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Abstract. Aerosol liquid water (ALW) is a unique reaction medium, but its chemistry is poorly understood. For
example, little is known of photooxidant concentrations — including hydroxyl radicals (*OH), singlet molecular
oxygen (103), and oxidizing triplet excited states of organic matter (*C*) — even though they likely drive much
of ALW chemistry. Due to the very limited water content of particles, it is difficult to quantify oxidant con-
centrations in ALW directly. To predict these values, we measured photooxidant concentrations in illuminated
aqueous particle extracts as a function of dilution and used the resulting oxidant kinetics to extrapolate to ALW
conditions. We prepared dilution series from two sets of particles collected in Davis, California: one from winter
(WIN) and one from summer (SUM). Both periods are influenced by biomass burning, with dissolved organic
carbon (DOC) in the extracts ranging from 10 to 495mgC L~!. In the winter sample, the *OH concentration
is independent of particle mass concentration, with an average value of 5.0 (&2.2) x 10~'°> M, while in summer
*OH increases with DOC in the range (0.4—7.7) x 10~!5 M. In both winter and summer samples, 3C* concentra-
tions increase rapidly with particle mass concentrations in the extracts and then plateau under more concentrated
conditions, with a range of (0.2-7) x 10~13 M. WIN and SUM have the same range of 10; concentrations, (0.2—
8.5) x 10712 M, but in WIN the 10; concentration increases linearly with DOC, while in SUM 10; approaches
a plateau.

We next extrapolated the relationships of oxidant formation rates and sinks as a function of particle mass
concentration from our dilute extracts to the much more concentrated condition of aerosol liquid water. Predicted
*OH concentrations in ALW (including mass transport of *OH from the gas phase) are (5-8) x 10~1> M, similar
to those in fog/cloud waters. In contrast, predicted concentrations of 3C* and 10; in ALW are approximately
10 to 100 times higher than in cloud/fogs, with values of (4-9) x 10713 M and (1-5) x 10712 M, respectively.
Although *OH is often considered the main sink for organic compounds in the atmospheric aqueous phase, the
much higher concentrations of 3C* and 10; in aerosol liquid water suggest these photooxidants will be more
important sinks for many organics in particle water.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

The chemical processing of organic compounds in cloud/fog
water and aerosol liquid water comprises an important source
and sink of secondary organic aerosol (SOA) (Carlton et al.,
2020; Ervens et al., 2011; Gilardoni et al., 2016; Lim et al.,
2010; McNeill, 2015). Aerosol liquid water (ALW), i.e., the
liquid-phase water on airborne particles, is much less abun-
dant (in terms of liquid water content) and contains much
higher concentrations of solutes compared to clouds and
fogs. ALW appears to be an efficient and important medium
for the production of aqueous SOA (aqSOA) (Ervens and
Volkamer, 2010; Faust et al., 2017; Volkamer et al., 2007;
Wau et al., 2018; Zhang et al., 2011), and ALW chemistry is
often different from that in more dilute cloud and fog drops
(Ervens, 2018; Mekic et al., 2018; Zhou et al., 2019). For ex-
ample, reactions in ALW can more efficiently produce high-
molecular-weight compounds like oligomers and brown car-
bon (De Haan et al., 2020; Lim et al., 2010; Renard et al.,
2014; Tan et al., 2012; Xia et al., 2018). Modeled rates of ag-
SOA formation in ALW vary enormously, likely because re-
actant concentrations and chemical processes in particle wa-
ter are poorly understood (Ervens and Volkamer, 2010; Er-
vens, 2018; Lin et al., 2014; Washenfelder et al., 2011).

A key driver of ALW reactivity is likely the concentra-
tions of photochemically generated oxidants (Herrmann et
al., 2015; Lim et al., 2010). Important aqueous photooxi-
dants include hydroxyl radicals (*OH), oxidizing triplet ex-
cited states of organic compounds (*C*), and singlet molecu-
lar oxygen (lOﬁ) (Kaur et al., 2019). “OH is the most widely
studied oxidant due to its ubiquity and high reactivity: it re-
acts with most organics with near-diffusion-controlled rate
constants (Herrmann et al., 2015). The main sources of aque-
ous ‘OH include mass transfer from the gas phase; the photo-
Fenton reaction; and photolysis of nitrate, nitrite, and other
species (Anastasio and McGregor, 2001; Arakaki and Faust,
1998; Badali et al., 2015; Herrmann et al., 2010; Tilgner
and Herrmann, 2018), while the main sinks of *OH are dis-
solved organic compounds (Anastasio and Newberg, 2007,
Arakaki et al., 2013). Based on lab studies of rainwater,
clouds/fogs, and aqueous particle extracts, concentrations of
*OH in atmospheric waters (including calculated rates of gas-
to-particle partitioning of *OH) are typically 10~1-10"15M
(Albinet et al., 2010; Anastasio and McGregor, 2001; Anas-
tasio and Newberg, 2007; Arakaki et al., 2013; Faust and
Allen, 1993; Kaur et al., 2019; Leresche et al., 2021; Zhou
et al., 2008). In contrast, modeled *OH concentrations in
aqueous aerosol are generally 10713 to 107!> M (Ervens et
al., 2014; Tilgner and Herrmann, 2018; Tilgner et al., 2013),
but these are likely overestimates, in part because of missing
*OH sinks (Arakaki et al., 2013; Arciva et al., 2022).

When organic chromophores (i.e., brown carbon) absorb
sunlight, the molecules are promoted to their more reactive
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triplet excited states, some of which are oxidants (Kaur et
al., 2019; McNeill and Canonica, 2016). These oxidizing
triplets can transform numerous atmospheric species, includ-
ing converting phenols and biogenic volatile compounds to
agSOA and oxidizing sulfite to sulfate (Gonzdlez Palacios et
al., 2016; Monge et al., 2012; Rossignol et al., 2014; Smith
et al., 2014; Wang et al., 2020). Triplets can be important
oxidants in atmospheric and surface waters, with concentra-
tions of 10~19-10"13 M (Kaur and Anastasio, 2018; Kaur
et al., 2019; McNeill and Canonica, 2016). In comparison,
triplet concentrations in ALW are expected to be higher be-
cause the production rate of 3C* increases with dissolved
organic carbon (Canonica and Freiburghaus, 2001; McCabe
and Arnold, 2017), although organic compounds can also be
important sinks for 3C*, suppressing its steady-state concen-
tration (Gemayel et al., 2021; Wenk et al., 2013). This dual
effect of organic compounds makes it difficult to predict 3C*
concentrations in ALW. Kaur et al. (2019) estimated a con-
centration of oxidizing 3C* in ALW of 10~13-10~!! M based
on measurements in dilute particle extracts, while Tilgner
et al. (2021) estimated the ALW concentration of triplets as
10-1'm.

Most or all of atmospheric triplets (i.e., both oxidizing and
non-oxidizing triplets) also transfer energy to dissolved oxy-
gen to form another important photooxidant, singlet molecu-
lar oxygen. Concentrations of 103 in fog/cloud drops and di-
lute extracts of ambient particles and lab SOA are higher than
concentrations of *OH and 3C*, typically 1071% to 10712 M
(Anastasio and McGregor, 2001; Bogler et al., 2022; Faust
and Allen, 1992; Kaur and Anastasio, 2017; Kaur et al.,
2019; Li et al., 2019; Manfrin et al., 2019). Though 'O}
is generally less reactive than *‘OH and 3C*, it can react
quickly with certain alkenes, furans, nitrogen heterocycles,
polycyclic aromatic hydrocarbons, and other organics (Bar-
rios et al., 2021; Wilkinson et al., 1995) and can be a com-
petitive oxidant because of its high concentration (Bogler et
al., 2022; Kaur et al., 2019; Manfrin et al., 2019). Kaur et
al. (2019) estimated '3 might be as high as 107! M under
ALW conditions due to increased >C* concentrations, which
would make it an important oxidant in particle water (Ma et
al., 2021).

Due to its limited water content, it is difficult to study
chemistry in ALW directly. To get around this problem, Kaur
et al. (2019) measured "OH, 3C*, and 103 kinetics as a func-
tion of dilution in extracts of a single particulate matter (PM)
sample and extrapolated the results to aqueous aerosol con-
ditions. However, there are large uncertainties with this ex-
trapolation, since the PM extracts were approximately 1000
times more dilute than ALW conditions. In addition, these
authors only examined a single sample collected during win-
ter and were unaware that triplet measurements can be im-
pacted by probe inhibition from organic compounds. To build
on this past work, here we apply the same method but with
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higher dissolved organic matter concentrations in particle ex-
tracts and with correction for triplet probe inhibition. More-
over, in this work we study both a winter PM sample and
summer wildfire particles to explore differences in oxidant
kinetics.

2 Experimental methods

2.1 Chemicals

Furfuryl alcohol (FFA, 98%), benzoic acid (BA,
>99.5%), p-hydroxybenzoic acid (p-HBA, 99 %),
(phenylthio)acetic acid (PTA, 96 %), syringol (SYR,

99 %), 3.,4-dimethoxybenzaldehyde (DMB, 99 %), and
deuterium oxide (99.9% D atom) were received from
MilliporeSigma. All chemical solutions and particulate
matter extracts were prepared using air-saturated ultrapure
water (Milli-Q water) from a Milli-Q Advantage A10 system
(Millipore; > 18.2MSQcm) with an upstream cartridge to
remove organics.

2.2 Particle collection and extraction

Fine particles (PM; 5) were collected on the roof of Ghausi
Hall on the campus of the University of California, Davis,
in February and August 2020. Davis air quality in winter is
often impacted by residential wood combustion, while the
August 2020 samples were impacted by northern California
wildfires. PMj 5 was collected using a high-volume sampler
equipped with a PMjq inlet (Graseby Andersen) to remove
PM larger than 10um followed by two offset, slotted im-
pactor plates (Tisch Environmental, Inc., 230 series) to re-
move PM above 2.5 um. The resulting fine particles were
collected onto Teflon-coated borosilicate glass microfiber fil-
ters (Pall Corporation, Emfab™ filters, 8in. x 101in.) that
were pre-cleaned by gently shaking in Milli-Q water for 8 h
and then drying at 100 °C. During sampling, the airflow rate
was maintained at 68 (& 2)m> h~!. Particles were collected
for either 24h or up to a week; see Table S1 for details.
Upon collection, each sample was wrapped in aluminum foil
(baked previously at 500 °C for 8 h), sealed in a Ziploc bag,
and frozen at —20 °C. Field blanks were obtained in an iden-
tical manner to samples, including loading the clean filters
into the sampler and turning on the pump for 2 min.

To prepare particulate matter extracts (PMEs), filters were
cut into 2 cm x 2 cm squares on the day of extraction. Each
square was placed in an individual, sealed, 20 mL amber
glass vial and extracted with Milli-Q water by shaking for
4h in the dark. The extracts from the same filter sample
were combined, filtered (0.22 um PTFE; Pall), and adjusted
to pH4.2 with sulfuric acid or sodium hydroxide to mimic
the acidity of winter particle water in the Central Valley of
California (Parworth et al., 2017). The pH of each extract was
measured by a pH microelectrode (MI-414 series, protected
tip; Microelectrodes, Inc.). The UV-Vis spectrum of each
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PME was measured in a 1 cm cuvette immediately after pH
adjustment with a Shimadzu UV-2501PC spectrophotome-
ter. Rates of sunlight absorption between 300 and 450 nm
were calculated for midday winter-solstice sunlight in Davis,
as described by Kaur et al. (2019). PMEs were divided into
4 mL HDPE bottles and flash-frozen in liquid nitrogen imme-
diately after preparation and were later thawed on the day of
experiments. Filter squares were weighed by a microbalance
(Sartorius M2P) before and after extraction to determine the
PM mass extracted; the resulting PM mass / water mass ra-
tios in the filtered extracts might be overestimated because of
removal of insoluble material during filtration. Dissolved or-
ganic carbon (DOC) and major ion concentrations (Table S2)
in PMEs were measured by a Shimadzu TOC-VCPH ana-
lyzer and Metrohm ion chromatographs (881 Compact IC
Pro) equipped with conductivity detectors, respectively.

To investigate the relationship between particle dilution
and oxidant concentration, filter squares from the same sam-
ple were extracted with five different volumes of Milli-Q
water: 10, 2, 0.7, 0.4, and 0.3 mL. To obtain enough filter
squares for this dilution series, for both the winter (WIN)
and the summer (SUM) samples we combined extracts from
180 filter squares cut from three sheets of filter that were col-
lected on consecutive days. The same number of squares was
cut from each of the three filters in a given sample. We use
“PME name-water volume” (e.g., WIN-0.7) to denote the
sample and extraction volume. Because it is difficult to ex-
tract squares with only 0.4 or 0.3 mL of Milli-Q, for these
dilutions we extracted each filter square with 1 mL of Milli-
Q and then used a rotary evaporator (Buchi Rotavapor R-110;
temperature set no higher than 65 °C) to remove water until
we obtained the equivalent of a 0.4 or 0.3 mL extract. We de-
fine the concentration factor (CF) of an extract as the inverse
of the volume used for extraction. For example, WIN-10 has
a concentration factor of 0.1.

2.3 Sample illumination and chemical analysis

We illuminated samples with light from a 1000 W xenon
arc lamp passed through a water filter, an AM1.0 air mass
filter (AM1D-3L, Sciencetech), and a 295 nm long-pass fil-
ter (20CGA-295, Thorlabs) to simulate tropospheric sunlight
(Kaur and Anastasio, 2017). We first transferred the extract
into a silicone-plugged GE 021 quartz tube (5 mm inner di-
ameter, 1.0 mL volume) and then spiked it with the photoox-
idant probe and mixed it. The entire tube was illuminated
at 20°C and was not stirred. Dark control samples were
wrapped in aluminum foil and kept in the same photoreac-
tor chamber. During illumination, aliquots of approximately
150 pL. were removed from the illuminated and dark tubes at
specific time intervals to measure concentrations of probes
with high-performance liquid chromatography (HPLC, Shi-
madzu LC-20AB pump, Thermo Scientific Accucore XL
C18 column (50 x 3 mm, 4 um bead), and Shimadzu-M20A
UV-Vis detector). The photon flux on each experiment day
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was determined by measuring the photolysis rate constant
of a 10 uM 2-nitrobenzaldehyde (2NB) solution in the same
type of container as samples (Galbavy et al., 2010).

2.4 Photooxidant measurements

Details about determining photooxidant concentrations are
provided in past papers (Anastasio and McGregor, 2001;
Kaur and Anastasio, 2017; Kaur et al., 2019) and are only
discussed briefly here.

2.4.1 Hydroxyl radical (*OH)

The production rate, rate constant for loss, and steady-state
concentration of *OH were quantified using benzoic acid
(BA) and a competition kinetics technique. A 0.020 M stock
solution of benzoic acid / benzoate was prepared and ad-
justed to pH4.2. For each sample, four 1.0 mL aliquots of
PME were spiked with different final concentrations (100—
1200uM) of BA, keeping PME dilution by the addition
of probe solution to less than 10 %. We then illuminated
each PME and used HPLC to monitor the formation of p-
hydroxybenzoic acid (p-HBA), which is formed from BA
oxidation by *OH. The initial rate of p-HBA formation was
determined from a regression between concentration and il-
lumination time, using either a linear regression or, for plots
with curvature, a three-parameter exponential fit:

[p-HBA], = [p-HBA], +a (1 —e—”’>, (1

where [ p-HBA]; and [ p-HBA]j are the concentrations at il-
lumination times ¢ and zero, respectively, and a and b are
regression fit parameters. For exponential kinetics data, the
initial formation rate of p-HBA, Rp gxp, was calculated with

RP,EXP =axb. (2)

Rates of p-HBA formation were normalized to sunlight con-
ditions at midday local time on the winter solstice at Davis
(solar zenith angle =62°; jonB,win = 0.0070 s~ ! Anastasio
and McGregor, 2001), and were corrected for internal light
screening due to sample absorption, using

Rp Exp

RP‘norm = |: :| X jZNB,win, 3)

Sy X J2NB,EXP

where S), is the internal light screening factor in an individual
sample (Table S1) and jonB Exp is the photolysis rate con-
stant of 2NB measured on the experiment day.

We then fitted 1/Rp norm versus 1 /[BA] with a linear re-
gression and used the slope and y intercept to calculate the
initial production rate of “OH (Pop), the pseudo-first-order
rate constant of *OH loss by natural sinks (ké)H), and the
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steady-state *OH concentration:

1

P = 9 4
OH y intercept X Y, .Hpa @

1
k'on = kpa++on <—.S ope ) , ®)

y 1ntercept

. 1

["OH] = (6)

kpa++on X slope X Y, gpa

Here Y, pBa (0.18) is the yield of p-HBA from the reac-
tion of BA with *OH (Anastasio and McGregor, 2001) and
kpa++on is the second-order rate constant of BA reacting
with *OH at pH4.2 (5.1 x 10° M~ s~ 1) (Ashton et al., 1995;
Wander et al., 1968). *OH measurements are in Table S3.

2.4.2 Oxidizing triplet excited states of organic matter
(c7)

Oxidizing triplets were measured employing syringol (SYR)
and (phenylthio)acetic acid (PTA) as probes (Kaur and Anas-
tasio, 2018; Ma et al., 2023b). These probes only quantify
the subset of triplets that can oxidize organic molecules.
SYR captures both weakly and strongly oxidizing triplets,
but its decay can be inhibited by dissolved organic matter
(DOM) in PME (Canonica and Laubscher, 2008; Ma et al.,
2023b; Wenk and Canonica, 2012; Wenk et al., 2015). In
contrast, PTA is less sensitive to inhibition by DOM, but it
only reacts appreciably with strongly oxidizing triplets (Ma
et al., 2023b). Two 1.0 mL aliquots of PME were spiked with
10 uM of SYR or PTA and then illuminated to determine the
pseudo-first-order rate constants for the loss of each probe
(kp pxp)- Next, kp pyp values were normalized to Davis win-
ter sunlight conditions and corrected for light screening using
an equation that is analogous to Eq. (3) to obtain rate con-
stant kl/" The contributions of direct photodegradation, *OH,
and 10’2‘ to probe decay were then subtracted to determine

the rate constant for loss of the probe due to triplets, k;, 0%

Kpoce =Kp— (jo+kpronl"OHl +kpy10,-['02*]). (1)

Here jp is the probe direct photodegradation rate constant
under Davis winter sunlight, and kp4oq and kp+103< are the
bimolecular rate constants of triplet probes reacting with
‘OH and 103, respectively (Table S4). “OH accounts for
2%-35% and 3 %—-17 % of the decay of SYR and PTA,
respectively, while 10’2‘ accounts for 3 %—45 % and 2 %—
10% for SYR and PTA (Tables S5 and S6). Since triplets
in PMEs represent the excited states of a complex mixture of
brown carbon, there is no single value for the second-order
rate constant of 3C* reacting with probes (kpy3c+). To esti-
mate triplet concentrations, we assume that triplets (*C*) in
PME have the same average reactivity as the triplet state of
3,4-dimethoxybenzaldehyde, 3DMB* (Fleming et al., 2020;
Kaur and Anastasio, 2018; Kaur et al., 2019). Unlike in our
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past work (Kaur et al., 2019), we corrected for DOM inhibit-
ing the decays of SYR and PTA, which can cause an under-
estimate of 3C* concentrations. To do this, we measured the
inhibition factor (IF) in samples (Canonica and Laubscher,
2008; Ma et al., 2023b; Wenk et al., 2011) and used it to
correct the 3C* concentration. Details about inhibition factor
measurements and [2C*] corrections are in Sect. S1 in the
Supplement. The 3C* concentration after inhibition correc-
tion is

/
[3C*] k'p 3¢
P kpi3pme* X IFp corr

®)

where kp3pMmp* 1S the second-order rate constant of the
probe with 3SDMB* (Table S4) and IFp corr is the inhibition
factor of the probe in that extract (Table S7). Concentra-
tions of 3C* in the main text are values after IF correction.
While our past work indicates that SDMB* is a good sur-
rogate for the average oxidizing triplet in Davis drops and
particles (Kaur and Anastasio, 2018; Kaur et al., 2019), it is
possible that kp3pyp+ is higher than the rate constant for
the probe with natural triplets. This is the case for surface
waters, where the 2.4,6-trimethylphenol (TMP) +3DMB*
rate constant (Ma et al., 2023b) is 3 times higher than the
TMP +3CDOM?* rate constant (Erickson et al., 2018). If this
were also the case for our PM extracts, we would be underes-
timating oxidizing triplet concentrations by roughly a factor
of 3.

2.4.3 Singlet molecular oxygen ('0})

We used furfuryl alcohol (FFA) as a probe to determine 103
concentrations (Anastasio and McGregor, 2001; Haag et al.,
1984). A total of 1.0 mL of PME sample was divided into two
0.5 mL aliquots, and then one was diluted with 0.5 mL H,O
while the other was diluted with 0.5 mL deuterium oxide
(D,0). A final concentration of 10 uM FFA was spiked into
each solution, and then both were illuminated. The pseudo-
first-order rate constant of FFA loss in H,O- and D, O-diluted
PME (ki AH,0 and kg, A,DQO) during illumination was deter-
mined as the negative slope of a linear regression between
In([FFA]; / [FFA]p) and illumination time (¢). The 10; con-
centration in the undiluted PME was determined from the
difference in FFA loss rates in HO and D, 0O using (Anasta-
sio and McGregor, 2001)

I x k'FFA,D,0 — K'FFA,H,0
[l0:] = ©)
EXP

k'ny0 ’
2=
D x kFFA+lO’2‘ X (k’Hzotzo-H(/DzOXDZO 1)

where D is the sample dilution factor (i.e., 0.5 for our exper-
iments); kFFA+IO’2‘t is the second-order rate constant of FFA
reacting with 103 at 20°C, 0.96 (£0.04) x 108 M~!s~!
(Appiani et al., 2017); kyy,, and ky,  are the first-order rate
constants for loss of 103 in 100 % H,0 (2.2 x 10°s~!) and
D,0 (1.6 x 104 s’l), respectively (Bilski et al., 1997); and
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XH,0 and xp,o are the mole fractions of H,O and D,0 in
the D,O-diluted solution. Analogously to Eq. (3), we nor-
malized the experimentally determined 103 concentrations
using the light screening factor of each PME and adjustment
to Davis winter sunlight conditions. Measurements of 103
are in Table S8.

3 Results and discussions

3.1 Testing extraction and rotary evaporation

Our winter particle filters were collected in February 2020,
when Davis was influenced by residential wood combus-
tion; the average PMj; 5 concentration during our sampling
was 9.2 ug m~3. The summer particles were collected in Au-
gust 2020, when severe wildfires were occurring approxi-
mately 30 km from Davis, resulting in an average PM> 5 con-
centration of 54 ugm™3. While we label our filter compos-
ites as “summer” and “winter’” as a shorthand, since we have
only one sample for each season, our results say little about
the seasonality of photooxidants in PM. We explore the is-
sue of oxidant seasonal variations in two other papers (Jiang
et al., 2023; Ma et al., 2023a). Figure 1 shows the dissolved
organic carbon (DOC) concentrations and rates of light ab-
sorption (Raps) as a function of dilution in the winter (WIN)
and summer (SUM) particle extracts. We express dilution as
the ratio of dry particle mass to liquid water mass in our ex-
tracts, since we can experimentally measure these quantities
for our PMEs and can estimate values for both clouds/fogs
and airborne particles. Both DOC and R, are directly pro-
portional to the particle mass / water mass ratio, indicating
that the extractions of filter squares with varying volumes of
water achieved the same extraction efficiency. The DOC val-
ues of the most concentrated extracts (—0.4 and —0.3) also
follow a linear relationship, showing that the rotary evapora-
tion process used for these dilutions did not lead to significant
loss of brown carbon or other organic compounds. As shown
in Fig. S1, UV-Vis spectra of the —0.4 and —0.3 extracts be-
fore and after rotovapping are essentially the same, indicating
that evaporation did not change the brown carbon (BrC) com-
position significantly. We also checked inorganic concentra-
tions as a function of the concentration factor (Fig. S2): most
of the ions exhibit good linearity, indicating consistency in
extraction efficiency.

We also examined if rotovapping affects photooxidant
concentrations. First, we extracted one filter with either
0.7mL water per square (sample PME-NR) or 2mL wa-
ter per square followed by rotovapping to the equivalent of
0.7 mL water per square (sample PME-R). In a second test,
we diluted a rotovapped sample (WIN-0.3) by a factor of 6.7
with water to obtain an extract equivalent to 2mL Milli-
Q per square (WIN-0.3D); this diluted, rotovapped sample
should be equivalent to WIN-2, a non-rotovapped sample
with the same overall dilution. Figure S3 presents photooxi-
dant concentrations in the two tests. In each test, the concen-
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Figure 1. Dependence of dissolved organic carbon (DOC, circles)
and the rate of sunlight absorption between 300450 nm (Rpg, dia-
monds) on the particle mass / water mass ratio (i.e., aqueous particle
concentration) in summer (red) and winter (blue) particle extracts.

trations are essentially the same in the rotovapped and non-
rotovapped samples, indicating a negligible effect of rotary
evaporation on photooxidant kinetics.

3.2 lons and light absorption

Figure 1 shows that summer and winter PMEs have
DOC concentrations in the range of 16495 and 10—
336mgCL™!, respectively, but WIN has slightly
higher particle mass/water mass ratios of (0.05—
1.6)x1073ug PM/pg H,O compared to (0.04—
14)x 1073 ug PM/pg H,O for SUM. The particle
mass / water mass ratios indicate that our extracts have
particle concentrations that are equivalent to dilute to
concentrated cloud/fog waters. The summer sample of
relatively fresh wildfire emissions shows a higher average
fraction of organic carbon (OC) to PM mass, 0.37 (£ 0.02),
compared to winter (0.2040.01). But both are lower than
the typical OC/PM ratio near 0.5 for biomass burning
particles (Reid et al., 2005; Schauer et al., 2001), probably
because our water extracts do not capture non-polar organic
compounds. The winter sample has lower organic carbon
but higher concentrations of ions, including nitrate (NOy),
sulfate (SOi_), and ammonium (NHZ) (Table S2). For
example, nitrate concentrations in WIN range from 0.18 to
5.2mM and contribute on average (& 1o) 20 (& 2) % of the
total extracted PM mass. In contrast, NO; concentrations
in SUM are about 5 times lower (0.03—1.0mM) at the
same concentration factor and only contribute an average
of 44 (£04)% of the SUM PM mass. The sulfate in
WIN accounts for 11 (£4) % of extracted PM mass, with
concentrations (0.03—2.3 mM) that are around 4 times higher
than in SUM (0.02-0.6 mM, accounting for an average
of 4.2 (+£0.6) % of extracted PM mass). NH21Ir is also higher
in WIN (0.20-3.6 mM) compared to SUM (0.10-1.3 mM).
Concentrations of potassium, a tracer of biomass burning
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(Andreae, 1983), are 0.03—0.7 mM in both WIN and SUM,
with a K /PM mass ratio of 0.02 (4 0.004), which is in the
range reported for biomass burning aerosols of 0.02 to 0.05
(Reid et al., 2005; Urban et al., 2012).

For all PMEs, absorbance declines exponentially with
wavelength (e.g., Fig. S1), and WIN and SUM samples
have the same average absorption Angstrém exponent (AAE,
300-450nm) of 7.2 (Table S1), comparable to AAE val-
ues (6-8) previously reported in water extracts of biomass
burning particles (Hecobian et al., 2010; Hoffer et al., 2006;
Kaur et al., 2019). The pathlength-normalized absorption
coefficient at 300 nm («30p) for the summer samples (0.2—
6.7cm™!) is about 2 times higher than winter samples at the
same concentration factor (0.1-3.0cm™1) (Table S1). Thus,
summer extracts absorb sunlight at approximately twice
the rate as winter extracts (Fig. 1). We also calculated the
dissolved-organic-carbon-normalized mass absorption coef-
ficient (MACpoc) of each extract by dividing the absorbance
at 300 or 365nm by the DOC concentration (Kaur et al.,
2019). SUM average MACpoc values across all dilutions are
3.1(£0.1)and 1.0(£0.1) m? (g C)~! at 300 and 365 nm, re-
spectively, which are approximately 1.5 times higher than the
WIN values (Table S1). This difference is likely because the
SUM sample is dominated by fresh wildfire organic aerosols
that are composed of organic compounds with a higher de-
gree of unsaturation, increasing light absorption (Fleming et
al., 2020). Meanwhile, the WIN sample may contain a lower
fraction of fresh biomass burning aerosols due to oxidation
and photobleaching of the brown carbon (Forrister et al.,
2015; Wong et al., 2019). Our MAC value for WIN is sim-
ilar to the average MAC value in the previous Davis winter
samples (Kaur et al., 2019).

3.3 Photooxidants in PM extracts

In this section we first present our measured oxidant con-
centrations as a function of particle dilution in the WIN and
SUM extracts. We use DOC as the independent variable in
our plots because BrC likely dominates the production of
3C* and 10; and DOC is proportional to the concentration
factor in each extract series. We then examine how the pro-
duction rate (Pox) and pseudo-first-order rate constant for
loss (ké)x) for each oxidant vary as a function of dilution.
These parameters are related to the oxidant steady-state con-
centration, [OX], by

Pox
[0X] = —=. (10)
k' ox
In Sect. 3.4, we extrapolate these kinetic parameters to
aerosol liquid water conditions to predict photooxidant con-
centrations in ALW.

https://doi.org/10.5194/acp-23-8805-2023



L. Ma et al.: Predicting photooxidant concentrations in aerosol liquid water 8811

3.3.1 Hydroxyl radicals in PM extracts

As shown in Fig. 2a, the most dilute sample in the WIN dilu-
tion series, WIN-10, has the lowest *OH concentration, while
in the other dilutions [*OH] is noisy but appears to be in-
dependent of DOC. This result, i.e., that *OH concentration
is essentially independent of particle mass concentration, is
similar to what Kaur et al. (2019) observed for winter sam-
ples (green points in Fig. 2), although our "“OH concentra-
tions are approximately 10 times higher.

Kaur et al. (2019) found that the *OH photoproduction rate
(Pon) and sink (ké)H) both linearly increase with the concen-
tration factor, leading to a roughly constant “OH concentra-
tion, since the concentration is equal to the ratio Pon/k;y
(Eq. 10). To explore this in our samples, we determined Poy
and ké)H in all of the WIN and SUM extracts; we start by con-
sidering the WIN results. As shown in Fig. 3a, Poy and k¢
both increase linearly with DOC, which is consistent with the
winter PM extract observations of Kaur et al. (2019), though
our samples have a higher slope for Poy and a lower one for
k- This higher *OH production rate, coupled with a lower
rate constant for *OH loss, is responsible for the roughly
10 times higher [*OH] in this work, but we do not know
why these parameters are so different between the previ-
ous and current winter particle samples. Poy in WIN ranges
from 0.02 x 1078 to 4.8 x 1078 Ms~!, significantly higher
than typical values (approximately 1071°Ms~!) in rainwa-
ter, cloud, and fog waters (Albinet et al., 2010; Arakaki
et al., 2013; Hong et al., 2018; Kaur and Anastasio, 2018;
Tilgner and Herrmann, 2018). In Davis fog samples, the ma-
jor source of *OH is photolysis of nitrate and nitrite (Anasta-
sio and McGregor, 2001; Kaur and Anastasio, 2017). How-
ever, in our winter PM extracts, nitrate accounts for 10 %
or less of Poy (Table S3), while the nitrite contribution is
negligible. Instead, we hypothesize that our samples might
contain higher concentrations of transition metals, contribut-
ing to *OH production (Li et al., 2022; Vidrio et al., 2009).
While DOC photoreactions can also be a source of *OH
(Badali et al., 2015), it seems likely that Poy is correlated
with DOC primarily because DOC is a proxy for the concen-
tration factor in the extracts. As for *OH sinks in our WIN
extracts, k/OH is in the range (0.2-9.9) x 10°s~!, which is
higher than previous Davis fog values ((0.4—1.3) x 1065~ !;
Kaur and Anastasio, 2017). The lowest k6H (in WIN-10, the
most dilute extract) is comparable to the field blank values
(Table S3), suggesting that [*OH] in WIN-10 may be arti-
ficially low because of background contamination. We also
calculated the rate constant of organics reacting with *OH
(kpoc+omn) for the winter samples; our average WIN value,
2.4(£0.7) x 103 L (mol C)~ ! s~!, is similar to the one deter-
mined by Arakaki et al. (2013) for general atmospheric wa-
ters, 3.8 (£ 1.9) x 103 L (mol C)~!' s~!. In contrast, the aver-
age winter kpoc+omn in Kaur et al. (2019) is approximately
3 times higher than our current winter sample; i.e., the past
organics were more reactive with “OH.
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Figure 2. Steady-state concentrations of (a) hydroxyl radicals,
(b, ¢) oxidizing triplet excited states of brown carbon determined
by (b) syringol (SYR) and (c) (phenylthio)acetic acid (PTA), and
(d) singlet molecular oxygen in WIN (blue) and SUM (red) sam-
ples as a function of dissolved organic carbon. WIN-0.3D results
are also included. Previous measurements in Davis winter particle
extracts are shown in green (Kaur et al., 2019). Error bars represent
= 1 standard error propagated from linear regression and uncertain-
ties in rate constants. Dashed lines represent linear or hyperbolic
regression fits for WIN and SUM samples.

Unlike in WIN, *OH in the summer samples linearly in-
creases with the concentration factor or DOC, with an *OH
concentration range of (0.4-7.7) x 107> M (Fig. 2a). This
indicates that either Poy or kg does not increase linearly
with DOC. As shown in Fig. 3b, ka is linear with DOC, but
Poy is proportional to the DOC concentration squared. Our
interpretation is that “OH production in SUM is a bimolecu-
lar reaction rather than a first-order photolysis reaction. The
most likely candidate is the photo-Fenton reaction involv-
ing soluble reduced iron and hydrogen peroxide (or organic
peroxides) (Paulson et al., 2019; Zepp et al., 1992), where
the concentrations of both reactants increase with the con-
centration factor, as does [DOC]. Therefore, although WIN
and SUM have roughly similar *OH concentrations, they ap-
parently have different mechanisms governing *OH forma-
tion. Pog in SUM is in the range (0.03-8.2) x 108 Ms~ 1,
with the value in SUM-0.3 nearly double that of WIN-0.3. In
contrast, “OH sinks for the summer and winter samples are
similar (Fig. 3) and the average kpoc+on value in SUM is
2.9(£1.1) x 108 L (mol C)~!' s™1, not significantly different
from the WIN value.

3.3.2 Okxidizing triplet excited states of organic matter in
PM extracts

We determined oxidizing triplet concentrations using two
probes. Syringol (SYR) is highly reactive towards both
strongly and weakly oxidizing triplets, but its decay by 3C*
can be inhibited by antioxidant moieties in DOM, leading
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Figure 3. Dependence of the rate of “OH photoproduction (Poy;
green, left y axis) and rate constant for loss of “OH due to natural
sinks (kE)H; pink, right y axis) on dissolved organic carbon in the
(a) winter and (b) summer samples. Error bars represent £ 1 stan-
dard error propagated from the error in regressions and rate con-
stants; error bars for the 0.3 mL extracts (highest DOC) extend past
the plot borders. Dashed lines represent linear regression fits, ex-
cept the dashed green line in (b) SUM, which is derived from the
linear regression of Poy with [DOC]2. Previous measurements in
Davis winter particle extracts are shown as open squares in panel
(a) (Kaur et al., 2019).

to an underestimate of 3C* concentrations (Canonica and
Laubscher, 2008; Ma et al., 2023b; Maizel and Remucal,
2017; Wenk et al., 2011). (Phenylthio)acetic acid (PTA) has a
higher oxidation potential (1.47 V vs. SHE (standard hydro-
gen electrode), estimated using the Marcus equation) than
SYR (~1.17V vs. SHE) (Canonica et al., 2000; Chellamani
and Sengu, 2008), is less reactive than SYR with weakly
oxidizing triplets, and thus does not capture the whole ox-
idizing triplet pool. But the advantage of PTA is that it is
more resistant to inhibition by DOM (Klein et al., 2006; Ma
et al., 2023b). For both probes, we correct for probe inhi-
bition by measuring the inhibition factor (IF) and using it
to correct C* concentrations (Sect. S1 and Table S7). In-
hibition factors of SYR are as low as 0.13 (+0.03) in the
most concentrated sample (WIN-0.3), indicating that approx-
imately 87 (4 20) % of SYR decay is inhibited by DOM in
this sample, which would lead to a 3C* concentration that is
7.5 (£ 1.7) times lower than the actual value if there were
no correction for inhibition. This significant inhibition of sy-
ringol oxidation is likely due to the high phenolic content
of biomass burning particles, whether from residential wood
burning (WIN) or wildfires (SUM) (Huo et al., 2021; Schauer
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et al., 2001; Wenk and Canonica, 2012), As for PTA, IF val-
ues are all greater than 0.9, indicating little inhibition. For
simplicity, we only show 3C* concentrations after inhibition
factor correction; uncorrected values are given in Tables S5
and S6.

Concentrations of 3C* as a function of DOC are in Fig. 2.
With SYR as the triplet probe (Fig. 2b), the FC*lsyr range
is (0.5-7.1) x 10713 M in WIN and (1.6-6.8) x 10713 M in
SUM. At the same DOC, [3C*]SYR values in summer and
winter are similar, despite the differences in sample composi-
tion (Table S5). Oxidizing triplet concentrations in our sam-
ples are generally higher than those from Kaur et al. (2019)
(Fig. 2c, green points), which can be attributed to higher
DOC in our samples and our correction for SYR inhibi-
tion. From PTA, the [3C*]pra range is (0.2-3.9) x 1013 M
in WIN and (0.4-2.9) x 10~13M in SUM, with WIN hav-
ing higher values than SUM at the same concentration fac-
tor (Fig. 2¢). The [3C*]pra value is lower than [3C*]syr
in every dilution, with an average [3C*]pTA / [3C*]SYR ratio
of 0.67 (£0.22) in WIN and 0.36 (+0.09) in SUM. Since
PTA appears to only capture highly oxidizing triplets (Ma
et al., 2022), the ratio of [3C*]pta /[P°C*Isyr should rep-
resent the highly oxidizing fraction of the total oxidizing
triplet pool (i.e., 67 % in WIN and 36 % in SUM). Highly
oxidizing triplets are typically formed from aromatic ketone
or carbonyl precursors, such as 3,4-dimethoxybenzaldehyde,
while precursors for weakly oxidizing 3C* include poly-
cyclic aromatic structures (e.g., 2-acetonaphthone) (McNeill
and Canonica, 2016). Our oxidizing triplet concentrations are
approximately 100 times higher than [*OH] (Fig. 2), indicat-
ing the likely importance of >C* as an oxidant in atmospheric
drops and particles.

For both probes, the 3C* concentration initially increases
with DOC but then approaches or reaches a plateau under
more concentrated conditions. Kaur et al. (2019) observed
the same trend. Their interpretation was that in dilute so-
Iutions O, is the dominant sink for triplets, while under
more concentrated conditions DOM becomes the major sink.
Therefore, 3C* production and loss are both functions of
DOC, as described by
[C* = ﬂ_ (11)

14 b[DOC]
The dashed lines in Fig. 2b and c¢ show the re-
gression fitting results of Eq. (11) to the experimen-
tal data. From the fitted parameter b (Table S9), we
can determine kixnyQ3cx (Eq. S6), the total rate con-
stant of physical quenching and chemical reaction of ox-
idizing triplets with DOC. Values from our Fig. 2 fit-
tings are 7.6(£6.8) x 10’ L (molC)~'s~! for WIN and
1.2(£0.5) x 108 L(mol C)~'s™! for SUM (Table S10).
Kaur et al. (2019) obtained 9.3 (¢ 1.3) x 10’ L (mol C)~! s~!
for Davis winter particle extracts, but they did not correct
for SYR inhibition, which should be more significant at
higher DOC, leading to an earlier plateau and higher appar-
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ent rate constant. Despite this, the three values are not sig-
nificantly different, possibly because the Kaur et al. (2019)
samples had much lower DOC and thus were less affected
by SYR inhibition. Wenk et al. (2013) obtained a range of
values of (1.3-3.9) x 107 L (mol C)~! s~! for surface water
DOM quenching and reacting with 2-acetonaphthone and 3-
methoxyacetophenone triplets; their lower values imply that
atmospheric DOM, at least in our samples, more efficiently
quenches triplets than does DOM in surface waters.

The DOC quenching and reaction rate constants from
our PTA-derived triplet concentrations are 5.7 (& 1.2) x 107
and 6.6 (& 1.0) x 107 L (mol C)~! s~! for WIN and SUM, re-
spectively. These values are lower than those obtained using
SYR, as reflected by the weaker curvature of the PTA dashed
lines (Fig. 2¢) compared to SYR (Fig. 2b). The similar val-
ues of ki 3¢+ from PTA in WIN and SUM suggest that
this rate constant is insensitive to particle type. Therefore, the
higher [3C*]pta in WIN compared to SUM at the same DOC
level can be attributed to differences in >C* production. This
is consistent with the differences in apparent quantum yields:
the WIN yield of triplets is 1.8 (£ 0.3) %, more than double
the SUM value of 0.8 (£ 0.1) % (Table S6).

3.3.3 Singlet molecular oxygen in PM extracts

The final photooxidant we measured was singlet molecu-
lar oxygen. As shown in Fig. 2d, winter and summer sam-
ples have similar 10’2‘ concentrations, in the range of (0.2—
8.5) x 10712 M, with values increasing with DOC. The low-
est values, in the most dilute extracts, are comparable to fog
water concentrations, while our highest concentrations are
approximately 4 times higher than those in previous Davis
winter particle extracts (Anastasio and McGregor, 2001;
Kaur and Anastasio, 2017; Kaur et al., 2019). Singlet oxygen
is the most abundant oxidant in our PMEs, with concentra-
tions roughly 10 times higher than 3C* and 1000 times higher
than *OH. In both series of samples, the 10; concentration
increases with DOC, as seen in Kaur et al. (2019). Since
brown carbon is the source of ]Oi, the 103 production rate
increases with DOC. In contrast, the dominant sink for 10;
is water, whose concentration is independent of the sample
concentration factor. All three sets of samples in Fig. 2d ex-
hibit very similar relationships between 10; and DOC, sug-
gesting DOC concentration might be a good predictor of 10;
concentrations in atmospheric waters.

Apparent quantum yields of 10; are 3.0 (£0.2) % for
WIN and 2.0 (= 0.4) % for SUM (Table S8), which are in the
range of typical values for atmospheric waters (Bogler et al.,
2022; Kaur and Anastasio, 2017; Kaur et al., 2019; Leresche
et al., 2021; Manfrin et al., 2019) and surface waters (Os-
sola et al., 2021). As described by Ossola et al. (2021), the
most accurate determination of quantum yields with simu-
lated sunlight uses a rate of light absorption that accounts
for all of the sunlight wavelengths, i.e., out to roughly 700-
800 nm. Consistently with our past work (Kaur et al., 2019),
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we determined our quantum yields based on sample light ab-
sorption from 300-450nm; as shown in Table S1, rates of
light absorption over this range represent 78 (£ 3) % of Raps
calculated based on the total sunlight absorption. Thus, our
10; and 3C* quantum yields would be roughly 29 (£1)%
smaller if calculated using the entire range of solar light ab-
sorption.

For WIN, 103‘ is linearly related to DOC throughout the
dilution series, but in SUM the singlet oxygen concentra-
tion exhibits a linear relationship at low DOC and then starts
to level off in the more concentrated extracts (Fig. 2d). This
curvature has at least two possible explanations. One, as pro-
posed by Kaur et al. (2019), is that [103] stops rising under
concentrated solution conditions because organics become
the dominant 10; sink. The second possibility is that un-
der more concentrated conditions, the concentration of 3C*
plateaus, a result of DOC becoming the dominant sink for
triplets (e.g., Fig. 2b). Thus, as the solution becomes more
concentrated, the production rate of 10; rises more slowly,
causing [103] to start to bend over. In the summer sample
of Fig. 2d, the curvature of 10; is more likely due to this
second explanation (i.e., [2°C*] plateauing) rather than DOC
becoming an important 10; sink because 103 generally has
lower reactivity than triplets with most organics (Arnold,
2014; Canonica et al., 2000; Wilkinson et al., 1995). Based
on rough estimates of the composition and reactivity of par-
ticulate organics from biomass burning (Kaur et al., 2019),
we estimate that DOC accounts for less than 2 % of the 10;
sink in our extracts.

Assuming the leveling-off of [°C*] is responsible for the
10; curvature in the SUM sample, we can derive a kinetic
equation for [103] as a function of DOC (Eq. S8), which
is analogous to Eq. (11) and is derived in Sect. S2. This
equation gives a good fit to the SUM data, as shown by the
dashed red line in Fig. 2d. From the parameter b, we cal-
culate that the rate constant for DOC reacting and physi-
cally quenching 1O;-producing triplet states (kixn+Q,3C*) 1S
2.1(£0.3) x 10’ L (mol C)~! s~!. This is lower than the val-
ues acquired from [3C*]syr and [?C*]pra, which is reason-
able since the 1O;-derived value represents the whole triplet
pool (i.e., all triplets that can undergo energy transfer with
dissolved oxygen), which is a larger pool than oxidizing
triplets. Our results suggest that the non-oxidizing triplets are
less reactive with organics than are oxidizing triplets, leading
to a lower rate constant for reaction and quenching by DOC,
as seen previously by Canonica et al. (2000).

3.4 Extrapolating photooxidant concentrations to ALW
conditions

In the dilution experiments above, we investigated oxidant
kinetics and concentrations as a function of the concentra-
tion factor, i.e., particle mass / water mass ratio. In this sec-
tion we extrapolate these relationships from our dilute ex-
tract conditions (with PM mass / water mass ratios of (0.04—
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1.6) x 1073 ug PM / ug H,0) to the much more concentrated
conditions of aerosol liquid water (up to ~1ug PM /ug
H,0).

3.4.1 Hydroxyl radicals in ALW

To estimate [*OH] in particle water for WIN, we apply the
linear relationships of Poy and k(; with DOC that we deter-
mined in our extracts (Fig. 3a), along with the relationship of
[DOC] to the particle mass / water mass ratio, to predict ki-
netics under more concentrated particle water conditions. Pa-
rameters used in the extrapolation are provided in Table S11.
Extrapolating to an ALW of 1 ug PM / ug H>O yields an es-
timated Poy of 2.7 x 107> Ms™! and k(jy; of 5.0 x 107 s71.
However, since our aqueous experiments do not include *OH
transferred from the gas phase (PoH,gas), We added PoH,gas
estimated by Kaur et al. (2019) to our extrapolated Pogy to
calculate Poy,tor- We then estimate [*OH] as Pop, o divided
by ko (Eq. 10). Estimating [*OH] for the SUM sample is
more complicated, since Poy initially increases with DOC
squared. We simulate the *OH production rate as a function
of DOC by using photo-Fenton reaction rate constants and
setting soluble iron and hydrogen peroxide concentrations
to fit measured values (Sect. S3). We then apply this sim-
ple model to predict Poyg for SUM from fog/cloud to ALW
conditions. For ké)H in SUM, we use the measured linear de-
pendence on DOC (Fig. 3b).

Figure 4a shows the predicted hydroxyl radical steady-
state concentrations for SUM and WIN across a wide range
of liquid water content, from dilute cloud/fog drops to con-
centrated aqueous particle conditions. We also include the
winter PM “OH predictions from Kaur et al. (2019) for com-
parison. For WIN, [*OH] slowly decreases from 1 x 1071 M
in cloud/fog waters (at 3x 107> pg PM/pug H»0) to
6x107M in ALW (at 1ug PM/ug Hy0). Calculated
[*OH] values are higher than measured values, especially un-
der the most dilute conditions, because *OH from gas-phase
mass transfer is included in our extrapolation. The *OH trend
for WIN is consistent with the result of Kaur et al. (2019),
but our concentrations are 6—12 times higher. This is because
WIN has a slope of Poy vs. DOC around 4 times higher than
that in Kaur et al. (2019), while the slope for ké)H in WIN
is slightly lower (Fig. 3a). For our winter sample under di-
lute conditions, aqueous processes are as important an *OH
source as gas-phase transfer (Fig. 4b). However, the aqueous
production rate rises more rapidly with PM mass concentra-
tion than does gas-phase mass transfer, making aqueous re-
actions the dominant source of *OH under ALW conditions,
where they account for more than 90 % of *OH production.
This slower increase in Pop,gas is also responsible for the
decreasing [*OH] with increasing PM mass concentration.

For SUM, predicted ["OH] is approximately constant
at 4x 10~ M under dilute conditions (Fig. 4a), with
gas-phase mass transport being the major source of
*OH (Fig. 4c). ['OH] then increases to 1 x 10714M at

Atmos. Chem. Phys., 23, 8805-8821, 2023

L. Ma et al.: Predicting photooxidant concentrations in aerosol liquid water

1 x 1073 ug PM /ug HO as the aqueous production rate
(PoH,aq) increases rapidly and aqueous reactions dominate
*OH production. When moving to more concentrated condi-
tions, [*OH] plateaus because we assume the aqueous H>O3
concentration reaches a maximum of 100 uM due to equi-
librium with the gas phase (Sect. S3). Thereafter, Pon,aq in-
creases linearly, but more slowly, with the PM mass / water
mass ratio; since k’OH also increases linearly with the concen-
tration factor, [*OH] remains nearly constant at 9 x 10-5M
for PM / water ratios of roughly 1073 to 1 ug PM / ug H>O.
For both WIN and SUM, our measured *OH concentrations
in the most concentrated extracts are approximately an or-
der of magnitude higher than in Kaur et al. (2019), and this
difference is maintained throughout the predicted ["OH] to
ambient particle water conditions.

3.4.2 Oxidizing triplet concentrations in ALW

To predict 3C* concentrations in aerosol liquid water, we
used the data in Table S11 to extrapolate 3C* production
rates (P3c+) and sinks (k;c*) to concentrated conditions

and calculated 3C* concentrations for syringol (SYR) and
(phenylthio)acetic acid (PTA) with Eq. (10). As shown in
Fig. 5a and b, measured [3C*] values in SUM and WIN are
higher than the results in Kaur et al. (2019) at the same par-
ticle mass / water mass ratio. This is likely due to higher ra-
tios of OC / PM in our samples. In all three sets of samples,
[3C*] rises rapidly with the PM mass / water mass ratio at
low DOC and then reaches or approaches a plateau under
aqueous aerosol conditions, as the dominant triplet sink tran-
sitions from dissolved O, to DOC. We believe the produc-
tion rate of 3C* linearly increases with particle mass / water
mass ratio (P3c+ in Fig. 5c and d), but the sinks for triplets
change, as proposed by Kaur et al. (2019). Under dilute con-
ditions, O, is a dominant and constant sink (kgc*, 02), causing

[3C*] to increase with an increasing concentration factor. But
for our more concentrated extracts (and continuing at higher
PM mass / water mass ratios), organic compounds become
the major sink for C* (Fig. 5c and d). Thus the ratio of the
production rate and sink rate constant becomes constant at
higher DOC, causing [3C*] to plateau. For SYR, we predict
WIN and SUM both reach a maximum value of 8 x 10713 M
at 1 ug PM / pug H,O. This value is 22 times higher than the
concentration under the most dilute conditions in WIN and
around 8 times higher than the dilute result in SUM. While
SUM starts with a higher [3C*]syr under dilute conditions, it
experiences greater curvature than WIN, apparently because
its organic compounds react with and/or physically quench
oxidizing triplets more rapidly (i.e., k} o+ poc 18 larger for
SUM than WIN). For both samples, the ALW prediction for
[3C*]syr is near the geometric mean of the two bounding fits
of Kaur et al. (2019). For the lower 3C* concentrations deter-
mined by PTA, SUM and WIN start with essentially the same
[3C*]pra value, 3 x 10714 and 2 x 10714 M, respectively, at
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Figure 4. (a) Dependence of hydroxyl radical concentration on
the particle mass / water mass ratio in winter (blue) and summer
(red) extracts. Solid circles are measured values, while lines are ex-
trapolations to the ambient aqueous aerosol conditions, including
contributions from aqueous *OH formation and “OH mass trans-
port from the gas phase. Previous measurements and extrapolation
with Davis winter particle extracts are shown in green (Kaur et al.,
2019). (b, ¢) Dependence of the hydroxyl radical production rate,
including the rate of transport from the gas phase (Pog, gas, Orange),
aqueous reaction (Poy,aq. purple), and the total rate (Pog, ot =
POH,aq t+ POH,gas» Pink), and the rate constant of *OH loss by
natural sinks (k;, blue) on the particle mass / water mass ratio
for (b) WIN and (c¢) SUM.

3 x 107 ug PM / ug H,0. SUM exhibits more curvature, as
seen for [PC*IsyR, leading to a lower predicted [BC*]pra at
1ug PM /ug HyO: 4 x 10713 M for SUM vs. 6 x 10713 M
for WIN. For SUM and WIN, [32C*]pra increases by factors
of 14 and 29, respectively, from the most dilute condition to
the ALW condition, which is similar to [3C*]SYR.

3.4.3 Singlet molecular oxygen in ALW

Lastly, we consider the extrapolation of 103 concentrations
from our dilute experimental solutions to ALW conditions.
To do this, we consider the production of 10; by 3C* as well
as H,O and DOM as sinks for singlet oxygen. In terms of
103 sources, we first assume the O; concentration is con-
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stant at all conditions, i.e., not considering a solute effect
on O, solubility. Next, we assume the plateauing of [2C*]
at high concentration factors results in a plateauing of the
10; production rate, as evidenced in the curvature of [103]
in SUM (Fig. 2d). To account for this effect, we fit [103]
versus DOC using an equation analogous to Eq. (11) and
calculate the 10; production rate (Pio3) with the fitted pa-
rameters (Eq. S11). This process does not work for WIN,
however, since it shows no curvature of [103]. So to predict
the 3C* effect for this sample, we adjusted the regression pa-
rameters so that the fitted line passed through just the first
four data points (Fig. S6). In terms of modeling DOM as a
sink for 103, this effect does not appear in our lab extracts
(due to their relatively low DOC content), but we expect it
would happen under more concentrated conditions. To incor-
porate this effect, we estimated the second-order rate con-
stant for loss of 10; by DOC (k10;+DOC) using the same
approach as in Kaur et al. (2019) but determined a lower
value (1 x 10° L (mol C)~! s~!) based on our 1O§ concentra-
tion data versus DOC. We then calculate the first-order sink
for 10; due to DOC as the product of this second-order rate
constant and the DOC concentration.

The resulting predictions for 103 concentrations, along
with the production rate and sink rate constants for the sum-
mer sample, are in Fig. 6. Figure 6a shows that our pre-
dictions of 10; under ALW conditions are roughly 10 to
100 times lower than those in Kaur et al. (2019); this is be-
cause we include the effect of plateauing 3C* concentration
on the 10; production rate, which decreases 10; concen-
trations under ALW conditions. In Fig. 6a, [103] for SUM
starts at 4 x 10713 M in dilute drops, peaks at 1 x 107! M
at 1.0 x 1072 ug PM / ug H,O (where Pios first plateaus;
Fig. 6b), and then starts to decrease. This decrease is be-
cause the production rate for 10; (Plo;) is constant while

the 10; sink from DOC (k/IO’Z‘,DOC) increases with particle

mass concentration and becomes the dominant 10; sink;
the result is a singlet oxygen concentration of 1 x 10712 M
at 1 uyg PM /ug HyO. This concentration is only 1.4 times
higher than [3C*]SYR under the same conditions (Fig. S8).
For WIN, [103] starts at 1 x 10713 M in dilute drops, reaches
a maximum of 3 x 107! M at 4.0 x 10~2 ug PM / ug H,0,
and then decreases to 5 x 107!2M at 1pg PM/pug H,O
(Fig. S7). Under ALW conditions, WIN has a maximum
[103] that is 3 times higher than SUM because measured
[IOZ] in WIN presents much less curvature than SUM;
i.e., the organics in WIN appear to be less reactive with
1O§—producing triplet states compared to those in the SUM
sample. Therefore, the plateau of Pjo; in WIN shows up
only under more concentrated conditions compared to SUM
(Fig. S7).
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Figure 5. (a, b) Dependence of triplet excited state concentration determined by (a) SYR and (b) PTA on the particle mass / water mass
ratio in WIN (blue) and SUM (red). Solid circles are measured values in dilution experiments, while lines are extrapolations to ALW
conditions. Previous measurements and extrapolations (best fit and high estimate) for Davis winter particle extracts are in green (Kaur et al.,

2019). (¢, d) The triplet production rate (P3+«, pink line) and first-order rate constants for 3C* loss, including quenching by oxygen (k

/

3C*,0p°
dashed purple), dissolved organic carbon (k3 ., . dashed blue), and total (k3 ., =k3., 0, K5 s poc- Orange) determined by (¢) SYR
and (d) PTA for SUM. Figure S5 shows Ps.« and k} ¢« for WIN.

4 Conclusions and uncertainties

We measured concentrations of three photooxidants — hy-
droxyl radicals, oxidizing triplet excited states of organic
matter, and singlet molecular oxygen — as a function of par-
ticle dilution in aqueous extracts of winter particles (influ-
enced by residential wood combustion) and summer par-
ticles (strongly influenced by wildfires). The extracts con-
tain high amounts of organic matter, with dissolved organic
carbon concentrations ranging from 10 to 495mgCL~!.
DOC-normalized mass absorption coefficients at 300 nm are
2.1(£0.2)m?(gC)~! in winter and 3.1(0.1)m? (gC)~!
in summer, with absorption Angstrém exponents of 7.2 for
both, indicating significant amounts of brown carbon.

In the winter sample, the measured *OH concentra-
tion appears to be independent of extract concentration,
while in the summer sample *OH increases with the con-
centration factor. In both WIN and SUM, measured 3C*
concentrations determined by our two probes initially in-
crease rapidly with the concentration factor and then ap-
proach or reach a plateau under more concentrated condi-
tions. Measured 10; concentrations in WIN are linear with
DOC, while in SUM singlet oxygen levels show curva-
ture (like C*) in more concentrated extracts. By extrap-
olating the oxidant kinetics in our dilute extracts to the
much more concentrated conditions of ambient particle water
(1 ug PM / ug H>0), we obtain photooxidant concentrations
of [*OH] = (6-9) x 10~15M, [?C*]=(4-8) x 10~13 M, and
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[103] =(1-5) x 10~2M. The *‘OH particle water concen-
trations are not significantly different from those in fog/-
cloud waters, while [2C*] and [103] are 10-30 and 3-
40 times higher, respectively, than fog/cloud values (at
3 x 1072 ug PM / pg H,0). The ratio of concentrations of
103 :3C* : *OH in aerosol liquid water is 103-10%: 10%: 1,
which is lower than the 10°: 10*-10%: I ALW ratio pre-
dicted by Kaur et al. (2019). This is because our predicted
ALW concentration of *OH is approximately 10 times higher
than in this past work, while 3C* is around 5 times higher
than their best fit, and 103 is 30-150 times lower than their
prediction (Fig. S8). Kaur et al. (2019) discussed the large
uncertainties in predicting 10; and 3C* for ALW conditions,
in part because of the difficulty in experimentally observing
the interactions between DOC and 3C* or 10’2‘. However, in
this current work, we are able to clearly see triplet quenching
by DOC, since organic carbon concentrations in our parti-
cle water extracts were up to 5 times higher than in the past
work. When extrapolating to more concentrated conditions,
we predict 3C* concentrations are heavily suppressed due to
quenching by DOC, resulting in triplet concentrations that
are between the two estimates from Kaur et al. (2019). For
the first time, we also see curvature in [10’2‘] versus DOC
in our most concentrated summer extracts, which appears to
result from suppression of triplets by organics. With this ex-
perimental finding, we are able to include this effect in the
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Figure 6. (a) Dependence of singlet molecular oxygen concentra-
tion on the particle mass / water mass ratio in winter (blue) and
summer (red) samples. Solid circles are measured values in dilu-
tion experiments, while lines are extrapolations to ALW conditions.
Previous measurements and extrapolation with Davis winter par-
ticle extracts are in green (Kaur et al., 2019). (b) Dependence of
singlet oxygen production rate (P, 0% pink line) and the rate con-
stant for 10; loss, including deactivation by water (kf{zo, dashed

purple), quenching by dissolved organic carbon (k/ dashed

10%,D0C’
H / 1/ /
blue), and the total sink (klo;mt = kHzo + klo;,DOC’ orange) on
the particle mass / water mass ratio for SUM. Figure S7 shows P 03

and &’

103 for the winter sample.

prediction of 10; concentrations under particle water condi-
tions.

While our samples have higher DOC than the dilution
sample in Kaur et al. (2019), our extrapolations from dilute
extracts to ALW still span a huge range (approximately a fac-
tor of 600 in the PM mass / water mass ratio), bringing sig-
nificant uncertainties. For example, it is unclear whether an
appreciable portion of the organic compounds will precipi-
tate under the much more concentrated conditions of ALW.
In terms of experimental uncertainties, we could not observe
how efficiently organic matter quenches 10; and thus were
only able to estimate an upper bound of the rate constant,
which is poorly constrained. In addition, highly concentrated
particle extracts make it difficult to measure 3C* by SYR be-
cause of strong inhibition by dissolved organic matter, with
inhibition corrections of up to a factor of 7.5 in our sam-
ples. Additionally, the difficulty in inhibition factor measure-
ments (and resulting high uncertainties) in concentrated ex-
tracts can bring large uncertainties. High DOC concentra-
tions also result in significant light screening, which carries
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additional uncertainty in the corresponding correction. While
future work could use more concentrated particle extracts
to reduce the extrapolation uncertainty, this approach would
likely increase other uncertainties, including light screening
and probe inhibition. Also, it is unlikely that the bulk solution
approach that we have used can ever approach the concen-
tration conditions in particle water. Because of this, other ap-
proaches, such as flow tubes or reaction chambers, will be re-
quired to more closely simulate oxidant generation and their
subsequent reactions in ambient aerosols.
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Table S1. Particle sample collection and PME information

Sample ID* | Collection | Sampling | Avg. Particle 300" Rabs (300-450 Rabs (300- AAE' | MACnpoc DOC | Light screening
dates® duration PM> s mass/water | (cm™) nm) 450nm) / Raps (m? (g C)"y | (mg factor*
for each conc.d | ratio® (10 ug (10° mol- (300- Aena)" L
filter® (h) | (ug/m3- | PM/ug H,O) photons 300 | 365 PME | PME+
air) Llshe nm | nm DMB
WIN-10 2/5/20 — 168 9.2 0.51 (£0.09) 0.086 1.5 0.84 7.58 2.0 0.57 10.1 0.98 0.75
WIN-2 2/28/20 (one 2.6 (£0.4) 0.446 7.8 0.79 7.28 2.2 0.65 47.2 0.88 N.A.
WIN-0.7 week) 5.5 (%0.9) 1.089 19 0.75 7.23 2.5 0.74 102.1 0.74 0.64
WIN-0.4 10 (£1.5) 1.820 33 0.74 7.02 2.0 0.63 206.3 0.61 N.A.
WIN-0.3 16 (£2.4) 3.029 56 0.74 7.00 2.1 0.65 335.6 0.48 0.40!
WIN-0.3D™ 2.4 (£0.4) 0.452 8.1 0.78 7.16 2.1 0.64 50.2 0.88 0.73
SUM-10 8/21/20 — 28.8 54.5 0.42 (£0.07) 0.220 3.9 0.83 7.42 3.1 0.96 16.4 0.94 0.75
SUM-2 8/24/20 2.1 (#0.4) 1.062 20 0.79 7.17 3.4 1.07 72.7 0.74 N.A.
SUM-0.7 5.5(%x1.3) 2.780 51 0.77 7.17 3.1 0.97 | 208.9 0.50 0.46
SUM-0.4 11 (£2.3) 5.147 97 0.77 7.05 3.1 0.99 | 3834 0.32 N.A.
SUM-0.3 14 (£2.4) 6.679 128 0.74 6.93 3.1 1.01 495.4 0.26 0.23!
PME-NR" 10/6/20 — 48 30.9 6.4 (£0.2) 1.504 22 0.75 7.57 1.7 1 040 | 209.9 0.70 0.61
PME-R" 10/8/20 6.4 (£0.3) 1.579 23 0.81 7.74 1.8 0.44 | 2043 0.68 0.60
Field blanks®
FB1 8/4/20 3 min 6.9 0.16 (£0.06) | 0.0022 0.017 1.0 2.1 1
FB2 1/2/20 3 min 15.6 0.13 (£0.06) | 0.0015 0.0013 1.0 2.0 1
FB3 10/5/20 3 min 39.6 0.47 (£0.38) | 0.0065 0.086 1.0 3.0 1

® Samples were named as “PME-water volume” (e.g., WIN-0.7) to denote the sample and extraction volume. WIN-0.3D is the WIN-0.3 sample diluted to an
equivalent extract volume of 2 mL/square (i.e., to the equivalent dilution of WIN-2).

® For the WIN and SUM samples, we collected three separate, consecutive filters during each collection period and then composited them during extraction. Each
winter filter was collected for a week, while each summer filter was collected for approximately 29 hrs. The 10/6/20-10/8/20 sample was just one filter collected
for 48 h.

¢ The average sampling duration for each filter within a given composite.

4 Average PM> s concentration for each sampling period measured at the UC Davis sampling site by the California Air Resources as reported on the iADAM online
database (California Air Resources Board, 2019 —2020; https://www.arb.ca.gov/adam).

¢ Particle mass/water mass ratio (£1 o) is calculated as the extracted particle mass per filter square (determined as the difference of filter weights before and after
extraction) divided by the volume of water used for extraction.

' Base-10 absorbance coefficient of the extract (in cm™) at 300 nm. This is determined as the sample absorbance divided by the cell pathlength.

¢ Rate of sunlight absorption by PME in the 300-450 nm wavelength range, calculated by equation 2 in Kaur et al. (2019), using the actinic flux at midday on the
winter solstice in Davis (photons cm™ s' nm™') obtained from the Tropospheric Ultraviolet and Visible (TUV) Radiation Model version 4.1. If we apply the
actinic flux at midday on the summer solstice, the rate of light absorption is larger by a factor 1.9.

b Ratio of the rate of light absorption calculated over a range of 300 to 450 nm to the rate of light absorption calculated from 300 nm to the longest wavelength
before the absorbance goes to zero (Aend).
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! AAE, the Angstrom Absorption Exponent, is calculated as the negative slope of a linear regression between In(absorbance) vs. In(wavelength) in the 300 — 450
nm wavelength range.
®300nm,X1n (10)x10°
[DOC]

J Mass absorption coefficients at 300 or 365 nm, normalized to dissolved organic carbon, calculated as MACpoc300nm = (Kaur et al., 2019).

The contributions of nitrate and nitrite to the total absorbance of PME samples are negligible (< 2 %) for both wavelengths.

K Light-absorption-weighted internal screening factor, calculated with equation 2 in Smith et al. (2016) using a wavelength range of 280-364 nm. A value of 1
indicates no light screening, while a low value represents a strong screening effect. “PME” column shows light screening factors in PME samples, while
“PME+DMB” column shows values in the PME with added 80 uM DMB (used for inhibition factor measurements; see Section S1). The cell pathlength was 0.5
cm. To save sample volume, /F values were not measured for the -2 and -0.4 extracts, so screening factors are not available for these dilutions.

! For these very concentrated PME samples, 160 uM DMB was used for inhibition factor measurements. Values shown here are light screening factors of PME
with 160 uM DMB.

™ To test the impact of rotary evaporation on sample composition and photochemistry, this extract was prepared by taking the rotovapped WIN-0.3 extract and
diluting it to the same PM mass/water mass ratio as the WIN-2 sample, which was not rotovapped.

" To test the impact of rotovapping, this pair of extracts was prepared using portions of the same filter. For the PME-NR sample, the filter was extracted with 0.7
mL water/square and was not rotovapped. For the PME-R sample, the filter was extracted with 2 mL water/square, and was then rotovapped to an equivalent
extract volume of 0.7 mL/square.

° Field blank samples were extracted with 1.0 mL water/square. Field blank results were not subtracted from sample results.
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Table S2. Ion concentrations in PMEs

Sample ID | [NO*] (uM) | [NO> ] (uM) | [SO&] (uM)* | [CI] (uM) | [HCOOT] (uM) | [NH4] (uM) | [Na'] (uM) | [K'] (uM) | [Ca*] (uM)
WIN-10 179.1 <DLe 25.0 5.21 2.65 160.8 196.3 34.0 68.8
WIN-2 793.1 3.49 346.9 29.3 30.3 590.4 612.1 98.4 240.3
WIN-0.7 1535 6.49 538.8 20.5 45.9 1826.7 1238.3 261.4 449.9
WIN-0.4 3215 13.6 1435 89.7 116.4 2558.6 2543.9 457.3 149.4
WIN-0.3 5221 21.3 2347 129.2 193.6 3898.2 3601.5 658.4 1214
WIN-0.3D

SUM-10 27.4 <DL 214 5.21 3.53 100.8 134.2 31.5 50.4
SUM-2 137.6 1.95 90.3 23.4 46.0 208.1 276.0 101.1 98.1
SUM-0.7 325.9 2.49 194.1 64.2 92.8 676.4 607.5 315.8 70.5
SUM-0.4 771.7 <DL 478.0 144.7 145.5 1125 1360 561.3 578.6
SUM-0.3 1018 7.85 618.2 184.2 187.9 1330 1717 676.4 696.7
PME-NR 487.0 8.00 352.7 5.21 3.53 1565 1458 356.5 606.6
PME-R 479.7 8.00 349.1 23.4 46.0 1496 1201 517.0 526.7
Field blanks®

FB1¢ 3.12 <DL 2458 3.03 0.12 96.0 -0.02 7.01
FB2 4.58 <DL 1.07 2.94 1.42 93.8 5.92 7.02
FB3 1.99 <DL 12.4 0.65 5.54 1.11 124.6 8.88 7.08

2 Sulfate from the sulfuric acid added to adjust the sample to pH 4.2 has been subtracted. The added trace-metal grade sulfuric acid contributed an average (+ ¢) of
40 (£ 47) uM sulfate.

® Jon concentrations were not measured in this sample.

¢ Field blank results were not subtracted from sample results.

4 This field blank sample was contaminated by the pH electrode filling solution, resulting in extremely high concentrations of CI" and possible other,

uncharacterized, contaminants.
¢ Below detection limit.
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Table S3. Hydroxyl radical measurements

Sample ID | Ponu (10'9 N['ls'l)'c1 kon (106 S'l)b ['OH] (10'15 M)c 104 X CDOHd kpoc+on (108 L (mol—C)'l S'l)e %POH,NO:;_f
WIN-10 024 (£0.01) | 020(£0.03) | 12(£02) 1.7(£0.1) 45 (£0.4) 10.4
WIN-2 4.6 (+0.4) 8.82(£0.09) | 5.6(x04) 5.8 (£0.5) 3.1 (£0.3) 2.4
WIN-0.7 16.4 (£ 1.5) 22(£02) 74(£02) 8.6 (= 0.8) 1.6 (£ 0.8) 13
WIN-0.4 213 (+5.3) 2.6 (+0.7) 6.8 (+0.5) 6.3 (+ 1.6) 25(+0.5) 2.1
WIN-0.3 475 (£412) 9.9 (+ 8.6) 48 (£0.3) 8.5 (+ 7.4) 2.6(x3.1) 1.5
WIN-0.3D 41 (£0.4)

SUM-10 0.26 (£0.01) | 0.61 (£0.06) | 043 (£0.01) | 0.67 (x0.03) 2.4 (= 0.4) 1.5
SUM-2 1.8 (£0.1) 1.9 (£0.2) 1.0(£0.01) | 0.94 (x0.07) 2.1 (£0.2) 1.0
SUM-0.7 12.3 (£5.7) 28 (= 1.4) 4.4 (0.6) 24 (= 1.1) 2.6 (+0.3) 0.4
SUM-0.4 573 (£ 10.7) 8.0 (= 1.5) 72(£0.1) 59(=1.1) 1.5 (£ 0.4) 0.2
SUM-0.3 81.5(=984) | 10.6(x12.8) | 7.7(x07) 6.4 (=7.7) 35(x3.1) 0.2
PME-NR 42 (+0.3)

PME-R 4.6 (£0.8)

Field blanks®

FBI" 0.57 (+ 0.03)

FB2! 0.0011 (= 0.0001) | 0.20 (= 0.02) | 0.06 (= 0.01) 5.7
FB3' 0.0008 (< 0.0001) | 0.05 (£0.02) | 0.15 (£0.01) 3.6

® Davis winter solstice-normalized rate of *OH photoproduction.
® Apparent pseudo-first-order rate constant for destruction of *OH due to natural sinks.
¢ Winter solstice-normalized steady-state concentration of *OH.

4 Apparent quantum yield of *OH during simulated sunlight illumination, calculated as ®on = Pon/Rabs(300-450).

¢ Second-order rate constant of dissolved organic carbon scavenging *OH, calculated as kpoc+on = k’on/DOC. The average (+ 15) values for
this rate constant in WIN and SUM dilutions were 2.4 x (£0.7) x10® L (mol-C)! s! and 2.9 x (£1.1) x10% L (mol-C)! s, respectively.

T Fraction of nitrate contribution to the *OH photoproduction rate, calculated as (jnos—on X [NO3]/Pon) using the aqueous nitrate photolysis
rate constant, jnos —ou= 1.4 x 107 s™' (Anastasio and McGregor, 2001) and the molar concentration of NOs~. We also calculated the
fraction of *OH production rate due to nitrite: it is negligible, with an average value of 1 %.

¢ Field blank results were not subtracted from sample results.

" This field blank sample was contaminated by the pH electrode.

 The *OH production rate in field blanks was determined by adding 1.2 mM benzoic acid to 1.0 mL FB sample and monitoring the formation
of p-hydroxybenzoic acid, assuming that all *OH produced reacts with benzoic acid.
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Table S4. Rate constants of SYR and PTA reacting with triplet excited states, singlet oxygen, and hydroxyl radical at pH 4.2

Oxidants ksyrrox M s Reference kprarox M s Reference
*OH 20 (£4) % 10° (Smith et al., 2015) 10.3 (£0.6) x 10°
10,* 3.6 (£0.7) x 107 | (Tratnyek and Hoigne, 1991) | 8.8 (£0.6) x 10° | (Ma et al., 2023)
SDMB* 3.9 (£0.7) x 10° (Smith et al,, 2015) 2.5 (£0.6) x10°
Direct photodegradation Jsyr (s Jjera (s
<43 x10° (Kaur and Anastasio, 2018) | 6.2 (£0.2) x 10* | (Ma et al., 2023)
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Table S5. Syringol loss kinetics and resulting triplet excited state concentrations

Sample ID k’syr® fsyroH® fsyr.102+° fsyr3cx [2C*]syRuncor’ [FC*)syr" | k’3cxsyr® | Picrsyr" 10% X ®5cx sy
(10 min™) (1074 M) 1014 M) | (10551 | (107 M s)

WIN-10 | 0.63 (£0.03) | 0.23 (£0.06) | 0.07 (:0.02) | 0.70 (£0.07) | _1.9(x04) | 48(=1.0) | 085 |0.40(=0.09)| 2.8 (0.6)
WIN-2 1.9(0.1) | 0.35(20.08) | 0.13 (:0.03) | 0.52(£0.09) | 42 (=1.0) 15 (4) 11 16(x05) | 2.1(x0.6)
WIN-07 | 3.7(£02) | 0.24 (£0.05) | 0.14 (£0.04) | 0.62 (£0.09) | 9.8 (£2.3) 50 (£16) 14 | 72(24) | 37(1.2)
WIN-04 | 46(202) | 0.18 (£0.04) | 0.20 (£0.06) | 0.62 (:0.08) 12 (43) 71 (222) 21 15 (£5) 44(x13)
WIN-0.3 3.9(20.2) | 0.15 (£0.03) | 0.45 (£0.10) | 0.40 (z0.11) | 6.7 (:2.3) 50 (£20) 2.9 15 (£6) 2.6 (:1.0)
WIN-03D | 1.7(x0.1) | 0.28 (£0.06) | 0.12 (20.03) | 0.60 (x0.09) | 4.5 (£1.0) 16 (+5) 11 18(x0.5) | 2.2 (:0.6)
SUM-10 | 22(20.1) ] 0.02 (z0.01) | 0.03 (z0.01) | 0.95 (0.03) | _ 8.9 (x1.6) 16 (13) 094 | 15(203) | 38(20.7)
SUM-2 45(x0.1) | 0.03 (£0.01) | 0.10 (£0.02) | 0.87 (£0.03) 17 (3) 32 (27) 15 | 48(x1.1) | 2.4(x05)
SUM-07 | 8.7(x03) | 0.06 (20.01) | 0.13 (£0.03) | 0.81 (£0.04) 31 (26) 68 (+183) 2.8 19 (£5) 3.7 (£1.0)
SUM-04 | 7.9 (0.1) | 0.11(£0.02) | 0.21 (£0.04) | 0.68 (£0.05) 23 (25) 68 (+18) 45 31 (8) 3.2 (20.9)
SUM03 | 7.3(x0.1) | 0.13(20.03) | 0.25 (£0.09) | 0.62 (z0.10) 20 (26) 65 (£20) 5.6 36 (£11) | 2.8 (£0.9)
PME-NR | 10.7 (£0.3) | 0.05 (20.01) | 0.06 (0.01) | 0.89 (x0.03) 41 (28) 54 (223) 2.0 11 (26) 5.0 (22.6)
PME-R 112 (£0.4) | 0.05 (£0.01) | 0.05 (20.01) | 0.90 (£0.04) 43 (+8) 69 (£15) 2.0 14 (£3) 59 (x13)
Field blanks’

FBIF 0.031 (£0.002) | 2.20 (£1.34) | 0.11 (+0.02) | -1.31 (£1.34) | 0.018 (x0.018) | -0.32 (£0.33)

FB2 0.008 (£0.001) | 0.09 (£0.02) | 0.05 (£0.01) | 0.86 (:0.03) | 0.30 (£0.05) | 0.32 (x0.08)

FB3 0.12 (£0.01) | 0.15 (£0.04) | 0.05 (£0.01) | 0.80 (£0.06) | 0.42 (£0.08) | 0.42 (x0.08)

? Davis winter-solstice-normalized pseudo-first-order rate constant for loss of syringol (SYR).

® Fraction of SYR loss due to hydroxyl radical, calculated as fsyr.on = (ksyr+on * [*OH])/k 'syr. Hydroxyl radical concentrations are in Table S5.
¢ Fraction of SYR loss due to singlet oxygen, calculated as fsyr, 102+ = (ksyr+102¢ < ['O2*])/k 'syr. Singlet oxygen concentrations are in Table S8.
4 Fraction of SYR loss due to triplets, calculated as fsyr3c* = (1= fsyr.on — fSyr.102%).
¢ Uncorrected triplet steady-state concentration calculated from syringol loss as & ’syr 3c*/ksyr+3pmp*.

' Triplet concentration after correction for inhibition of SYR loss, calculated as [*C*]syr uncor/IFSYR corr.
¢ Apparent pseudo-first-order rate constant for quenching of *C* due to natural organic sinks and dissolved oxygen, as determined by SYR. This was

calculated as & 3cx syr = kixn+Q3cx[DOC] + kac*102[O2], where kixn:q3c is estimated from the fitting between [*C*]syr and DOC using equation (11) in the

main text (see values in Table S9), and kicr02 = 2.8 (£ 0.4) x 10° M~! s7! from Kaur et al. (2019).
b Production rate of triplets determined by SYR, calculated as Picxsyr = [?C*]syr X k3¢ syr.
! Apparent quantum yield of *C* determined by SYR during simulated sunlight illumination, calculated as ®3cxsyr = P3c*syr/Rabs.

i Field blank results were not subtracted from sample results.

k This field blank sample was contaminated by filling solution from a pH electrode.
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Table S6. (Phenylthio)acetic acid (PTA) loss kinetics and resulting triplet excited state concentrations

Sample kprA® feraon® fora 100+ forasc [2C*1pTA uncon® [BC*pral | k'3cxpTa® Picxpral 10% x [2C*]pra/
ID (10 min™) A0M) | (109M) | (10°sT) | (107 Ms1) | Dscopra PCH syl
WIN-10 | 0.45 (£0.02) | 0.17 (0.03) | 0.02 (£0.01) | 0.81 (£0.06) | 2.4 (x0.06) | 2.4 (:0.06) | 0.83 | 0.20 (:0.05) | 1.4(x0.3) | 0.51 (x0.17)
WIN-2 23(x0.1) | 0.15(20.01) | 0.03 (£0.01) | 0.82 (0.02) | 13 (23) 13 (£3) 10 | 13(203) | 1.6(z04) | 0.84(031)
WIN-07 | 3.8(20.1) | 0.12 (£0.01) | 0.03 (£0.01) | 0.85 (:0.04) | _ 22 (£5) 22 (5) 13 | 28(20.7) | 14(x04) | 043 (0.18)
WIN-04 | 6.1(20.3) | 0.07 (£0.01) | 0.04 (20.01) | 0.89 (:0.05) | _ 36 (£9) 36 (19) 18 | 64(1.6) | 19(x05) | 0.51(x0.0)
WIN-0.3 | 6.6(20.3) | 0.05 (£0.01) | 0.06 (£0.01) | 0.89 (£0.03) | 39 (£10) | 39 (£10) 24 | 93(x3.0) | 1.8(x0.5) | 0.78(x0.39)
WIN- 25(x0.1) | 0.10 (z0.01) | 0.02 (z0.01) | 0.88 (£0.02) | 15 (x4 15 (24) 10 | 16(x05) | 19(=0.6) | 0.5 =039
0.3D
SUM-10__| 0.57 (£0.02) | 0.05 (20.01) ] 0.03 (£0.02) | 0.92 (£0.04) | 0.35 (£0.09) | 0.37 (:0.10) | _0.87 | 0.33 (£0.08) | 0.85 (£0.21) | 0.23 (z0.07)
SUM-2 2.1(20.1) | 0.03 (£0.01) | 0.06 (£0.01) | 0.91 (:0.03) | 13 (+3) 13 (24) 12 | 16(x04) | 0.80(x022) | 041 (z0.15)
SUM-0.7 | 3.5 (0.1) | 0.08 (£0.01) | 0.08 (+0.01) | 0.84 (x0.02) | 20 (£5) 21 (26) 19 | 40(xL1) | 0.78(x0.22) | 0.30 (x0.12)
SUM-0.4 | 49 (x0.1) | 0.10 (£0.01) | 0.08 (+0.01) | 0.82 (x0.03) | 27 (x7) 27 (28) 29 | 7.9(x22) | 0.81(x0.23) | 0.40 (x0.16)
SUM-03 | 5.2(x0.2) | 0.09 (z0.01) | 0.09 (+0.03) | 0.82 (x0.03) | _ 29 (+7) 29 (£8) 35 10(3) | 0.78 (£0.22) | 0.44 (z0.19)
PME-NR | 4.4 (x0.1) | 0.06 (£0.01) | 0.03 (z0.01) | 0.91 (z0.03) | 27 (z7) 28 (£16) 21 | 58(32) | 26(x1.5 | 0.52(x0.40)
PME-R | 4.8(x0.1) | 0.06 (£0.01) | 0.03 (£0.01) | 0.91 (£0.02) | 29 (x7) 41 (£10) 20 | 84(21) | 3.6(0.1) | 0.60(x0.20)
Field blanks®
FBI! 2.75 (£0.04) | 0.01 (z0.01) | 0.00 (:0.01) | 0.99 (z0.14) | 18.1 (£5.0) | 20.1 (7.0)
FB2 0.016 | 0.22(20.03) | 0.07 (z0.01) | 0.71 (£032) | 0.078 0.084

(+0.005) (£0.040) | (£0.043)
FB3 0.030 | 0.31 (x0.04) | 0.05 (£0.01) | 0.64 (£0.38) | 0.13 (+0.08) | 0.13 (+0.08)

(£0.012)

* Davis winter-solstice-normalized value of the measured pseudo-first-order rate constant for loss of PTA after correction for PTA direct photodegradation. PTA
direct photodegradation accounted for (0.9-12) % of PTA total decay in PME samples, with an average of 3%. It accounted for (2-79) % of PTA total decay in
field blanks.
® Contribution of hydroxyl radical to the loss of PTA, calculated as fpra.on = (kpraron % [*OH])/k pra. Hydroxyl radical concentrations are in Table S5.
¢ Contribution of singlet oxygen to the loss of PTA, calculated as fpra,i02+ = (kerat102# % ['O2*])/k pra. Singlet oxygen concentration is in the Table S8.
4 Fraction of PTA loss due to triplets, calculated as fprascx = (1= fpra.on — fora,102%).
¢ Uncorrected triplet steady-state concentration calculated from PTA loss as & 'pra 3c+/kpra+3DMB*.
f Triplet concentration after correction for inhibition of PTA loss, calculated as [3C*]pra uncon/ZFpTA corr-
¢ Apparent pseudo-first-order rate constant for quenching of *C* determined by PTA due to natural organic sinks and dissolved oxygen. This was calculated as
k’3cx ptA = kran+Q3cx[DOC] + kac#+02[O2], where krn+q3c+ is estimated from the fitting between [2C*]Jpra and DOC using equation (10) in the main text (values
are in Table S9), and k3c+02 = 2.8 (£ 0.4) x 10° M~! s7! from Kaur et al. (2019).

b Production rate of triplet determined by PTA, calculated as Picxpra = [?C*]Jpra X k 3¢+ pTa.

! Apparent quantum yield of *C* determined by PTA during simulated sunlight illumination, calculated as ®sc*pra = P3cspra/Rabs.

i Ratio of triplet concentration determined by PTA to that determined by SYR.
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k Field blank results were not subtracted from sample results.
100  !This field blank sample was contaminated by a pH electrode, leading to fast decay of PTA.

S10



105

110

115

120

125

130

Section S1. Inhibition factor determination and *C* concentration correction

Dissolved organic matter in PME may inhibit the decay of SYR or PTA by triplets, leading to an
underestimation of triplet concentration. Based on our previous research, SYR is more strongly inhibited
than PTA (Ma et al., 2023). To investigate and quantify the inhibition effect of PME on these two triplet
probes, we measured inhibition factors (/F's) of FFA, SYR, and PTA for the -10, -0.7 and -0.3 extracts of
the WIN and SUM composites, and used the IF values to correct measured *C* concentrations in PME.
Details of inhibition factors are described in Canonica et al. (2008), Wenk et al. (2011), and Ma et al.
(2023). To measure /F, we monitored the loss of 10 uM probe in three illuminated solutions: (1) in the pH
4.2 PME; (2) in pH 4.2 Milli-Q water containing 80 uM of triplet precursor 3,4-dimethoxybenzaldehyde
(DMB); and (3) in the PME with added DMB (80 uM DMB for the -10 extract and 160 uM DMB for the
-0.7 and -0.3 extracts). For each illumination, we determined the first-order rate constant of probe decay.

The inhibition factor for the probe in that extract was calculated using

i 1
k DMB,PME ~— k PME

IFp = (51)

1
k DMB

where k'ppyp pue is the first-order decay rate constant of probe in solution containing both DMB and
PME, while k'pyr and k'ppp are the probe loss rate constants in PME alone and in Milli-Q water with
DMB, respectively. All k£’ values were corrected for internal light screening with screening factors (S5);
the PME and PME+DMB values are listed in Table S1, while the light screening factors for 80 and 160
uM DMB are 0.75 and 0.59, respectively. An [F value of 1 indicates there is no DOM inhibition on probe
decay, while /F = 0 indicates complete inhibition of probe decay. Since /Fp can also be affected by DOM
suppressing the SDMB* concentration, we use IFrra to quantify this triplet suppression (Ma et al., 2023).
To exclude the effect of triplet suppression on /Fsyr and IFpra (i.€., to quantify only inhibition due to
probe regeneration), we use corrected inhibition factors, IFsyr,corr and IFpra corr:

IFp
IFP,corr = m (52)

Theoretically, /F should not exceed 1, but we sometimes see this result. When /Frra or [Fp is greater than
1, it suggests there is interaction between DOM in PME with DMB to form reactive species, and thus
indicates no inhibition or suppression. Therefore, when /Frra and/or IFp is greater than 1, we assume that
IF conr = IF, but we do not correct the 3C* concentration if IFp corr > 1; i.€., in this latter case [2C*]p =
[2C*]p.uncorr. More details are provided in Ma et al. (2023). IFpra and IFsyr values are expected to be lower
than /Frra because IFpra and [Fsyr are affected by both triplet suppression by DOC and probe inhibition

by DOC, while /Frra is only impacted by triplet suppression. However, in some samples /Fpra was
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greater than /Frra; we suspect this might be due to the sometimes large errors in /Frra measurement, i.e.,
when the difference between & ‘oms pme and & pme is small. In this case, we assume /Frra = [Fpra (since
PTA is very resistant to suppression) and use this value to calculate /Fp cor. The determined /F and IFp cor
values are shown in Table S4. Due to limited PME volumes, we did not measure /F values for the -2 and -
0.4 extracts. Instead, their IFsyr corr and 1Fpra corr Values were estimated from the linear regression of

1/IFp core from the -10, -0.7, and -0.3 extracts versus DOC (Ma et al., 2023; Wenk et al., 2011).

The uncorrected *C* concentration is calculated with:

. k'p3ce
[3C ]P,uncorr = k— (53)
P+3DMB*

where k p 3¢+ is the measured first-order rate constant of probe loss due to triplets and kp+3pmp= is the
second-order rate constant of probe reacting with *DMB*. This assumes that the DMB triplet is a
reasonable proxy for triplets in atmospheric particles and drops in Davis, as we have shown previously
(Kaur and Anastasio, 2018; Kaur et al., 2019). To correct for the probe inhibition effect, [2C*] is

calculated using

[BC*] Puncorr

[*C*1p = (54)

IF, P,corr

The 3C* concentrations shown in the main text are the values after /F correction.
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Table S7. Inhibition factors for FFA, SYR, and PTA

Sample ID IFrra IFsyr IFpra IFsyR corr IFp1A corr
WIN-10 0.91 (=0.06) | 0.40 (£0.02) | 1.00 (£0.04) | 0.41 (x£0.03) | 1.00 (£0.06)
WIN-22 0.28 (£0.04) | 1.00 (£0.09)
WIN-0.7 0.62 (£0.10) | 0.18 (+£0.03) | 0.90 (£0.07) | 0.20 (+0.04) | 1.00 (£0.11)
WIN-0.4* 0.17 (x0.04) | 1.00 (+0.16)
WIN-0.3 0.28 (=0.08) | 0.09 (£0.01) | 0.67 (£0.10) | 0.13 (x0.03) | 1.00 (£0.21)
WIN-0.3D° | 0.89 (+0.13) | 0.25 (£0.02) | 0.85 (+0.06) | 0.28 (£0.05) | 0.97 (+0.17)
SUM-10 1.08 (£0.09) | 0.56 (+£0.02) | 0.95 (+£0.08) | 0.56 (+0.02) | 0.94 (+0.07)
SUM-2* 0.53 (£0.07) | 0.95 (£0.12)
SUM-0.7 0.48 (£0.06) | 0.22 (£0.03) | 0.46 (£0.04) | 0.45 (+0.09) | 0.96 (=0.14)
SUM-0.4* 0.35 (£0.06) | 0.98 (£0.14)
SUM-0.3 0.19 (+0.12) | 0.10 (+0.02) | 0.32 (+0.03) | 0.30 (+0.06) | 1.00 (+0.14)
PME-NR® 0.68 (+0.32) | 0.52 (+0.05) | 0.65 (+0.04) | 0.77 (£0.37) | 0.95 (+0.48)
PME-R® 1.29 (£0.22) | 0.63 (£0.07) | 0.71 (£0.05) | 0.63 (+0.07) | 0.71 (£0.05)
Field blanks!
FBI 0.95 (£0.12) | 0.52 (£0.05) | 0.86 (+0.13) | 0.54 (£0.08) | 0.90 (£0.19)
FB2 1.10 (0.05) | 0.95 (+0.19) | 0.93 (+£0.06) | 0.95 (+0.19) | 0.93 (+0.06)
FB3 1.21 (£0.06) | 1.20 (+0.08) | 1.15 (+0.09) | 1.20 (+0.08) | 1.15 (+0.09)
2 [F values in these samples were not measured. /F'syr corr and IFpra corr for these samples were
150 estimated from the linear regressions of 1/IFp corr vs. DOC in each dilution series.
® The IF values were measured for WIN-0.3D, which had an equivalent dilution to the WIN-2
sample.

¢ [Frra values for PME-NR and PME-R have large uncertainties because there were very small
differences between k& pme,pmp and & pume for a given extract. In this case a small difference in
155 k’pmepmB can lead to significant change of /Frra, likely explaining the very different values of

160

IFrea in PME-R and PME-NR.
4 Field blank results were not subtracted from sample results.

S13



Tg (a) SUM-0.4 (b) SUM-0.3
SRR
E r
S 14
Q ! —Before rotovap
$ [ After rotovap
0 T -
500 700 700
- (c) WIN-0.4 (d) WIN-0.3
@)
20
E
g
(@)
<
E e N S— 1 1
300 500 700 300 500 700
Wavelength (nm) Wavelength (nm)
15
| —SUM-0.4 (e)

[any

IVIACDOC, after rotovap/
MACDOC before rotovap

250 350 450
Wavelength (nm)

Figure S1. Mass absorption coefficients in particle extracts normalized by dissolved organic carbon
before (blue) and after (orange) rotary evaporation for (a) SUM-0.4, (b) SUM-0.3, (¢) WIN-0.4, and (d)
165  WIN-0.3. (e) The ratio of MACpoc after and before rotary evaporation for the four extracts.
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Figure S3. Influence of roto-vapping on steady-state concentrations of 'O,*, *OH, and *C* in not
rotovapped (blue) and rotovapped (red) particle extracts of (a) PME-NR vs. PME-R and (b) WIN-2 vs.
WIN-0.3D. In each case, the rotovapped sample was concentrated to the concentration factor (i.e., PM
mass/water mass ratio) of the not rotovapped sample. Error bars represents =1 standard error propagated
from uncertainties in the kinetic regression and rate constants. In (a) we show *C* concentrations that are
not /F-corrected because /Frra values for PME-NR and PME-R differ by a factor of nearly two but have

large uncertainties (Table S7).
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Table S8. Singlet oxygen measurements

Sample ID ['02*]? Pioo® JrEA 102+ Srraon 102 x ©j0p+° D3cx syr/ D3¢ pra/ PC*]syr/['O2*]" | PC*1pra/['O2*]
(10" M) (10" Ms™ (P1o2+/fn)f (P102+/fn)®
WIN-10 | 0.21(£0.04) | 0.45 (£0.08) | 0.53 (£0.10) | 0.87 (x0.14) | 3.1 (x0.5) | 0.47 (£0.13) | 0.24(x0.07) | 023 (x0.07) | 0.12 (x0.04)
WIN-2 1.1(=0.1) 2.4(x03) | 0.62(x0.09) | 0.45(x0.03) | 3.1 (x0.4) | 0.36(x0.11) | 0.28 (0.08) | 0.14 (x0.04) | 0.12 (:0.03)
WIN-0.7 | 23 (:0.4) 5.0(x0.9) | 0.65(20.12) | 0.61 (£0.02) | 2.6 (x04) | 0.76 (£0.27) | 0.29 (x0.09) | 022 (x0.08) | 0.10 (x0.03)
WIN-04 | 43 (20.8) 9.4 (x1.9) | 0.69(20.14) | 0.31 (x0.03) | 2.8 (£0.5) | 0.84 (£0.30) | 0.36 (x0.11) | 0.17 (:0.06) | 0.09 (0.03)
WIN-0.3 8.2 (x0.8) 18 (x2) | 0.83 (£0.09) | 0.14(x0.01) | 3.2(x0.3) | 0.43 (£0.17) | 0.27(20.09) | 0.06(x0.02) | 0.05 (£0.02)
WIN-03D | 098 (£0.13) | 22(x03) | 0.62(x0.08) | 0.64(*0.07) | 2.7(x0.3) | 0.43 (0.14) | 0.38 (0.12) | 0.16 (£0.05) | 0.15 (20.05)
SUM-10 | 033 (x0.19) | 0.72 (£0.04) | 0.54 (:0.32) | 0.20 (£0.02) | 1.9(x1.1) | 1.10(x0.67) | 0.24 (x0.15) | 048 (x0.30) | 0.11 (x0.07)
SUM-2 22(202) 49 (x0.4) | 0.94(x0.10) | 0.12(x0.01) | 2.5(x0.2) | 0.52(+0.13) | 0.17 (£0.05) | 0.15 (£0.04) | 0.06 (+0.02)
SUM-0.7 | 5.3 (0.4) 12(1) | 1.03(0.10) | 0.24(x0.03) | 2.3(x0.2) | 0.86(x0.24) | 0.18 (x0.05) | 0.13(x0.04) | 0.04 (£0.01)
SUM-04 | 7.7 (20.6) 17(x1) | 0.91(£0.09) | 0.24 (z0.01) | 1.8(x0.1) | 0.96(£0.27) | 0.25(x0.07) | 0.09 (£0.02) | 0.04 (£0.01)
SUM-03 | 8.5 (:2.7) 19(x6) | 0.79(20.25) | 0.20 (£0.02) | 1.5(x0.5) | 1.02 (£0.45) | 0.28 (£0.12) | 0.08 (+0.03) | 0.03 (x0.01)
PME-NR | 2.9 (x0.2) 6.4 (+0.5) | 0.62(x0.06) | 0.25(0.02) | 2.9(x0.2) | 0.90 (x0.47) | 0.48 (+0.27) | 0.18(x0.10) | 0.10 (£0.05)
PME-R 2.7 (:04) 6.0 (:0.9) | 0.59 (£0.09) | 0.28 (:0.05) | 2.6(x0.4) | 1.22(x0.32) | 0.75 (+0.22) | 0.25(x0.07) | 0.15 (£0.04)
Averages
WIN 2.9(:03) | 0.55(x0.20) | 022 (x0.05) | 0.16 (£0.06) | 0.10 (0.04)
SUM 2.0(0.4) | 0.89 (£0.23) | 030 (£0.06) | 0.18(20.17) | 0.06 (x0.03)
Field blanks’
FBI* | 0.016 (x0.001) 0.81 (£0.15) | 83 (z4.8)
FB2 | 0.021 (+0.001) 0.66 (£0.33) | 0.54 (20.07)
FB3 | 0.028 (+0.001) 0.97 (£0.17) | 0.73 (£0.09)

* Davis winter solstice sunlight-normalized steady-state concentration of 'O,*.

b Production rate of '0,*, calculated as Piox+ = ['02*] X k20, where ko is the first-order rate constant for loss of 'Ox* in H,O (2.2 x 10° s") (Bilski et al., 1997).

¢ Fraction of probe FFA lost due to '0,* in PME diluted with H,O, calculated as frra 100+ = (['02%1/2 X krra+102¢)/k 'Fra 20, Where krpasi02+ is the second-order rate
constant of FFA reacting with !Ox* and & ka0 is the normalized first-order decay rate of FFA in the PME diluted with H,O.

4 Fraction of probe FFA lost due to *OH in PME diluted with H,O, calculated as fira.on = ([*OH] % krra+on)/k 'reamz0, where krraton is the second-order rate
constant of FFA reacting with *OH (1.5 x 10" M s'") (Ross and Ross, 1977), assuming the *OH concentration is the same in the diluted and undiluted portions

of PME.

¢ Apparent quantum yield of 'O,*, calculated as @102+ = P102#/Raps.
! Fraction of oxidizing triplets (determined by SYR) in the total triplet pool (Kaur and Anastasio, 2018). f4 is the yield of singlet oxygen from the quenching of

triplet states by dissolved oxygen, which we assume is 0.53 (McNeill and Canonica, 2016).

¢ Fraction of oxidizing triplets determined by PTA to the total triplet pool.
b Ratio of triplet concentration determined by SYR to the singlet oxygen concentration.
i Ratio of triplet concentration determined by PTA to the singlet oxygen concentration.
i Field blank results were not subtracted from sample results.
¥ This field blank sample was contaminated by a pH electrode and other unknown sources.
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Table S9. Parameters in hyperbolic fitting between photooxidant concentration and DOC using Eqn. 11

WIN SUM
a b (M) a b M
10, 28 (£0.1) X101 6 44 (£03) <1070 27 (£ 4)
3C*syr 0.85 (+0.46) x10°1° 97 (= 86) 1.2 (£ 0.4) x101° 149 (£ 65)
3C*pra 0.44 (£ 0.05) x10° 73 (£ 15) 0.31 (£0.03) x10!° 84 (£ 13)

195  #Since winter samples show no curvature for ['0,*] with DOC, to fit data with equation 11, a was
obtained as the slope of linear regression between ['0,*] and DOC, while b was obtained by using a
fitted line that passed through only the first 4 data points (Figure S5).

Table S10. Second-order rate constants of triplet quenching and reaction with dissolved organic carbon®

-1 o1
Iw’fﬁ’w* (L (mol C)SUSM) 3C* probe used
This work 0.47 x 107° 2.1(£0.3)x 107 FFA
7.6 (+6.8) x 107 | 12 (5) x 107 SYR
57(=1.2)x 107 | 6.6 (= 1.0) x 107 PTA
Kaur et al. (2019)° 9.3 (£1.3) x107 SYR
Wenk et al. (2013)° (13 —3.9) x107 :

200  *Rate constants are for DOM quenching and reaction with the pool of triplets that are seen by a given
probe. FFA, by reacting with !Oy*, is likely seeing the DOM reactivity of the entire triplet pool (i.e.,
both oxidizing and non-oxidizing triplets), SYR is probing the reactivity of both strongly and weakly
oxidizing triplets, while PTA is probing only the strongly oxidizing triplets.

®This value was calculated using the b value (Table S9) that was estimated by fitting the line of equation
205 11 between ['0,*] and DOC through only the first 4 data points (Figure S5).
¢ Value is uncertain because triplet concentrations were not corrected for inhibition of SYR loss caused by
DOM.
d Rate constant measured for quenching of triplets of 2-acetonaphthone and 3-methoxyacetophenone by
surface water dissolved organic matter as determined using laser flash photolysis.
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Section S2. Kinetic model for singlet oxygen

We first consider a modified equation for the steady-state 'O,* concentration from McNeill et al. (2016)

by adding DOC as an additional sink for 'O,*:

koz+3c[2C*1[0,]fa
k'n20 + krxn+g102:[DOC]

['05] = (55)
where ko+3c+ is the bimolecular rate constant of O, quenching 3C*, [2C*] is the concentration of triplets
that can transfer energy to O- (i.e., essentially all triplets), [O] is the dissolved oxygen concentration, fa is
the fraction of oxygen quenching triplets that produces 'O.*, k20 is the first-order rate constant for loss
of '02* by H20 (2.2 x 10° ) (Bilski et al., 1997), and kixnr,102+ is the bimolecular rate constant of DOC

reacting and quenching 'O,*.

While DOC will be an important sink for 'O>* under ALW conditions (Kaur et al., 2019), in our PM
extracts it appears the curvature of ['0,*] with increasing DOC observed in SUM (Fig. 2) is only due to
3C* since triplets are more sensitive to the presence of organics than is 'O>*. Therefore, H>O is the
dominant sink, and the quenching of 'O,* by DOC is negligible (i.¢., kixn+q.102[DOC] << k 20). From
Kaur et al. (2019), °*C* in PME can be expressed as

(aeseigg) oe

k
1+( rxn+Q,3C*) DOC
koz+3c+10-] [ ]

[*c] =

(56)

where jabs 1S the rate constant for light absorption, ®isc is the quantum yield of intersystem crossing, f'is
the fraction of DOC that is in chromophores, and kwxn+q3c* 1s the bimolecular rate constant of DOC

reacting with and quenching *C*.
Substituting this equation for [*C*] into equation S5 (after applying kixn+q.102«[DOC] << k’i20) yields

jabS¢ISCf )[DOC]

k |0
02]:36 10, X koz+3¢+[02112 iunsPiscf X f,
1+ rxn+Q,3C )[DOC] labs ISC A1pocC]
10*] — ko2+3c+[02] _ Kk H20
[ 02] - kl - k +0,3C (57)
H20 1+ (———r57[DOC
Forrac. 0,100
This equation is of the form
L a[DOC]
0= ———— S8
[702] 1+ b[DOC] (58)
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where

g Jabs@Piscf X fa

7 (59
k' H20
ern+Q 3Cx*
bh=——"7"7""— (510)
ko2+3¢+[02]
Since ['02*] = Pio2+ / k'm0 when DOC is a negligible sink of 'O>* (i.e. H,O is the only sink), the
production rate of singlet oxygen can be calculated by
a[DOC] ,
X k'y20 (S11)

Plope = ———
102* ™ 1 4+ b[DOC]

Thus, in our relatively dilute extracts we calculate Pioo+ as ['02*] % k'm0 (Eq.10), while for extrapolating
to ALW conditions we use Eq. S11 to calculate the !O,* production rate.

Table S11. Parameters used for photooxidant concentration extrapolation

Parameters WIN SUM
Avera%e DOC/(PM/H,0)* 16.5 307
(mol C L)/(ug PM/ug H,0)
Ol APor./ ADOC (M s'/(mol C L") 1.6 10 -
Ak’on/ADOC (M s/(mol C L)° 2.9 x108 2.5 x108
a 2.8 x 1071 4.4 %1071
10,* b (M) 6 27
kpoct102+ (L (mol C)! g7)d 1.0 x 10°
o AP3c+/ADOC (M s™/(mol C L) 6.2 x 107 9.2 x 107
SYR ks e+ (L (mol €)' s)e 7.6 x 107 12 x 108
o APsc+/ADOC (M s™'/(mol C L) 3.4 %105 2.4 %107
A keen: e+ (L (mol €)' s1)e 5.7 x 107 6.6 x 107

2 Average ratio of DOC to particle mass/water mass ratio for each sample.

®Slope of linear regression between production rates or sinks for photooxidant and DOC.

¢ Parameters in regression fit between ['0,*] and DOC using Eqn. 11 in the main text. Production rates of
'0,* were calculated using these parameters in Eqn. S11.

4Second-order rate constant for loss of '0,* by DOC. The value is estimated using the same approach
from Kaur et al. (2019) but is lower than their value of 8.2 x 10° (L (mol C)!' s

¢ Second-order rate constant for reaction and quenching of oxidizing triplets (as determined by SYR or
PTA) by DOC.
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Section S3. Modeling the *OH production rate in SUM by photo-Fenton reactions

To simulate bimolecular *OH production as a function of particle mass/water mass ratio in SUM, we
assume that photo-Fenton reactions are the dominant sources for *OH. We modeled this using two
reactions (SR1 and SR2) and tuned the reactant concentrations so that calculated *OH production rates

match measured values.

We simplified the suite of photo-Fenton reactions that produce *OH from hydrogen peroxide (H20)
using two reactions (Benkelberg and Warneck, 1995; Christensen et al., 1993; Mao et al., 2013):

Fe?* + Hy0, — Fe™ + *OH + OH- Jy =70 M s (SR1)
FeOH?" + hv — Fe*' + *OH JFeqn) = 5.6 x103 st (SRZ)

We assume that Fe?" and FeOH?* are the dominant Fe(II) and Fe(IIT) hydroxide species, respectively,
which is reasonable at pH 4.2 or lower (Faust and Hoigné, 1990; Morgan and Lahav, 2007).
Fe(Ill)—carboxylate complexes can also undergo photolysis to produce *OH (Southworth and Voelker,
2003; Weller et al., 2014), but we neglect them here. The *OH production rate from SR1 and SR2 is

Poy = ky[Fe**][H,0,] + jreqn[FeOH?] (512)

Next, we estimate the total dissolved iron and H,O, concentrations so that our calculated Pon
approximately matches the measured values in SUM. To do this, we assume that: (1) The ratio of
[Fe(ID]/([Fe(Il)[+Fe(II)]) is a constant 0.85 during daytime (i.e. during our illumination), (Deguillaume
et al., 2005; Weller et al., 2014); (2) H,O- reaches a steady-state concentration during the illumination; (3)
The concentrations of dissolved iron and H>O» increase proportionally with concentration factor (PM
mass/water mass ratio) in our extracts. By setting dissolved iron and H>O, concentrations to 0.4 uM and 3
uM in SUM-10, respectively, the simulated Por and [*OH] fit well with the measured values across all
dilutions (Figure S4). Meanwhile, the estimated concentrations in SUM-10 are in a reasonable range for
dilute cloud/fog water (Anastasio et al., 1994; Deguillaume et al., 2005; Faust et al., 1993). We next
extrapolate this simple model to ambient PM conditions with one modification: since the aqueous H,O;
concentration cannot increase with the particle mass/water mass ratio without limitation (because H>Ox(q)
can partition into the gas phase), we set an upper limit for HyO2@q) of 100 uM, which corresponds to a
typical gas-phase H>O, mixing ratio of 1 ppb (Tilgner et al., 2021; Vione et al., 2003) assuming Henry’s
law equilibrium (Ky = 10° M atm™) (Seinfeld and Pandis, 2008). We assume that the H,Ox(aq)
concentration increases proportionally with PM mass/water mass ratio until it reaches 100 pM and then is
constant at this value under more concentrated conditions. Our estimated soluble iron concentration of 0.4

uM in SUM-10 predicts a dissolved Fe concentration under ALW conditions (1 pg PM/ug H,O) 0of 9.6
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mM; we assume this is all dissolved, with no precipitation. This soluble iron concentration is similar to

285  expected dissolved iron concentrations in aqueous aerosols (Gen et al., 2020; Tilgner et al., 2021).
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Figure S4. Comparison of measured (blue) and modeled (orange) *OH production rates (top panel) and
concentrations (bottom panel) in SUM as a function of particle mass/water mass ratio. The modeled *OH

290  concentration is calculated using the modeled production rate divided by the measured *OH sink (k ‘on) at
each dilution.
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Figure S5. Top row: Triplet excited state concentrations determined by (a) SYR and (b) PTA as a
function of particle mass/water mass ratio in WIN extracts (blue) and SUM (red). Solid circles are
measured values in dilution experiments, while lines are extrapolations to ALW conditions. Previous
measurements and extrapolations (best fit and high estimate) for Davis winter particle extracts are in
green (Kaur et al., 2019). Bottom row: Dependence of triplet production rate (red line), and rate constants
for 3C* loss, including quenching by oxygen (k 3c+02, purple dashed line), dissolved organic carbon

(k 3¢+ poc, blue dashed line), and total sinks (k '3c* 0t = & 3c*,02 + k 3¢+ poc, orange solid line), on particle
mass/water mass ratio for the WIN sample. Panels (¢) and (d) show data determined using SYR and PTA,
respectively.
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Figure S6. 'O,* concentration as a function of DOC in winter samples (circles). The orange line
305  represents a linear regression fit to all points, while the blue line represents a hyperbolic regression fit to
the first 4 data points using equation 11 in the main text.
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Figure S7. (a) Dependence of singlet molecular oxygen concentration on particle mass/water mass ratio
in winter extracts (blue) and summer (red) samples. Solid circles are measured values in dilution
experiments, while lines are extrapolations to ALW conditions. Previous measurements and extrapolation
with Davis winter particle extracts are in green (Kaur et al., 2019). (b) Singlet oxygen production rate,
(P102+, red line) and rate constants for 'O,* loss, including deactivation by water (k’n20, purple),
quenching by dissolved organic carbon (k’102+,poc, blue), and total sinks (k'102% 10t = k120 + k "102%,pOC,
orange), as a function of particle mass/water mass ratio for winter samples.
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Figure S8. Dependence of photooxidant concentrations on particle mass/water mass ratio in WIN, SUM,
and previous Davis winter particle extracts from Kaur et al. (2019). Symbols represent measured values
under lab dilution conditions for WIN (open circles), SUM (open triangles), and Kaur et al. (filled
diamonds), respectively. Lines represent extrapolations of experimental data to aerosol liquid water
conditions for WIN (dotted lines), SUM (dashed lines), and Kaur et al. (solid lines) samples. Singlet
oxygen concentrations are in purple; triplet concentrations are in light green for SYR-determined values,
blue for PTA-determined values, and dark green for data from Kaur et al.; hydroxyl radical concentrations
are in orange. The lines for *OH are generally higher than the experimental measurements because the
extrapolations include mass transfer of gas-phase hydroxyl radical to the drop/particle. The gas phase
does not appear to be a significant source or sink of particle-phase *C* or 'O,*.
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