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ABSTRACT

Photooxidants chemically transform organic compounds in atmospheric drops and particles.
Photooxidants such as hydroxyl radical ("OH) and singlet molecular oxygen ('0,*) have been
characterized in cloud and fog drops, but there are no measurements of the triplet excited states of organic
matter (*C*). These “triplets”, which are formed from excitation of chromophoric dissolved organic
matter (CDOM)), i.e., brown carbon, are difficult to measure because they are a mixture of species instead
of a single entity. Here, we use a two-probe technique to measure the steady-state concentrations, rates of
photoformation and quantum yields of oxidizing triplet states during simulated-sunlight illumination of
bulk fog waters. Concentrations of *C* are (0.70 — 15) x 10'* M with an average (£ o) value of 5.0 (£
5.1) x 10~'* M. The average *C* photoformation rate is 130 (+ 130) uM h™', while the average quantum
yield is 3.7 (+ 4.5) %. Based on our previous measurements of "OH and 'O,* in the same fog samples, the
ratio of the steady-state concentrations for 'O,* : *C* : *OH is approximately 3 : 1 : 0.04, respectively. At
our measured concentrations, triplet excited states can be the dominant aqueous oxidants for organic

compounds such as phenols from biomass combustion.
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INTRODUCTION

Fog drops, cloud drops, and aqueous particles are important sites for the photochemical cycling of carbon
and nitrogen,'” and the formation of aqueous secondary organic aerosol (SOA(aq)).*” Many of these
reactions are driven by photochemically-generated oxidant species (photooxidants), which include
hydroxyl radical ("OH), singlet molecular oxygen ('O,*), superoxide/hydroperoxyl radical ("0, 7HO,"),
hydrogen peroxide (HOOH), and triplet excited states of organic matter (*C*). Triplet excited states are
formed when chromophoric dissolved organic matter (CDOM), i.e., brown carbon, absorbs (sun)light and
is promoted from the singlet ground state to (eventually) a more reactive, excited triplet state. Subsequent
triplet reactions occur mainly via two pathways — energy transfer and electron transfer. One example of
the former is the transfer of energy from an organic triplet excited state to dissolved molecular O, to form
singlet oxygen.'® The second pathway, triplet-induced oxidation, is especially rapid with organics such

H-13 1 this

as anilines or phenols, via one-electron or proton-coupled electron abstraction, respectively.
work we are studying oxidizing triplet states, which (for simplicity) we will generally refer to as “triplets”

or “?C*”; in contrast, we will explicitly state “energy-transfer” triplet states when referring to this larger

pool.

While there are some measurements of *OH, 102*, and HOOH in fog,”’ 15 cloud,'™™ rain'?° and

21-24

aqueous extracts of particles, there are no measurements of triplet excited states in atmospheric

waters. One study attempted to measure triplets in illuminated rain waters,”” but concentrations were too
low to be observed. In contrast, there are numerous studies of triplets in surface waters, where they are
significant oxidants for numerous classes of organics, including anilines, phenylurea herbicides and

: s 11,25-29
heterocyclic sulfur-containing compounds.

Although there are no measurements of triplet excited states in atmospheric particles or drops, laboratory

studies have shown that triplets can oxidize isoprene and its oxidation products,’>' form hydrogen

33,34

peroxide,”” and produce low volatility species that constitute SOA(aq). However, laboratory studies
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typically use very high concentrations of triplet precursors, which are likely far above environmental
levels. For example, while particles containing millimolar concentrations of imidazole-2-carboxaldehyde
(a triplet precursor) can oxidize isoprene and its products to form appreciable amounts of SOA during

laboratory illumination,*

a model of the same chemistry under atmospherically relevant conditions
shows negligible SOA formation.” Understanding the roles and significance of triplet excited states in
atmospheric chemistry requires that we know their steady-state concentrations. In addition, since

. . . . . e e 38 ..
“triplets” represent a heterogeneous class of reactive species with a wide range of reactivities,” it is also

important to know the reactivities of triplets.

To address these needs, here we characterize triplet excited states of organic matter in bulk fog waters
from two locations: Davis, California, and Baton Rouge, Louisiana. We recently reported on the kinetics
and concentrations of hydroxyl radical and singlet oxygen in the same samples.'* In this work our goals
are to (i) develop a technique to measure the concentrations and reactivities of oxidizing triplets using
two probe molecules, (ii) measure the steady-state concentrations, reactivities, rates of photoformation,
and lifetimes of triplet excited states, and (iii) use our measurements to compare the importance of *C*,

*OH, and 'O,* as oxidants in atmospheric drops.

MATERIALS AND METHODS

Chemicals. Syringol (99%) and methyl jasmonate (= 95%) were purchased from Sigma-Aldrich and were
used as received. Solutions were prepared using purified (Milli-Q) water from a Milli-Q Plus system
(Millipore; >18.2 MQ cm) with an upstream Barnstead activated carbon cartridge.

Fog Collection and Characterization. Sample collection and processing are discussed in detail in a
previous paper.'* Twelve samples (8 fogs and 4 field blanks) were collected in Davis, California
(38.5539° N, 121.7381° W, 16 m above sea level) and Baton Rouge, Louisiana (30.4500° N, 91.1400°

W, 17 m ASL) using stainless steel Caltech Active Strand Cloudwater Collectors, filtered using 0.45 um
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PTFE membranes (Pall Corporation), flash-frozen with liquid nitrogen, and stored in a —20 °C freezer
until illumination. Major anions and cations were quantified using two Metrohm ion chromatographs
(881 Compact IC Pro) equipped with conductivity detectors.*” *° Dissolved organic carbon (DOC) was
measured using a Shimadzu TOC-VCPH analyzer.” Solution pH was measured using an Orion model
420A pH meter and light absorption was measured using a Shimadzu UV-2501PC spectrophotometer.
Fog sample collection and composition data are shown in Table S1 of the Supporting Information and

. . . 14
were discussed in a previous paper.

Sample Illumination and Chemical Analysis. Air-saturated fog water samples were spiked with a
triplet probe (see below), aliquoted into airtight 1-cm quartz cuvettes (Spectrocell) at 25 °C with constant
stirring, and illuminated with a 1000 W Xenon arc lamp filtered with an AM 1.0 air mass filter (AM1D-
3L, Sciencetech) and 295 nm long-pass filter (20CGA-295, Thorlabs) to mimic tropospheric solar light
(Figure S1). Aliquots of illuminated (and parallel dark) samples were periodically removed and analyzed
for the concentration of triplet probe using HPLC (Shimadzu LC-10AT pump, ThermoScientific
BetaBasic-18 C;g column (250 x 33 mm, 5 um bead), and Shimadzu-10AT UV-Vis detector). The daily

photon flux was measured using a 10 uM solution of 2-nitrobenzaldehyde (2NB).*!

Triplet Determination. In each sample we used two probes — syringol (SYR), a phenol, and methyl
jasmonate (MeJA), an aliphatic alkene — to determine triplet concentrations and reactivities. SYR is an
electron-rich phenol that reacts rapidly with triplets and is similar to 2,4,6-trimethylphenol (TMP), which

.42 " As the second triplet probe we chose

has been used to measure triplet activity in surface waters.
MelJA, an unsaturated aliphatic compound emitted by green plants that reacts with triplets.*> Although
MelJA does not react with triplets as rapidly as does SYR (and the mechanism for the MeJA reaction is
unknown), it is useful as a probe because its rate constant with triplets is more sensitive to triplet
reactivity than is the case for SYR. As we discuss below, we use this difference in SYR and MeJA

reactivities with oxidizing triplets to better constrain triplet concentrations and determine their average

reactivity in each sample. However, because MeJA reacts less quickly with triplets, it is subject to more
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degradation from other oxidants; although we correct for the *OH and 'O,* contributions, the relatively

large size of these corrections adds uncertainty to the MeJA-derived triplet concentrations.

In experiments, two separate 5 mL portions of each fog sample were spiked with 2 uM of one probe,
illuminated, and aliquots were removed at known time intervals. The concentration of probe was kept low
to avoid perturbing the steady-state concentrations of photooxidants. Parallel dark controls were
performed with every experiment: an aluminum foil-wrapped cuvette containing the probe-spiked sample
was placed inside the illumination chamber for the duration of the illumination and aliquots were
analyzed at regular intervals. The concentration of SYR or MeJA was measured in each illuminated and
dark aliquot using HPLC-UV (SYR: 20% acetonitrile / 80% water for eluent, detection wavelength 210
nm; MeJA: 50% acetonitrile / 50% water for eluent, detection wavelength 200 nm; flow rate of 0.6 mL
min~" for both probes). In all samples, the loss of probe followed first-order kinetics: the rate constant for
loss of probe, K'propeexp (s ), was determined as the negative of the slope of the regression line of
In([Probe]/[Probe]y) versus ¢. Each k'probe exp Was normalized to the value expected under midday Davis,
CA winter solstice sunlight using 2-nitrobenzaldehyde (2NB) actinometry:*'

JZNB,WIN (1)

k'Probe = k'Probe,EXP X =
J2NB EXP

where jong wiN 1S the rate constant for loss of 2NB measured at midday near the winter solstice in Davis
(0.0070 s_l)15 and jong exp 1S the measured rate constant for loss of 2NB on the day of the experiment.
While first-order rate constants for probe loss, and the accompanying steady-state concentrations of >C*,
*OH, and '0,* described below, are all Davis winter-solstice normalized, we omit the “WIN” subscript
for simplicity. The hydroxyl radical and singlet oxygen measurements in the same fog samples are
discussed in our companion paper and given in Table S2.'* The Davis winter solstice-normalized SYR

and MeJA loss kinetics are given in Tables S3, S4 and S5.



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

Since both triplet probes also react with other oxidants, the measured (and normalized) rate constant for
loss of each probe is the sum of all of loss pathways, including reaction with *OH, 'O,*, direct

photodegradation, and other oxidants:

K k [*OH] + kProbe+102*[102*] + Z(kProbe+3Ci*[3Ci*]) * Jorope T 2K [Other]) ()

Probe - Probe+OH Probe+Other

In this equation - and throughout this work — we use the prime notation to denote a pseudo-first-order
rate constant (€.g., kK probe) and the notation ka+p (€.g., kproberon) to denote a second-order rate constant. To
remove the reactivity contributions of *OH and 102* from & 'probe (€q 2), we measured their concentrations
in our companion paper14 and used second-order rate constants kpperon and kprope+102+ fOr both probes from
the literature (Table S6 of the SI). The term 2(kpr0be+3c,-*[3Ci*]) in eq 2 represents the sum of the oxidizing
triplet contributions to probe loss, while jpobe, the first-order rate constant for direct photodegradation of
the probes, is negligible for our illumination times (with values below 3.6 x 10~° and 2.5 x 10~ s for
SYR and MeJA, respectively, under Davis winter conditions). The final term in eq 2 is the sum of
contributions from other oxidants; as discussed later, these contributions appear to be minor, representing
at most only 7% of SYR loss. Based on this, we determine the pseudo-first-order rate constant for loss of

each probe due to reaction with triplets by simplifying and re-arranging eq 2:

K =3(k, [FCi*]) = &'

. 1
Probes3C* Probe (kProbe+OH [ OH] + kProbe+102*[ 02*]) (3)

robe+3C;*

This pseudo-first-order rate constant for probe loss due to triplets is composed of contributions from each

triplet excited state in a given sample, i.e.,
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k x [’Ci*]) + (k, x PC3*]) + ... (4)

Probes3c+ Ferobessc *

30 %
robe+3Cy* X [ G, ]) + (kProbe+3C3*

Normally, in techniques where the loss of probe is measured (e.g., for '0,*) the concentration of oxidant
is determined by dividing the measured pseudo-first-order rate constant for probe loss by the second-
order rate constant for reaction of probe with oxidant. The equivalent equation for the concentration of
triplet excited states from each probe is:

k Probe’3C*

z:[3Ci*]Pr0bez - (5)
kprobe+3c*

However, determining triplet steady-state concentrations is not as straightforward, since multiple triplet
excited states contribute to the loss of probe, each with its own second-order rate constant for reaction

with the probe compound; i.e., there are multiple values of k, . ..., Ineq 5. Since we do not know the

identities or rate constants of the natural triplets, in the denominator of eq 5 we use second-order rate
constants for the triplet states of four model compounds:*"**** 2-acetonaphthone (2AN), 3'-
methoxyacetophenone (3MAP), 3,4-dimethoxybenzaldehdye (DMB), and benzophenone (BP). The
second-order rate constants of their triplet excited states with syringol and methyl jasmonate (kprobe+3c*)
span ranges of (1.9 to 8.5) x 10° and (0.019 to 5.1) x 10° M~'s™", respectively (Table $6).** We
measured second-order rate constants for cases not previously reported, using a relative rate technique®™
* that is described in section S1; the rate constants for all model triplet species were determined
independently from each other, in separate experiments. By using two probes we can estimate the
average reactivity for triplets in a given sample: more reactive triplets react similarly fast with both
probes, while less reactive triplets show larger differences in their SYR and MeJA rate constants. For
example, in case of the model triplets, values of the second-order rate constant ratio ksyr+3c* / Amesa+sc*
for 22AN*, *3MAP*, *DMB* and *BP* are 100, 32, 8.5, and 1.7, respectively (Table S5): the most

reactive model triplet (*BP*) has a ratio closer to unity, while our least reactive triplet (*2AN*) has a
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large ratio. By the same logic, in natural samples the pseudo-first-order rate constant ratio (i.e., kK 'syr 3c*/

k’meia3c+) 1s an indicator of the average reactivity of the triplet mixture in that sample.

We determine the concentration of oxidizing triplets using their average reactivity in each sample through four
steps: (1) Use the ratio & ’syr3c+/ &k 'Mmerasc+ to determine the “best triplet matches”, i.e., the two model triplets (3C1*
and *C,*) that most closely resemble the average reactivity of the triplet mixture in a sample. This is done by
finding the two model triplets whose ratio of second-order rate constants for reaction with the probes (i.e., ksyr+sc+ /
kmerasscr) brackets the ratio of triplet probe first-order rate constants for loss (i.e., & 'syr sc+/ & 'Meiazcr)- (2) In the
second step, using the rate constants of the best triplet matches, we calculate the mole fractions (ysci» and y3cp+) of

the two best match triplets so that

X3c1* X Kgyr+3ct* + X3c2¢ X Ksyr+3co*

!
k'syr,3c*

(6)

7 =
k'Meja3c*  X3c1r X Kmeja+sci* + X3c2¢™ Kmeja+aca*

where kprobe+3ci+ and kprobe+3c2+ are the second-order rate constants of the best model triplet matches with

each probe. Since in our simplified scheme y3co+ = 1 - y3c1+, We can rearrange eq 6 to solve for the mole

fractions:
k' syrac*
keyrtaco* — | 7— |k f200*
SYR+3C2 K terasc: | MeJA+3C2
= 7
Xzcr K syrac* 7
¥ vteranct (kMeja+3C1* — KMeja+3C2*)+ KsyrR+3c2* — KsyR+3C1*

(3) In the third step, we use the mole-fraction-weighted second-order rate constants for each probe (i.e.,
from eq 6, the numerator for SYR or denominator for MeJA) to calculate the triplet concentration in each

sample based on each probe:

!
3 k Probe,3C*
Z[ Ci*]Probe = Tk .t Tk ; (8)
X3¢c1" X ®probe+3c1” T 43¢c2" X ®probe+3c2

(4) In the fourth and final step, we average the triplet concentrations derived from the two probes to

obtain the best estimate of the oxidizing triplets steady-state concentration:
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This technique and its underlying principles are described in greater detail in sections S2 and S3 of the
supplemental information. Based on 15 hypothetical mixtures of the four model triplets, the best estimate
of concentration from this technique is generally within 25% of the true concentration and always within
a factor of two (Section S2 of the SI). In addition to giving a good estimate of the overall triplet
concentration, the dual-probe technique also indicates the average apparent reactivity of the triplets in the
fog samples. Using SYR alone as a probe gives similar — though less accurate — triplet concentrations
compared to the two-probe technique (section 2.1 of the SI) but provides no information about the

average reactivity of the triplets.

Finally, because we measure the triplet-mediated losses of SYR and MeJA, we are measuring only the
oxidizing subset of triplet excited states. Since the triplet energy of SYR (likely 330 — 340 kJ mol ™' based
on data for other electron-rich phenols'") is higher than typical CDOM triplet excited states (150 — 310
kJ mol™)'"*® and our model triplets (249 — 303 kJ mol'; Table S7), we do not expect energy transfer to
contribute to SYR loss. Similarly, while the triplet energy of MeJA is not known, given its slower
reaction rate constants with the model triplets, its triplet energy is at least equal to that of SYR and thus

energy transfer should also be negligible in MeJA loss.

Rate and Quantum Yield of Triplet Photoformation. Since the dominant natural sink of triplets is

dissolved molecular oxygen,'" * %’

we use the triplet concentration to calculate the winter-solstice-
normalized rate of formation of oxidizing triplets, Psc+, as:

P, =IPC#*] % (kye, o, * [02]) (10)

where k3c+102 1s an estimate, determined as the average rate constant for O, quenching for three model

triplets (2.8 (+ 0.4) x 10° M~'s™" ; Table S7)*** and [O,] is the dissolved oxygen concentration (258 pM
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at 25 (+ 1) °C).*> We calculate the quantum yield of triplet formation (i.e., the fraction of photons

absorbed by brown carbon that make an oxidizing triplet excited state) using

P3c*

abs

where R,y is the rate of light absorption by the fog sample due to all chromophores (Table S2)."* Our rate
constant for triplet quenching by O, (k3c++02) is 40 % higher than the value estimated in surface waters by
Zepp et. al.*® Thus using the Zepp value would decrease our calculated triplet production rates and

quantum yields by 30 % each.

Uncertainties. In figures, error bars represent + 1 standard error (SE), calculated by propagating the

uncertainties in each term used to determine the plotted value (i.e., as shown in the relevant equation).

RESULTS AND DISCUSSION

Probe Loss. Figure 1 illustrates results from a typical pair of triplet probe experiments in our fog waters:
syringol decays more quickly than methyl jasmonate and there is no loss of either probe in the dark.
Averaged across all of our samples except for LSU3, SYR loss is approximately 16 times faster than
MeJA with average (+ o) rate constants of 1.5 (+ 1.0) x 10~ s~ and 9.8 (+ 2.0) x 107°s™", respectively
(Table S3). Sample LSU3, the most acidic sample, is a notable outlier where SYR loss is less than 10%
of the average value. There is a slow loss of SYR in one UCD field blank (representing 9% of the UCD

sample mean rate constant), but no loss in the other three field blanks (Table S3).

"OH, '0,* and *C* Contributions to Probe Loss. To use measured losses of syringol and methyl
jasmonate to determine concentrations of oxidizing triplet excited states, we need to first correct their
measured loss rate constants for the contributions due to “OH and 'O,* (eq 3). As shown in Figure 2 (and

Table S4), ‘'OH and '0,* together account for an average (+ 16) of 16 (= 6) % of the winter-normalized

10
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loss rate constant for SYR (k'syr) across the fog samples (excluding LSU3), while triplets generally
dominate SYR loss, accounting for an average of 84 (+ 6) %. The previously mentioned sample LSU3 is
an outlier here as well, with 95% of SYR loss due to ‘OH and 102*. In the case of the slower reacting
MeJA, "OH and 'O,* are more significant and together account for an average of 46 (£ 16) % of the
measured loss, while triplets account for an average of 54 (+ 16) % (Figure 2 and Table S5). While we
did not measure concentrations of other oxidants (e.g., hydroperoxyl radical and superoxide radical
anion), based on our estimates, they together account for, at most, 7 % of the average measured syringol
loss (section S4). Thus, it does not appear that oxidants other than ‘OH and 'O,* need to be considered in

determining the contributions of triplet excited states to the losses of the triplet probes in these samples.

Excluding sample LSU3 (which has very large uncertainties), the average (+ 1) pseudo-first-order rate
constants for loss of SYR and MeJA due to oxidizing triplets (K'prope3c+) are 1.3 (+ 0.9) x 10 * and 5.3 (+
1.9) x 10° sfl, respectively (Figure 3). Ratios of A'syr 3¢+ / k'mesa3c+ in these samples range from 4.9 to
110 and have an average (+ 10) ratio of 34 (+ 38) (Figure 3). As we discuss below, this ratio is a measure
of the average reactivity of the mixture of triplets in a sample, with a ratio closer to unity corresponding

to a more reactive triplet mixture.

Triplet Reactivities and Steady-State Concentrations. To estimate the overall steady-state
concentration of oxidizing triplets (E[3Ci*]) using our k'probe 3¢+ Measurements, we need a bimolecular rate
constant for the reaction of triplets with each probe (eq 5). As described in the Methods and section S2,
because we do not know a priori which rate constant is most representative of the fog water triplets, we
use the rate constants for four model triplets — *2AN* *DMB*, *3MAP* and *BP* — to represent a wide

range of natural triplet reactivities.

As shown in Figure 4, rate constants for these four triplets with syringol are all very fast, (1.9 — 8.5) x 10’
M s, consistent with the relatively low reduction potential for easily oxidized phenols with electron-
donating substituents.'' In contrast, rate constants with methyl jasmonate are smaller and span a wider

range since this probe is less easily oxidized, especially by the less reactive triplet states. As shown in the
11
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bottom panel of Figure 4, the four model triplet states span a wide range of ratios of bimolecular rate
constants for reaction with SYR and MeJA, with the ratio ksyri3c* / kmerassc+ decreasing with increasing
triplet reactivity (i.e., triplet state reduction potential, Table S7). For *2AN*, the least reactive model
triplet, this ratio is 100, while for 3BP*, the most reactive model triplet, the ratio is only 1.7 (Figure 4,
Table S6). Since this range of model triplet reactivities mimics the range measured for the fog triplets,
where k'syr sc* / k'merasc+ runs from 4.9 (£2.9) to 110 (= 42) (Figure 3), it appears that our set of model

triplets reasonably accounts for the range of average reactivities found in fog samples.

Using the four model triplet bimolecular rate constants for each of the two probes gives us two ranges of
possible triplet steady-state concentrations for each sample, as shown by the blue and red lines in Figure
5. As described in SI sections S2 and S3, the two model triplets that most closely match the measured
triplet probe reactivity in the fog samples (i.e., k'syr 3¢+ / k'mesa 3c+) are the best matches for the average
reactivity of the mixture of triplets in a given fog. We then use the mole-fraction weighted rate constants
for these two model triplets to calculate the concentration of triplets from each probe (eqs 7-9).
Excluding the outlier LSU3, the triplet concentrations calculated from SYR and MeJA are very close in a
given sample - within 0.1% of each other except for UCD1, which has an RSD of 6% (Figure 5 and Table
S11). The best estimate of the overall concentration of oxidizing triplets, £[°C;*], in a given sample is

then calculated as the average of the 2[3 Ci*]syr and 2[3 Ci*meia values from the best triplet match.

These best estimates of the oxidizing triplet concentrations are represented by the open circles in Figure 5
and are in the range of (0.70 — 15) x 10~"* M, with an overall average (£ o) of 5.0 (£5.1) x 107 M
(Table 1). The best match triplets provide insight into the reactivities of the fog triplets - the most
common matches are *3MAP* and *DMB*, indicating that the average reactivity of the triplets in 6 of the
7 samples resembles the reactivity of these two model species. In general, the overall concentration of
oxidizing triplets is inversely related to the reactivity of the best match triplets: samples with lower
average reactivity triplets tend to have higher concentrations and vice versa (Figure S2). It is unclear

whether this is an artifact of our technique or if this is a general trend for triplet excited states in

12
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atmospheric drops and particles. There are no previous reports of triplet concentrations in atmospheric
drops or particles, but they have been estimated in illuminated surface waters, typically by employing
probes that undergo energy transfer, e.g., by measuring the isomerization of 1,3-pentadiene™ and sorbic
acid (trans, trans-hexadienoic acid).* Triplet steady-state concentrations determined via such probes are
reported to be in the range of 10> — 10" M. Grebel et. al. had samples which contained similar amounts
of DOM as our fog waters (7.0 — 22 mg-C L") reported concentrations of energy-transfer triplets in the
range of (0.5 — 1.0) x 10~ M, which is similar to our results although it is for a different population of
triplets.*’ Based on the triplet energy (Er) for sorbic acid and other diene probes (~ 250 kJ mol ), these
probes likely measure only the high energy triplets, which are on average of 35% of the total triplet
population in surface waters.”® More generally, McNeill and Canonica®® have suggested that in surface
waters, the ['0,*] and total £[*C;*] concentrations are comparable since essentially all triplets can
transfer energy to O, to form 'O,*. Based on our measured singlet oxygen concentrations in the fog
samples (Table S4), the corresponding estimated range for the total triplet concentrations is 10~"* to 107"
M. However this estimate includes triplets that can form 'O,* (as all triplets likely can) but cannot
oxidize organics. In contrast, we are reporting concentrations of only the subset of triplets that can

oxidize syringol and methyl jasmonate.

To estimate the reactivity/selectivity of CDOM in natural waters, Canonica et. al. compared the relative
rates for loss of electron-rich phenols in the presence of *2AN*, *3MAP* and *BP* as well as surface
water DOM isolates.'' They found that the average apparent selectivity (and thus reduction potential) of
surface water DOM is very similar to >3MAP*. Our mole-fraction-weighted combinations for the fog
samples suggest similar reactivity of triplets, with most samples having an average reactivity that is

similar to that of ’3MAP* and *DMB*.

As we describe in SI section S2, there are two important caveats of our technique: 1) The model best
triplet matches (Table 1) give an indication of the average reactivity of the mixture of triplets in the

sample and do not imply that all of the triplets in that sample are of that type. 2) As discussed in results
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for the hypothetical scenarios (section S2), the estimated triplet steady-state concentrations using our two-
probe method are generally within 20% of the true value and always within a factor of two. The accuracy
of the concentration is lowest if the mixture of triplets contains large fractions (>70%) of slow-reacting
triplets, but, overall, triplet concentrations are rarely overestimated by our method. Since the & probe 3¢+
ratios are skewed by the higher rate constants of the highly reactive triplets, mixtures containing a
majority of low-reactivity triplets can sometimes have an average triplet reactivity that resembles high-
reactivity triplets. As a result, in this case the method gives lower triplet steady-state concentrations than
the actual value. In contrast, based on our hypothetical scenarios, triplet concentrations are rarely over-

estimated.

Triplet Photoproduction Rates and Quantum Yields. Based on the average rate constant for O,
quenching of our model triplets (Table S7), we estimate that the first-order rate constant for quenching of

fog triplets by molecular oxygen is 7.2 (£ 1.1) x 10° s~

. This is equivalent to an average triplet lifetime
of 1.4 (£ 0.2) ps, which is very similar to the average measured lifetime of ‘OH in these samples (Table
S2). Based on this, calculated rates of triplet photoproduction (Psc+) range between 18 and 380 uM h™'

with an average value (£ 6) of 130 (+ 130) uM h™" (eq 10); these values are very similar to the measured

rates of 'O,* photoproduction (Table S2). In contrast, rates of *OH formation in these samples are
approximately 100 times slower (Table S2). A previous study attempted to measure *C* photoproduction
rates in illuminated rain waters but found them to be at least 3 orders of magnitude lower (< 0.022 uM
h™") than what we have measured here; rates of 'O,* photoformation were also very small (2.4 uM h™H.%
This difference is likely because the fog drops are much more concentrated in brown carbon compared to
the more dilute rain drops. While triplets are formed from the photoexcitation of dissolved organic
compounds, there is no correlation between DOC concentrations and the rate of triplet photoproduction
(P3c+) (Figure S3). This is likely due to the fact that *C* (and '0,*) yields vary significantly between
different components of CDOM, which dominates light absorption (Figure S4). For the same reason,
triplet quantum yields also vary widely, between 0.35% and 13%; on average, nearly 4% of the photons
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absorbed by the samples lead to triplet formation (Table 1). Surface water studies have reported similar

49-51

triplet quantum yields, 1 — 10%, using both electron and energy-transfer probes, indicating

similarities in the chromophoric moieties of DOM in surface and atmospheric waters.

Energy Transfer and Electron Transfer Triplets. While our previous discussion focused on oxidizing
triplets, as mentioned in the introduction, triplets can also undergo energy transfer. Here we use the
quantum yields of 'O,* and *C* to estimate the relative sizes of these two pools of triplet types. As
discussed earlier, singlet oxygen is formed when triplet excited states of CDOM (i.e., brown carbon)
transfer energy to molecular O, '® Since the triplet states of most organic chromophores possess enough
energy to accomplish this_ all of the fog triplets can likely form '0,*,*® although the yields of singlet
oxygen vary (discussed below).” In contrast, we measure the triplets that can oxidize our probe
molecules, which requires that the one-electron reduction potential of the triplet equals or exceeds the
corresponding potential of the probe.” Thus, we expect that our probes measure only the electron-transfer
subset of the total triplet pool. The ratio of the organic triplet excited state and singlet oxygen quantum
yields should therefore approximately indicate the fraction of the entire triplet population that can oxidize
our probes. More specifically, since only a fraction (f5) of the interactions of a triplet excited state with
dissolved O; results in formation of 102*, 52 the quantum yield for formation of all triplets in our samples
is @3cx(Total) = P102+/fa. While we do not know values of f for natural triplets in atmospheric samples, fx
for our model triplets ranges from 0.33 to 0.81 with an average (+ 1o) value of 0.53 (+ 0.23) (Table S7),
which is very similar to that seen in surface waters.”® This suggests that the total triplet quantum yield is
on the order of (2.1 — 23) % in our fog waters (Table 1, footnote f). In all seven samples, the fraction of
total triplets that can oxidize organics (i.e., @3¢+ / (D102+/fa)) ranges between 0.15 and 0.90 (Table 1),
suggesting that electron-transfer triplets represent 15 — 90% of the total triplet pool. This is important

because, unlike the electron transfer pathway, energy transfer from triplets to organic species is unlikely

to oxidize the organic molecules and thus is unlikely to be a direct sink for organics. However, energy
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. . . 1 . g . 14, 15. 55-
transfer from triplets to O, is the major source of "O,*, which can oxidize organic molecules. ™

57

Implications. Our recent study on “OH and '0,*,"* combined with the current results for oxidizing triplet
excited states, together represent the most comprehensive examination of photooxidants in atmospheric
drops or particles. We can use the quantum yields for these different oxidants to characterize the fates of
photons absorbed by the samples: on average, 4.2 % of the absorbed photons form 'O,*, approximately
the same percentage make triplets that are quenched by O, without making singlet oxygen (since fa ~
0.5), 3.7 % form oxidizing triplets, and 0.035 % form hydroxyl radical. Thus, overall approximately 8 %
of the total absorbed photons go lead to the formation of these three photooxidants, while the remainder

goes towards other processes, including generation of heat.

Based on our measurements, the steady-state concentrations for the three photooxidants are in the order
'0,*>3C"> *OH. Average singlet oxygen steady-state concentrations are three times higher than the
triplets, and at these concentrations 'O,* can be a significant oxidant for atmospherically relevant
organics such as polycyclic aromatic hydrocarbons and heterocyclic aromatic compounds, e.g., furans.
On the other hand, average triplet steady-state concentrations are nearly 100 times higher than the
hydroxyl radical formed in bulk fog (Table S4). Taking gas-to-aqueous transport of “OH into account, the
typical fog water “OH concentration is estimated to be 2 x 10> M;'* triplet concentrations would still be
25 times greater, making the latter the dominant oxidant for biomass-burning phenols such as syringol
and guaiacol, which react at nearly diffusion-controlled rates with both ‘OH and the high reactivity fog
triplets. This is seen, for example, in Figure 2, where triplets are the dominant oxidant for SYR. Our
results also show that concentrations of triplet excited states are high enough that these oxidants in fog
are a significant sink for at least some unsaturated biogenic VOCs, such as methyl jasmonate.
Understanding the broader importance of triplets as oxidants for atmospheric aqueous organics requires

more measurements of bimolecular rate constants, of which there are currently few.? 4> 4>
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Finally, we suspect that triplet concentrations are even higher in aerosol liquid water compared to fog
water. Recent work showed that triplet concentrations in laboratory ice samples are enhanced by a factor
of nearly 100 relative to the same sample studied as solution, as a consequence of the concentration
enhancement of triplet precursors in the liquid-like regions of ice.” We expect a similar enhancement in
triplet concentrations in aerosol liquid water compared to fog, as a consequence of higher concentrations
of brown carbon in water-containing particles relative to fog; in contrast, there should be essentially no
change in the main triplet sink, dissolved oxygen. While the extent of this enhancement needs to be
studied under atmospherically relevant concentrations, it is very likely that laboratory studies which
employ very high concentrations of particulate triplet precursors are overestimating the importance of
triplet-sensitized oxidation pathways. Similar to triplets, studies in ice have shown enormous
enhancements, up to 10*, in 'O,* concentrations relative to the same sample studied as solution due to an
increase in the concentration of sources (CDOM) but not sinks (liquid water).®® For similar reasons we
expect that 'O,* concentrations will be higher in particle water compared to in fog. Our recent and
current work indicate that singlet molecular oxygen and triplet excited states of DOM can be important
oxidants in fog drops, so concentration enhancements in aerosol liquid water suggest that they are even

more significant oxidants in particles.
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Tables and Figures

Table 1: Kinetics of triplet excited states of organic matter

Mole Fractions of Best Triplet
Fog

c d e

Sample Matches ° Z[ C*] P D, Pyt f B
ID  %2AN* ‘3MAP* DMB* ’‘BP* (10_14 M) (uM hfl) (%) @102*/&) o2

UCDI 1.00 15 (8) 380 (210) 13 (7) 0.87 (0.63) 0.50 (0.28)
UCD2 0.77 0.23 2.6 (2.0) 66 (53) 1.3 (1.1) 0.20 (0.19) 0.11 (0.10)
UCD3 0.80 0.20 2.9 (1.8) 75 (49) 0.91 (0.58) 0.20 (0.17) 0.11(0.08)
UCD4 099 001 14(0.7) 37(20)  0.35(0.19)  0.17(0.12) 0.10 (0.05)
LSU1 0.80 0.20 8.9 (6.0) 230 (160) 4.0 (2.8) 0.90 (0.78) 0.52 (0.38)
LSU2 0.92 0.08 0.70 (0.45) 18 (12) 33(2.2) 0.15(0.12) 0.084 (0.058)
LSU4 0.60 0.40 3.6 (1.3) 93 (38) 2.5(1.0) 0.44 (0.27) 0.26 (0.10)

Average (+ 10) 50(5.1)  130(130)  3.7(4.5) 0.42 (0.34) 0.24 (0.19)
Median 2.9 75 2.5 0.20 0.11

Uncertainties (in parentheses) are + 1 standard error (unless otherwise stated), obtained by propagating the errors in
each term involved.

* Sample LSU3 not shown since none of the model triplets yielded a satisfactory match between 2[3Ci*]5YR to
2[*Ci*]mea likely because the value for k’syr3c+ was not statistically different from zero (Figure S5).

> Model triplets whose probe-triplet second-order rate constant ratios most closely match the & syr 3o+ / & 'Meia3c*

ratio in the sample. For UCDI, since there is no model ratio higher than 100, the only designated best triplet match

is *2AN*. Mole fractions (indicated in parentheses) of the best triplet matches are used to calculate mole-fraction-
weighted bimolecular rate constants for the fog triplets reacting with the probes i.e., ¥3c1* X kprobersci* T X3cax ¥
kprover3c2+ using eqs 6 and 7 (Supporting Information section S3).

¢ Best estimate of triplet steady-state concentration calculated as the average of Z[*Ci*]syr and Z[*Ci*Jyesa using
eqs 8 and 9 (and Supporting Information section S3).

4 Rate of photoproduction of oxidizing triplet excited states (eq 10).

¢ Quantum yield for formation of oxidizing organic triplet excited states (eq 11).

" Fraction of triplets involved in electron transfer or oxidation reactions, assuming fx = 0.53 (+ 0.23) (Table S7).
The denominator of this expression is the total quantum yield of all triplets, @3cx(totay = P102+/fa; this includes
triplets that oxidize organics + those involved only in energy transfer to form 'O,*. Across 7 fog samples, the
D3+ Torary Values range between 2.1 and 23 %.

£ Ratio of the measured oxidizing triplet concentrations and singlet oxygen concentrations (latter are given in Table
S4).
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Figure 1: Kinetic measurements of the loss of syringol (blue diamonds) and methyl jasmonate (red circles) in fog
sample UCD3. Closed symbols are illuminated samples while open symbols represent dark controls.
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Figure 2: Winter-solstice-normalized pseudo-first-order rate constants (k'p;one) for loss of syringol (top panel) and

Toyg ()
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methyl jasmonate (bottom panel). The bar representing each rate constant is colored to represent the contributions
of hydroxyl radical (yellow), singlet molecular oxygen (purple) and triplet excited states (green). The Davis winter

lifetime of each probe (Tpyone, black diamonds) is shown on the right y-axes. As described in the methods section,
error bars in figures epresent + 1 standard error, determined by propagating the error from each term involved in

calculating the final quantity (i.e., & 'prope here).
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pseudo-first-order rate constants for losses of SYR and MeJA due to triplets. The ratio for sample LSU3 is 0.1 (%
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Table S6). Bottom panel: Ratio of the bimolecular rate constants for syringol and methyl jasmonate for a given

triplet.
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Figure 5: Steady-state concentrations of oxidizing triplet excited states, calculated for each sample using methyl
jasmonate (MeJA, red symbols) and syringol (SYR, blue symbols). For a given sample, the vertical line of four red
symbols represent the range of triplet concentrations calculated from MeJA loss due to triplets (k yigja3c+) and
using the four bimolecular rate constants from the model triplet excited states - 2AN*, ’3MAP*, °DMB* and
*BP* —in eq 5. The adjacent blue line of symbols represents the corresponding range of triplet concentrations
calculated with the syringol decay data and the four model triplets. The best estimate of the overall triplet
concentration in each sample lies in the overlapping region and is calculated in the following way: first, one or two
model triplets that yield the closest match between the blue and red symbols are identified. Then, the mole-
fraction-weighted model rate constants of the best matches are combined (eqs 6 and 7) and used to obtain one
triplet concentration each from the SYR and MeJA results (eq 8). These are then averaged to get the best estimate
in a given sample (eq 9), which is shown as the black open circle. Sample LSU3 is not shown since there is no
match between steady-state concentrations for any model triplet (Table S11, Figure S5), likely because the syringol
decay due to triplets is not statistically different from zero (Table S4).
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Supporting Information: Additional experimental data, supplemental analyses in 12 tables, 5 figures, 4

sections. Sections include details on: measurement of second-order rate constants for reactions of model

triplets with probes; hypothetical scenarios evaluating the two-probe triplet measurement technique;

determining the best estimate triplet concentration in the fog waters using the two-probe technique;

evaluating potential significance of other oxidants.
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19  Table S1: Fog collection and composition data

Sample Collection Collection pH DOC 0313 [NO, 17 [NO;] [CT] [SO4] [HCOO] [NH,'] [Ca®'] [Mg*] [K]
ID Date Time puM-C cm | M M uM uM uM uM uM uM uM
Fog Samples
UCDl1 01/06/11 05:20-09:50 7.0 607 0.034 12.6 284 4.0 17.3 2.2 397 32 0.9 2.4
uCDh2 01/15/11 17:30-20:20 5.1 950 0.056 1.1 1070 26.9 90.0 5.1 864 3.6 1.4 2.6
UCD3 01/15/11 23:57-07:25 5.3 1620 0.102 0.02 1830 33.6 211 8.5 1530 43 1.2 2.7
uCD4® 01/16/11,  00:57-05:15 5.1 1790 0.114 0.02 1140 27.0 159 4.7 1500 5.8 1.9 6.4
01/17/11 20:57-00:08
LSUI 10/26/12 05:00-09:15 6.1 756 0.070 21.5 132 85.8 101 0.1 288 64.3 11.8 7.0
LSU2 11/03/12 04:00-08:40 5.7 336 0.012 2.2 116 30.9 26.1 0.1 133 18.0 4.8 3.5
LSU3® 02/06/13,  07:47-09:30 4.2 739 0.029 0.07 454 46.2 148 0.1 494 48.2 8.5 6.5
02/08/13 03:01-09:30
LSU4 10/11/13 3:32-08:30 6.3 863 0.043 11.1 279 31.8 97.5 0.0 439 48.9 8.6 9.5
UCD Average 5.6 1240 0.076 34 1080 22.9 119.3 5.1 1070 4.2 1.4 3.5
(x 10) (0.8) (560)  (0.038) (6.1) (630) (13.0) (84.1) (2.6) (550) (1.1) (0.4) (1.9)
LSU Average 5.6 674 0.038 8.7 245 48.7 93.4 0.1 338 44.9 8.4 6.6
(x10) (09 (232) (0.024) (9.8) (158) (25.7) (50.4) (0.0) (162) (19.4) (2.9) (2.5)
Blanks “
UCDBK1  01/06/11 16:21 5.7 141 0.005 <0.01 0.6 0.9 1.0 0.1 15.8 1.1 0.7 1.6
UCDBK2  11/12/11 15:00 5.8 38 0.003 <0.01 1.4 0.1 1.0 0.1 14.7 0.4 0.9 0.9
LSUBKI1 01/15/14 5.9 4910 0.022 <0.01 111 128 41.5 <0.01 91.1 30.3 15.9 9.3
LSUBK2  02/17/14 5.9 368 0.017 0.07 43.6 31.0 22.1 0.1 533 28.1 14.0 10.6
UCDMQ®  07/03/14 5.7 7.4 <0.001 <0.01 0.1 0.1 0.6 0.1 12.5 0.9 0.8 2.6

20  “Field blanks collected by passing Milli-Q water through fog collector.
21 "Composite sample made by combining fog waters collected over a 2-day period.

22 “Milli-Q water not passed through fog collectors.
23 Lithium concentrations were below the limit of detection (0.1 uM).

24  Acetate concentrations were below the limit of detection (0.1 uM) in all samples except UCD1, which had a concentration of 1.1 uM.
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Table S2: Measured kinetics of hydroxyl radical and singlet oxygen
Sample ID Rubs (300-450 nm)* Pox” Ton' 10* x oy’ Pioo° 10> % @0o4"
mol-photons L's™ uM h™! us uM h™!
Samples
UCD1 7.94E-07 1.4+£0.2 1.2+£0.2 49+0.6 234 +44 82+1.5
UCD2 1.38E-06 0.82+0.11 1.7£0.4 1.6 £0.2 179 £ 81 3.6+£1.6
UCD3 2.31E-06 1.3+£0.1 1.4+0.1 1.5+0.1 202 £ 77 2.4+0.9
UCD4 2.89E-06 1.6 £0.1 0.76 = 0.05 1.5+0.1 118 £24 1.1£0.2
LSU1 1.61E-06 2.5+0.5 1.6 £0.6 4.3+0.8 135+ 36 2.3+0.6
LSU2 1.50E-07 0.47 + 0.06 2.0£0.7 8.7+1.2 66+ 16 12+3
LSU3 6.22E-07 0.46 £0.01 2.9+0.2 2.1£0.1 9+29 0.40 + 1.30
LSU4 1.05E-06 1.3+£0.1 1.5+0.1 3.4+0.1 111+13 29+0.3
UCD Average (+6) 1.8 (+ 0.9)E-06 1.3 (0.3) 1.2 (0.4) 2.4 (1.7) 162 (43) 3.8(3.1)
LSU Average (+6) 8.6 (+ 6.2)E-07 1.2 (1.0) 2.0 (0.6) 4.6 (2.9) 71 (49) 4.5(5.3)
Overall Average (+c) 1.4 (+ 0.9)E-06 1.2 (0.7) 1.6 (0.6) 3.5(2.5) 132 (73) 4.2 (4.0)
Blanks
UCDBK1 2.84E-07 <0.08 - - <4 -
UCDBK2 1.39E-07 <0.08 - - <5 -
LSUBK1 3.70E-07 <0.13 - - <39 -
LSUBK2 2.83E-07 <0.15 - - <49 -

Listed uncertainties are 1 standard error unless otherwise stated.
All measurements listed here are from our previous paper.'

* Rate of sunlight absorption in the 300-450 nm wavelength range.
"Winter solstice-normalized rate of hydroxyl radical photoproduction.

¢ Lifetime of hydroxyl radical.
d Apparent quantum yield of hydroxyl radical, calculated as ®oy = Poy / Raps.

¢ Winter solstice-normalized rate of singlet oxygen photoproduction.

" Apparent quantum yield of singlet oxygen, calculated as @10, = P10z / Raps

S3



34

35
36
37
38
39
40
41
42

Table S3: Measured syringol and methyl jasmonate loss kinetics

Fog Sample ID Ksyr’ k'MeJAb TsyR' TMeJAd
1075~ 105" h h
Samples
UCDI 32+2 75+0.7 0.88 + 0.04 37+4
UCD2 11+1 8.6+0.9 25+03 32+4
UCD3 13+ 1 9.9+0.7 2.1+0.1 28 +£2
UCD4 6.5+0.3 9.9+0.5 43+0.2 28 £ 1
LSUI 24+ 1 12+1 12+0.1 23+ 1
LSU2 3.7+0.1 7.7+0.8 75+03 36+ 4
LSU3 1.1+0.1 79+04 26+2 35+2
LSU4 15+ 1 13+1 1.8+0.1 22+2
UCD Average (+ 0) 16 (11) 9.0 (1.2) 24 (1.4) 31 (4)
LSU Average (£ o) 11 (10) 10 (3) 9.2 (11.8) 29 (8)
Overall Average (£ 6) 13 (11)° 9.6 (2.0)" 5.8 (8.6)° 30 (6)
Blanks®
UCDBK 1 1.5+0.3 - 18 + 4 -
UCDBK2 <03 - >90 -
LSUBK <03 - >90 -
LSUBK2 <03 - >90 -

Listed uncertainties are 1 standard error unless otherwise stated.

* Winter-solstice-normalized measured pseudo-first-order rate constant for loss of syringol (SYR).

® Winter-solstice-normalized measured pseudo-first-order rate constant for loss of methyl jasmonate (MeJA).

4 Lifetime of syringol and methyl jasmonate, calculated as 1/k'syg and 1/k'\ieja, respectively.

“f When sample LSU3 is excluded due to its large uncertainties, the overall average k’syris 15 (= 10) x 107° s7" and tsyris 2.9 (£2.3) h; the
overall average k'yejais 9.8 (£ 2.0) x 1078 s71 and Tyega is 29 (£ 6) h; discussed in main text.

¢ Blanks were analyzed by adding 2 uM SYR to an aliquot of the blank and illuminating for 50 minutes. 6.4% loss of SYR was observed in
UCDBKI1. Under 2% loss over 50 minutes was observed in all other blanks, which was used to calculate an upper limit for 'sygr
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Table S4: Syringol loss due to measured photooxidants

Sample ID [OH]*® [102*] b k'syron k'syr.102 ¢ k'syrac+ Jsyrac i
107"°M 107" M 107°s " 107°s " 107°s "
Samples

UCDI 4.6 £0.8 3.0£0.6 1.2+£0.2 1.1£0.2 29+8 0.93 £0.25
UCD2 3.7£0.9 23+1.0 0.97 +0.24 0.82 +0.37 9.5+5.0 0.84 + 0.44
UCD3 49+0.5 25+1.0 1.3+0.1 0.92+0.35 11 +4 0.83 +£0.33
UCD4 34+0.2 1.5+0.3 0.88 + 0.06 0.54+0.11 51 +£1.1 0.78 £0.17
LSU1 11+4 1.7£0.5 29+1.1 0.62+0.17 20 +£9 0.85+0.38
LSU2 26+0.8 0.83 £0.21 0.67+0.21 0.30+0.08 2.7 £1.1 0.74 +£0.30

LSU3 3.7+ 0.3 0.11+0.37 | 0.96+0.06 0.041 £0.133 0.053 £0.17 0.05+0.16

LSU4 52+0.3 1.4+0.2 1.4+0.1 0.51 +0.006 13 £2 0.88 +0.12

UCD Average (£ o) 4.2 (0.7) 2.3(0.6) 1.1(0.2) 0.83 (0.22) 14 (11) 0.85 (0.06)
LSU Average (+ 0) 5.7(3.9) 1.0 (0.7) 1.5 (1.0) 0.37 (0.25) 9.1 (94 0.63 (0.39)
Overall Average (£ o) 4.9 (2.7 1.7 (0.9) 1.3(0.7) 0.60 (0.33) 11 (10)h 0.74 (0.28)i

Listed uncertainties are 1 standard error unless otherwise stated.

* Winter-solstice-normalized steady-state concentration of hydroxyl radical measured using benzene as probe.'

® Winter-solstice-normalized steady-state concentration of singlet oxygen measured using furfuryl alcohol as probe. '

¢ Pseudo-first-order rate constant for loss of SYR due to hydroxyl radical, calculated as k'syr on = ksyron < [[OH].

4 pseudo-first-order rate constant for loss of SYR due to singlet oxygen, calculated as k'syr 100= ksyr+102 X [102*].

¢ Pseudo-first-order rate constant for loss of SYR due to triplet excited states, calculated as k'syr — (K'syr.on + k'syr.102)-

 Fraction of SYR loss due to triplets, calculated as k'syr 3¢+ / k'syr ; discussed in main text.

%‘When sample LSU3 is excluded due to its large uncertainties, the overall average k ‘syr sc+is 13 (£ 9) X 107° s7"; discussed in main text.
"When sample LSU3 is excluded due to its large uncertainties, the overall average fsyrsc+ is 0.84 (x 0.06); discussed in main text.
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Table S5: Methyl jasmonate loss due to measured photooxidants

Sample ID K'mesaon k'Mesaio2 b k'mesascr JMelasc ¢
10 65! 10 %5 10 %5

UCD1 3.1+0.6 1.8+0.3 2.7+0.7 0.36+0.10
UCD2 25+0.6 1.4+£0.6 47+£25 0.55+0.29
UCD3 33+0.3 1.5+£0.6 52+2.1 0.52+0.21
UCD4 23+0.1 0.89+0.18 6.7+1.5 0.68+0.15

LSU1 7.6+£27 1.0+£0.3 35+1.6 0.29+0.13

LSU2 1.7+0.6 0.50+0.12 55+£23 0.71 £0.30

LSU3 25+0.2 0.068 £0.22 5+18 0.68 +£2.22

LSU4 3.5+0.2 0.84 +£0.01 85+13 0.66+0.10

UCD Average (+ 0) 2.8 (0.5) 1.4 (0.4) 4.8 (1.7) 0.53 (0.13)
LSU Average (+ 0) 3.8 (2.6) 0.61 (0.42) 5.7 (2.0) 0.58 (0.20)
Overall Average (+ o) 3.3(1.8) 1.0 (0.6) 53 (1.8)f 0.56 (0.16)*

Listed uncertainties are 1 standard error unless otherwise stated.

* Pseudo-first-order rate constant for loss of MeJA due to hydroxyl radical, calculated as k'veja.on = Amera+on % [ OH].

® pseudo-first-order rate constant for loss of MeJA due to singlet oxygen, calculated as 'veja 102 = kmera+ion % [102*].

¢ Pseudo-first-order rate constant for loss of MeJA due to triplet excited states, calculated as k'vera — (K'mera.on+ &'meia.102)-

4 Fraction of MeJA loss due to triplets, calculated as &'mejascx / k'mera 5 discussed in main text.

"When sample LSU3 is excluded due to its large uncertainties, the overall average & yejasc+is 5.3 (£ 1.9) x 107° s7"; discussed in main text.
£ When sample LSU3 is excluded due to its large uncertainties, the overall average fueiascx is 0.54 (£ 0.16); discussed in main text.
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Table S6: Second-order rate constants for reactions of syringol and methyl jasmonate with hydroxyl radical, singlet oxygen, and

triplet excited states

Oxidant ksyR+Oxidant Reference Reference kMieTA+Oxidant Reference Reference
10° Mgt rate constant, 108M s rate constant,
kTMP+Oxidant kPhOH+Oxidant
10°M's™'P 1M 's™' ¢
‘OH 26 ) n/a 67 (+3) 3 n/a
- 0.0060
O, 0.0036 4 n/a ( 0.0007) 5 n/a
kSYR+3C*/d
Model Triplets (C*) knterasac
3 .
2AN* 1.9(£0.1) This 6 0.19 (£0.07) . a 0.33 100 (£ 37)
work® 0.72 (£ 0.01) This work (0. 13)6
3 sk .
3MAP 3.8 (£0.6) Thlsa 2.6 (£03)° 1.2 (£0.3) 5 32(£9)
work
‘DMB* | 3.5(+£0.8) ; n/a 4.1 (+1.6) s n/a 8.5 (+3.8)
3 * :
BP 8.5=16) v3<1>1r11§ 5.1 (+0.9)° SLEN | Thiswork® | 39 @7 | LTE0A)

Listed uncertainties are 1 standard error.

For measurements made in this work, standard errors are propagated from the relative first-order rate constants of the SYR, MeJA and the

bimolecular rate constants for reference compounds reacting with the triplets.
* Rate constant was measured using the relative rate technique discussed in Section S1.

® Syringol (SYR) rate constants measured in this work used 2,4,6-trimethyl phenol (TMP) as the reference compound.
¢ Methyl jasmonate (MeJA) rate constants measured in this work used phenol (PhOH) as the reference compound.
4 Ratio of the bimolecular rate constants for reaction of model triplets with syringol (SYR) and methyl jasmonate (MeJA).
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Table S7: Characteristics of model triplet species

. E;® E**(CC*/C*)® kopsscr®
Model Triplet (kJ mol'l) ) a 09) M ¢! i d
3 AN* 249 1.10 2.5 0.81 (CsHe)
33MAP* 303 1.64 33 0.33 (CgHe)
*DMB* 298 (benzaldehyde)* - - <0.61 (MeOH) (estimated)®
SBp* 288 1.67 2.6 0.35 (CgHe)

All values from Canonica et. al.® (Er, E®*(*C*/C""), and koz13c+) and Wilkinson et. al. (f3)*

* Triplet state energy (T;— So).

® One-electron reduction potential for the triplet/triplet radical anion pair.

¢ Bimolecular rate constant for quenching of triplet by molecular O,. To calculate rates of triplet photoformation (described in the main text), an
average (£ 1) value of 2.8 (£ 0.4) x 10° M~'s™"is used.

4 Yield of singlet oxygen from quenching of model triplet species by O,. The solvent used in the determination is indicated in parentheses. The
average value of f) for the model triplets is 0.53 (£ 0.23).

¢ Since the Er and fj values for *DMB* are not available, values for benzaldehyde®  are used as estimates. The f; value is an upper-bound

estimate.
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Figure S1: Red line: Measured transmittance of the combination of our two illumination system

filters. Blue line: Davis midday, winter solstice actinic flux from the TUV model '°. Input

parameters for the TUV model were: solar zenith angle: 62, measurement altitude: 0 km, surface

albedo: 0.1, aerosol optical depth: 0.235, cloud optical depth: 0.00.
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Figure S2: Best estimate triplet steady-state concentration v. mole-fraction-weighted reduction

potential of the best triplet matches (values of reduction potential for each model triplet is in
Table S7, the mole fractions of best triplet matches in each sample are given in Table S11).
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Figure S3: Correlation between the rate of triplet photoproduction (Psc+) and dissolved organic
carbon (DOC) for the Davis, CA (blue diamonds) and Baton Rouge, LA (orange circles) fog
samples.
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Figure S4: Correlation between the rate of sunlight absorption (Rabs) and dissolved organic
carbon (DOC) for the Davis, CA (blue diamonds) and Baton Rouge, LA (orange circles) fog
samples.

S11



99

100
101
102
103
104
105
106
107
108
109
110
111

112

113
114
115
116
117
118

Section S1. Measurement of Second-Order Rate Constants for Model Triplet Precursors

We determined rate constants for the reaction of several triplet excited states with our two triplet
probe compounds (syringol and methyl jasmonate) using a relative rate technique.™ "' This
technique involves illuminating a solution containing a triplet precursor, a reference compound
that has a known second-order rate constant with the triplet, and one probe compound for which
the rate constant with the triplet is unknown. Air-saturated solutions typically contained 10 uM
each of the reference and probe compounds and 20 pM of the triplet precursor. For each
experiment, 5 mL of the solution was illuminated in a 1 cm quartz cuvette which was kept
capped and stirred continuously. At various intervals, aliquots of the solution were analyzed for
the concentration of the reference and probe compounds simultaneously using UV-HPLC. In
every case, loss of probe and reference compound followed first-order kinetics. The change in
concentration of the probe compound (relative to its starting value) plotted against that of the

reference compound (relative to its starting value) yields a linear plot, which is represented by:

[Reference ] _ kReference +3c* lr[Probe]o

n S1
‘[Reference It kprobe+3c* 1[Probe]t (ST)

where [Reference]o, [Reference];, [Probe]y, and [Probe], are the concentrations of the reference
and probe compounds at time zero and time ¢, respectively, and Agreferencer3c* and kpropersc+ are the
second-order rate constants for reaction of the reference and probe compounds with the triplet,
respectively. A plot of eq S1 (with the y-intercept fixed at the origin) gives a slope equal to
kreference+3C* / Kprobet+3C*; SINCE AReference+3c* 18 known from the literature, the slope is used to

calculate kproper3cs.
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Section S2. Scenarios of Triplet Mixtures to Examine a “Best Estimate” Triplet

Concentration in Fog Waters

As discussed in the main text (eq 4), the measured pseudo-first-order rate constant for loss of

probe (SYR or MeJA) represents contributions from all of the triplet species i in a fog sample:

1

Probea3C*: (kProbe+3C1* X [3C1*]) + (kp x [3C2*]) + (kp X [3C3*]) .. (4’ main teXt)

robe+3Cy* robe+3C5*

or

K =3 (k, x [*Ci*) (S2)

Probes3C* robe+3Ci*

where &', . 1s the overall first-order triplet reactivity rate constant (determined by subtracting
robe>3C

the contributions of ‘OH and 'O,* from the measured probe loss (eq 3)); Ko operaci 18 the second-

order rate constant for each triplet i with the probe, and [*C;*] is the concentration of each triplet
species. Since the identities of the triplet species, and their second-order rate constants with the
probes, are unknown in the fog samples, we use data from four model triplets to estimate the
triplet steady-state concentration in each sample. Our four model triplet precursors have been
previously used in studies of surface or atmospheric waters'>'*: 2-acetonaphthone (2AN), 3,4-
dimethoxybenzaldehyde (DMB), 3'-methoxyacetophenone (3MAP), and benzophenone (BP).
The bimolecular reaction rate constants of their triplet excited states with SYR and MeJA span a

5,6, 14

wide range (Table S6) and thus represent natural triplets with a wide range of reactivity.

We can use the second-order rate constants for the four model triplets reacting with a given
probe (kprobe+3c+) to determine a range of four triplet steady-state concentrations in a given fog

sample:

k' probe 3¢* Zi(kprobe+3ci* x [3Ci*])

3
Z[ Ci*]Probe = Kk N = Kk « (83)
Probe+3C Probe+3C

We then repeat the same procedure with the results from the other probe to get a separate range
of triplet steady-state concentrations in that sample. Since the triplet steady-state concentration in
any sample should be the same irrespective of the probe used for measurement, the true triplet-

steady-state concentration should lie within the overlapping portion of the concentration ranges
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calculated from the two probes in a given sample. Ideally, the two probes should give the same

triplet concentration in a sample, i.e.,

SICi*lsyr = YCi*Ivera (S4)
From eqs S3 and S4, it follows:

!
k'syr3c*  *'Mejasc*

k Tk * (85)
SYR+3C MeJA+3C
which can be rearranged as
!
k'syr3c* ksyr43c*
= (S6)

K'Meja3c*  kmejas3ct

Thus, at the “true” steady-state triplet concentration, the ratio of the pseudo-first-order rate
constants for loss of the two probes due to triplet species is equal to the ratio of the second-order
rate constants of the two probes reacting with one or more model triplets. The ratios of the model
triplet rate constants (i.e., ksyr+3c* /kmera+scx) for 32AN*, 33MAP"‘, SDMB* and *BP* are 100,
32, 8.5, and 1.7, respectively (Table S5) and as discussed in the main text, this rate constant ratio
indicates the reactivity of the model triplet species. For example, if a triplet is highly reactive
(e.g., "BP*) it reacts at similar rates with both probes and the ratio is closer to unity. In case of
more selective (i.e., less reactive) triplets, the reaction rate constants with the two probes differ
significantly and the ratio is large, e.g., 22AN* has a ratio of 100. Thus the & probe 3¢+ ratio in eq

S6 is an indicator of the average reactivity of the triplet mixture in that sample.

For each sample, the & 'probe 3¢+ ratio (Figure 3, main text) falls on or between the ratio for two of
the model triplets, which we term the “best triplet matches”. We then calculate the mole fractions
(%) for the bimolecular rate constants of the two best triplet matches (C1* and *C,*) so that their

ratio is equal to the & 'prope 3¢+ ratio:

X kX KSYR+3C1*+ X, X KSYR+3C2*

3C1 3C2*

= 6, main text
K'MeJA3C*  Xyoq 4 KMeJA+3C1* 4 X, " FMeJA+3C2" (6, )

!
k'syr3c*
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We then use these two mole-fraction-weighted second-order rate constants (separately) in the
denominator in eq S3 to determine 2[3 Ci*]syr and 2[3 Ci*mesa. We take the average of these two

concentrations as our best estimate of the total triplet steady-state concentration, Y [?C;*].

In this section our goal is to understand the strengths and weaknesses of this approach for
estimating triplet concentrations in natural samples. To do this, we examine 15 hypothetical
scenarios, each with a total triplet concentration of 1 x 10™"> M but with different mole fractions
of the four model triplets (Table S8). In each scenario we calculate the pseudo-first-order rate
constants (k 'probe3c+) for SYR and MeJA in the hypothetical mixture using eq S2. We then follow
the same procedure used for natural samples: (1) calculate the pseudo-first-order rate constant
ratio (i.e., k'syr3c*/ k'meiasc+); (2) compare this ratio to the ratios of the second-order rate
constants of the four model triplets (i.e., ksyr+3c*/ kmera+sc+) to identify the one or two model
triplets whose second-order rate constant ratios are equal or closest to the & 'probe 3¢+ ratio; (3) use
eq 6 to calculate mole-fraction-weighted bimolecular rate constants such that (y3ci+ X ksyr+3ci
+ x3c2* X ksyr+3cax)/ (acix X kmerasscis + y3c2s X kmesa+3cz+) matches the & ’probe 3o+ ratio, (4) use
the mole-fraction-weighted rate constants in the denominator of eq S3 to calculate 2[3Ci*]SYR
and 2[3Ci*]Me]A; and (5) take the average of these concentrations as our best estimate of the
triplet steady-state concentration in each scenario. Finally, we compare the best estimate

concentration with the assumed true value of 1 x 107> M.

We start with the simplest scenario (S1), where there is only one triplet species CDMB*). As
shown in Table S8, the & 'probe 3¢+ ratio is 8.5, which is equal to the model ratio

ksyr+3pmB*/ kmera+3pmp* SO we designate SDMB* as the best triplet match. Using kprobe+3c+ in €q
S3, we calculate two values of Z[*Ci*]probe (Table S9). In this case, YLPCi*syr = ZLCi* Imesa = 1

x 107" M, the true value (Table S9).
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Table S8: Hypothetical scenarios with various assumed combinations of triplets and the corresponding pseudo-first order rate
constants for SYR and MeJA loss. The total triplet concentration in each scenario was fixed at 1 x 10> M.

Calculated pseudo-first-order rate

Hypothet.ical Triplet Mole Fractions in Scenario constant,
Scenario Eorabesce (5

2AN*  P3MAP* *DMB* Bp* SYR MelA Ratio
S1 0 0 1 0 3.5E-04 4.1E-05 8.5
S2 0 0 0.50 0.50 6.0E-04 2.8E-04 2.2
S3 0.50 0 0.50 0 2.7E-04 2.1E-05 12.6
S4 0.50 0 0 0.50 5.2E-04 2.6E-04 2.0
S5 0 0.50 0 0.50 6.2E-04 2.6E-04 2.4
S6 0.33 0.33 0.33 0 3.1E-04 1.8E-05 16.8
S7 0 0.33 0.33 0.33 5.3E-04 1.9E-04 2.8
S8 0.25 0.25 0.25 0.25 4.4E-04 1.4E-04 3.1
S9 0.20 0.35 0.35 0.10 3.8E-04 7.0E-05 54
S10 0.10 0.10 0.10 0.70 6.9E-04 3.6E-04 1.9
S11 0.70 0.10 0.10 0.10 2.9E-04 5.8E-05 5.0
S12 0.90 0.033 0.033 0.033 2.2E-04 2.0E-05 10.9
S13 0.97 0.010 0.010 0.010 2.0E-04 7.5E-06 26.8
S14 0.98 0.0067 0.0067 0.0067 2.0E-04 5.6E-06 35.0
S15 0.99 0.0033 0.0033 0.0033 1.9E-04 3.8E-06 51.5
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193  Table S9: Best triplet matches, mole-fraction-weighted rate constants and best estimate triplet steady-state concentration in the
194  hypothetical scenarios.

Calculated mole-fraction-
Hypothetic Best Triplet Best Triplet Match Weigf(fﬁi:ﬁf;’?ﬁf{fﬁ; rate SPCH SPCH Z[;Cii:]a R.S.D
al Scenario Matches Mole Fractions sscre X kpropesscie + SR bAMeIA E stifliate (%)
X302+ XKprope+3¢2
Yac1+ Yacar SYR MeJA Ratio (10"° M)
S1 ‘DMB* 1 0 3.5E+09  4.1E+08 8.5 1.0 1.0 1.0 0.00
S2 ‘DMB*,’BP* 0.50 0.50 6.0E+09  2.8E+09 2.2 1.0 1.0 1.0 0.00
S3 33MAP* *DMB* 0.42 0.58 3.6E+09  29E+08  12.6 0.74 0.74 0.74 0.03
S4 ‘DMB*, *BP* 0.41 0.59 6.5E+09  3.2E+09 2.0 0.81 0.81 0.81 0.05
S5 ’DMB*, *BP* 0.58 0.42 5.6E+09  24E+09 24 1.10 1.11 1.10 0.21
S6 3MAP* *DMB* 0.66 0.35 37E+09  22E+08  16.8 0.830 0.832 0.83 0.17
S7 ‘DMB* *BP* 0.71 0.29 4.9E+09  1.8E+09 2.8 1.068 1.072 1.070 0.22
S8 ‘DMB* *BP* 0.77 0.23 4.6E+09  1.5E+09 3.1 0.95 0.95 0.95 0.07
S9 ‘DMB*,’BP* 0.94 0.06 3.8E+09  7.1E+08 5.4 0.99 0.99 0.99 0.06
S10 ‘DMB*,’BP* 0.30 0.70 7.0E+09  3.7E+09 1.9 0.98 0.98 0.98 0.01
S11 ‘DMB*,’BP* 0.92 0.08 3.9E+09  7.7E+08 5.0 0.75 0.75 0.75 0.01
S12 3MAP* *DMB* 0.28 0.72 3.6E+09  3.3E+08  10.9 0.62 0.62 0.62 0.01
S13 *3MAP*’DMB* 0.93 0.07 3.8E+09  1.4E+08  26.8 0.53 0.53 0.53 <0.01
S14 SDAN* P3MAP* 0.25 0.75 33E+09  9.5E+07  35.0 0.59 0.59 0.59 <0.01
S15 DAN* 3MAP* 0.72 0.28 2.4E+09  4.7E+07 515 0.80 0.80 0.80 <0.01

195  * Best estimate of triplet concentration in the hypothetical scenario, determined as the average of the SYR- and MeJA-derived triplet
196 concentrations. The true value is 1 x 107" M.
197
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We next consider hypothetical triplet mixtures of equal proportions of 2 different triplet species,
first where the triplets are adjacent in the reactivity order (i.e., 2AN*/"MAP*, °"MAP*/°"DMB*,
and “DMB*/°BP*) and then where they are not (i.c., 2AN*/°’DMB*, °"MAP*/°BP* and

32 AN*/*BP*). For example, in scenario S2 with equal amounts of adjacent triplets DMB* and
3BP*, the & probe 3¢+ ratio (2.2; Table S8) lies between the & 'prober3c* ratios for SDMB* and *BP*
(i.e. 8.5 and 1.7, respectively). Mole fractions of 0.50 for “DMB* and *BP* are required so that
the mole-fraction-weighted second-order rate constant ratio i.e., (y3c1* X ksyr+3ci* + y3co+ X
ksyri3c2x) ! (31 X kmeraraci* + yacax X kmeratsco+) equals 2.2, giving an exact solution to this
simple mixture (and matching the true concentration of 1 X 107" M; Table S9). We find similar

exact (and correct) results for the two other 50/50 mixtures of adjacent triplets (data not shown).

However, in the case of 50/50 mixtures of non-adjacent triplets (S3 — S5), the results most
deviate from the true concentration whenever the least reactive triplet (2AN*) is present in the
binary mixture. For example, in S3, even though the hypothetical mixture contains 50% *2AN*
and 50% 3DMB*, the resulting & 'probe 3¢+ ratio of 12.6 indicates that the best triplet matches are
*MAP* and *DMB* and the best estimate of the triplet concentration is low, at 0.74 x 10°° M
(Table S9). Similarly in S4, which contains 50% *2AN* and 50% *BP*, the k ’prope 3¢+ ratio is 2.0
giving *DMB* and *BP* as the best triplet matches, and the triplet concentration is again lower
than the true value at 0.81 x 10°"> M. In both S3 and S4, the more reactive model triplet in the
mixture CDMB* and *BP*, respectively) has a much faster reaction rate constant than *2AN*,
which skews the & probe 30+ values and their ratio. The resulting low ratios make it appear that the
scenarios contain triplets of higher reactivity than they actually do, but the steady-state

concentrations are lower to compensate.

We also considered scenarios that are variations of S3 and S4, i.e., binary mixtures containing
unequal amounts of 32 AN* and either *DMB* or *BP* (not shown). These also resulted in

k ’probe 3¢+ ratios that indicate higher triplet reactivity and correspondingly low triplet
concentration best estimates, but the concentrations always fell within a factor of two of the true
value. In scenario S5, which is an equal mixture of "MAP* and *BP*, the difference in reactivity
of the two model triplets is not as large as the scenarios containing *2AN*, and the resulting best
estimate of the triplet concentration of 1.1 x 10™"> M agrees very well with the true value (Table
S9). However, even in this scenario, the & 'prope 3¢+ ratio is skewed by the more reactive triplet ’BP
and comes out to be 2.4, and thus, the best triplet matches end up being *DMB* and *BP*.

Herein lies the most important caveat of this approach: since we have only a rough proxy of the
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230  reactivity of the triplet mixture (i.e., the & probe 3¢+ ratio), the best triplet matches only represent

231 the “average apparent reactivity” (or mole-fraction-weighted reactivity of the triplet mixture).

232 Next, we consider ternary scenarios. S6 and S7 each both contain three model triplets, evenly
233 split (Table S8). Scenario S6, which contains the less reactive 3 2AN*, has a k’probe 3¢+ ratio of
234 16.8, as compared to the ratio of 2.8 in S7, which contains the more reactive triplet mixture. In
235  both cases, the best triplet matches are again the more reactive ones in the mixture, because their
236  faster rate constants skew the mole-fraction-weighted rate constants, i.e. the ysci* X kprobessci* +
237 y3c2+ X kprobersco+ Values. Regardless, for both scenarios the best estimate of 2[3Ci*] is within

238  20% of the true value (Table S9). Comparing the results of scenarios S6 and S7, it appears once
239  again that the technique performs less well when the mixture contains a large percentage of the

240  less reactive triplet "2AN*,

241  We next examine quaternary mixtures of all four of the model triplets, starting with two

242 scenarios with relatively even amounts (scenarios S8 and S9). In both cases, the best triplet

243 matches are (again) the most reactive pair of triplets CDMB* and *BP*) and the triplet steady-
244 state concentrations are within 5% of the true value (Table S9). Scenarios S10 and S11 have
245  triplet mixtures that contain a majority fraction of highly reactive or less reactive triplet species,
246  respectively. In S10 (majority highly reactive triplets), there is excellent agreement between the
247  assumed and best estimate X[°C;*]; however, we see again that in S11, which consists of

248  majority selective triplet (70% 2AN*), the best match triplet is too reactive (compared to the
249  hypothetical mixture) and the best estimate of X[*C;*] is only 75% of the true value. In this

250  scenario, the low k& probe 3¢+ ratio of 5.0 masks the presence of the less reactive 3 AN,

251  To further examine this weakness of the technique, we consider scenarios S12- S15 (Table S8),
252 all of which contain mostly the least reactive triplet, *2AN*. Going from S12 to S15, the *2AN*
253  fraction increases from 90 to 99%, causing the & 'probe 3¢+ ratio to increase five-fold, from 10.9 to
254  51.5. As the proportion of 3 AN* approaches 100%, the & 'probe 3¢+ ratio becomes more sensitive
255  to increases in “2AN*. When the ratio is close to, but just under 32, the best matches are

256  >3MAP* and DMB¥*; because of this, the mole-fraction-weighted rate constants are large and
257  consequently, the triplet steady-state concentration is underestimated by almost a factor of two.
258  However, in S14 and S15, as the fraction of 32 AN* increases beyond 97%, the & ’probe 3¢+ ratio
259  goes above 32 and the triplet best matches switch to >2AN* and *3MAP*. In all four scenarios

260  (S12 —S15) the best match triplets underestimate the mole fraction of the least reactive triplet
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(i.e., overestimate the triplet reactivity) but also underestimate the total triplet concentration, as

seen in simpler mixtures.

In summary, based on these hypothetical scenarios the best estimate of the total triplet steady-
state concentration is: (1) typically within 25% of the true value, (2) is never significantly
overestimated, and (3) is underestimated (by up to a factor of two) in cases where low-reactivity
triplets constitute the largest mole fraction of the triplet mixture. As for the identification of the
best-match triplet identities, our technique identifies the one or two triplets whose reactivity is

similar to the average reactivity of the mixture of triplets.
S2.1 Syringol alone as the triplet probe

Finally, we also examine whether syringol alone (after correcting for losses due to “OH and
'0,*) could be used as a triplet probe by examining its utility in the same 15 hypothetical

scenarios described above (Table S8).
Starting with eq 3 in the main text, we first correct SYR loss due to “OH and 'O,*
K'syrsscx= Z(ksyrsscir [Ci*]) = K'syr — (ksyrron [OH] + ksyr+102¢[ 02*]) (3, main text)

We then calculate four values of Z[3Ci*]SYR by dividing 4 ’syr 3c+ by each of the four bimolecular
rate constants of SYR with the four model triplets, kprobet3c+ (Table S6):

k'SYR,3Cx*

Z[3Ci*]SYR ~ k— (S7)
SYR+43C*

Then we take an average of the four concentrations as the triplet concentration using only
syringol as a probe. As shown in Table S10, simply using SYR as the triplet probe does a fair job
of estimating triplet steady-state values, since the four bimolecular rate constants for SYR

reacting with the model triplets vary by no more than a factor of 5.

For 14 of the 15 scenarios, the average Z[3Ci*]SYR value is within a factor of two of the assumed
true value. However, while the average SYR-derived concentration is simpler to determine, our
two-probe technique has three advantages: (1) it gives some insight into the apparent reactivity
of the triplets in the sample, (2) it rarely overestimates the steady-state triplet concentration,
while the syringol-only technique frequently does, and (3) it generally gives a more accurate

estimate of the triplet concentration. In terms of this last point, for the 15 scenarios, the average
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absolute relative percent difference (|calculated-true|/true) x 100%) for the two-probe technique

is 17 %, while for the SYR-only technique the average absolute RPD is 42 %.

Table S10: Estimated triplet steady-state concentration from using syringol as the sole probe for

the 16 hypothetical scenarios described in Table S8. In each scenario the true triplet

concentration is 1 x 10> M. Listed uncertainties are =1 standard deviation; the relative standard

deviation in each case is 57%, which is the RSD for the average of the four rate constants for
SYR with the four model triplets.

Hypothetical

Average (£ 0)

*
Average Y.[3Cj "]syR

Scenario Z(:l[;cg]l\s/f; Best Estimate
S1 1.0 (£ 0.6) 1.0
S2 1.8 (£ 1.0) 1.8
S3 0.85 (+ 0.48) 0.81
S4 1.6 (£0.9) 1.9
S5 1.1 (£0.6) 1.8
36 0.91(% 0.52) 1.1
S7 1.6 (£ 0.9) 1.5
S8 1.3 (£0.8) 1.4
S9 1.1 (£0.6) 1.1
S10 2.0(x1.2) 2.1
S11 0.87 (+0.49) 1.2
S12 0.67 (+ 0.38) 1.1
S13 0.60 ( 0.34) 11
S14 0.59 (£ 0.33) 1.0
S15 0.58 (+0.33) 0.73
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Section S3. Determining the “Best Estimate” Triplet Concentration in Fog Waters using

the two-probe technique

Using the measured loss of both probes (k’syr and & ’meja), we obtained a best estimate of the
triplet steady-state concentration using essentially the technique described in section S2 for the
hypothetical scenarios: starting with the measured pseudo-first-order rate constants for probe loss
due to triplets, k'syr 3¢+ and k'vesa 3o+ (Tables S4, S5 and Figure 3, main text), we calculated two
triplet concentration ranges consisting of eight values using the model bimolecular rate constants
in the denominator of the following equation (shown in Figures 4 and 5, main text):

1A
k' probe 3¢*

30.% ~_ .
2LCH e © Kprobesac” (5, main text)
1

Then, the model triplets which gave the closest match between k'syr 3¢+ / k'meiascx and ksyriscx /
kmerasscx were designated as the best triplet matches (Table S11). Then, using eq 7 in the main
text, we calculated mole-fraction-weighted bimolecular rate constants (y3ci1* X Aprobersci* + y3c2* X
kprobe+3c2+) such that their ratio matched the & ’probe 30+ ratio. Using the mole-fraction-weighted
rate constants we calculated £[*Ci*]syr and 2[3Ci*]MeJA (eq 8, main text). The average of these is
shown as the best estimate triplet steady-state concentration ([°C;*]) in each scenario (eq 9 and
Figure 5, main text; Figure S5). The RSD of these values is similar to the RSD from the best
estimate for the hypothetical scenarios (i.e., < 0.1%; Table S11), except for sample UCDI1
(6.4%). As a measure of the uncertainty in the value for each sample, we have given the + 1
standard errors for the best estimate of the triplet steady-state concentrations in Table S11 and

Table 1 of the main text.
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Table S11: Best-estimate steady-state concentrations measured from syringol and methyl jasmonate loss in the fog samples.

Calculated mole-fraction-

Mole- weiehted second-order rate Triplet Steady-State Concentration
Fog k'syracx / Best Triplet fractions of & constants (10’13 M)
Sample K'vieiascr® Matches® Best Triplet ’
Matches X3crx % kProhe+3Cl*:X3C2* X
kProhe+3C2*
Y[’C*1 | RS.D(%)"
Cr*, 70y e X3cx SYR MeJA  Ratio | Y[PCi*lsvr"  YLC*lven Best
Estimate®
UCDI1 110 (42) DAN* 1 0 1.9E+09  1.9E+07 100 1.5 14 1.5 (0.8) 6.4
UCD2 20 (15) 33MAP*, *DMB*  0.77 023 3. 7E+09  1.9E+08 20 0.26 0.26 0.26 (0.20) 0.0011
UCD3 21(12) 33MAP*,°DMB*  0.80  0.20 3. 7E+09  1.8E+08 21 0.29 0.29 0.29 (0.18) 0.0071
UCD4 7.5(2.3) SDMB*, *BP* 0.99 0.01 3.6E+09  4.7E+08 7.5 0.14 0.14 0.14 (0.07) 0.010
LSU1 58 (37) D AN* 3MAP* 0.80 0.20 2.3E+09  4.0E+07 58 0.89 0.89 0.89 (0.60) 0.00088
LSU2 4.9(2.9) ’DMB*, *BP* 0.92 0.08 39E+09  7.9E+08 4.9 0.070 0.070 0.070 (0.045) 0.040
LSU3? 0.10 (0.46)
LSU4 16 (3) 33MAP*,°DMB*  0.60  0.40 3. 7E+09  2.4E+08 16 0.36 0.36 0.36 (0.13) 0.0016

* No model triplet yielded a satisfactory match between 2[3 Ci*]syr to Z[3Ci*]MeJA for sample LSU3, because the value for £ ’syr 3c+ was
not statistically different from zero.
b Ratio of k’probe 3¢+ 1n the fog samples. Uncertainties in parentheses are = 1 SE propagated from the errors of & 'probe 3¢+
¢ Model triplets whose kprobe+3c+ ratio lie closest to the & probe3c* ratio in each sample. For UCDI, since there is no model ratio higher

than 100, the only designated best triplet match is *2AN*.

d Mole-fraction-weighted bimolecular rate constants for both probes, calculated as ysci+ X kprobessci + Yacar X probersco+. Bimolecular rate
constants for the model triplets are given in Table S6.

¢ Triplet steady-state concentration calculated from syringol loss as & ’syr e/ (rzcrs X Ksyrescrs + xacar X ksyrescas).

f Triplet steady-state concentration calculated from methyl jasmonate loss as &k 'mejazc*/ (zcr X kaerasscrx + xscoe X kngesarscos)-

£ Best estimate steady-state concentration calculated as the average of the 2[3 Ci*]syr and 2[3 Ci*]mesa. The uncertainties shown in

parentheses are + 1 standard error, obtained by propagating standard errors in & 'probe 3¢+ ratio and the mole-fraction-weighted second-
order rate constants.
b Relative standard deviation calculated as o/mean of the Z[3Ci*]SYR and 2[3Ci*]MeJA values in each sample.

S23




331

332
333

334
335
336
337
338
339

340
341
342
343
344

345
346

347
348
349
350

1.0E-12

j— 3 *

= 2AN*g

“.(L) 1.0E-13 - B " - + I(E I 33 AP*%.

L~ . e

9 L I O o O g PMBRH

g 1oe14 ¢ 4 MO G O ©F J + T

: SO R T 1= B S

[ BBP*

§ 1.0E-15 g O O & =

@ O

= o

- r
10E_16 1 [ 1 1 1 1 1 |

% YL ) X 1% L % B

\)CO \)Co \)('_,0 \)CO \f:o\) \f:'\) \fb\) \f:o\)
Figure S5: Triplet steady-state concentrations calculated for each fog sample using decay data from
syringol (blue) and methyl jasmonate (red) and bimolecular rate constants from the four surrogate
triplets: 22AN*, *3MAP*, *DMB* and *BP* (eq 5, main text). The black open circle represents the best
estimate of the overall triplet concentration in each sample. Given the divergence in the calculated triplet
concentrations in LSU3 between SYR and MeJA, we make no best estimate of concentration.
Since SYR reacts rapidly (k> 1 x 10° M~'s™") with all 4 model triplets, averaging the four
Y[*Ci*]syr values for each fog sample also yields an estimate of the steady-state triplet
concentration for that sample. As shown in Table S12, these SYR-only derived values are
statistically similar to the results from the two-probe technique. However, as discussed in section

S2, the two-probe technique has a number of advantages over the syringol-only technique, so the

two-probe results are what we report in the main text.

Table S12: Estimate of triplet steady-state concentrations in the fog samples using only syringol

as the triplet probe.
Fog 2[3 Ci”‘]SYR(IO_13 M) calculated using 2" order 3 s a Z[sci*]
Sample rate constant for the triplet state of: Z[CFlsvr Best Estimate”
AN* | 33MAP* | *DMB* ‘Bp* (102 M) (10 M)

UCD1 1.5 0.77 0.84 0.35 0.88 (0.50) 1.5
UucCD2 0.50 0.25 0.27 0.11 0.28 (0.16) 0.26
ucCD3 0.57 0.29 0.31 0.13 0.32 (0.18) 0.29
UCD4 0.27 0.13 0.14 0.060 0.15 (0.09) 0.14
LSU1 1.1 0.53 0.58 0.24 0.60 (0.34) 0.89
LSU2 0.14 0.072 0.078 0.032 0.081 (0.046) 0.070
LSU4 0.69 0.35 0.38 0.16 0.39 (0.22) 0.36

* Estimate of the steady-state triplet concentration in the fog samples, calculated as the average of
the four values shown in the table. Uncertainties shown are + 1 standard deviation.

b Best estimate steady-state concentration calculated as the average of the 2[3 Ci*]syr and
Y[*Ci*]mesa from the two-probe technique (Section S2, Table S11).
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Section S4. Potential Significance of Other Oxidants

Since we determine the rate constant for probe loss due to triplets in each sample by difference
(eq 3), our triplet results will be sensitive to any contributions from oxidants other than *OH,
'0,*, and triplets. To investigate whether other oxidants might be significant in the loss of our
two probes, here we estimate the potential contributions to probe loss from several other
oxidants: hydroperoxyl radical/superoxide radical anion (HO,"/°O,"), ozone (O3), carbonate
radical ("CO; ") and hydrogen ion/hydrated electron (H® (aq)/e (aq)). Due of a dearth of second-
order rate constants for these oxidants with MeJA, we are only able to estimate their
contributions to the loss of syringol. In each case, we estimate the pseudo-first-order loss rate
constant of syringol due to that oxidant. Then we compare that to the average (+ o) measured
pseudo-first order rate constant for syringol loss in 7 fog samples (excluding LSU3) (k'syr = 1.3

(+ 1.0) x 10~ s7") to determine the likely importance of the oxidant in our fog samples.

Hydroperoxyl Radical / Superoxide Radical Anion (O; (-I))

Hydroperoxyl radical and superoxide radical anion (i.e., O,(-I)) are a conjugate acid-base pair;
the pK, of HO," is 4.75 + 0.08." Since the pH of our fog samples was almost always in the range
of 5.1-7.0 (Table S1), O, is the dominant O, (-I) species in our samples. There is no rate
constant available for reaction of O, (-I) with syringol (2,6-dimethoxyphenol) so we use the
fastest reported rate constants for reactions of similar compounds in literature. For substituted
phenols, the rate constant for reaction of *0,~ with guaiacol (2-methoxyphenol) is 2.5 x 10°

M 's71:16 for HO,", the rate constant with catechol (1,2-benzenediol) is 4.7 X 10° M~ s Since
HO," has the higher reaction rate constant, we will consider a fog sample that has the highest
proportion of it to obtain an upper bound for the O, (-I) contribution to SYR loss. Excluding
LSU3, the most acidic sample has a pH of 5.1. At this pH, the mole fractions of HO," and "O,"
are 0.31 and 0.69, respectively and the mole-fraction-weighted average rate constant for O, (-I)

with the SYR proxies is ksyr-oacn= 1.6 x 10* M™'s™".

We estimate the superoxide concentration in our system based on previously measured rates of
HOOH formation in illuminated fog waters from California’s Central Valley since these two

18,19
4>

oxidants are intimately connecte . The most rapid rate for HOOH formation in the fog

waters is likely due to reaction with reduced copper:
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Ox(-1) + Cu(I) — HOOH + Cu(Il) ~ (S8)

The maximum measured production rate of HOOH, Pyoon , in illuminated Central Valley fogs is
3uMh™' (8.3 x 10" M s7")."® The reaction rate constants for both forms of Oa(-I) reacting with
Cu(I) are k02 +cua = 9.4 % 10° M 571,20 and kuoz+cua = 3.5 X 10° M s712 At pH 5.1, these
rate constants can be combined to give an overall mole-fraction-weighted reaction rate constant,
koa(-ty+cuq), of 7.6 % 10° M ' s, We assume that the Cu(I) concentration is equal to that of O,(-I)
(as approximately found in the daytime urban cloud scenario of Deguillaume et al.)."” Solving
the rate equation for S8 with these inputs gives an O, (-I) steady-state concentration of 3.3 x
107" M. Note that this concentration is much lower than modeled values for clouds and fogs
because there is negligible partitioning of HO," from the gas phase into our sealed containers, in
contrast to atmospheric drops. At this concentration, the estimated loss rate constant for syringol
due to Oy(-1), k'syr 021, 18 5.4 % 107¢ s_l, which accounts for 3.6% of the average observed

syringol loss. Thus, superoxide is likely a minor sink for syringol in our samples.

Ozone (03)

Based on the Henry’s law constant for ozone at 25°C (Ky = 1.1 x 107> M atm™ ** and assuming
a gas-phase mixing ratio for Oz of 30 ppbv, we expect an initial aqueous-phase concentration of
ozone in our samples of 3.3 x 107" M. Like O,(-I), the actual concentration in our samples is
likely lower than this since our samples are capped during illumination. The bimolecular rate
constant for reaction of ozone with syringol is not available in the literature, so we assume the

rate constant is 10 times faster than the rate constant for O3 with phenol (kphonto, = 1.3 % 10°

M~ s™") %, based on the measured ratio of phenol and syringol rate constants for reaction with
’DMB*.” Under these assumptions, ozone is also a minor sink for syringol in the fog samples

(K'syroy=4.3 % 107 s7"), accounting for 3% of the average measured syringol loss.

Carbonate Radical (CO3")

The carbonate radical is formed mainly from the reactions of bicarbonate (HCOs ) and carbonate
(CO5™) ions with 'OH and triplet CDOM species. Although DOM components are likely
important sinks for ‘COs~, this quenching is poorly understood.”**® Because there are no

published measurements of ‘CO;  in atmospheric waters, we use the typical steady-state
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concentration measured in surface waters, 2 X 107" M, which was determined using N,N-
dimethylaniline as a probe.”*?” There are some concerns that use of anilines for measuring ‘CO5~
overestimates the species since the anilines also react rapidly with triplets,”® so we expect this is
an upper-bound estimate. While ‘COs™ reacts rapidly with electron-rich phenoxides (i.e., a
phenol that has lost a proton), at fog pH syringol is in the neutral, less reactive, form. There are
no rate constants available for ‘CO;~ reacting with methoxyphenols in the literature. So we
assume the rate constant for ‘CO;~ with SYR is 10 times faster than the value with phenol (k =

49 x 10° M~' s7" #°). This gives a pseudo-first-order rate constant for loss of SYR due to

carbonate radical, k'syr cos-, of 1 X 10° s7!. Under these assumptions, ‘CO;~ is a negligible sink

for syringol in the fog samples, accounting for 0.7% of the average measured syringol loss.

Hydrogen Ion / Aquated Electron (H' 3q/€  (aq))

Hydrogen ion (H") and aquated electron (¢ 5q) can be formed during irradiation or illumination
of dissolved organic matter in natural waters; these exist as a conjugate acid-base pair with a pK,
0f 9.6.°*3! In our fog samples, which have an average pH of 5.6, the predominant species would
be H' (aq). Zepp and co-workers®” determined the average steady-state concentration of ¢~ (ag) IN
sunlight-illuminated lake waters to be 1.2 x 10™"” M. As an upper bound, we assume the H"
concentration is equal to this. The rate constant for syringol reacting with H' is not known. Using
the average rate constant for methoxyphenol, 2.1 x 10° M~'s",**** | the pseudo-first-order rate

constant for loss of SYR due to hydrogen ion, k'syr_ p.1s 2.5 % 108 s_l, which would account for

a negligible 0.02 % of the average observed syringol loss.
Combined Contributions from Other Oxidants

Based on our upper-bound estimates, the loss of syringol due to hydroperoxyl radical/superoxide
radical anion (HO,"/°O,"), ozone (O3), carbonate radical ("CO; ") and hydrogen ion/aquated
electron (H" (aq)/e-(aq)) combines to ~ 1.0 x 107 s_l, which is 7.1% of the average measured
syringol loss. Based on this, we do not make any corrections for these minor oxidants but assume
that the loss of syringol is mainly due to “OH, 102* and >C* and that kK’ probesc* = k’syr — (k’syr.on

+ k’syr.102+ ) (eq 3, main text).
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