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ABSTRACT

Oxidizing triplet excited states of organic matter (*C*) drive numerous reactions in fog/cloud drops and
aerosol liquid water (ALW). Quantifying oxidizing triplet concentrations in ALW is difficult because *C*
probe loss can be inhibited by the high levels of dissolved organic matter (DOM) and copper in particle
water, leading to an underestimate of triplet concentrations. In addition, illuminated ALW contains high
concentrations of singlet molecular oxygen (‘O,*), which can interfere with *C* probes. Our overarching
goal is to find a triplet probe that has low inhibition by DOM and Cu(II), and low sensitivity to 'O2*. To
this end, we tested 12 potential probes from a variety of compound classes. Some probes are strongly
inhibited by DOM, while others react rapidly with 'O,*. One of the probe candidates, (phenylthiol)acetic
acid (PTA), seems well suited for ALW conditions, with mild inhibition and fast rate constants with
triplets, but it also has weaknesses, including a pH-dependent reactivity. We evaluated the performance of
both PTA and syringol (SYR) as triplet probes in aqueous extracts of particulate matter extracts. While
PTA is less sensitive to inhibition than SYR, it results in lower triplet concentrations, possibly because it

is less reactive with weakly oxidizing triplets.

KEYWORDS

Photooxidants, dissolved organic matter, singlet molecular oxygen, particle water, aerosol liquid water,

inhibition factor

SYNOPSIS

Because current probes for oxidizing organic triplet excited states fare poorly in concentrated extracts of

atmospheric particles, we evaluated a dozen molecules as possible alternatives.
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INTRODUCTION

Chromophoric dissolved organic matter (CDOM) in surface waters absorbs light to form triplet excited
states CCDOM?*), including an oxidizing subset (denoted as *C*) that can react with numerous
environmental contaminants.' Oxidizing triplets are also important in atmospheric waters, e.g.,
cloud/fog drops and aerosol liquid water (ALW), where they react with organics to form aqueous
secondary organic aerosol (agSOA),* ¢ and oxidize sulfite and organosulfur compounds to sulfate.”’
Triplets also produce other oxidants, including hydroxyl radical (*OH), singlet molecular oxygen ('0,*),
and hydrogen peroxide (HOOH).'*""* While hydroxyl radical is generally the only oxidant considered in
models of fog/cloud chemistry, *C* can be equally important as a sink for certain organics since triplet
concentrations can be 10 — 100 times higher than *OH.'*'* In addition, *C* concentrations are even higher
— by a few orders of magnitude — in ALW, where they appear to play a significant role in agSOA
formation.'®!” Therefore, knowing triplet steady-state concentrations is important to understand chemistry
in particle water. However, this goal is complicated since triplets represent a complex mixture with a wide

range of reactivities."'®

There are two general types of probes for *\CDOM?* quantification: energy transfer and electron transfer.
The first type takes advantage of the fact that triplets with sufficient energy (Et > 184 kJ mol™) can
transfer energy to dienes, resulting in their isomerization.'>'®*! Monitoring the isomerization of a probe
like sorbic acid and its derivatives is commonly used to quantify *CDOM?* concentrations.'**” The other
type of probe is electron transfer, where the oxidation of a probe such as 2,4,6-trimethylphenol (TMP) or
2,6-dimethoxyphenol (syringol or SYR) by *C* is monitored to determine the oxidizing triplet steady-
state concentration.'*'®#2% Since our long-term goal is to understand the contributions of triplets in
driving chemistry in particle water, our interest is on oxidizing triplets and so we focus here on electron-

transfer probes.

One complication with electron transfer probes is that DOM is both a photosensitizer that forms triplets,

but also an antioxidant that can inhibit triplet-induced oxidation.?**® For example, when compounds
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containing phenol or aniline moieties react with a triplet, they donate an electron and form an
intermediate phenoxyl or aniline radical,” which can be reduced by DOM to regenerate the parent
compound. This inhibition of the decay of phenol/aniline probes by DOM leads to an underestimate of the
triplet concentration. Similarly, nanomolar concentrations of Cu(Il) inhibit the net decay of phenols and
anilines by *C*.'"*%3! ‘While reactions of DOM and Cu(Il) with oxidized products of phenols and anilines
are environmentally relevant, they complicate accurate determination of triplet concentrations by probes
and should be avoided or corrected. Another potential complication is the reaction of electron-poor
phenoxyl radicals with phenol or aniline probes,** which could lead to an overestimate of *C*

concentrations, but we do not examine this issue here.

An ideal electron-transfer triplet probe would be resistant to regeneration by DOM after oxidation and
some electron-rich phenols like TMP are resistant to inhibition by DOM under surface water conditions
(i.e., up to approximately 6 mg C L' DOM).?**>3334 N_cyclopropylanilines were developed as DOM-
regeneration-resistant triplet probes, where the oxidized intermediate undergoes rapid and irreversible
ring-opening, avoiding reduction by aquatic DOM.* But it is unclear whether these probes work in
concentrated aqueous extracts of particles. In addition to higher DOM levels (millimolar to several
molar),***" aerosol liquid water has lower pH values ( < 5)** and much higher dissolved copper

concentrations (up to several millimolar),**

compared to surface waters. Additionally, biomass-burning
influenced aerosols can contain high concentrations of phenols, potent antioxidants that increase probe

inhibition.’*? In addition, since 'O,* concentrations can be higher than *C* in ambient particle water,'® a

triplet probe for PM extracts should react quickly with *C* but slowly with 'O,*.

In this study we evaluate the suitability of 12 triplet probes under aqueous particle extract conditions. We
examine the susceptibility of the probes for inhibition, including by a lab mixture of Cu(Il) and syringol

(a biomass-burning phenol) as well as by ambient particle extracts. To gauge the specificity of probes for
triplets, we also measure the rate constants for each with singlet oxygen and a model atmospheric triplet.

Based on our results, we identify a good candidate probe for triplets in atmospheric particle extracts and
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compare its performance to syringol, a probe we have used in the past, in several illuminated particle

extracts.

MATERIALS AND METHODS
Chemicals, Illuminations, and Kinetic Analysis

Details on chemicals, illuminations, and the determination of first-order rate constants for probe loss

(k'Lignt) are in Section S1 of the Supplemental Information.
Relative Rate Method

We determined second-order rate constants of probe compounds with the triplet state of 3,4-
dimethoxybenzaldehyde (DMB) at 20 °C using a relative rate method with methyl jasmonate (MeJA) as
the reference compound and simulated sunlight illumination.”® For rate constants with singlet oxygen
(also at 20 °C), we used a relative rate method with furfuryl alcohol (FFA) as the reference and 549 nm
illumination.”° Solutions containing 20 pM probe, 20 pM reference compound, and 100 pM DMB
(triplet precursor) or 20 uM Rose Bengal (‘O,* precursor) were prepared and adjusted to pH 4.2, a typical
value for ALW in California’s Central Valley during winter.*” We used *DMB* as our standard oxidizing
triplet because its reactivity appears similar to the average value of natural triplets in Davis fog waters and
PM extracts'*'®. We took aliquots at certain reaction times to determine first-order decay rate constants of
the reference (k 'rer) and probe (k ’probe). The bimolecular rate constant of probe reacting with *DMB* or

'02* (kprobe+ox) Was then determined from

kprobe+0x - ﬁ X kref+0x (1)
re

where kiet+ox is the second-order rate constant for the reference compound reacting with *DMB*

(kmesasspmpr = 4.1 (£ 1)x10°* M s or 'O2* (krrar102+ = 0.96 (£ 0.04)x10° M g71) 3334
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Inhibition Factors

We quantified inhibition of triplet probe oxidation using: (1) aqueous particulate matter extracts (PME;
see SI Section S2 for particle collection and extraction details), (2) Suwanee River Fulvic Acid, or (3) a
mixture of SYR and CuSOy, at a molar ratio of 70:1 (“SYR+Cu” solution) as a mimic of PME with high
antioxidant activity. 10 uM probe and a photosensitizer (15 pM benzophenone (BP) or 80 uM DMB)
were spiked into either Milli-Q water, SYR+Cu solution, or PME, each adjusted to pH 4.2. Solutions
were illuminated and the first-order rate constant of probe decay was determined. In our initial screening
of probes we used BP, which forms a more reactive triplet than DMB', so that experiments would be
more rapid; later /F' experiments used DMB, which is more relevant to atmospheric waters. The
photodegradation of probe compound in PME or SYR+Cu solution without photosensitizer was also

measured. The inhibition factor (IFp) for probe oxidation was calculated using®*

! !
k Sens,DOM ~— k DOM
IFP =

(2)

!
k Sens

where: k'sens pom> K pom» and k'se,s are the first-order decay rate constants of probe loss in (1) a solution
containing photosensitizer and either PME or SYR+Cu, in (2) PME or SYR+Cu solution without
photosensitizer, and in (3) Milli-Q water containing photosensitizer, respectively.” All k’ values were
corrected for internal light screening due to absorption by PME or triplet photosensitizer with screening

factors (S;), which were calculated with equation 2 in Smith et al.*®

For probe compounds that undergo
direct photodegradation, we subtracted this contribution in the probe decay from all three £’ terms. For

compounds without direct photodegradation, the decay in SYR+Cu solution is zero (i.e. k'pop = 0).
Quantifying Oxidizing Triplet Excited States of Organic Matter in PM Extracts

We determined concentrations of photogenerated *OH and 'O,* in PME as described in SI Section S3 and
Kaur et al.'® For oxidizing triplets, we spiked 10 uM of triplet probe in PME, illuminated the solution, and

measured the first-order decay rate constant & ’p exp. These values were normalized to sunlight conditions at
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midday on the winter solstice at Davis (solar zenith = 62°; j, g win = 0.0070 s™') and corrected for

internal light screening:

!
k P,exp

k’P,norm = X jZNB,win (3)

S/l X ] 2NB,exp
The contributions of *OH and 'O,* to probe decay were subtracted from &’ norm to obtain k’p 3¢+, the first-
order rate constant for probe loss due to triplets. We assume that *C* in PME has the same average
reactivity as DMB*,'*’ so the *C* concentration in a PME can be estimated with

k'p3cs
o e — @
P+3DMB+*

where kp.3pump+ is the second-order rate constant of probe with °DMB*. Rate constants for *DMB* with
the probes at pH 4.2 are 3.9 (= 0.7) x10° M"'s™! for SYR® and 2.5 (£ 0.6) x10° M"'s” for PTA (Table S2).
As discussed at the end of this paper, these *DMB*-probe rate constants might be higher than the
corresponding values with natural triplets in the PM extracts. If this is the case, we are underestimating
concentrations of oxidizing triplets. The triplet concentration in equation 4 is uncorrected for probe

inhibition; as described below, this correction is included in equation 8.

RESULTS AND DISCUSSION

Inhibition Effects on Triplet Probes in an Aerosol Water Mimic

There are at least two ways in which DOM and other sample components can alter the oxidation of probes
by triplet excited states: (1) regenerate the oxidized probe back to the parent form, which is an artifact that
leads to an underestimate of the *C* concentration, and (2) react directly with triplets to suppress their
steady-state concentration, which is not an artifact but instead reflects what occurs in the environment.”
To quantify these two effects, we measure inhibition factors (/F, equation 2) in solutions containing a

triplet precursor, triplet probe, and syringol and CuSOs as a lab mimic of particle water. SYR is a
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surrogate for ALW phenols, which are one of the DOM groups that inhibit triplet-induced oxidation,***

while Cu(I) is also present in atmospheric waters and inhibits the oxidation of phenols and anilines.***'%®
The /F quantifies how much SYR and Cu(Il) inhibit net probe oxidation: a value of 1 indicates no
inhibition, while an /F' of 0 means that probe oxidation is fully suppressed. Since high concentrations of
SYR can also suppress triplet concentrations, we also measure /F for furfuryl alcohol (FFA). FFA is a
probe for singlet oxygen,®’ whose concentration will be proportional to the triplet concentration.’
Therefore, FFA can be used to evaluate the extent of triplet suppression by DOM and other sample
components. While Cu(II) can also quench *C**° the copper concentration is much lower than SYR, so

Cu suppression of triplet concentrations in our /F' experiments is negligible. To distinguish between triplet

suppression and inhibition of probe oxidation, we define a corrected inhibition factor for the probe:

IFp
IFP,corr = [Frpa (5)
FF

This corrected /F, which quantifies inhibition of probe oxidation by removing the influence of reduced

triplet concentrations, is derived in SI Section S4.

We start by performing inhibition experiments with oxidizing triplet probes representing four different
organic classes: 2,4,6-trimethyl phenol (TMP), methyl jasmonate (MeJA), N-cyclopropylaniline (CAN),
and (phenylthio)acetic acid (PTA) (Figure 1). To examine the inhibition effect, we measure the pseudo
first-order rate constants of probe decay by the triplet excited state of BP (*BP*) in Milli-Q water and,
separately, in SYR+Cu solution at pH 4.2. An example of the decays of TMP and MeJA in illuminated

solution containing BP is in Figure S1.

Figure 1 shows the /F' (Panel A) and IFp o (Panel B) values for FFA and the four probes in the presence
of 70 uM SYR and 1 uM Cu(II). The IFrra of 0.66 (+ 0.02) indicates that this concentration of syringol

quenches roughly 34% of *BP* in air-saturated solutions. Assuming SYR has the same second-order rate
constant with *BP* as does TMP (5 x 10° M's),%2 70 uM SYR should quench 30% of *BP*, essentially

the same as the measured /F, indicating that /Frra can quantify triplet suppression. As shown in Figure 1,
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the IFwmera of 0.71 (£ 0.05) is not significantly different from /Frra, showing that MeJA oxidation by *BP*
is not inhibited by SYR-+Cu. This is also shown by the /Fneja corr Value of 1.08 (£ 0.08), which indicates
1Fp corr describes inhibition of oxidation and not suppression of triplet concentration. Since oxidation of
organic sulfur is not affected by phenol or natural organic matter,® sulfides such as (phenylthio)acetic acid
might be robust triplet probes. The IFpra corr Value of 0.69 (£ 0.04) shows that PTA decay is mildly
inhibited by SYR+Cu. *C* oxidizes PTA to form a sulfur-centered radical cation, which undergoes rapid
and irreversible decarboxylation, with a half-life of around 200 ns*-**. The resistance of PTA to inhibition
is likely because the sulfur radical cation falls apart more quickly than it can be reduced to its parent

compound.

Both CAN and TMP show resistance to inhibition under surface water conditions.>**> However, in
SYR+Cu solution their corrected /F values are smaller than 0.1, indicating that their oxidation by *BP* is
almost fully inhibited. In contrast, they are not inhibited by up to 20 mg C L' of Suwannee River fulvic
acid (SRFA),*** indicating that our ALW mimic of SYR and Cu(II) is a more stringent test condition.

Since Pan et al.*°

found that nanomolar concentrations of Cu(Il) can decrease TMP decay, we also
measured /F with SYR but not Cu(Il). As shown in Figure S2, IFrmp corr With 70 uM SYR is 0.51 (£ 0.04),
indicating that syringol itself can inhibit TMP decay by *C*, although not as significantly as Cu(II). This
is consistent with the fact that SYR and TMP have similar redox potentials and so SYR can reduce the

TMP phenoxyl radical cation back to TMP: Eox values vs. SHE are roughly 1.17 V for SYR (as measured

for the SYR analog 3,4-dimethoxyphenol) and 1.22 V for TMP 626567

Since we use SYR as the mimic of atmospheric water DOM, we cannot examine /Fsyr with this mimic.
Instead, we measure /Fsyr in a particle water extract (PME) with *BP*. As shown in Figure S3, we find
that the corrected /F for methyl jasmonate in PME is not significantly different from 1, consistent with the
result in Figure 1. In contrast, [Fp o values for SYR and TMP are 0.04 (= 0.04) and 0.01 (£ 0.05),

indicating that oxidation of SYR and TMP by *BP* is strongly inhibited in particle extracts. Since TMP,
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SYR, and CAN are strongly impacted by simulated ALW conditions, we search for a new triplet probe

that is more resistant to inhibition.

Screening Potential Triplet Probes

An ideal triplet probe for aerosol liquid water would not be inhibited by DOM or Cu (i.e., IFpcorr ~ 1) and
would react rapidly with *C* but slowly with 'O»*. The rate constant with 'O,* is important because
estimated 'O,* concentrations in ambient particle water are higher than those of oxidizing triplets.'® We
explored inhibition and singlet oxygen reactivity for 12 potential probes in five different organic classes:
sulfides, alkenes, amines, phenols, and cyclopropylanilines. For each probe, we measured rate constants
with '0,* and *DMB* at pH 4.2; we employ DMB as the triplet precursor because it is present in
biomass-burning particles and its triplet state has a reactivity similar to ambient triplets in fog waters and
particle water extracts.'*'®>” We also calculated the fraction of probe reacting with *C* in a concentrated
PME (PM mass/liquid water mass ratio of 4 x 10~ pg PM/ug H,0) to assess probe selectivity, using
estimated *OH, *C*, and '0,* concentrations of 1.7 x 105, 4.1 x 107", and 8.5 x 10> M, respectively.'®
We measured the IF of each probe at pH 4.2 using *BP* as the triplet and SYR+Cu as the mimic of
reducing species in ALW. For compounds that absorb sunlight, we also measured direct photolysis rate
constants. Structures for each probe are in Table S1, while Table 1 lists the results of our tests, which are

summarized below.

PTA reacts rapidly with the DMB triplet at pH 4.2 (kpras3pms+ = 2.5 x 10° M s™') and is significantly less
reactive with '0,*, with a rate constant ratio kpra:3pmp+/kpra+102+ of 284 (+ 71). At this high ratio, *C*
account for 90% of PTA oxidation in PME, indicating the probe has good triplet selectivity. Though it
undergoes direct photodegradation, this rate is negligible (roughly 50 times slower) compared with its
decay rate by triplets in PME. Also, PTA shows only mild inhibition (described earlier), indicating it is a

promising probe. We also examined three PTA analogs, (phenylthio)acetyl chloride, 2-



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

(phenylthio)ethanol, and S-phenyl thioacetate. However, the first one rapidly hydrolyzes in water to form
PTA, while the other two react slowly with DMB* (k < 10* M s') and 2-(phenylthiol)ethanol exhibits a

low IF value (0.14); because of its slow kinetics, we did not measure /F for S-phenyl thioacetate.

Alkenes appear to be a promising triplet probe class since methyl jasmonate (an alkene) shows very little
inhibition by DOM and SYR+Cu, as described above. However, four of the six alkenes we tested,
including MeJA, have low values of kyrobe+3pMB*/ kprobe+102#, indicating relatively poor selectivity towards
3C*. For the remaining two alkenes, other issues reduce their effectiveness as triplet probes. Terpineol
(TPN), like MeJA, has a corrected /F near one, indicating its decay is essentially not inhibited by
SYR+Cu, but it reacts relatively slowly with the DMB triplet (which was difficult to measure; see SI
Section S5) and thus has low specificity for triplets in particle water. Oxidation of the other alkene,
pulegone, is somewhat inhibited by SYR+Cu (/Fp corr = 0.30), which is not ideal but could work.
However, after performing our alkene probe tests we found in the literature that the reaction between
alkenes and *C* is not solely (or perhaps even predominantly) electron transfer, but also includes
photoaddition without electron transfer.®®’° Because of this, alkenes do not necessarily solely capture
oxidizing triplets and might not be a suitable probe to quantify them; this might also explain why alkenes
show only a modest correlation between rate constants with *BP* and modeled one-electron oxidation

potentials.”!

We next examined atenolol as a potential probe because some amines are resistant to regeneration by
phenol after oxidation by *C* and show no inhibition by Cu(II).?’** We measured /Fnt.corr of 0.86 (+
0.05), indicating minor inhibition by SYR+Cu, but, its *C*/'O,* rate constant ratio is low (55 (£16)),
indicating modest selectivity towards triplets in particle extracts. Our next class were the N-
cyclopropylanilines, which were developed by Pflug et al. as triplet probes that are resistant to inhibition
by SRFA at pH 7 and up to 20 mg C L' .** However, in pH 4.2 solutions containing 70 uM SYR and 1
uM Cu(Il), our two candidates - CAN and DCCAN - show low IFp corr values (0.04 and 0.14,

respectively), indicating their decay by *BP* is heavily inhibited. Moreover, the probes absorb sunlight
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(290 — 310 nm) and undergo appreciable direct photodegradation in our studies; while Pflug et al. used
UVA radiation (350 — 400 nm), our illumination system more closely simulates sunlight and includes
wavelengths as low as 290 nm.'>** We also had difficulty determining the CAN rate constant with
’DMB*, obtaining a rate constant higher than 10'° M s™!, the diffusion-controlled limit. This impossibly
high value suggests there might be an unknown oxidant reacting with CAN in our illuminated solutions.
Based on these results, CAN and DCCAN are poor choices for a *C* probe under aerosol liquid water
conditions. Lastly, the phenol probes (SYR and TMP) show strong inhibition by both PM extracts and

SYR+Cu, as mentioned above, while TMP also has a modest *C*/'O,* rate constant ratio (Table 1).

Kinetic Study on PTA

Based on our results shown in Table 1, PTA appears to be the best choice for a triplet probe under particle
extract conditions: it has a high Aprobe3pMB*/kprobe+102+ ratio and is only mildly inhibited by syringol and
Cu(Il). Therefore, we further investigated PTA as a triplet probe. One disadvantage of PTA is that it is an
acid, so its reactivity with triplets might vary with solution acidity. To explore this, we first determined
the pK, of PTA based on light absorbance measurements, finding a value of 3.56 (+ 0.02) (Figure S5). To
explore the pH dependence of PTA reactivity with °DMB*, we measured pseudo first-order rate constants
of PTA decay with *DMB* at different pH (Figure 2). The decay rate of PTA peaks at pH 3.5, is roughly
5 times lower at pH 2 and 5, and approaches zero at pH values above 6. This trend is likely due to the
different reactivities of the neutral and deprotonated forms of PTA. In addition, protonated °DMB* has a
pK. value of 3.3, with the protonated form having generally higher reactivity with phenols.”” The
measured first-order rate constant & pra is the mole-fraction weighted reactivity of the protonated and
deprotonated forms of *DMB* (HT and T, respectively) with the neutral and deprotonated forms of PTA

(HPTA and PTA", respectively):

! —
k'pra = a* ayraypra + b * ar@yprg + ¢ * Auyrapra- +d * ardpra (6)



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

where « is the mole fraction of each acid/base form of °DMB* or PTA, and a, b, ¢, and d represent the
reactivity of each combination of *DMB* and PTA acid-base forms. To fit our data to this equation,
initially we applied all parameters in the fitting. However, we found that 6 and ¢ are not independent,
while the value of d should be very low since & pra values are essentially zero at higher pH. Thus in our
second iteration we set parameters b and d to zero, but this resulted in a negative value of a, which is
unreasonable (Figure. S6). We then set a, b, and d to zero, resulting in an equation that fits the data
reasonably well (Figure 2), and gives a ¢ value of 0.046 min™'. This shows that DMB* reacts more
quickly with the deprotonated form of PTA, which is expected since this form is more electron rich than
the neutral form. Also the sulfur radical of the PTA anion has a shorter lifetime,* leading to faster
decarboxylation, compared to the equivalent radical of neutral PTA. Both forms of PTA seem to exhibit
poor reactivity towards neutral °DMB*. Overall, the strong pH dependence of the PTA-*DMB* reaction,
and the associated very low reactivity at high and low pH, is a weakness, but the probe works reasonably
well under mildly acidic conditions, which are common for aerosol liquid water at our location in
winter.** We also examined the pH dependence of PTA reacting with *BP* (Figure S7); here the rate
constant increases with increasing pH, plateauing around pH 4, which also suggests that the deprotonated

form of PTA is more reactive.

To investigate PTA reactivity with *OH, and its sensitivity to triplets with different energies, we
determined the bimolecular rate constants of PTA with *OH and two other triplets, 3'-
methoxyacetophenone (3MAP) and 2-acetonaphthone (2AN) at pH 4.2. The rate constants are shown in
Table S2, while the triplet energies and reduction potentials are in Table S3. The rate constant of PTA
with 3MAP* is 3.1 (£ 0.4) x 10° M's”!, which is statistically the same as with *DMB* (Table 1).
However, the rate constant with *2AN*, a weakly oxidizing triplet, is around 100 times lower, at 2.4 (£
0.2) x 10’ M s, In contrast, for SYR at pH 5 the rate constant with *2AN* is only 2 times lower than the
value with *DMB* (Figure S8)."* This apparent low reactivity of PTA with weakly oxidizing triplets

complicates determining triplet concentrations in environmental samples, where the relative amounts of
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different energy triplets is unknown. However, measuring triplets with both PTA and SYR might allow
determination of both highly and weakly oxidizing triplets. Because hydrogen peroxide (H»0O>) is formed
during illumination of atmospheric waters’®, we also investigated the potential dark reaction between PTA
and H>O,. As shown in Figure S9, this reaction is negligible, with less than 2% of PTA loss after 2.5 hr of

dark reaction with 100 pM H,O,.

Dependence of IFprs on SYR+Cu concentrations and EDC

Increasing DOM concentrations increases the inhibition of *C*-induced oxidation, which decreases the
rate of probe degradation.” To investigate the effect of DOM concentration on PTA decay by *C*, we
measured the inhibition factors of PTA and FFA as a function of SYR+Cu concentrations (at a fixed
molar ratio of 70:1) with DMB as the triplet precursor. We also investigated the relationship between /F
and electron donating capacity (EDC), which is correlated with the antioxidant capacity, phenolic content,
and inhibition efficiency of DOM.”*7” Moreover, Leresche et al. found that rate constants of quenching
an aromatic amine radical cation by phenol and DOM increase with EDC.*® We determined EDC using a
method modified from Walpen et al.”® and Yuan et al.”, as described in SI Section S6. Our goal was to
develop a relationship between /F and EDC so that we could predict /Fpra in solutions using EDC, which

is much simpler to measure than the corrected inhibition factor.

Figure 3 shows inhibition factors for PTA and FFA, and /Fpra com, as a function of SYR concentration in
solutions with triplet DMB: all three of these inhibition factors decrease with increasing SYR and Cu(II).
With 420 pM SYR and 6 uM Cu(Il), /Fgra is 0.44 (£ 0.03), indicating that more than half of °DMB* is
quenched. At this concentration, /Fpra is 0.23 (+ 0.01), showing high inhibition, corresponding to a

1FprA corr 0 0.53 (£ 0.04). We employed a kinetic model from Wenk et al. to fit the /Fpra cor data (SI
Section S4).%° In this model, the intermediate from probe oxidation can either undergo further irreversible

oxidation to form products (with a first-order rate constant ko), or be reduced by DOM to regenerate the
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parent probe (with second-order rate constant kr.q,pom). In this model the inverse of /Fpra corr can be

expressed by:

1 k
=1+ red,DOM[

SYR] 7
IFPTA,corr kox ( )

Figure 3B shows this fitting for our corrected PTA data. The linear regression has a slope of 0.0021 uM™,
while the inverse of this is [SYR]iy, i.e., the SYR concentration that causes /Fpra corr to equal 0.5. This
concentration is 480 puM, a fairly high value that shows the resistance of PTA to inhibition. In Figure 3A
we also show the regression fit to the /Frra data with Equation S10, which has the same functional form
as Equation 7 but different physical meanings for the fitting parameters (Section S4). Based on the /FFra
data, it takes approximately 300 uM SYR to quench half of the DMB triplets. Figure S11 shows the
dependence of /Fpra and /Frra on SYR using benzophenone as the triplet precursor. Compared with the
DMB results, IF for both FFA and PTA are lower with *BP*, likely because SBP* is a more reactive
triplet that is more rapidly quenched by SYR. However, /Fpta corr With *BP* does not behave in the same
way as it does with *DMB*, with the former showing an odd minimum at 70 uM SYR and a value

approaching unity at higher SYR and Cu(II) concentrations.

To investigate the relationship between inhibition and EDC, we fit a linear regression to the measured
1Frra and IFpra cor as a function of EDC in SYR+Cu solutions, particle water extracts, and SRFA at pH
4.2 (Figure 4). The y-intercept is set to 1, because at zero EDC there should be no inhibition (i.e., /F = 1).
We have expressed the x-axis as the product of EDC (mmol e gc') and DOC (g C L") with units of
mmol e~ L' so that we can quantify the total amount of electrons that DOM can donate in a solution. As
shown in Figure 4, [Frra values decrease with increasing EDCxDOC, consistent with the idea that higher
DOC corresponds to more triplet quenching. The SRFA result is an outlier, with an /Frra value close to 2,
suggesting that the interaction of DOM and *DMB* forms species that react with FFA, accelerating its
decay.? Other than that, /Frra correlates modestly well with EDC (R* = 0.59). Since values of IFgpa

greater than 1 indicate no suppression of triplet concentrations, under this condition, we assume that
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1Fp corr equals IFp (Section S4) for all solutions. As shown in Figure 4B, /Fpra corr shows a good correlation
with EDC in the SYR+Cu solutions, but the relationship is poor for the SRFA and PME solutions,

suggesting EDC is a poor predictor for probe inhibition across different samples. This poor relationship in
the natural samples might be because of a contribution to EDC from Fe(I)*, which we did not measure in

our samples.

Determination of [*C*] in PME using PTA as the triplet probe

For our last experiments, we used PTA and SYR to evaluate probe inhibition and determine triplet
concentrations in four aqueous extracts of fine particles. These PMEs were prepared from PM; s samples
collected in Davis, CA; extract DOC concentrations range from 9.9 to 105 mg C L. Sample details are
provided in Table S4: PMEI is from a sample collected on a clear summer day; PME2 and PME3 are
extracted from winter samples with residential wood burning; and PME4 represents air that was heavily

impacted by summer wildfires.

As shown in Figure 5A, IFrra in the PMEs is 1 or greater, indicating that *DMB* is not significantly
quenched by DOM. In contrast, based on the rate constants of aquatic DOM quenching *C* determined
by Wenk et al.,”® we would expect DOM to quench 13 — 30% of triplets at our highest DOC concentration
of 105 mg C L', Though IF¥ra indicates little or no quenching of triplets by DOM in PME samples, we
continue to use IFp corr fOr the rest of this discussion; as described in Section S4, when IFrra > 1, we do not
make a correction to the probe inhibition factor and assume IFp corr = IFp. In PME1 with low DOC (9.9 mg
C L), IFsyR cor and IFpra corr are both around 0.76, indicating neither is heavily impacted by DOM in this
relatively dilute PME. For PME2 and PME3, which have moderate DOC (64 and 69 mg C L™), corrected
IF values for SYR are 0.50 (£ 0.11) and 0.16 (£ 0.03), respectively, and for PTA are 1.2 (= 0.1) and 1.3 (£
0.1). Thus, while SYR decay by *DMB* is significantly inhibited by DOM, PTA is not. For PME4, the

extract from the wildfire particles, corrected /F values for SYR and PTA are 0.31 (= 0.02) and 0.60 (+
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0.04), respectively. Thus both probes are inhibited in this sample (though PTA is less affected), possibly
because of abundant antioxidant phenols, which are present in biomass-burning aerosols.**? This is
consistent with the high EDC value of PME4 (Table S4). However, there is no consistent trend of /F

values with DOC, though we expected that the extent of inhibition would increase with DOC.

We next determined triplet concentrations in the four PM extracts based on SYR and PTA data. We also
measured *OH and 'O,* concentrations so that we could subtract their contributions to SYR and PTA
decay in PME (Table S5). *OH accounts for 5% — 17% of SYR decay and 7% — 28% of PTA decay,
while '0,* contributes 9% — 17% and 4% — 9%, respectively. Based on our past work,'*'® we assume that
3C* in PME have similar reactivity as *DMB* and use the second-order rate constants of each probe with
’DMB* to calculate the *C* concentration from each set of probe data. We then correct each triplet

concentration for inhibition using***’

[Pl

IF, P,corr

(8)

[3C*]P,corr =

As described in Section S4, when [Fp corr is greater than 1 (which indicates no inhibition) we do not make

a correction for the *C* concentration, i.e., we use [°C*]p.cor = [?C*]p.

As Figure 5B shows, uncorrected *C* concentrations derived from PTA range from (0.02 —2) x 10> M,
while SYR-derived [*C*] are in the range of (0.07 — 2) x10™"* M, with [?C*]pra/[*C*]syr ratios of 0.3 to
2.2. Based on the properties of these two probes (Table 1), we expected that uncorrected triplet
concentrations would be higher with PTA as a probe (since it is less susceptible to inhibition than SYR),
but this expectation is only true for PME2 and PME3. With IF correction, [*C*]p corr increases by factors
of 1 — 1.7 for PTA and 1.3 — 4.8 for SYR, respectively, compared to the corresponding uncorrected value.
We also expected that correcting for inhibition would yield similar [°?C*] for the two probes. However, we
only observe this in PME2, while for the other three samples the triplet concentration from /F-corrected
PTA data is lower than the concentration from /F-corrected SYR data. The range of

[PC*1pra con/[PC*]syr corr is 0.27 — 0.88 with a mean value of 0.45. A ratio less than 1 might be explained
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by the higher oxidation potential of PTA (1.47 V vs. SHE, estimated using the Marcus equation) than
SYR (~1.17 V vs. SHE),*** suggesting that PTA can miss weakly oxidizing triplets that are captured by
SYR. This is consistent with the PTA having a much lower rate constant than SYR with the weakly
oxidizing 2-acetonapthone triplet (Figure S8 and Table S3). PME4, the wildfire sample, has the lowest
value of [*C*]pra con/[°C*]syR com, suggesting that *C* in PME4 are less oxidizing than those in other
samples. This is consistent with the observation that highly aromatic DOM, such as in wildfire particles,*
might show a lower triplet reactivity.”> These observations indicate that it would be useful to consider
oxidation potential as another important factor in future work on triplet probe selection, since this

influences the pool of oxidizing triplets that can be quantified.

Our results in the particle extracts show that PTA is less sensitive to inhibition to DOM than SYR, as
expected from our lab solutions, but we also found some disadvantages to PTA. For one, the *C*
concentration obtained by PTA is lower than that from SYR after /F’ correction, suggesting PTA is
“missing” the weakly oxidizing triplets that are seen with SYR. In addition, the PTA reactivity with
triplets depends on pH, which reduces its utility. As for SYR, it suffers more from inhibition but captures
more of the total pool of oxidizing *C*; the same is probably true for other phenols such as TMP. Given
the different sensitivities of PTA and SYR to weakly oxidizing triplets, applying both triplet probes might

provide a more comprehensive understanding of *C* concentrations as well as their oxidizing character.

Finally, we can combine the singlet molecular oxygen and oxidizing triplet results from our PM extracts
to gain more information about SYR and PTA as triplet probes. As described by McNeill and Canonica’,
under dilute conditions the ratio ['02*]/[?°CDOM?*], where *CDOM?* denotes the total triplet pool, is
proportional to the product faxkoz, where f4 is the fraction of *CDOM*-O2 interactions that form singlet
oxygen and ko, is the second-order rate constant for this interaction. Based on surface water values for
these parameters*®®’, ['0,*]/[?°CDOM*] ~0.3, while the average (1 o) ratio of ['02*]/[?°C*]syr in our
PM extracts is 7.9 + 3.4 (Table S5). This 26-fold higher ratio in PME is probably caused by a

combination of three factors. First, we are only measuring oxidizing triplets CC*), a subset of the total
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triplet pool, so ['0.*]/[?°C*] will be equal to or larger than ['0,*]/[°CDOM?*]. Second, the *DMB* rate
constants with SYR and PTA that we use to determine [?C*] might be larger than the rate constants of
natural triplets with our probes, which would cause us to underestimate concentrations of oxidizing
triplets. Third, if triplets in atmospheric particles have higher values of fo and ko, than triplets in surface
waters, this would increase the ['0,*]/[?°CDOM?*] ratio; for example, using values from model triplets
yields a ratio of 1.8"*. While the first factor — that oxidizing triplets are only a fraction of the total triplet
pool — certainly accounts for some of the difference between measured and calculated oxidant ratios, the

contributions of the second and third factors are currently unclear.
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434  Figure 1. Inhibition factor (Panel A) and the corrected inhibition factors (Panel B; equation 5) for triplet
435  probes reacting with *BP* in solutions containing 70 uM SYR and 1 uM Cu(Il) at pH 4.2. Error bars

436  represent £1 standard error propagated from linear regressions.



437  Table 1. Information on potential probe compounds (P) ?
% (k ’30*) in
Class Compound kpapmpr M'sD)  kpoor M5 kp+3pmp*/kpr102+ PME" IF° IFp con” J(she
Sulfide g}:?de?ngﬂg))acem 2.5 (£0.6) x 10 8.8 (£0.6) x 10° 284 (£71) 90 0.45 (£0.02)  0.69 (£0.04) 1.0 (£0.1) x 107
?ﬁg}f;amonate 41 (*1.0)x 10° 6.0 (20.7) x 10° 68 (£18) 67 0.71 (£0.05)  1.08 (£0.08) n/at
Terpineol (TPN) 2.1 (£0.2) x 10 1.7 (20.1) x 10° 121 (£16) 64 0.65 (£0.01)  0.99 (+0.03) n/a
Alkene  Pulegone 4.7 (*12)x 10° 3.7 (£0.4) x 10’ 128 (£37) 85 0.25 (£0.02)  0.30 (£0.03) 1.4 (£0.3) x 10
cis-3-Hexenyl acetate 2.7 (£0.7) x 10° 6.2 (£1.4) x 10° 44 (£15) 57 ND" ND n/a
Prenyl acetate 1.5 (£0.4) x 10° 1.0 (£0.2) x 10’ 15 (£5) 34 0.61 (£0.06)  0.93 (+0.09) n/a
Linalool 1.7 (£0.4) x 10° 1.5 (£0.2) x 10® 11 (£3) 35 ND ND n/a
Amine  Atenolol (ANL) 1.0 (20.3) x 10° 1.8 (£0.2) x 10° 55 (£16) 46 0.56 (£0.03)  0.86 (£0.05) n/a
é\éjglfll)‘)pmpylamhne n/a’ 2.8 (£0.6) x 10° n/a n/a 0.03 (£0.01)  0.04 (£0.01) 5.2 (£0.8) x 10
Anilines 3,5-dichloro-N-
cyclopropylaniline 1.5(£0.2) x 10" 6.0 (£1.1) x 10® 24 (£5) 54 0.09 (£0.01)  0.14 (0.01) 2.4 (£0.1) x 10*
(DCCAN)
Syringol (SYR) 3.9 (£0.7) x 10% 3.6 (£0.7) x 107 107 (£29) 82 n/a n/a <3.6 x10°¢!
Phenols -tri
?{;fpgr‘methylpheml 2.4 (£0.4)x 10° 6.2 (£1.0) x 107 39 (£9) 64 0.01 (£0.01)  0.02 (£0.01) n/a
438  ?Values were determined at 20 °C. Errors in parentheses are 1 standard error.
439  "Percentage of probe decay due to triplet reaction in a concentrated particle extract, calculated at an extract particle mass/water mass ratio of 4 x 10~ pg PM/ug
440 H,0 based on results from Kaur et al.,'"® where *OH, *C*, and '0,* concentrations were 1.7x10'5, 4.1x10™", and 8.5x107'> M, respectively.
441  ° Inhibition factor in solutions containing 70 UM SYR and 1 uM Cu. We used 15 pM BP as the triplet precursor, except for pulegone, where we used 80 pM
442 DMB.
443 YF omected is calculated with equation 5 and IFrra values., which are 0.66 with 15 uM BP and 0.83 with 80 uM DMB.

444  °The direct photolysis rate constants are determined at pH 4.2 and normalized to sunlight conditions at midday on the winter solstice at Davis (solar zenith = 62°;
445 JonBwin = 0.0070 s7).

446  'The rate constant is determined with the direct measurement method, see details in Figure S8.

447  ®Not applicable.

448  "Not determined.

449  'The rate constant of CAN measured with the relative rate method (>10"' M s") is much higher than the diffusion-controlled rate constant (approximately 10'® M-
450 's 1, indicating a problem. One possibility is that an oxidant other than triplet DMB is responsible for most of the probe loss.

451  JFrom Smith et al.*®

452 *From Tratnyek et al.®®

453 'From Kaur et al."*
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456  Figure 2. Influence of pH on the first-order PTA decay rate constant due to the DMB triplet; rate

457  constants are corrected for direct photodegradation and are normalized to a joxg value of 0.007 s,

458  Solutions contained 10 uM DMB, 10 puM PTA, and either H,SO4 or NaOH for pH adjustment and were
459  maintained at 20 °C. The red line is the regression fit to eq 6, with pK, values of °DMB* and PTA of 3.5
460 and 3.56, respectively,72 and values of a, b, and d set as zero. The resulting fitted value of ¢ is 0.046 min’.

461  Error bars represent £1 SE, propagated from the linear regressions and jong.

462

463



464
465

466

467

468

469

470

471

0 . } 4 } 1 } . } .
0 100 200 300 400 500
[SYR] (LM)
2.5
[ B
2 4 ] i
) o))
- i . — !
= i = 'i
3 : . * y=0.0021x + 1
Q y y
= ! +. R2=0.916
0.5 +
0 . : L } A : L } L
0 100 200 300 400 500
[SYR] (uM)

Figure 3. (A) Inhibition factors of FFA (blue) and PTA (red), and the corrected inhibition factor of PTA
(green) as a function of SYR concentration with 80 uM DMB as the triplet precursor in solution at pH
4.2; solutions also contain Cu(Il) at a molar ratio of SYR/Cu(Il) of 70:1. The solid lines represent linear
regression fits between the inverse of IF values versus the SYR concentration. (B) The inverse of

IF correcteapta (from Panel A) as a function of SYR concentration. For both panels, error bars represent +1

SE, propagated from the linear regressions.
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Figure 4. The inhibition factor of FFA (Panel A) and corrected inhibition factor of PTA (Panel B) as a
function of the product of electron donating capacity (EDC) with dissolved organic carbon (DOC) in
SRFA (orange), PME (green), and SYR+Cu (blue) solutions with 80 uM DMB as the triplet precursor at
pH 4.2. Error bars represent +1 SE, propagated from the linear regressions of the FFA and/or PTA decay

plots. Data are available in Table S3. Lines represent the linear regressions of all data points.
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Figure 5. (A) Inhibition factors of FFA and corrected inhibition factors of SYR and PTA in particle
extracts with 80 uM DMB as the triplet precursor at pH 4.2. (B) Raw (solid symbols) and inhibition-
corrected (open symbols) concentrations of *C* determined from SYR (blue squares) and PTA (yellow
circles) as a function of dissolved organic carbon concentration. To separate the SYR and PTA results, we
add 5 mg C L' to the DOC concentration for each PTA-derived value. To more clearly show the PME2
and PMES3 results, we subtract 5 mg C L™ from the former when plotting it. The uncorrected and /F-
corrected *C* derived by PTA values are overlapping for PME2 and PME3. Error bars represent +1 SE,

propagated from the regressions of probe decay and second-order rate constants.
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Section S1. Chemicals, illumination, and Kinetic analysis

All chemicals were used as received. Methyl jasmonate (95%), furfuryl alcohol (FFA, 98%), linalool

(97%), cis-3-Hexenyl acetate(= 98%), prenyl acetate (= 98%), atenolol (= 98%), (phenylthiol)acetic
acid (PTA, 96%), pulegone (= 98.5%), syringol (SYR, 99%), benzophenone (BP, 99%), a-terpineol (=

96%), 3,4-dimethoxybenzaldehyde (DMB, 99%), Rose Bengal (95%), 2,4,6-trimethylphenol (97%), and

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, = 98%) were from

Millipore Sigma. N-cyclopropylaniline (97%) was from Acrotein and 3,5-dichrolo-N-cyclopropylaniline
(95%) was from EnamineStore. Suwannee River Fulvic Acid (SRFA) was obtained from the International
Humic Substances Society. All chemical solutions were prepared using air-saturated ultrapure water

(Milli-Q water) from a Milli-Q Advantage A10 system (Millipore; =18.2 MQ c¢m) with an upstream

Barnstead activated carbon cartridge.

Solutions were pipetted either into a silicone-plugged GE 021 quartz tube (5 mm inner diameter, 1.0 mL
volume) or a 1-cm quartz cuvette (5 mL, Spectrocell). Samples were illuminated at 20 °C with a 1000 W
xenon arc lamp filtered with a water filter, an AM1.0 air mass filter (AM1D-3L, Sciencetech), and a 295
nm long-pass filter (20CGA-295, Thorlabs) to simulate tropospheric sunlight. Dark control samples were
wrapped in aluminum foil and kept in the photoreactor chamber. During illumination, aliquots were
collected from the illuminated and dark cells at specific time intervals to measure concentrations of
probes with high-performance liquid chromatography (HPLC, Shimadzu LC-20AB pump, Thermo

Scientific Accucore XL C18 column (50 x 3 mm, 4 pm bead), and Shimadzu-M20A UV-Vis detector).

The measured pseudo-first-order rate constant for probe loss (k Lighi) Was determined as the negative of the

slope from a linear regression of In([probe]/[probe]o) versus illumination time (¢), where [probe]o is the
concentration of probe compound at time zero. The photon flux of the photoreactor was determined on
each experiment day by measuring the photolysis rate constant of a 10 uM 2-nitrobenzaldehyde (2NB)

solution in the same type of container as that day’s sample.'
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Section S2. Particle collection and extraction method

Particles were collected on the roof of Ghausi Hall on the UC Davis campus in December 2019, January
2020, and August 2020. In August 2020, there were several wildfires around Davis and air quality was
heavily impacted. PM, s was collected on Teflon-coated borosilicate glass microfiber filters (Pall

Corporation, EmFab™

filters, 8 in. X 10 in., pre-cleaned by gently shaking in Milli-Q water and then
drying at 100 °C) by a high-volume sampler equipped with a PM, inlet (Graseby Andersen) and two
offset, slotted impactor plates (Tisch Environmental, Inc., 230 series) to remove particles greater than 2.5
um. The airflow rate was maintained at 40 (+1) cfm. Particles were either collected for 24 hr or a week.
Upon collection, samples were wrapped in aluminum foil (baked previously at 500 °C for 8 hr) and stored
at —20 °C. To prepare particulate matter extracts (PMEs), filters were cut into 2 cm x 2 ¢cm pieces, which
were each placed in individual 20-mL amber glass vials and extracted with 1.0 mL Milli-Q water by
shaking for 4 hr in the dark. The extracts from the same filter were combined, filtered (0.22 pm PTFE;
Pall corporation), and adjusted to pH 4.2 using sulfuric acid to mimic the acidity of particle water.> PMEs
were flash-frozen in liquid nitrogen immediately after preparation and were later thawed on the day of the
experiment. Dissolved organic carbon (DOC) and major ion concentrations were measured by a

Shimadzu TOC-VCPH analyzer and Metrohm ion chromatographs (881 Compact IC Pro) equipped with

conductivity detectors, respectively. PME sample information is provided in Table S5.
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Section S3. Determination of hydroxyl radical (*OH) and singlet oxygen ('0,*) concentrations in

PME

Details about determining *OH and 'O,* concentrations are provided in Anastasio et al.> and Kaur et al.*
and are only discussed briefly here. To determine *OH concentrations in PME, we spiked pH-unadjusted
10 uM benzoic acid (BA) into PME and illuminated it in a quartz tube, taking aliquots occasionally to
measure benzoic acid concentrations by HPLC in order to determine the pseudo-first order decay rate
constant for BA loss. The *OH concentration was determined and normalized to sunlight conditions at
midday on the winter solstice at Davis (solar zenith = 62°; j,yp in = 0.0070 s™) and corrected for
internal light screening by equation S1:

k'sa

[OH] = - XJ ; S
kpa+.on X Sa X jongexp ZNBwin

where k', is the measured first-order decay rate constant of BA, kp44.oy is the second-order rate
constant of BA reacting with *OH at pH 4.2 (5.1 x 10° M s7),>¢ 5, is the internal light screening factor
in an individual sample (determined based on the wavelength range 280 — 364 nm), and j,yp exp 1S the

photolysis rate constant of 2-nitrobenzaldehyde (2NB) measured on the experiment day.

To determine 'O,* concentrations, we used FFA as a probe and heavy water (D,0) as a diagnostic tool.
We prepared two solutions for each sample: one where 0.5 mL of PME was diluted with 0.5 mL H»O and
one diluted with 0.5 mL deuterium oxide (D,0O). We spiked 10 uM FFA into both solutions and
determined the loss rate constants of FFA during illumination. The '0,* concentration in the undiluted
sample was determined from the difference of FFA loss rate constants in H,O and D,O using equation 14
in Kaur and Anastasio.” 'O,* concentrations were normalized by light screening factors of PME and to

Davis winter sunlight, analogous to equation S1.
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862  Figure S1. Representative plot of decay of TMP and MeJA by the triplet excited state of BP with and
863  without SYR+Cu at pH 4.2. Results shown are for solutions containing 10 uM TMP or MeJA, 15 uM BP,
864  and with or without 70 uM SYR and 1 uM Cu(II).
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Section S4: Probe inhibition factors and derivation of equation 5

Scheme 1 shows the kinetic model for reaction of a probe (P) with an oxidizing triplet state (*C*) and the

potential inhibition of net probe loss by DOM, as developed by Canonica et al. and Wenk et al.*®

DOM
kred,DOM
3C* pe+ k,  Oxidized
P Ko.3cr Product
Scheme S1

The probe (P) is oxidized by *C* with a rate constant kp.3c+ to form the intermediate radical cation (P*").
The intermediate can either undergo further oxidation to form oxidized product with first-order rate

constant kox, or be reduced by DOM back to P with a second-order rate constant krca,pom.

In addition to regenerating oxidized probe, DOM can also reduce net probe loss by acting as a sink for
triplets, decreasing the steady-state concentration of *C*. We can quantify this suppression of triplet
concentration by DOM with the inhibition factor for FFA loss (IFrra). Since the 'O,* concentration is

proportional to total *C*, IFrra can be expressed as

[*C*]pom

FC'lo ¢

[Fppy =

where [*C*]pow is the triplet concentration in the presence of DOM (or SYR+Cu), and [*C*]y is the triplet
concentration without DOM or SYR+Cu. In the absence of DOM or SYR+Cu, the pseudo-first-order

decay rate constant of triplet probe by *C* can be expressed as:
k;J,o = kP+3C*[3C*]0 ($3)

In the presence of DOM or SYR+Cu, the decay rate of the probe by *C* can be expressed with the

equation below from Wenk et al.:’

k
! — k . 3c* < ox ) S4
p,DOM P+3C [ ]DOM kox + kred,DOM[DOM] ( )

where the factor in parentheses represents the fraction of P*" that is oxidized to stable product rather than
reduced back to P. Based on this, the inhibition factor for the probe (/Fp), can be expressed as a function

Of[FFFAI
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kOJC

! k * 3C*
IF. = Kppom 3€ [ ]DOM(kox + kred,DOM[DOM])
b =

— = IF < kox
kI(’,O kP+3C*[3C*]0 Fra kox + kred,DOM [DOM]

> (55)

The inhibition factor IFp includes both of the impacts of DOM on probe loss, i.e., the decrease in *C*
concentration and regeneration of oxidized probe back to its original state. We define IFp ., as the

corrected inhibition factor, which only expresses the inhibition effect of DOM on P*":

Kox ) IFp

= S6
kox + kred,DOM [DOM] ( )

IF, = =
P,corr < Ii FFFA

A value of IFgrpa greater than 1 indicates DOM is not appreciably suppressing the *C* concentration.
Under this condition, we assume [Fpcorr = IFp. A value of IFp above 1 indicates no suppression of probe
loss by sample components (e.g., DOM or SYR + Cu). Under this condition we assume /Fp corr = IFp, and
we do not make a correction for the *C* concentration. The four cases for values of IFp and [Frra are
shown in the table below: the entry for each pair of values shows how the corresponding value of IFp corr

was calculated.

IFp<1 IFp >1
IFFFA S 1 IFP / IFFFA IFP a
IFgra > 1 1Fp IFp?

* While we report /Fp,cor = IFp for samples when IFp > 1, we do not make a correction for the *C*

concentration when IFp corr > 1, i.e., we use [?C*]p.cor = [?C*]p.

We can also derive an equation for the inhibition factor of FFA due to triplet quenching. In equation S2,

[*C*Ipom and [*C*]o can be expressed as

P
3¢ pom = - s7
¢ lbow k'o2 + kpom+3c<[DOM] 57
% P3C*
[*C*1o = o (58)

where Psc+ is the rate of *C* formation, ko, is the pseudo-first-order rate constant of dissolved oxygen
quenching *C*, which is a constant, and kpowm+sc+ is the second-order rate constant of DOM quenching

3C*. Therefore, IFrra can be expressed as

EPeA L) K
k'o2 + kpom+ac<[DOM 02
IF, = = 59
Fra %C* k'o2 + kpom+3c<[DOM] (59)
02

543



913

914

915
916

917

918

919
920
921
922

Taking the inverse of equation S9, we obtain:

1+

1 — kDOM+3C* [
IFFFA k,02

DOM] (510)

This equation has the same functional form as equation 7 in the main text but the fitted parameters here

have different physical meanings.

1 6
Short irradiation time
0.8 . e
©-Long irradiation time
<06 T 1
<04 4 51’ . :
B S—)
0.2 +
0 e —
0 100 200 300
[SYR] (uM)

Figure S2. Influence of SYR on the decay of TMP by *BP*, shown as the corrected inhibition factor of
TMP. Since the TMP decay at each SYR concentration was not strictly first order, with TMP decays
faster at short irradiation times, we calculated /Frmp corr With both the short- and long-time kinetic data.

Solutions contained 10 uM TMP, 15 uM BP, and 0 to 280 uM syringol. No Cu(Il) was added.
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Figure S3. Inhibition factors of probe compounds in PMES with 15 uM BP as the triplet precursor. Data

are shown in Table S3. Error bars represent +1 standard error propagated from the linear regression.
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Table S1. The structures of probe compounds in Table 1

Classes Compounds Structure pK.
o)
Sulfide  (Phenylthio)acetic acid (PTA) ©/s\)ko|-| 3.56°
o)
OCH;
Methyl jasmonate (MeJA)
= /CH3
O,
Terpineol (TPN) /©/‘<CH3
HsC
0
Alkenes Pulegone He —<:/§_{H3
Hy
o)
cis-3-Hexenyl acetate HaCAOA/\k
CHs
o CHs
Prenyl acetate HGA 0 /\%\CH3
. HO
Linalool W
. (¢] N_ _CH; b10
A Atenolol (ANL o 9.6
mine enolol ( ) " @ \C(Hs
N
N-cyclopropylaniline (CAN) ©/ W ~4 6°11
Anilines cl N
3,5-dichloro-N-cyclopropylaniline (DCCAN) \@/ W
[
OH
Syringol (SYR) ”3C°©OC”3 ~10.0412
Phenols o
HsC CHs
2,4,6-trimethylphenol (TMP) 10.9"
H3

* In this work.

® pK, of atenolol with protonated nitrogen

° pK, value of protonated aniline.

4 pK, value of guaiacol (2-methoxyphenol).
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Section S5. Determination of the second-order rate constant of TPN with SDMB*

The photochemical reaction between a carbonyl compound and an alkene can form an oxetane through
the Paterno-Biichi reaction.'*'"” This is a photocyloaddition between an excited carbonyl compound
(singlet or triplet state) and an alkene. The mechanism can either form a diradical intermediate or an
exciplex from charge-transfer complexes. The latter involves intermolecular electron transfer to form a
radical-ion pair, which is observed only for very electron-rich alkenes.'® The mechanistic pathway
depends on the difference in redox potentials between the alkene and the singlet or triplet state of the
carbonyl compound.'” If the redox potential of alkene is smaller, electron transfer might proceed.
Therefore, the reaction between alkene and triplets does not necessarily involve electron transfer,
complicating the use of alkenes to determine concentrations of oxidizing triplets. Consequently, alkenes
do not appear to be appropriate as probes for oxidizing triplets, although alkene decay is not inhibited by

DOM, which is likely a consequence of the irreversible formation of oxetane.

Prior to recognizing the Paterno-Biichi reaction, we worked to assess alkenes as oxidizing triplet probes
because of their resistance to inhibition. We encountered difficulty determining the bimolecular rate
constant of a-terpineol with *DMB*. As shown in Figure S4, our measured values are different with
different methods. The red triangles represent rate constants obtained with a direct measurement
technique described in Smith et al. and Ma et al.'"™!® The values of the rate constant vary by a factor of 2.5
between the two measurements. Also, when using a relative rate method, the TPN concentration appears
to affect the TPN rate constant: rate constants determined with 10 uM TPN are about 4 times lower than

those measured with 20 uM TPN.
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958  Figure S4. Measured second-order rate constants of TPN reacting with *DMB* at pH 2 with two different
959  experimental methods. The red triangles represent values obtained with a direct measurement method.*
960  The open blue circles represent values from a relative rate method using 10 uM TPN, while the solid blue

961  circles represent the values obtained using 20 pM TPN.
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Figure S5. (A) Absorption spectrum of 50 uM PTA at pH 4.2 in a 1-cm cuvette. (B) The absorbance of
50 uM PTA solution at 247 nm as a function of pH in a 1-cm cuvette. Data are fitted with the equation

Abspra-—AbSHPTA

[H]
1+

Abstor = AbSypra + to obtain pKa, Abspra- and Absupra values, where Abstor is the

absorbance of a 50 uM PTA solution (in a 1-cm cell) at 247 nm at different pH values, Absupra and
Abspra- are the absorbance values of the protonated and deprotonated forms of PTA, respectively. From
the fitting, pK, = 3.56 (£ 0.02), Absupra = 0.28 (£ 0.01) and Abspra- = 0.35 (£ 0.01). (C) Winter solstice-

normalized direct photodegradation rate constant of PTA as a function of pH. Data are fitted with the

. . jprA-—JHPTA
equation jror = Jypra T
Ka

to jupra- and jpra- values, which are direct photodegradation rate

constants of protonated and deprotonated forms of PTA, respectively. From the fitting, jupra- = 3.5 (£ 0.7)

x10* min™ and jpra. = 5.8 (£ 0.5) x10™ min™',
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Figure S6. Dependence of the measured first-order PTA decay rate constant on pH for illuminated
solutions containing 10 uM DMB and 10 uM PTA at 20 °C. The red dashed line is the regression in
Figure 2. The green solid line represents the regression fit to eq 6 using 3.3 as the pK, of *DMB*, with a,
b, and d set as zero and the fitted ¢ value of 0.059 min™' The yellow solid line represents the regression fit

with b and d set to zero, with fitted @ and c values of -1.9 x10™ min" and 0.046 min™', respectively.
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Figure S7. pH dependence of the first-order PTA decay rate constant for illuminated solutions containing
15 uM BP and 10 uM PTA at 20 °C. The red line is the regression fitted to a BP-analog of eq 6, with a
and ¢ set to zero and fitted 5 and d values of 0.0069 min™ and 0.19 min™', respectively. The yellow line
represents the regression fit with @, b, and ¢ set as zero and a fitted d value of 0.020 min"'. We used the

3BP* pK, of 1.5 in all regression fits.”'
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Table S2. Second-order rate constants of PTA reacting with triplet excited states, singlet oxygen, and

hydroxyl radical.

Rate constant at pH 4.2 Method
(Reference compound)

Reference
compound rate
constant

Reference for
reference
compound rate
constant

M s ™)
Kprassps 5.0 (20.9) x 109
Kpra+3pMB* 2.5 (+0.6) ><109
Kprasamars 3.1 (20.4) x 10
Kprasaane 2.4 (20.2) x 107
kprati02¢ 8.8 (20.6) x 106
kpra+on* 10.3 (£0.6) x 109

Relative (TMP)
Direct®

Relative (TMP)
Relative (TMP)
Relative (FFA)

Relative (Benzene)

5.1(209)x 10
) 9
2.6 (£0.3) x 10
72 (£0.1) % 10
1.0 (£0.1) x 10
77 (£0.4) x10

Canonica et al.'?

Canonica et al."?

Canonica et al."?

Appiani et al.?

Kochany et al.”*

*See Figure S9

Table S3. Characteristic of model triplet species

Model Triplet Er (k] mol™")? Eo*CC*/C*) (V)" pKs®
2-acetonaphthone ((2AN*) 249 1.10

3-methoxyacetophenone 303 1.64

(3MAP*)

3,4-dimethoxybenzaldehyde 268 - 3.3¢
(°’DMB*)

Benzophenone (°BP*) 288 1.69 1.5¢

All values are from Canonica et al. and Felber et al. unless noted'***

*Triplet state energy (Ti— So)

® One-electron reduction potential for the triplet/triplet radical anion pair
¢ Acid dissociation constant of the protonated triplet state

4 Reference 20%°
¢ Reference 212!
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1001  Figure S8. Bimolecular rate constants for syringol (blue) and (phenolthio)acetic acid (yellow) with the
1002 triplet excited states of four model organics. Structures show the ground state of each photosensitizer.
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1005  Figure S9. The dark reaction of 20 uM PTA and 100 uM H,O- at pH 4.2. The PTA loss is less than 2%,
1006  which is negligible compared to PTA loss in corresponding experiments with triplets.
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1010  Figure S10. Inverse of the PTA first-order decay rate constant with *DMB* as a function of initial PTA
1011 concentration at pH 4.2. The dotted line is a linear regression fit to the data. Error bars on points represent
1012 £ 1 standard error propagated from the errors of & ’pra and jpra. Details of the method to determine

1013 kprasspmp+ are provided in Smith et al. and Ma et al.'**°
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Section S6. Electron Donating Capacity (EDC) Determination

We adapted the EDC method from Walpen et al. and Yuan et al.>>*, using a 0.10 mM ABTS (2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) solution prepared with acetate buffer (0.05 M) to maintain pH
at 4.2. We prepared a 10 mM NaClO solution by diluting concentrated sodium hypochlorite solution
using the molar absorption coefficient of hypochlorite ((292 nm) = 359 M'em™ at pH 11).” The
ABTS®" solution was prepared by adding 10 mM NaClO to ABTS solution to oxidize around 70% of the
ABTS to ABTS*", and then shaking for 10 min. To determine EDC for PME, 200 uL PME (for extracts
with high DOC) or 1 ml PME (for extracts with low DOC) was spiked into 5.0 mL of ABTS*" solution.
After spiking, we shook the solution for 5 min and then let it stand for 10 min. The absorbance of the
solution at 728 nm was measured by a UV-Vis spectrophotometer to determine the ABTS®" concentration
(using a molar absorption coefficient &€ = 14000 M cm™ at 728 nm)*® and EDC was determined from a

standard curve prepared using Trolox.
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Figure S11. Inhibition factors of FFA (blue) and PTA (red), and the corrected inhibition factor of PTA
(green), as a function of SYR concentration with 15 uM BP as the triplet precursor in SYR+Cu solution at
pH 4.2. The red and blue lines were determined from linear regressions between the inverse of /F values

versus the SYR concentration. Error bars represent £1 SE, propagated from the linear regression.
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Table S4. Summary of inhibition factors of probes with different DOM

420
70uM  140puM  210pM 280 M 350 uM pM
PME1 PME2 PME3 PME4 PME5 SRFA SRFA SYR+ SYR+ SYR+ SYR+ SYR+ SYR+
1 uM 2 uM 3uM 4 uM 5 uM 6 uM
Cu(ll) Cu(ll) Cu(l) Cu(dl) Cud)  Cu(ll)
DOC (mg C L) 9.9 63.7 68.8 104.9 27.8 25.8 51.5 6.7 13.4 20.2 26.9 33.6 40.3
EDC ., 18 1.7 4.4 1.7
mmole gy O @o)  @02) 0.0 ) L) ey 36 28 28 27 29 29
EDCxDOC 0.11 0.12 0.47 0.08
(mmol e” L) <LOD (+0.01) (+0.01) (+0.01) ] 0.04 (+0.01)  (+0.02)  0.25 0.38 0.56 0.73 0.96 1.16
— 1.10 1.00 1.30 1.00 ) 0.83 0.77 0.56 0.55 0.50 0.44
(£0.07) (£0.20) (£0.12) (£0.12) 1.91 (+0.14) - (£0.04)  (£0.04) (£0.04) (£0.04) (£0.10) (£0.03)
IFw/80 0 0.76 0.48 0.21 0.31 ]
uM DMB (+0.03)  (+0.03) (+0.04)  (+0.02) 1.17 (+0.10) - - - - - - -
— 0.75 1.24 1.26 0.60 ) 0.74 0.54 0.44 0.35 0.27 0.23
(£0.03)  (£0.06)  (£0.03)  (£0.04) 0.83 (+0.05) - (0.01)  (£0.01) (£0.01) (+0.01) (£0.01) (+0.01)
FFA ] ] ] ] 0.68 ] 0.71 0.66 0.52 0.42 0.35 )
(£0.10) (£0.32)  (£0.02)  (£0.03) (£0.03)  (£0.02)
0.03 0.61
SYR - - - - (+0.04) - (0.11) ) - - ) - ;
PTA ] ] ] ] ] ) ] 0.45 0.41 0.36 0.31 )
(£0.02)  (£0.01) (£0.01)  (+0.10)
IF w/ 15 0.01 0.01
uM BP T™MP ) i i ) (£0.05) ) ) (£0.01) i ) i i i
Aten- 0.41
olol ) ) i (£0.04) i i ) ) i ) ) )
A ) ) ) ) 0.66 ) 0.47 0.71 0.49 0.41 ) ) )
(£0.04) (£0.02)  (£0.05) (£0.01) (£0.01)
TPN ) ] ] ) ] ) 0.65 0.49 0.43 0.35 ]
(+0.01)  (£0.01)  (+0.01) (+0.01)

Errors (in parentheses) represent one standard error propagated from the error of linear regression.

? Below detection limit.

® PMES was used to determine /F values with BP but was not characterized for photooxidant concentrations.
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Table SS. Information on PME samples

Sample ID PMEI PME2 PME3 PME4 PMES5®
01/10/16 -
Collection dates 08/04/20 - 08/21/20 | 01/03/20 - 01/10/20 | 12/17/19 - 12/24/19 | 08/24/20 - 08/25/20 | 01/12/16
Collection time (hr) 24 168 (one week) 168 (one week) 24 28
Daily PM; 5 concentration
(ng m*-air)’ 6.9 9.0 10 50 5.9
Average mass of PM
extracted (ug)” 79 (£14) 620 (£53) 540 (£35) 311 (x21) 132 (x11)
PM mass/water ratio
(10 ug PM/pg H.0) 0.79 (£0.14) 6.2 (£0.5) 5.4 (£0.4) 3.1 (£0.2) 1.3 (20.1)
o300 (cm™)° 0.020 0.553 0.723 1.524 0.33
AAE (300-450)° 6.7 7.7 7.4 7.4 6.2
DOC (mg C L 9.9 63.7 68.8 104.9 278
EDC (mmol e L) <LOD* 0.11 (+0.01) 0.12 (+0.01) 0.47 (+0.01) -
['0,*] (102 M) 0.080 (+0.003) 2.3 (£0.1) 2.5 (£0.2) 3.0 (+0.2) ]
[OH] (107° M) 0.23 (x0.03) 4.7 (£0.3) 3.9 (£0.3) 2.0 (£0.4) 3
IFrea 1.10 (0.07) 0.97 (+0.20) 1.30 (+0.12) 1.00 (£0.12) -
IFsyr’ 0.76 (£0.03) 0.48 (£0.03) 0.21 (x0.04) 0.31 (£0.02) )
IFsyR corr 0.76 (+0.03) 0.49 (£0.11) 0.21 (+0.04) 0.31 (£0.02) -
IFpral 0.75 (£0.03) 1.24 (x0.06) 1.26 (£0.03) 0.60 (£0.04) )
IFp1acor 0.75 (+0.03) 1.24 (+0.06) 1.26 (+0.03) 0.60 (£0.04) -
[C*]syr (10 M) 0.66 (£0.15) 9.3 (¢¥1.9) 9.4 (£2.2) 20 (£5) )
C*]syRr.cor (107 M) 0.87 (£0.20) 19 (£6) 45 (£13) 64 (x16) )
[C*]pra (107 M) 0.21 (x0.09) 21 (£5) 20 (£5) 10 (£3) ]
[FC*]prA cor (1074 M) 0.28 (£0.12) 21 (£5) 20 (£5) 17 (+4) -

1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049

~2020)

S57

® The average (+ 16) mass of PM extracted from each 2 cm x 2 cm filter square.

¢ Base-10 absorbance coefficient of the extract (in cm™) at 300 nm.

4 Absorption Angstrom Exponent (AAE) describes the dependence of absorbance on wavelength from 300
nm to 450 nm and is calculated with equation: AAE = [log(Absso)— log(Absase)]/10g(300/450), where
Abssso and Abssg are the absorbances at 450 and 300 nm, respectively.

¢ Below detection limit.

f IF values shown in this table were measured with 80 pM DMB.

¢ PMES was prepared using a particle filter collected by Kaur et al.” PMES was used to determine /F values
with BP but was not characterized for photooxidant concentrations.

*Daily PM s concentration for each sampling period measured at the UC Davis sampling site by the
California Air Resources as reported on the ;ADAM online database (California Air Resources Board, 2019
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