further processing in the aqueous phase to generate
both urban and remote regions.3_7 DiCﬁI‘bOXYIiC acids, such as aqSOA, but only the newly generated SOA in the aqueous
oxalic and malonic acids, are also abundant.”*~"' Carboxylic phase is considered aqSOA, whereas all SOA produced from
acids are routinely observed in cloud and fogwaterlz_15 as well WSOG aqueous-phase processing is considered agSOA.

as in the particle phase, in larger amounts than predicted by
their vapor pressure.'*”"

SOA generated from gas-phase reaction pathways (gasSOA)
has been studied through the oxidation of a variety of biogenic
and anthropogenic VOCS, including isoprene, a-pinene, d-
limonene, and toluene.'”™** Isoprene, a-pinene, toluene, and
biomass burning emissions all exhibit higher SOA mass yields
from aqueous pathways (agSOA) than gasSOA.>*~** Isoprene
and aromatic oxidation products, such as glyoxal, methylglyox-
al, glycolaldehyde, and pyruvic acid, are well-established

Atmospheric liquid water is a readily abundant partitioning
medium in the troposphere and exists primarily in the form of
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Figure 1. (a) Diagram of WSOG sample generation from the OFR. Samples were collected in the mist chamber for aqueous-phase photooxidation
and characterization. MFC = mass flow controller; OFR = oxidation flow reactor. (b) Diagram of WSOG sample aqueous-phase photooxidation
and characterization. After mist chamber WSOG collection, samples were separated into separate aliquots for SMPS, AMS, and ESI-HRMS data

collection.

cloud droplets and aerosol liquid water (ALW). Cloud droplets
are more dilute than ALW but still contain a myriad of species,
including organic acids, aromatics, terpene derivatives,
inorganic ions, and heteroatom-containing compounds.'>*~**
The predominant oxidant in atmospheric aqueous environ-
ments is the ®OH radical,**® which has been modeled to be
primarily responsible for the production of agSOA.*” Liquid
water in atmospheric environments displays average mass
concentrations two to three times higher than dry organic
aerosol mass concentrations.***’ Thus, aqueous pathways are
predicted to contribute substantially to total SOA mass in
some locations.”*”~>" However, the composition of atmos-
pherically relevant WSOGs, their aqueous processing mecha-
nisms, and their efficiency at generating aqSOA are all poorly
constrained.' "

In this study, an oxidative flow reactor (OFR) was used to
oxidize a-pinene, d-limonene (referred to as limonene
hereafter), and toluene individually in the gas phase. The
monoterpenes a-pinene and limonene have high global
emission rates,52 and toluene emissions are important in
urban environments.”*>° WSOG oxidation products were
collected by neat water droplets in a mist chamber to simulate
the passing of an air parcel containing VOC oxidation products
through a cloud. Mist chambers are known to rapidly partition
WSOGs into the aqueous phase and facilitate the collection of
trace levels of WSOGs.”*”” WSOG samples were photo-
oxidized in the aqueous phase to generate agSOA. A Scanning
Mobility Particle Sizer (SMPS), Aerosol Mass Spectrometer
(AMS), and Electrospray Ionization-High Resolution Mass
Spectrometer (ESI-HRMS) were used to quantify and
chemically characterize aqSOA. The aqueous-phase photo-
oxidation of WSOGs from a-pinene, limonene, and toluene
was found to produce highly oxidized aqSOA in all three cases,
with a-pinene WSOGs producing the highest agSOA yield.
The results from this study suggest that monoterpene-derived
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WSOGs can serve as a global source of agSOA in the
atmosphere.

2. METHODS
2.1. SOA Generation

A home-built oxidation flow reactor (OFR; see Veghte et al. for more
details)*® produced gas-phase oxidation products by the O;- and
eOH-initiated oxidation of VOCs (Figure 1a). The OFR consisted of
an 8 L quartz vessel where the VOC and oxidants were mixed. Two
254 nm lamps generated ®OH radicals by the photolysis of O; in the
presence of water vapor. The overall gas flow (2.4 L/min) through the
OFR consisted of 1.2 L/min O, flow (UHP grade, Airgas) that passed
through an Oj-generating lamp, 0.7 L/min humidified (100% RH)
air, and 0.5 L/min dry air, which contained a VOC. The estimated
residence time inside the OFR was 3.3 min. A syringe pump delivered
the VOC at a rate of 10 uL/h into the VOC air flow. The RH of the
OFR was ~30%, the measured O; mixing ratio (in the absence of
added VOC) was ~12 ppm, and the calculated steady-state mixing
ratio of VOC (in the absence of O;) was 8.67—13.2 ppm depending
on the VOC. The monoterpenes were primarily oxidized by eOH,
which constituted ~66% and ~83% of the a-pinene and limonene
gas-phase oxidation, respectively. Toluene was almost exclusively
oxidized by @ OH (see section S3 for more details). The outflow from
the OFR (at 2.4 L/min) passed through two 0.2 um Teflon filters in
series to remove particles. Gaseous oxidation products then entered
heated (~110 °C) copper tubing (2.7 m) to scrub residual O; from
the sample. The efficiency of the scrubber was measured in a separate
experiment, where it was found to lower the O; mixing ratio from
~12 ppm to less than 0.1 ppm.

2.2. Mist Chamber

Clean air mixed with gas-phase oxidation products from the OFR
flowed through the mist chamber at a flow rate of ~29.3 L/min.
WSOGs partitioned from the gas phase into the aqueous phase via
droplets of the mist chamber (see Figure S1).** WSOGs derived from
the gas-phase photooxidation of a specific VOC are referred to as
VOC WSOGs within this work. Since the flow from the OFR was
much smaller than the optimal mist chamber flow, clean makeup flow
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of lab air, passing through two HEPA particle filters and three
charcoal cartridge filters, was added in series to the OFR prior to the
mist chamber (this air was verified to contain no WSOGs in
preliminary experiments). The HEPA filters were added upstream of
the charcoal denuders to prevent gaseous siloxane contamination®”
from entering the mist chamber apparatus. Purified water (Thermo
Scientific GenPure Pro UV 18.2 MQ cm) was used as the working
fluid in the chamber. A syringe pump (Tricontinent C-Series)
transferred the neat water into and dissolved WSOGs out of the mist
chamber reservoir. A hydrophobic membrane filter (TISCH Scientific
PTFE Membrane Filter, 1.0 ym pore size, 47 mm diameter)
minimized water loss at the mist chamber exit. Some evaporative
loss still occurred, with an evaporation rate that varied with RH.**
Droplets were generated with 15.0 mL of neat water and misted for §
min. In this experimental setup, 13.8 mL of water was retained in the
mist chamber after S min of misting, indicating an evaporative loss
rate of 0.24 mL/min. OFR oxidation occurred continuously while a
mist chamber cycle was repeatedly collected every 7 min (1 min water
injection, S min sampling, and 1 min WSOG sample removal). This
mist chamber cycle was repeated until a total of 200.0 mL was
collected in a clean glass jar. Sample aliquots were divided into four
50.0 mL batches for AMS and SMPS analysis. Three replicates were
collected for each VOC. An additional 40.0 mL batch of a-pinene
WSOG sample was collected for ESI-HRMS analysis.

2.3. Aqueous-Phase Photooxidation

Aqueous WSOG samples were photooxidized to simulate reactions in
cloud droplets. To accomplish this, 0.045 M H,0, (30% ACS grade)
was added to WSOG samples, and solutions were irradiated in open
air by a 254 nm pen-ray lamp (see Figure S2) to generate eOH
radicals. For AMS and SMPS analysis (described below), multiple
identical WSOG samples were irradiated at 0, 30, 60, and 90 min. For
the a-pinene experiments, particulate matter exiting the OFR that
deposited on Teflon filters was extracted to characterize water-soluble
organic particles (WSOPs) for comparison to WSOGs. Approximately
1.0 mg of a-pinene SOA was collected on the filter paper and
dissolved in 40.0 mL of neat water for 15 min to extract WSOPs,
which constitute the majority of a-pinene-derived SOA material.®'
Extracted WSOP samples were subjected to the same H,0, and UV
radiation as the WSOG samples. For ESI-HRMS analysis, a-pinene
WSOG and WSOP samples were photooxidized in the aqueous phase
from 0 to 90 min in increments of 10 min.

In a separate calibration experiment, terephthalic acid was used in
place of WSOGs as an e OH-trapping compound to measure and test
the steady-state concentration of ®OH radicals present in solution for
this experimental setup. A steady-state ®OH concentration of 1.7 X
107"* M was calculated for WSOG solutions in the employed
experimental design (see SI section 4.1 and section 4.2). After the
longest aqueous-phase photooxidation exposure of 90 min, 99% H,O,
was estimated to remain in solution, consistent with the steady-state
assumption (see SI section 4.3). For this €OH concentration, 90 min
of aqueous-phase photooxidation in the experiment is equivalent to ~
25 h of cloud processing time (see SI section 4.4). This value
approximates many cloud cycles as an air parcel undergoes vertical
transport and entrainment through cloud environments.

2.4, Sample Characterization

Aqueous samples were examined using SMPS, AMS, and ESI-HRMS
instruments after aqueous-phase photooxidation (Figure 1b). AGQSOA
samples were individually atomized at 2.0 L/min and passed through
a set of dryers before entering an AMS (0.1 L/min sampling flow) and
an SMPS (0.3 L/min sampling flow). Three aqSOA samples were
analyzed for each VOC with both instruments. SMPS measurements
were used to determine particle mass concentrations and calculate
aqSOA yields as a function of the aqueous photooxidation time.
Variability among measured mass concentrations for the same VOC
was attributed to inconsistencies in the OFR output, as observed in
preliminary total organic carbon (TOC) analyzer measurements. It is
important to note that the RH in the SMPS sheath flow was 15—40%,
and the particles were not fully dried; however, the water content can
be expected to be low for pure organic particles. The dried particle
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sizes were too small for AMS measurements, so after SMPS
measurements were complete, 0.1 mM of ammonium sulfate (AS)
was added to improve the AMS particle detection efficiency. The
percent mass of the sample within the AMS measurable diameter
range (greater than 70 nm) increased from approximately 5% to 50%
after adding AS, as determined from preliminary SMPS measurements
(see SI section 10 for more details).

Direct infusion into a Q Exactive Plus electrospray ionization high-
performance Orbitrap mass spectrometer (ESI-HRMS) was used for
the chemical characterization of aqueous-phase a-pinene WSOG
photooxidation products. Direct infusion samples were averaged over
2 min in both positive ion (ESI(+)) and negative ion (ESI(—))
modes. ESI(—) ions were assumed to form only by deprotonation.
ESI(+) ions were assumed to form of either a sodium ion or proton
addition. Species will be referred to by their neutral formulas, and
tentative identities are provided in parentheses in the results section.
Ton fragments are still formed using a soft ionization technique such
as ESI, so some of the formulas may correspond to fragments of larger
molecules.

2.5. Mass Yield Calculations

Mass yields of aqgSOA were calculated in two ways, with each method
employing values at the different aqueous photooxidation times
(Table 1). The first yield (Y,) represents the mass fraction of

Table 1. agSOA Yields for All Three Aqueous-Phase
Photooxidation Times”

Mass a-Pinene agSOA Limonene agSOA Toluene agSOA
Yield (%) (%) (%)

30 min

Y, 87 £ 44 7.5 + 3.8 21+ 11
Y, + 0.5 12+02 0.28 + 0.11
60 min

Y, 105 8.1+ 41 32+ 16
Y, 1.7 £ 0.6 14+ 03 0.45 + 0.02
90 min

Y, 11+£5 7.6 + 3.8 29+ 14
Y, 19 + 04 1.4 + 04 042 + 0.13

“Y| represents the mass fraction of dissolved WSOG mass that was
photooxidized to agSOA. Y, represents the mass fraction of VOC that
entered the OFR, partitioned into the WSOG sample, and was
photooxidized to agSOA.

captured WSOGs that became aqSOA after aqueous-phase photo-
oxidation and atomization. The second yield (Y,) is defined as the
mass fraction of the initial VOC that was ultimately converted into
aqSOA after gas-phase VOC oxidation, mist chamber sampling of
WSOGs, aqueous-phase photooxidation, and atomization of the
solution. Y, is more akin to the yields traditionally calculated in smog
chamber experiments. Calculations for Y, and Y, are provided in SI
section S.

3. RESULTS

3.1. Mass Concentration and Yield

The amount of aqSOA mass produced from each WSOG
system generally increased with aqueous photooxidation time
(Figure 2). For example, the measured mass concentrations for
a-pinene agSOA were approximately 3 ug/m® and increased to
nearly 15 ug/m® at 90 min of aqueous-phase photooxidation
(Figure 2a) in bulk solution. The monoterpene aqgSOA had
significantly higher mass concentrations after 90 min of
aqueous-phase photooxidation compared to toluene aqSOA.
WSOGs generated from the toluene experiments exhibited
lower observed TOC concentrations (Figure SS) relative to
the studied monoterpene systems. This observation is

https://doi.org/10.1021/acsestair.6c00044
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Figure 2. Mass concentration from SMPS measurements for a-pinene
aqSOA (a), limonene aqSOA (b), and toluene aqSOA (c). Each type
of WSOG sample had three separate trials, represented by the smaller
dashed lines, with five measurements per trial. The bolded line
represents the average of the three trials. Error bars and shading
indicate one standard deviation.

consistent with toluene oxidation products having lower
Henry’s law constants and smaller molecular weights relative
to the studied monoterpene oxidation products,”” which would
reduce partitioning into the aqueous phase and subsequent
aqSOA formation. AqSOA observed prior to aqueous-phase
photooxidation likely resulted from reaerosolization of
dissolved WSOGs after storage, consistent with previous
laboratory observations of aqSOA under dark conditions
from WSOG precursors.””~®” For both limonene and toluene
systems, agSOA mass concentrations plateaued by 60 min of
aqueous-phase photooxidation, with measurements from 60 to
90 min remaining within one standard deviation. Similar
maxima in agSOA mass have been observed in aqueous-phase
photooxidation experiments of ambient cloudwater sam-
ples'*®® and are attributed to competing functionalization,
fragmentation, and evaporation rates.'

The agSOA mass yields for both Y; (agSOA mass
normalized by the initial WSOG mass) and Y, (aqgSOA mass
normalized by the initial VOC mass) were highest for a-
pinene, with values of 11 + 5% and 1.9 + 0.4%, respectively
(Table 1). Initial WSOG mass was determined through TOC
measurements (see Sections SS and S6 for more details).
Quantitative data for comparison to other studies are relatively
sparse, but Y, for agSOA was determined to be ~40% for
pinonic acid using an ®OH concentration of 1.7 X 107" M
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after 120 min* and ~50% for glycolaldehyde using an e OH
concentration of ~107'2 M after 70 min.”' The Y, value for
isoprene aqgSOA was modeled to range from 0.3—1.1%.% The
isoprene aqSOA yields predicted by Ervens et al.”” are smaller
than the Y, values measured here for a-pinene and limonene
aqSOA, which is qualitatively consistent with the larger
molecular weights of WSOGs generated from monoterpene
(Cyp compounds) oxidation versus isoprene (Cg compound)
oxidation. It should be noted that in the Ervens et al.*” (2008)
modeling study, gas- and aqueous-phase oxidation occurred
concurrently, while in these experiments, the processes are
sequential.

3.2. Elemental Analysis

There was a clear increase in both AMS-derived average
carbon oxidation state (OSc) and oxygen-to-carbon (O/C)

ratio with aqueous photooxidation time for agSOA samples in
all three VOC systems (Figure 3). Both O/C ratio and OSc

(a) a-Pinene aqgSOA (d) a-Pinene agSOA

o/C

o/C

0.6
0 30 60 90 0 30 60 90
1.4+
(c) Toluene agSOA (f) Toluene agSOA
1.04 1.2
0.5+
Q o 1.04 :
3 S i
001 o.s'/
-0.54 0.6 !
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Aqueous Photooxidation Time (min) Aqueous Photooxidation Time (min)

Figure 3. Average oxidation state of carbon (OSc) and oxygen-to-
carbon ratio (O/C) for a-pinene aqSOA (a, d), limonene agSOA (b,
e), and toluene agSOA (c, f) over the course of aqueous-phase
photooxidation. The left panels show OSc, and the right panels show
O/C ratios measured by the AMS. Each type of WSOG sample had
three separate trials, represented by the smaller dashed lines, with five
measurements per trial. The bolded line represents the average of the
three trials. Error bars and shading indicate one standard deviation.

measurements are reported because O/C ratios are more
commonly recorded in the literature, but OSc is less affected
by dehydration and hydration reactions and is therefore a
better proxy to understand the properties of agSOA.”® OSc
reached 0.94 for a-pinene aqSOA, 1.1 for limonene aqSOA,
and 0.32 for toluene aqSOA. The O/C ratios for aqSOA
ranged from 0.63—1.1 for a-pinene, 0.80—1.2 for limonene,
and 0.61—0.88 for toluene. Atomized cloud water samples
collected at Whistler, British Columbia, Canada, and Mt. Tai,
China, exhibited O/C ratios between 0.35—0.55 in AMS
analysis,""*® lower than the values measured here. After
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comparable amounts of aqueous-phase photooxidation, O/C
ratios of the Whistler and Mt. Tai samples increased to 0.4—1,
consistent with an increase in the average O/C ratio with
aqueous photooxidation time as observed here. Several studies
recorded a decrease in O/C ratios after extended periods of
aqueous-phase photooxidation,'**® thought to be caused by
the evaporation of highly oxidized compounds (such as formic
acid) from aqueous samples. We note that evaporation would
be suppressed during the aqueous-phase photooxidation of our
bulk solutions, but volatile products would evaporate during
the atomization step.

In a separate AMS experiment, the O/C ratios of gas-phase
oxidized particles for each VOC were measured (see SI section
10). The oxidized monoterpene particle O/C ratios were
determined to be 0.49 + 0.01 for a-pinene and 0.53 + 0.01 for
limonene, which is in agreement with previous literature®>”"”*
but lower than their respective WSOG O/C ratios (0.63 and
0.80). Lee et al.*® examined the aqueous-phase photooxidation
of a-pinene oxidation products, including both gases and
particles, as a function of f,,/f,; ratio (which is a proxy for O/
C ratio) by comparing the CO," fragment (nominal m/z 44)
to the C,H;O" fragment (nominal m/z 43)" Lee et al.*®
observed an increase in fj,/f;; from ~0.48 to ~3.2 from the
aqueous-phase photooxidation of a-pinene SOA generated in a
flow tube reactor. The f,,/f,; ratio for the a-pinene WSOGs in
this study rose from 2.5 to 3.3. This comparison indicates that
WSOGs were initially more oxidized than WSOPs, but after 90
min of aqueous-phase photooxidation, the WSOPs and
WSOGs had a more similar extent of oxidation. In contrast,
toluene gas-phase oxidation product particles were determined
in a separate AMS experiment to have an O/C ratio of 0.80 +
0.01, which was in agreement with the literature” and higher
than the toluene WSOG O/C ratio (0.61). Toluene WSOGs
had an O/C ratio similar to a-pinene WSOGs prior to
aqueous-phase photooxidation, but toluene aqSOA only
reached an O/C ratio of 0.88 in comparison to a-pinene
aqSOA, which obtained an O/C ratio of 1.1.

AMS-identified fragments provide evidence for increasing
O/C ratios during aqueous-phase photooxidation through
progressive functionalization of agSOA components (Figure
4). The CO,* fragment, commonly associated with highly
oxidized carboxylic acid functional groups,”* increased with
aqueous photooxidation time for the monoterpene systems,
whereas smaller changes were observed for toluene aqSOA. In
contrast, the C,H," fragment, which is associated with
aromatic and hydrocarbon-like structures in a-pinene and
aromatic SOA,” was initially low for all three VOCs and
decreased with aqueous photooxidation time. This is
consistent with progressive oxidation of less oxygenated
hydrocarbon moieties in solutions. The C,H;0* and CHO"
fragments, which are commonly associated with moderately
oxidized species,””’® were also observed throughout the
experiments. The C,H;0" fragment is frequently linked to
carbonyl-containing compounds,”* while CHO" is associated
with alcohols, esters, and zildeh}ldtas.74’76 For a-pinene and
toluene aqSOA, the combined C,H;0* and CHO" signal
increased during the first 60 min of aqueous photooxidation
and subsequently decreased between 60 and 90 min. This
behavior is consistent with the initial formation of intermediate
oxygenated products followed by their further oxidation to
more highly oxidized carboxylic acid-containing species. A
similar trend was observed for limonene agSOA, although the
decrease in the C,H;0" and CHO" signal occurred earlier.
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Figure 4. AMS fragments for (a) a-pinene agSOA, (b) limonene
aqSOA, and (c) toluene agSOA over the course of aqueous-phase
photooxidation. Squares represent the combined C,H;0* and CHO*
fragment ions, triangles represent the C,H," fragment ion, and
hexagons represent the CO," fragment ion. Error bars represent one
standard deviation.

The relatively large variability in several AMS fragments for a-
pinene agSOA should be considered when interpreting these
temporal trends.

3.3. ESI-HRMS of a-Pinene-Derived WSOG and aqSOA

High-resolution mass spectral analysis of WSOG and aqSOA
samples from the a-pinene experiments provided useful insight
into the formation and depletion of intermediates and late-
stage products through analysis of formula distributions. The
ESI-HRMS spectra for a-pinene WSOG samples before and
after aqueous-phase photooxidation are shown in Figure S for
both ESI(—) and (+) modes. In both ESI modes, the observed
aqueous-phase photooxidation products corresponded to small
organic acids (C,—C, compounds) and monomers (C,—C,
compounds). There were essentially no ions observed above
m/z 300. The ESI(—) mass spectrum was dominated by the
bicarbonate ion (HCO;™) as well as small organic acids such
C,H,0, (oxalic acid) and C,H,0, (acetic acid). The signals
for these small organic acids mostly grew in relative intensity
with aqueous photooxidation time (Figure 6a). Small mono-
and dicarboxylic acids have been reported as main constituents
of WSOGs.”>'*">**77 The species C,H,0; (glyoxylic acid)
and C,H,0; (glycolic acid) were also present and are known
products of aqueous-phase photooxidation of acetic acid.””
Highly oxidized small carboxylic acids are more stable with
respect to ®OH attack and thus are relatively slow to
photooxidize to CO, compared to larger species,”” consistent
with our observations of elevated bicarbonate ion in solution.
Note that the detection range of the instrument (limited to
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Figure 6. Individual ion relative intensities for ESI(—) over the course
of aqueous-phase photooxidation. Signals from bicarbonate (labeled
as “carbonic acid”) and from small organic acids are shown in panel
(a). The a-pinene-derived monomeric acids are shown in panel (b).

m/z > 50) prevents observation of some expected carboxylic
acids such as formic acid. However, such small organic
compounds have relatively high volatilities and are not
expected to have contributed appreciably to particle aqgSOA
mass in these laboratory experiments.

Monomeric SOA products also appeared in the aqgSOA
samples (Figure 6b). Throughout aqueous-phase photo-
oxidation, there was a clear decrease in C,;oH;40; (pinonic
acid), a common primary product of a-pinene gas-phase
oxidation. Over the same experimental time, CgH;,O4
(MBTCA), a known aqueous-phase oxidation product of
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. . - 133,79 . . .
pinonic acid®>”” increased. Other products also increased with

aqueous photooxidation time, such as CgH;,0, (terpenylic
acid), CgH,05 (OH-terpenylic acid), and C,;H,,0, (terebic
acid). These compounds have sufficiently low volatilities,
which contributed to the particle agSOA mass observed in
Figure 2. The predicted volatility distributions of a-pinene
WSOGs at 0 and 90 min of aqueous photooxidation can be
seen in Figure S6a,c, where products were predicted to have
lower volatilities after aqueous-phase photooxidation.

In ESI(+) spectra (Figures Sb and 7), C;H4O (acetone), a
known gas-phase oxidation product of a-pinene,”’”** had the

0.40+

0.204
2 0.104 —e—[Acetone + H
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S —=[Norpinonaldehyde + Na]”
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Figure 7. Individual ion relative intensities for ESI(+) over the course

of aqueous-phase photooxidation. The majority of compounds are
ionized as Na* adducts, as shown.

largest relative intensity despite its relatively low Henry’s law
constant of 2.5 X 10" M atm™".*’ In laboratory experiments,
acetone has been shown to be the most abundant product of a-
pinene oxidation on a per-carbon basis.”* Similar to the small
organic acids observed in ESI(—), acetone has a high volatility
(logCy = 8.3 ug m™>; see SI section S8 for more details),
preventing it from significantly contributing to the particulate
agSOA mass in these experiments. The increasing relative
intensity of acetone with aqueous photooxidation time is
primarily due to other peaks decreasing faster than acetone.
Larger molecular weight species that contain carbonyl
functional groups were abundant in ESI(+) spectra, including
C10H;40, (pinonaldehyde), C,,H,,O (pinonaldehyde that lost
a water molecule in the ion source and/or myrtenal), CoH,,O,
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Figure 8. ESI-HRMS plots of WSOG vs WSOP samples before and after aqueous-phase photooxidation. Panels (a) and (b) show samples from 0
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(norpinonaldehyde), and C,oH;cO; (10-hydroxy-pinonalde-
hyde and/or pinonic acid). These monomeric carbonyls
exhibited a prominent decrease in relative intensity at the
onset of aqueous-phase photooxidation (Figure 7) and were
likely precursors for the formation of observed particulate
aqSOA mass (Figure 2). Additional multifunctional oxidized
species, such as C,H;,0,, CgH,0;, and CyH;,O5 were
observed in ESI(+) spectra, and their intensity increased
with aqueous photooxidation time, further demonstrating the
formation of oxidized, lower volatility species present in
aqSOA.

Dimeric products of monoterpene oxidation (C;,—C,) are
frequently observed above m/z 300, but such species were not
identified in WSOG samples, either before or after aqueous-
phase photooxidation. More concentrated aqueous solutions,
such as ALW, can more readily form dimers and oligomers
from organic radical—radical reactions, relative to dilute
aqueous systems such as cloudwater and fogwater.”'>***
Ambient cloudwater contains larger molecular weight species
in addition to smaller carboxylic acids. Ambient cloudwater
samples from Colorado, USA, notably contained high relative
abundances of C,5, C;5, and C,, compounds indicative of
strong terpene influence.” Ambient cloudwater in Southern
China also contained traces of a-pinene products.** Ambient
cloudwater in France contained monomers, dimers, and
organosulfates derived from a-pinene.*"** It should be noted
that the detection of larger molecular weight species in
cloudwater may not have originated from the uptake of the
observed WSOG species but from preexisting WSOPs*"** that
served as nuclei or were scavenged.

3.4. Comparison Between Composition of WSOGs and
WSOPs

High-resolution mass spectra of WSOGs and WSOPs exhibited
different trends in relative peak intensity during aqueous-phase
photooxidation (Figure 8). ESI-HRMS spectra of WSOP
samples demonstrated strong relative intensity signals in the
monomer region of both ESI(+) and (—), more so than
WSOG samples. WSOP samples also contained clear peaks in
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the dimer region, particularly in ESI(+) within the m/z 300—
450 range. Peak-abundance m/z averages were calculated by
multiplying each m/z value by its relative abundance and
summing all weighted values. Peak-abundance m/z averages
allow for the comparison of m/z averages between samples
while accounting for the relative intensity of each peak. The
peak-abundance average m/z of WSOPs decreased from m/z
169 to 163 in ESI(—) and m/z 202 to 173 in ESI(+). The
peak-abundance average m/z decreases of WSOPs were due in
large part to the degradation of the dimer region. Dimers
produced by a-pinene gas-phase oxidation are known to
efficiently degrade during aqueous-phase photooxidation and
photolysis.””***” Dimers can react with ¢OH to form alkoxy
radicals that have been shown to undergo f-scission reactions,
which split the dimer into smaller molecular weight
products.””*® Conversely, monomeric a-pinene oxidation
products, such as cis-pinonic acid, preferentially functionalize
in the aqueous phase rather than oligomerize,”” which can be
seen in Figure S6b, d from the increase in the O/C ratio
represented by the color shift after 90 min of WSOP aqueous-
phase photooxidation.

The peak-abundance average m/z of observed WSOG
compounds in ESI(—) increased from m/z 76 to 83 due to
the growth in monomeric species signal during aqueous-phase
photooxidation. The peak-abundance average m/z in ESI(+) of
observed WSOG compounds decreased from m/z 140 to 110,
resulting from the depletion of higher molecular weight
carbonyl and carboxylic acid species. WSOG samples
experienced an increase in monomeric species (m/z 150—
250) and small organic acids (m/z < 100) arising from the
aqueous-phase photooxidation of carbonyl species. Lamkad-
dam et al. showed that there were noticeable differences
between gas-phase and particle-phase products from isoprene
aqueous-phase photooxidation.”> There was a higher propor-
tion of Cg compounds in the particle phase, such as isoprene
derivatives, while in the gas phase, there was a greater
proportion of C, , compounds, likely consisting of smaller
organic acids or fragments. Additionally, C.,, isoprene
oxidation products in the particle phase had more oxygens
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per carbon than those in the gas phase. This is because the
species with more functional groups had lower volatilities,
facilitating condensation into the particle phase. The results of
Lamkaddam et al.?® are consistent with the findings here,
namely, the observation of smaller acids in the analysis of gas-
phase products and larger, more oxygenated condensed
products in the particle phase.

4. ATMOSPHERIC IMPLICATIONS

Aqueous-phase photooxidation of WSOGs derived from a-
pinene gas-phase oxidation generated chemically distinct
aqSOA enriched in oxygenated monomeric products. In
contrast to WSOP processing, which was characterized by
fragmentation and depletion of dimeric species, WSOG
oxidation favored the formation of lower-volatility oxygenated
products and increasing O/C ratios during aqueous-phase
aging. The elevated O/C ratios of the aqSOA suggest that
these particles may exhibit different hygroscopic and cloud-
processing behaviors relative to less oxidized gasSOA systems.
These observations suggest that aqueous transformation
pathways differ substantially for dissolved gaseous oxidation
products relative to preexisting particulate SOA.

The measured aqSOA yields demonstrate that cloud or
ALW processing of monoterpene-derived WSOGs can
contribute to atmospheric SOA formation. Applying the
measured 90-min Y, yields to estimated global precursor
emissions”>*”*" gives approximate agSOA production poten-
tials of 1.3 Tg yr™! for a-pinene, 0.15 Tg yr' for limonene,
and 0.028 Tg yr~' for toluene. Relative to an estimated global
SOA source of ~140 Tg yr,**"" these values correspond to
potential contributions of approximately 0.9%, 0.1%, and
0.02%, respectively. These estimates represent simplified
upper-bound calculations based on ~25 h of equivalent
cloud processing time and do not account for deposition,
reversible partitioning, multiphase coupling, or cloud micro-
physical variability.

At atmospherically relevant mass concentrations, the agSOA
yields measured here were approximately an order of
magnitude lower than reported gasSOA yields for a-pinene,
limonene, and toluene.””™* However, aqueous SOA formation
may still represent an important regional source under
conditions with elevated liquid water content, repeated cloud
processing, or persistent ALW. The results further demonstrate
that WSOG uptake and aqueous-phase photooxidation can
generate aqgSOA with chemical compositions distinct from
both gasSOA and aqSOA formed through WSOP processing,
highlighting the need to better constrain multiphase processing
pathways in atmospheric models.
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