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ABSTRACT 5 

Oxidizing triplet excited states of organic matter (3C*) drive numerous reactions in fog/cloud drops and 6 

aerosol liquid water (ALW). Quantifying oxidizing triplet concentrations in ALW is difficult because 3C* 7 

probe loss can be inhibited by the high levels of dissolved organic matter (DOM) and copper in particle 8 

water, leading to an underestimate of triplet concentrations. In addition, illuminated ALW contains high 9 

concentrations of singlet molecular oxygen (1O2*), which can interfere with 3C* probes. Our overarching 10 

goal is to find a triplet probe that has low inhibition by DOM and Cu(II), and low sensitivity to 1O2*. To 11 

this end, we tested 12 potential probes from a variety of compound classes. Some probes are strongly 12 

inhibited by DOM, while others react rapidly with 1O2*. One of the probe candidates, (phenylthiol)acetic 13 

acid (PTA), seems well suited for ALW conditions, with mild inhibition and fast rate constants with 14 

triplets, but it also has weaknesses, including a pH-dependent reactivity. We evaluated the performance of 15 

both PTA and syringol (SYR) as triplet probes in aqueous extracts of particulate matter extracts. While 16 

PTA is less sensitive to inhibition than SYR, it results in lower triplet concentrations, possibly because it 17 

is less reactive with weakly oxidizing triplets. 18 
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SYNOPSIS 24 

Because current probes for oxidizing organic triplet excited states fare poorly in concentrated extracts of 25 

atmospheric particles, we evaluated a dozen molecules as possible alternatives. 26 

 27 



INTRODUCTION 28 

Chromophoric dissolved organic matter (CDOM) in surface waters absorbs light to form triplet excited 29 

states (3CDOM*), including an oxidizing subset (denoted as 3C*) that can react with numerous 30 

environmental contaminants.1–3 Oxidizing triplets are also important in atmospheric waters, e.g., 31 

cloud/fog drops and aerosol liquid water (ALW), where they react with organics to form aqueous 32 

secondary organic aerosol (aqSOA),4–6 and oxidize sulfite and organosulfur compounds to sulfate.7–9 33 

Triplets also produce other oxidants, including hydroxyl radical (•OH), singlet molecular oxygen (1O2*), 34 

and hydrogen peroxide (HOOH).10–13 While hydroxyl radical is generally the only oxidant considered in 35 

models of fog/cloud chemistry, 3C* can be equally important as a sink for certain organics since triplet 36 

concentrations can be 10 – 100 times higher than ●OH.14,15 In addition, 3C* concentrations are even higher 37 

– by a few orders of magnitude – in ALW, where they appear to play a significant role in aqSOA 38 

formation.16,17 Therefore, knowing triplet steady-state concentrations is important to understand chemistry 39 

in particle water. However, this goal is complicated since triplets represent a complex mixture with a wide 40 

range of reactivities.1,18  41 

There are two general types of probes for 3CDOM* quantification: energy transfer and electron transfer. 42 

The first type takes advantage of the fact that triplets with sufficient energy (ET ≥ 184 kJ mol-1) can 43 

transfer energy to dienes, resulting in their isomerization.13,18–21 Monitoring the isomerization of a probe 44 

like sorbic acid and its derivatives is commonly used to quantify 3CDOM* concentrations.19,20 The other 45 

type of probe is electron transfer, where the oxidation of a probe such as 2,4,6-trimethylphenol (TMP) or 46 

2,6-dimethoxyphenol (syringol or SYR) by 3C* is monitored to determine the oxidizing triplet steady-47 

state concentration.14,16,22,23 Since our long-term goal is to understand the contributions of triplets in 48 

driving chemistry in particle water, our interest is on oxidizing triplets and so we focus here on electron-49 

transfer probes.  50 

One complication with electron transfer probes is that DOM is both a photosensitizer that forms triplets, 51 

but also an antioxidant that can inhibit triplet-induced oxidation.24–28 For example, when compounds 52 



containing phenol or aniline moieties react with a triplet, they donate an electron and form an 53 

intermediate phenoxyl or aniline radical,29 which can be reduced by DOM to regenerate the parent 54 

compound. This inhibition of the decay of phenol/aniline probes by DOM leads to an underestimate of the 55 

triplet concentration. Similarly, nanomolar concentrations of Cu(II) inhibit the net decay of phenols and 56 

anilines by 3C*.17,30,31. While reactions of DOM and Cu(II) with oxidized products of phenols and anilines 57 

are environmentally relevant, they complicate accurate determination of triplet concentrations by probes 58 

and should be avoided or corrected. Another potential complication is the reaction of electron-poor 59 

phenoxyl radicals with phenol or aniline probes,32 which could lead to an overestimate of 3C* 60 

concentrations, but we do not examine this issue here. 61 

An ideal electron-transfer triplet probe would be resistant to regeneration by DOM after oxidation and 62 

some electron-rich phenols like TMP are resistant to inhibition by DOM under surface water conditions 63 

(i.e., up to approximately 6 mg C L–1 DOM).24,25,33,34 N-cyclopropylanilines were developed as DOM-64 

regeneration-resistant triplet probes, where the oxidized intermediate undergoes rapid and irreversible 65 

ring-opening, avoiding reduction by aquatic DOM.35 But it is unclear whether these probes work in 66 

concentrated aqueous extracts of particles. In addition to higher DOM levels (millimolar to several 67 

molar),36–40 aerosol liquid water has lower pH values ( ≤ 5)41–44 and much higher dissolved copper 68 

concentrations (up to several millimolar),45–49 compared to surface waters. Additionally, biomass-burning 69 

influenced aerosols can contain high concentrations of phenols, potent antioxidants that increase probe 70 

inhibition.50–52 In addition, since 1O2* concentrations can be higher than 3C* in ambient particle water,16 a 71 

triplet probe for PM extracts should react quickly with 3C* but slowly with 1O2*.  72 

In this study we evaluate the suitability of 12 triplet probes under aqueous particle extract conditions. We 73 

examine the susceptibility of the probes for inhibition, including by a lab mixture of Cu(II) and syringol 74 

(a biomass-burning phenol) as well as by ambient particle extracts. To gauge the specificity of probes for 75 

triplets, we also measure the rate constants for each with singlet oxygen and a model atmospheric triplet. 76 

Based on our results, we identify a good candidate probe for triplets in atmospheric particle extracts and 77 



compare its performance to syringol, a probe we have used in the past, in several illuminated particle 78 

extracts. 79 

 80 

MATERIALS AND METHODS 81 

Chemicals, Illuminations, and Kinetic Analysis 82 

Details on chemicals, illuminations, and the determination of first-order rate constants for probe loss 83 

(k′Light) are in Section S1 of the Supplemental Information. 84 

Relative Rate Method 85 

We determined second-order rate constants of probe compounds with the triplet state of 3,4-86 

dimethoxybenzaldehyde (DMB) at 20 °C using a relative rate method with methyl jasmonate (MeJA) as 87 

the reference compound and simulated sunlight illumination.53 For rate constants with singlet oxygen 88 

(also at 20 °C), we used a relative rate method with furfuryl alcohol (FFA) as the reference and 549 nm 89 

illumination.53–55 Solutions containing 20 µM probe, 20 µM reference compound, and 100 µM DMB 90 

(triplet precursor) or 20 µM Rose Bengal (1O2* precursor) were prepared and adjusted to pH 4.2, a typical 91 

value for ALW in California’s Central Valley during winter.42 We used 3DMB* as our standard oxidizing 92 

triplet because its reactivity appears similar to the average value of natural triplets in Davis fog waters and 93 

PM extracts14,16. We took aliquots at certain reaction times to determine first-order decay rate constants of 94 

the reference (k’ref) and probe (k’probe). The bimolecular rate constant of probe reacting with 3DMB* or 95 

1O2* (kprobe+Ox) was then determined from 96 

𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+𝑂𝑂𝑂𝑂 =
𝑘𝑘′𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑘𝑘′𝑟𝑟𝑟𝑟𝑟𝑟

× 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟+𝑂𝑂𝑂𝑂                                                                 (1) 97 

where kref+Ox is the second-order rate constant for the reference compound reacting with 3DMB* 98 

(kMeJA+3DMB* = 4.1 (± 1)×108 M-1 s-1) or 1O2* (kFFA+1O2* = 0.96 (± 0.04)×108 M-1 s-1).53,54 99 



Inhibition Factors 100 

We quantified inhibition of triplet probe oxidation using: (1) aqueous particulate matter extracts (PME; 101 

see SI Section S2 for particle collection and extraction details), (2) Suwanee River Fulvic Acid, or (3) a 102 

mixture of SYR and CuSO4 at a molar ratio of 70:1 (“SYR+Cu” solution) as a mimic of PME with high 103 

antioxidant activity. 10 µM probe and a photosensitizer (15 µM benzophenone (BP) or 80 µM DMB) 104 

were spiked into either Milli-Q water, SYR+Cu solution, or PME, each adjusted to pH 4.2. Solutions 105 

were illuminated and the first-order rate constant of probe decay was determined. In our initial screening 106 

of probes we used BP, which forms a more reactive triplet than DMB1, so that experiments would be 107 

more rapid; later IF experiments used DMB, which is more relevant to atmospheric waters. The 108 

photodegradation of probe compound in PME or SYR+Cu solution without photosensitizer was also 109 

measured. The inhibition factor (IFP) for probe oxidation was calculated using24 110 

𝐼𝐼𝐼𝐼𝑃𝑃 =
𝑘𝑘′𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑘𝑘′𝐷𝐷𝐷𝐷𝐷𝐷

𝑘𝑘′𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
                                                                          (2) 111 

where: 𝑘𝑘′𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝐷𝐷𝐷𝐷𝐷𝐷, 𝑘𝑘′𝐷𝐷𝐷𝐷𝐷𝐷, and 𝑘𝑘′𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 are the first-order decay rate constants of probe loss in (1) a solution 112 

containing photosensitizer and either PME or SYR+Cu, in (2) PME or SYR+Cu solution without 113 

photosensitizer, and in (3) Milli-Q water containing photosensitizer, respectively.25 All k’ values were 114 

corrected for internal light screening due to absorption by PME or triplet photosensitizer with screening 115 

factors (Sλ), which were calculated with equation 2 in Smith et al.56 For probe compounds that undergo 116 

direct photodegradation, we subtracted this contribution in the probe decay from all three k’ terms. For 117 

compounds without direct photodegradation, the decay in SYR+Cu solution is zero (i.e. 𝑘𝑘′𝐷𝐷𝐷𝐷𝐷𝐷 = 0).  118 

Quantifying Oxidizing Triplet Excited States of Organic Matter in PM Extracts 119 

We determined concentrations of photogenerated •OH and 1O2* in PME as described in SI Section S3 and 120 

Kaur et al.16 For oxidizing triplets, we spiked 10 µM of triplet probe in PME, illuminated the solution, and 121 

measured the first-order decay rate constant k’P,exp. These values were normalized to sunlight conditions at 122 



midday on the winter solstice at Davis (solar zenith = 62°; 𝑗𝑗2𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑤𝑤 = 0.0070 s-1) and corrected for 123 

internal light screening: 124 

𝑘𝑘′𝑃𝑃,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = �
𝑘𝑘′𝑃𝑃,𝑒𝑒𝑒𝑒𝑒𝑒

𝑆𝑆𝜆𝜆 × 𝑗𝑗2𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒
� × 𝑗𝑗2𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑤𝑤                                                   (3) 125 

The contributions of •OH and 1O2* to probe decay were subtracted from k’P,norm to obtain k’P,3C*, the first-126 

order rate constant for probe loss due to triplets. We assume that 3C* in PME has the same average 127 

reactivity as 3DMB*,16,57 so the 3C* concentration in a PME can be estimated with 128 

[ 𝐶𝐶∗ 
3 ]𝑃𝑃 =

𝑘𝑘′𝑃𝑃,3𝐶𝐶∗

𝑘𝑘𝑃𝑃+3𝐷𝐷𝐷𝐷𝐷𝐷∗
                                                                      (4) 129 

where kP+3DMB* is the second-order rate constant of probe with 3DMB*. Rate constants for 3DMB* with 130 

the probes at pH 4.2 are 3.9 (± 0.7) ×109 M-1s-1 for SYR58 and 2.5 (± 0.6) ×109 M-1s-1 for PTA (Table S2). 131 

As discussed at the end of this paper, these 3DMB*-probe rate constants might be higher than the 132 

corresponding values with natural triplets in the PM extracts.  If this is the case, we are underestimating 133 

concentrations of oxidizing triplets. The triplet concentration in equation 4 is uncorrected for probe 134 

inhibition; as described below, this correction is included in equation 8. 135 

 136 

RESULTS AND DISCUSSION 137 

Inhibition Effects on Triplet Probes in an Aerosol Water Mimic 138 

There are at least two ways in which DOM and other sample components can alter the oxidation of probes 139 

by triplet excited states: (1) regenerate the oxidized probe back to the parent form, which is an artifact that 140 

leads to an underestimate of the 3C* concentration, and (2) react directly with triplets to suppress their 141 

steady-state concentration, which is not an artifact but instead reflects what occurs in the environment.59  142 

To quantify these two effects, we measure inhibition factors (IF, equation 2) in solutions containing a 143 

triplet precursor, triplet probe, and syringol and CuSO4 as a lab mimic of particle water. SYR is a 144 



surrogate for ALW phenols, which are one of the DOM groups that inhibit triplet-induced oxidation,26,60 145 

while Cu(II) is also present in atmospheric waters and inhibits the oxidation of phenols and anilines.30,31,46 146 

The IF quantifies how much SYR and Cu(II) inhibit net probe oxidation: a value of 1 indicates no 147 

inhibition, while an IF of 0 means that probe oxidation is fully suppressed. Since high concentrations of 148 

SYR can also suppress triplet concentrations, we also measure IF for furfuryl alcohol (FFA). FFA is a 149 

probe for singlet oxygen,61 whose concentration will be proportional to the triplet concentration.1 150 

Therefore, FFA can be used to evaluate the extent of triplet suppression by DOM and other sample 151 

components. While Cu(II) can also quench 3C*,30 the copper concentration is much lower than SYR, so 152 

Cu suppression of triplet concentrations in our IF experiments is negligible. To distinguish between triplet 153 

suppression and inhibition of probe oxidation, we define a corrected inhibition factor for the probe: 154 

𝐼𝐼𝐼𝐼𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐼𝐼𝐼𝐼𝑃𝑃
𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹

                                                                           (5) 155 

This corrected IF, which quantifies inhibition of probe oxidation by removing the influence of reduced 156 

triplet concentrations, is derived in SI Section S4. 157 

We start by performing inhibition experiments with oxidizing triplet probes representing four different 158 

organic classes: 2,4,6-trimethyl phenol (TMP), methyl jasmonate (MeJA), N-cyclopropylaniline (CAN), 159 

and (phenylthio)acetic acid (PTA) (Figure 1). To examine the inhibition effect, we measure the pseudo 160 

first-order rate constants of probe decay by the triplet excited state of BP (3BP*) in Milli-Q water and, 161 

separately, in SYR+Cu solution at pH 4.2. An example of the decays of TMP and MeJA in illuminated 162 

solution containing BP is in Figure S1.  163 

Figure 1 shows the IF (Panel A) and IFP,corr (Panel B) values for FFA and the four probes in the presence 164 

of 70 μM SYR and 1 μM Cu(II). The IFFFA of 0.66 (± 0.02) indicates that this concentration of syringol 165 

quenches roughly 34% of 3BP* in air-saturated solutions. Assuming SYR has the same second-order rate 166 

constant with 3BP* as does TMP (5 × 109 M-1 s-1),62 70 μM SYR should quench 30% of 3BP*, essentially 167 

the same as the measured IF, indicating that IFFFA can quantify triplet suppression. As shown in Figure 1, 168 



the IFMeJA of 0.71 (± 0.05) is not significantly different from IFFFA, showing that MeJA oxidation by 3BP* 169 

is not inhibited by SYR+Cu. This is also shown by the IFMeJA,corr value of 1.08 (± 0.08), which indicates 170 

IFP,corr describes inhibition of oxidation and not suppression of triplet concentration. Since oxidation of 171 

organic sulfur is not affected by phenol or natural organic matter,8 sulfides such as (phenylthio)acetic acid 172 

might be robust triplet probes. The IFPTA,corr value of 0.69 (± 0.04) shows that PTA decay is mildly 173 

inhibited by SYR+Cu. 3C* oxidizes PTA to form a sulfur-centered radical cation, which undergoes rapid 174 

and irreversible decarboxylation, with a half-life of around 200 ns63,64. The resistance of PTA to inhibition 175 

is likely because the sulfur radical cation falls apart more quickly than it can be reduced to its parent 176 

compound.  177 

Both CAN and TMP show resistance to inhibition under surface water conditions.24,35 However, in 178 

SYR+Cu solution their corrected IF values are smaller than 0.1, indicating that their oxidation by 3BP* is 179 

almost fully inhibited. In contrast, they are not inhibited by up to 20 mg C L–1 of Suwannee River fulvic 180 

acid (SRFA),24,35 indicating that our ALW mimic of SYR and Cu(II) is a more stringent test condition. 181 

Since Pan et al.30 found that nanomolar concentrations of Cu(II) can decrease TMP decay, we also 182 

measured IF with SYR but not Cu(II). As shown in Figure S2, IFTMP,corr with 70 µM SYR is 0.51 (± 0.04), 183 

indicating that syringol itself can inhibit TMP decay by 3C*, although not as significantly as Cu(II). This 184 

is consistent with the fact that SYR and TMP have similar redox potentials and so SYR can reduce the 185 

TMP phenoxyl radical cation back to TMP: EOX values vs. SHE are roughly 1.17 V for SYR (as measured 186 

for the SYR analog 3,4-dimethoxyphenol) and 1.22 V for TMP.62,65–67  187 

Since we use SYR as the mimic of atmospheric water DOM, we cannot examine IFSYR with this mimic. 188 

Instead, we measure IFSYR in a particle water extract (PME) with 3BP*. As shown in Figure S3, we find 189 

that the corrected IF for methyl jasmonate in PME is not significantly different from 1, consistent with the 190 

result in Figure 1. In contrast, IFP,corr values for SYR and TMP are 0.04 (± 0.04) and 0.01 (± 0.05), 191 

indicating that oxidation of SYR and TMP by 3BP* is strongly inhibited in particle extracts. Since TMP, 192 



SYR, and CAN are strongly impacted by simulated ALW conditions, we search for a new triplet probe 193 

that is more resistant to inhibition.  194 

 195 

Screening Potential Triplet Probes 196 

An ideal triplet probe for aerosol liquid water would not be inhibited by DOM or Cu (i.e., IFP,corr ~ 1) and 197 

would react rapidly with 3C* but slowly with 1O2*. The rate constant with 1O2* is important because 198 

estimated 1O2* concentrations in ambient particle water are higher than those of oxidizing triplets.16 We 199 

explored inhibition and singlet oxygen reactivity for 12 potential probes in five different organic classes: 200 

sulfides, alkenes, amines, phenols, and cyclopropylanilines. For each probe, we measured rate constants 201 

with 1O2* and 3DMB* at pH 4.2; we employ DMB as the triplet precursor because it is present in 202 

biomass-burning particles and its triplet state has a reactivity similar to ambient triplets in fog waters and 203 

particle water extracts.14,16,57 We also calculated the fraction of probe reacting with 3C* in a concentrated 204 

PME (PM mass/liquid water mass ratio of 4 × 10-3 µg PM/µg H2O) to assess probe selectivity, using 205 

estimated ●OH, 3C*, and 1O2* concentrations of 1.7 × 10-15,  4.1 × 10-13, and 8.5 × 10-12 M, respectively.16 206 

We measured the IF of each probe at pH 4.2 using 3BP* as the triplet and SYR+Cu as the mimic of 207 

reducing species in ALW. For compounds that absorb sunlight, we also measured direct photolysis rate 208 

constants. Structures for each probe are in Table S1, while Table 1 lists the results of our tests, which are 209 

summarized below. 210 

PTA reacts rapidly with the DMB triplet at pH 4.2 (kPTA+3DMB* = 2.5 × 109 M-1 s-1) and is significantly less 211 

reactive with 1O2*, with a rate constant ratio kPTA+3DMB*/kPTA+1O2* of 284 (± 71). At this high ratio, 3C* 212 

account for 90% of PTA oxidation in PME, indicating the probe has good triplet selectivity. Though it 213 

undergoes direct photodegradation, this rate is negligible (roughly 50 times slower) compared with its 214 

decay rate by triplets in PME. Also, PTA shows only mild inhibition (described earlier), indicating it is a 215 

promising probe. We also examined three PTA analogs, (phenylthio)acetyl chloride, 2-216 



(phenylthio)ethanol, and S-phenyl thioacetate. However, the first one rapidly hydrolyzes in water to form 217 

PTA, while the other two react slowly with 3DMB* (k < 108 M–1 s–1) and 2-(phenylthiol)ethanol exhibits a 218 

low IF value (0.14); because of its slow kinetics, we did not measure IF for S-phenyl thioacetate. 219 

Alkenes appear to be a promising triplet probe class since methyl jasmonate (an alkene) shows very little 220 

inhibition by DOM and SYR+Cu, as described above. However, four of the six alkenes we tested, 221 

including MeJA, have low values of kprobe+3DMB*/kprobe+1O2*, indicating relatively poor selectivity towards 222 

3C*. For the remaining two alkenes, other issues reduce their effectiveness as triplet probes. Terpineol 223 

(TPN), like MeJA, has a corrected IF near one, indicating its decay is essentially not inhibited by 224 

SYR+Cu, but it reacts relatively slowly with the DMB triplet (which was difficult to measure; see SI 225 

Section S5) and thus has low specificity for triplets in particle water. Oxidation of the other alkene, 226 

pulegone, is somewhat inhibited by SYR+Cu (IFP,corr = 0.30), which is not ideal but could work. 227 

However, after performing our alkene probe tests we found in the literature that the reaction between 228 

alkenes and 3C* is not solely (or perhaps even predominantly) electron transfer, but also includes 229 

photoaddition without electron transfer.68–70 Because of this, alkenes do not necessarily solely capture 230 

oxidizing triplets and might not be a suitable probe to quantify them; this might also explain why alkenes 231 

show only a modest correlation between rate constants with 3BP* and modeled one-electron oxidation 232 

potentials.71  233 

We next examined atenolol as a potential probe because some amines are resistant to regeneration by 234 

phenol after oxidation by 3C* and show no inhibition by Cu(II).27,30 We measured IFANL,corr of 0.86 (± 235 

0.05), indicating minor inhibition by SYR+Cu, but, its 3C*/1O2* rate constant ratio is low (55 (±16)), 236 

indicating modest selectivity towards triplets in particle extracts. Our next class were the N-237 

cyclopropylanilines, which were developed by Pflug et al. as triplet probes that are resistant to inhibition 238 

by SRFA at pH 7 and up to 20 mg C L–1.35 However, in pH 4.2 solutions containing 70 μM SYR and 1 239 

μM Cu(II), our two candidates - CAN and DCCAN - show low IFP,corr values (0.04 and 0.14, 240 

respectively), indicating their decay by 3BP* is heavily inhibited. Moreover, the probes absorb sunlight 241 



(290 – 310 nm) and undergo appreciable direct photodegradation in our studies; while Pflug et al. used 242 

UVA radiation (350 – 400 nm), our illumination system more closely simulates sunlight and includes 243 

wavelengths as low as 290 nm.15,35 We also had difficulty determining the CAN rate constant with 244 

3DMB*, obtaining a rate constant higher than 1010 M-1 s-1, the diffusion-controlled limit. This impossibly 245 

high value suggests there might be an unknown oxidant reacting with CAN in our illuminated solutions. 246 

Based on these results, CAN and DCCAN are poor choices for a 3C* probe under aerosol liquid water 247 

conditions. Lastly, the phenol probes (SYR and TMP) show strong inhibition by both PM extracts and 248 

SYR+Cu, as mentioned above, while TMP also has a modest 3C*/1O2* rate constant ratio (Table 1). 249 

 250 

Kinetic Study on PTA 251 

Based on our results shown in Table 1, PTA appears to be the best choice for a triplet probe under particle 252 

extract conditions: it has a high kprobe+3DMB*/kprobe+1O2* ratio and is only mildly inhibited by syringol and 253 

Cu(II). Therefore, we further investigated PTA as a triplet probe. One disadvantage of PTA is that it is an 254 

acid, so its reactivity with triplets might vary with solution acidity. To explore this, we first determined 255 

the pKa of PTA based on light absorbance measurements, finding a value of 3.56 (± 0.02) (Figure S5). To 256 

explore the pH dependence of PTA reactivity with 3DMB*, we measured pseudo first-order rate constants 257 

of PTA decay with 3DMB* at different pH (Figure 2). The decay rate of PTA peaks at pH 3.5, is roughly 258 

5 times lower at pH 2 and 5, and approaches zero at pH values above 6. This trend is likely due to the 259 

different reactivities of the neutral and deprotonated forms of PTA. In addition, protonated 3DMB* has a 260 

pKa value of 3.3, with the protonated form having generally higher reactivity with phenols.72 The 261 

measured first-order rate constant k’PTA is the mole-fraction weighted reactivity of the protonated and 262 

deprotonated forms of 3DMB* (HT and T, respectively) with the neutral and deprotonated forms of PTA 263 

(HPTA and PTA−, respectively): 264 

𝑘𝑘′𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑎𝑎 ∗  𝛼𝛼𝐻𝐻𝐻𝐻𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑏𝑏 ∗ 𝛼𝛼𝑇𝑇𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∗ 𝛼𝛼𝐻𝐻𝐻𝐻𝛼𝛼𝑃𝑃𝑃𝑃𝑃𝑃− + 𝑑𝑑 ∗ 𝛼𝛼𝑇𝑇𝛼𝛼𝑃𝑃𝑃𝑃𝑃𝑃−                      (6) 265 



where α is the mole fraction of each acid/base form of 3DMB* or PTA, and a, b, c, and d represent the 266 

reactivity of each combination of 3DMB* and PTA acid-base forms. To fit our data to this equation, 267 

initially we applied all parameters in the fitting. However, we found that b and c are not independent, 268 

while the value of d should be very low since k’PTA values are essentially zero at higher pH. Thus in our 269 

second iteration we set parameters b and d to zero, but this resulted in a negative value of a, which is 270 

unreasonable (Figure. S6). We then set a, b, and d to zero, resulting in an equation that fits the data 271 

reasonably well (Figure 2), and gives a c value of 0.046 min-1. This shows that 3DMB* reacts more 272 

quickly with the deprotonated form of PTA, which is expected since this form is more electron rich than 273 

the neutral form. Also the sulfur radical of the PTA anion has a shorter lifetime,63 leading to faster 274 

decarboxylation, compared to the equivalent radical of neutral PTA. Both forms of PTA seem to exhibit 275 

poor reactivity towards neutral 3DMB*. Overall, the strong pH dependence of the PTA-3DMB* reaction, 276 

and the associated very low reactivity at high and low pH, is a weakness, but the probe works reasonably 277 

well under mildly acidic conditions, which are common for aerosol liquid water at our location in 278 

winter.42  We also examined the pH dependence of PTA reacting with 3BP* (Figure S7); here the rate 279 

constant increases with increasing pH, plateauing around pH 4, which also suggests that the deprotonated 280 

form of PTA is more reactive. 281 

To investigate PTA reactivity with ●OH, and its sensitivity to triplets with different energies, we 282 

determined the bimolecular rate constants of PTA with ●OH and two other triplets, 3′-283 

methoxyacetophenone (3MAP) and 2-acetonaphthone (2AN) at pH 4.2. The rate constants are shown in 284 

Table S2, while the triplet energies and reduction potentials are in Table S3. The rate constant of PTA 285 

with 33MAP* is 3.1 (± 0.4) × 109 M-1 s-1, which is statistically the same as with 3DMB* (Table 1). 286 

However, the rate constant with 32AN*, a weakly oxidizing triplet, is around 100 times lower, at 2.4 (± 287 

0.2) × 107 M-1 s-1. In contrast, for SYR at pH 5 the rate constant with 32AN* is only 2 times lower than the 288 

value with 3DMB* (Figure S8).14 This apparent low reactivity of PTA with weakly oxidizing triplets 289 

complicates determining triplet concentrations in environmental samples, where the relative amounts of 290 



different energy triplets is unknown. However, measuring triplets with both PTA and SYR might allow 291 

determination of both highly and weakly oxidizing triplets. Because hydrogen peroxide (H2O2) is formed 292 

during illumination of atmospheric waters73, we also investigated the potential dark reaction between PTA 293 

and H2O2. As shown in Figure S9, this reaction is negligible, with less than 2% of PTA loss after 2.5 hr of 294 

dark reaction with 100 µM H2O2.  295 

 296 

Dependence of IFPTA on SYR+Cu concentrations and EDC 297 

Increasing DOM concentrations increases the inhibition of 3C*-induced oxidation, which decreases the 298 

rate of probe degradation.25 To investigate the effect of DOM concentration on PTA decay by 3C*, we 299 

measured the inhibition factors of PTA and FFA as a function of SYR+Cu concentrations (at a fixed 300 

molar ratio of 70:1) with DMB as the triplet precursor. We also investigated the relationship between IF 301 

and electron donating capacity (EDC), which is correlated with the antioxidant capacity, phenolic content, 302 

and inhibition efficiency of DOM.74–77 Moreover, Leresche et al. found that rate constants of quenching 303 

an aromatic amine radical cation by phenol and DOM increase with EDC.28 We determined EDC using a 304 

method modified from Walpen et al.78 and Yuan et al.79, as described in SI Section S6. Our goal was to 305 

develop a relationship between IF and EDC so that we could predict IFPTA in solutions using EDC, which 306 

is much simpler to measure than the corrected inhibition factor.  307 

Figure 3 shows inhibition factors for PTA and FFA, and IFPTA,corr, as a function of SYR concentration in 308 

solutions with triplet DMB: all three of these inhibition factors decrease with increasing SYR and Cu(II). 309 

With 420 µM SYR and 6 µM Cu(II), IFFFA is 0.44 (± 0.03), indicating that more than half of 3DMB* is 310 

quenched. At this concentration, IFPTA is 0.23 (± 0.01), showing high inhibition, corresponding to a 311 

IFPTA,corr of 0.53 (± 0.04). We employed a kinetic model from Wenk et al. to fit the IFPTA,corr data (SI 312 

Section S4).25 In this model, the intermediate from probe oxidation can either undergo further irreversible 313 

oxidation to form products (with a first-order rate constant kox), or be reduced by DOM to regenerate the 314 



parent probe (with second-order rate constant kred,DOM). In this model the inverse of IFPTA,corr can be 315 

expressed by: 316 

1
𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

= 1 +
𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟,𝐷𝐷𝐷𝐷𝐷𝐷

𝑘𝑘𝑜𝑜𝑜𝑜
[𝑆𝑆𝑆𝑆𝑆𝑆]                                                          (7) 317 

Figure 3B shows this fitting for our corrected PTA data. The linear regression has a slope of 0.0021 µM-1, 318 

while the inverse of this is [SYR]1/2, i.e., the SYR concentration that causes IFPTA,corr to equal 0.5. This 319 

concentration is 480 μM, a fairly high value that shows the resistance of PTA to inhibition. In Figure 3A 320 

we also show the regression fit to the IFFFA data with Equation S10, which has the same functional form 321 

as Equation 7 but different physical meanings for the fitting parameters (Section S4). Based on the IFFFA 322 

data, it takes approximately 300 μM SYR to quench half of the DMB triplets. Figure S11 shows the 323 

dependence of IFPTA and IFFFA on SYR using benzophenone as the triplet precursor. Compared with the 324 

DMB results, IF for both FFA and PTA are lower with 3BP*, likely because 3BP* is a more reactive 325 

triplet that is more rapidly quenched by SYR. However, IFPTA,corr with 3BP* does not behave in the same 326 

way as it does with 3DMB*, with the former showing an odd minimum at 70 µM SYR and a value 327 

approaching unity at higher SYR and Cu(II) concentrations. 328 

To investigate the relationship between inhibition and EDC, we fit a linear regression to the measured 329 

IFFFA and IFPTA,corr as a function of EDC in SYR+Cu solutions, particle water extracts, and SRFA at pH 330 

4.2 (Figure 4). The y-intercept is set to 1, because at zero EDC there should be no inhibition (i.e., IF = 1). 331 

We have expressed the x-axis as the product of EDC (mmol e− gC
-1) and DOC (g C L-1) with units of 332 

mmol e−  L-1 so that we can quantify the total amount of electrons that DOM can donate in a solution. As 333 

shown in Figure 4, IFFFA values decrease with increasing EDC×DOC, consistent with the idea that higher 334 

DOC corresponds to more triplet quenching. The SRFA result is an outlier, with an IFFFA value close to 2, 335 

suggesting that the interaction of DOM and 3DMB* forms species that react with FFA, accelerating its 336 

decay.25 Other than that, IFFFA correlates modestly well with EDC (R2 = 0.59). Since values of IFFFA 337 

greater than 1 indicate no suppression of triplet concentrations, under this condition, we assume that 338 



IFP,corr equals IFP (Section S4) for all solutions. As shown in Figure 4B, IFPTA,corr shows a good correlation 339 

with EDC in the SYR+Cu solutions, but the relationship is poor for the SRFA and PME solutions, 340 

suggesting EDC is a poor predictor for probe inhibition across different samples. This poor relationship in 341 

the natural samples might be because of a contribution to EDC from Fe(II)80, which we did not measure in 342 

our samples. 343 

 344 

Determination of [3C*] in PME using PTA as the triplet probe 345 

For our last experiments, we used PTA and SYR to evaluate probe inhibition and determine triplet 346 

concentrations in four aqueous extracts of fine particles. These PMEs were prepared from PM2.5 samples 347 

collected in Davis, CA; extract DOC concentrations range from 9.9 to 105 mg C L-1. Sample details are 348 

provided in Table S4: PME1 is from a sample collected on a clear summer day; PME2 and PME3 are 349 

extracted from winter samples with residential wood burning; and PME4 represents air that was heavily 350 

impacted by summer wildfires.  351 

As shown in Figure 5A, IFFFA in the PMEs is 1 or greater, indicating that 3DMB* is not significantly 352 

quenched by DOM. In contrast, based on the rate constants of aquatic DOM quenching 3C* determined 353 

by Wenk et al.,59 we would expect DOM to quench 13 − 30% of triplets at our highest DOC concentration 354 

of 105 mg C L-1. Though IFFFA indicates little or no quenching of triplets by DOM in PME samples, we 355 

continue to use IFP,corr for the rest of this discussion; as described in Section S4, when IFFFA > 1, we do not 356 

make a correction to the probe inhibition factor and assume IFP,corr = IFP. In PME1 with low DOC (9.9 mg 357 

C L–1), IFSYR,corr and IFPTA,corr are both around 0.76, indicating neither is heavily impacted by DOM in this 358 

relatively dilute PME. For PME2 and PME3, which have moderate DOC (64 and 69 mg C L–1), corrected 359 

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 (± 360 

0.1). Thus, while SYR decay by 3DMB* is significantly inhibited by DOM, PTA is not. For PME4, the 361 

extract from the wildfire particles, corrected IF values for SYR and PTA are 0.31 (± 0.02) and 0.60 (± 362 



0.04), respectively. Thus both probes are inhibited in this sample (though PTA is less affected), possibly 363 

because of abundant antioxidant phenols, which are present in biomass-burning aerosols.81,82 This is 364 

consistent with the high EDC value of PME4 (Table S4). However, there is no consistent trend of IF 365 

values with DOC, though we expected that the extent of inhibition would increase with DOC. 366 

We next determined triplet concentrations in the four PM extracts based on SYR and PTA data. We also 367 

measured ●OH and 1O2* concentrations so that we could subtract their contributions to SYR and PTA 368 

decay in PME (Table S5). ●OH accounts for 5% − 17% of SYR decay and 7% − 28% of PTA decay, 369 

while 1O2* contributes 9% − 17% and 4% − 9%, respectively. Based on our past work,14,16 we assume that 370 

3C* in PME have similar reactivity as 3DMB* and use the second-order rate constants of each probe with 371 

3DMB* to calculate the 3C* concentration from each set of probe data. We then correct each triplet 372 

concentration for inhibition using33,83 373 

[ 𝐶𝐶 3 ∗]𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
[ 𝐶𝐶 3 ∗]𝑃𝑃
𝐼𝐼𝐼𝐼𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

                                                                     (8) 374 

As described in Section S4, when IFP,corr is greater than 1 (which indicates no inhibition) we do not make 375 

a correction for the 3C* concentration, i.e., we use [3C*]P,corr = [3C*]P.  376 

As Figure 5B shows, uncorrected 3C* concentrations derived from PTA range from (0.02 – 2) × 10−13 M, 377 

while SYR-derived [3C*] are in the range of (0.07 − 2) ×10-13 M, with [3C*]PTA/[3C*]SYR ratios of 0.3 to 378 

2.2. Based on the properties of these two probes (Table 1), we expected that uncorrected triplet 379 

concentrations would be higher with PTA as a probe (since it is less susceptible to inhibition than SYR), 380 

but this expectation is only true for PME2 and PME3. With IF correction, [3C*]P,corr increases by factors 381 

of 1 − 1.7 for PTA and 1.3 − 4.8 for SYR, respectively, compared to the corresponding uncorrected value. 382 

We also expected that correcting for inhibition would yield similar [3C*] for the two probes. However, we 383 

only observe this in PME2, while for the other three samples the triplet concentration from IF-corrected 384 

PTA data is lower than the concentration from IF-corrected SYR data. The range of 385 

[3C*]PTA,corr/[3C*]SYR,corr is 0.27 – 0.88 with a mean value of 0.45. A ratio less than 1 might be explained 386 



by the higher oxidation potential of PTA (1.47 V vs. SHE, estimated using the Marcus equation) than 387 

SYR (~1.17 V vs. SHE),62,84 suggesting that PTA can miss weakly oxidizing triplets that are captured by 388 

SYR.  This is consistent with the PTA having a much lower rate constant than SYR with the weakly 389 

oxidizing 2-acetonapthone triplet (Figure S8 and Table S3). PME4, the wildfire sample, has the lowest 390 

value of [3C*]PTA,corr/[3C*]SYR,corr, suggesting that 3C* in PME4 are less oxidizing than those in other 391 

samples. This is consistent with the observation that highly aromatic DOM, such as in wildfire particles,85 392 

might show a lower triplet reactivity.25 These observations indicate that it would be useful to consider 393 

oxidation potential as another important factor in future work on triplet probe selection, since this 394 

influences the pool of oxidizing triplets that can be quantified.  395 

Our results in the particle extracts show that PTA is less sensitive to inhibition to DOM than SYR, as 396 

expected from our lab solutions, but we also found some disadvantages to PTA. For one, the 3C* 397 

concentration obtained by PTA is lower than that from SYR after IF correction, suggesting PTA is 398 

“missing” the weakly oxidizing triplets that are seen with SYR. In addition, the PTA reactivity with 399 

triplets depends on pH, which reduces its utility. As for SYR, it suffers more from inhibition but captures 400 

more of the total pool of oxidizing 3C*; the same is probably true for other phenols such as TMP. Given 401 

the different sensitivities of PTA and SYR to weakly oxidizing triplets, applying both triplet probes might 402 

provide a more comprehensive understanding of 3C* concentrations as well as their oxidizing character. 403 

Finally, we can combine the singlet molecular oxygen and oxidizing triplet results from our PM extracts 404 

to gain more information about SYR and PTA as triplet probes.  As described by McNeill and Canonica1, 405 

under dilute conditions the ratio [1O2*]/[3CDOM*], where 3CDOM* denotes the total triplet pool, is 406 

proportional to the product fΔ×kO2, where fΔ is the fraction of 3CDOM*-O2 interactions that form singlet 407 

oxygen and kO2 is the second-order rate constant for this interaction.  Based on surface water values for 408 

these parameters86,87, [1O2*]/[3CDOM*] ≈0.3, while the average (±1 σ) ratio of [1O2*]/[3C*]SYR in our 409 

PM extracts is 7.9 ± 3.4 (Table S5).  This 26-fold higher ratio in PME is probably caused by a 410 

combination of three factors.  First, we are only measuring oxidizing triplets (3C*), a subset of the total 411 



triplet pool, so [1O2*]/[3C*] will be equal to or larger than [1O2*]/[3CDOM*].  Second, the 3DMB* rate 412 

constants with SYR and PTA that we use to determine [3C*] might be larger than the rate constants of 413 

natural triplets with our probes, which would cause us to underestimate concentrations of oxidizing 414 

triplets. Third, if triplets in atmospheric particles have higher values of fΔ and kO2 than triplets in surface 415 

waters, this would increase the [1O2*]/[3CDOM*] ratio; for example, using values from model triplets 416 

yields a ratio of 1.814. While the first factor – that oxidizing triplets are only a fraction of the total triplet 417 

pool – certainly accounts for some of the difference between measured and calculated oxidant ratios, the 418 

contributions of the second and third factors are currently unclear. 419 
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 433 

Figure 1. Inhibition factor (Panel A) and the corrected inhibition factors (Panel B; equation 5) for triplet 434 

probes reacting with 3BP* in solutions containing 70 μM SYR and 1 μM Cu(II) at pH 4.2. Error bars 435 

represent ±1 standard error propagated from linear regressions. 436 



Table 1. Information on potential probe compounds (P) a 437 

Class Compound kP+3DMB* (M-1 s-1) kP+1O2* (M-1 s-1) kP+3DMB*/kP+1O2* 
% (k’3C*) in 

PMEb IFc IFP,corr
d j (s-1)e 

Sulfide (Phenylthio)acetic 
acid (PTA) 2.5 (±0.6) × 109f 8.8 (±0.6) × 106 284 (±71) 90 0.45 (±0.02) 0.69 (±0.04) 1.0 (±0.1) × 10-5 

Alkene 

Methyl jasmonate 
(MeJA) 4.1 (±1.0) × 108 6.0 (±0.7) × 106 68 (±18) 67 0.71 (±0.05) 1.08 (±0.08) n/ag 

Terpineol (TPN) 2.1 (±0.2) × 108 1.7 (±0.1) × 106 121 (±16) 64 0.65 (±0.01) 0.99 (±0.03) n/a 
Pulegone 4.7 (±1.2) × 109 3.7 (±0.4) × 107 128 (±37) 85 0.25 (±0.02) 0.30 (±0.03) 1.4 (±0.3) × 10-6 
cis-3-Hexenyl acetate 2.7 (±0.7) × 108 6.2 (±1.4) × 106 44 (±15) 57 NDh ND n/a 
Prenyl acetate 1.5 (±0.4) × 108 1.0 (±0.2) × 107 15 (±5) 34 0.61 (±0.06) 0.93 (±0.09) n/a 
Linalool 1.7 (±0.4) × 109 1.5 (±0.2) × 108 11 (±3) 35 ND ND n/a 

Amine Atenolol (ANL) 1.0 (±0.3) × 108 1.8 (±0.2) × 106 55 (±16) 46 0.56 (±0.03) 0.86 (±0.05) n/a 

Anilines 

N-cyclopropylaniline 
(CAN) n/ai 2.8 (±0.6) × 109 n/a n/a 0.03 (±0.01) 0.04 (±0.01) 5.2 (±0.8) × 10-4 

3,5-dichloro-N-
cyclopropylaniline 
(DCCAN) 

1.5 (±0.2) × 1010 6.0 (±1.1) × 108 24 (±5) 54 0.09 (±0.01) 0.14 (±0.01) 2.4 (±0.1) × 10-4 

Phenols 
Syringol (SYR) 3.9 (±0.7) × 109j 3.6 (±0.7) × 107k 107 (±29) 82 n/a n/a <3.6 ×10-6 l 
2,4,6-trimethylphenol 
(TMP) 2.4 (±0.4) × 109 6.2 (±1.0) × 107k 39 (±9) 64 0.01 (±0.01) 0.02 (±0.01) n/a 

a Values were determined at 20 °C.  Errors in parentheses are 1 standard error.  438 
bPercentage of probe decay due to triplet reaction in a concentrated particle extract, calculated at an extract particle mass/water mass ratio of 4 × 10-3 µg PM/µg 439 

H2O based on results from Kaur et al.,16 where ●OH, 3C*, and 1O2* concentrations were 1.7×10-15, 4.1×10-13, and 8.5×10-12 M, respectively. 440 
c Inhibition factor in solutions containing 70 μM SYR and 1 μM Cu.  We used 15 µM BP as the triplet precursor, except for pulegone, where we used 80 µM 441 

DMB. 442 
dIFcorrected is calculated with equation 5 and IFFFA values., which are 0.66 with 15 µM BP and 0.83 with 80 µM DMB. 443 
eThe 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°; 444 

j2NB,win = 0.0070 s-1).  445 
fThe rate constant is determined with the direct measurement method, see details in Figure S8.  446 
gNot applicable.  447 
hNot determined.  448 
iThe rate constant of CAN measured with the relative rate method (>1011 M-1 s-1) is much higher than the diffusion-controlled rate constant (approximately 1010 M-449 

1s –1), indicating a problem. One possibility is that an oxidant other than triplet DMB is responsible for most of the probe loss. 450 
jFrom Smith et al.58  451 
kFrom Tratnyek et al.88  452 
lFrom Kaur et al.14   453 



 454 

 455 

Figure 2. Influence of pH on the first-order PTA decay rate constant due to the DMB triplet; rate 456 

constants are corrected for direct photodegradation and are normalized to a j2NB value of 0.007 s–1.  457 

Solutions contained 10 μM DMB, 10 µM PTA, and either H2SO4 or NaOH for pH adjustment and were 458 

maintained at 20 °C. The red line is the regression fit to eq 6, with pKa values of 3DMB* and PTA of 3.5 459 

and 3.56, respectively,72 and values of a, b, and d set as zero. The resulting fitted value of c is 0.046 min-1. 460 

Error bars represent ±1 SE, propagated from the linear regressions and j2NB.   461 

 462 
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 464 

Figure 3. (A) Inhibition factors of FFA (blue) and PTA (red), and the corrected inhibition factor of PTA 465 

(green) as a function of SYR concentration with 80 µM DMB as the triplet precursor in solution at pH 466 

4.2; solutions also contain Cu(II) at a molar ratio of SYR/Cu(II) of 70:1. The solid lines represent linear 467 

regression fits between the inverse of IF values versus the SYR concentration. (B) The inverse of 468 

IFcorrected,PTA (from Panel A) as a function of SYR concentration. For both panels, error bars represent ±1 469 

SE, propagated from the linear regressions. 470 

 471 
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 472 

Figure 4. The inhibition factor of FFA (Panel A) and corrected inhibition factor of PTA (Panel B) as a 473 

function of the product of electron donating capacity (EDC) with dissolved organic carbon (DOC) in 474 

SRFA (orange), PME (green), and SYR+Cu (blue) solutions with 80 µM DMB as the triplet precursor at 475 

pH 4.2. Error bars represent ±1 SE, propagated from the linear regressions of the FFA and/or PTA decay 476 

plots. Data are available in Table S3. Lines represent the linear regressions of all data points.  477 

 478 

 479 

 480 
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 481 

Figure 5. (A) Inhibition factors of FFA and corrected inhibition factors of SYR and PTA in particle 482 

extracts with 80 μM DMB as the triplet precursor at pH 4.2. (B) Raw (solid symbols) and inhibition-483 

corrected (open symbols) concentrations of 3C* determined from SYR (blue squares) and PTA (yellow 484 

circles) as a function of dissolved organic carbon concentration. To separate the SYR and PTA results, we 485 

add 5 mg C L-1 to the DOC concentration for each PTA-derived value. To more clearly show the PME2 486 

and PME3 results, we subtract 5 mg C L-1 from the former when plotting it. The uncorrected and IF-487 

corrected 3C* derived by PTA values are overlapping for PME2 and PME3. Error bars represent ±1 SE, 488 

propagated from the regressions of probe decay and second-order rate constants. 489 
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Section S1. Chemicals, illumination, and kinetic analysis 796 

All chemicals were used as received. Methyl jasmonate (95%), furfuryl alcohol (FFA, 98%), linalool 797 

(97%), cis-3-Hexenyl acetate(≥ 98%), prenyl acetate (≥ 98%), atenolol (≥ 98%), (phenylthiol)acetic 798 

acid (PTA, 96%), pulegone (≥ 98.5%), syringol (SYR, 99%), benzophenone (BP, 99%), α-terpineol (≥ 799 

96%),  3,4-dimethoxybenzaldehyde (DMB, 99%), Rose Bengal (95%), 2,4,6-trimethylphenol (97%), and 800 

2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, ≥ 98%) were from 801 

Millipore Sigma. N-cyclopropylaniline (97%) was from Acrotein and 3,5-dichrolo-N-cyclopropylaniline 802 

(95%) was from EnamineStore. Suwannee River Fulvic Acid (SRFA) was obtained from the International 803 

Humic Substances Society. All chemical solutions were prepared using air-saturated ultrapure water 804 

(Milli-Q water) from a Milli-Q Advantage A10 system (Millipore; ≥18.2 MΩ cm) with an upstream 805 

Barnstead activated carbon cartridge.  806 

Solutions were pipetted either into a silicone-plugged GE 021 quartz tube (5 mm inner diameter, 1.0 mL 807 

volume) or a 1-cm quartz cuvette (5 mL, Spectrocell). Samples were illuminated at 20 °C with a 1000 W 808 

xenon arc lamp filtered with a water filter, an AM1.0 air mass filter (AM1D-3L, Sciencetech), and a 295 809 

nm long-pass filter (20CGA-295, Thorlabs) to simulate tropospheric sunlight. Dark control samples were 810 

wrapped in aluminum foil and kept in the photoreactor chamber. During illumination, aliquots were 811 

collected from the illuminated and dark cells at specific time intervals to measure concentrations of 812 

probes with high-performance liquid chromatography (HPLC, Shimadzu LC-20AB pump, Thermo 813 

Scientific Accucore XL C18 column (50 × 3 mm, 4 μm bead), and Shimadzu-M20A UV-Vis detector). 814 

The measured pseudo-first-order rate constant for probe loss (k′Light) was determined as the negative of the 815 

slope from a linear regression of ln([probe]t/[probe]0) versus illumination time (t), where [probe]0 is the 816 

concentration of probe compound at time zero. The photon flux of the photoreactor was determined on 817 

each experiment day by measuring the photolysis rate constant of a 10 µM 2-nitrobenzaldehyde (2NB) 818 

solution in the same type of container as that day’s sample.1  819 
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Section S2. Particle collection and extraction method 820 

Particles were collected on the roof of Ghausi Hall on the UC Davis campus in December 2019, January 821 

2020, and August 2020. In August 2020, there were several wildfires around Davis and air quality was 822 

heavily impacted. PM2.5 was collected on Teflon-coated borosilicate glass microfiber filters (Pall 823 

Corporation, EmFabTM filters, 8 in. × 10 in., pre-cleaned by gently shaking in Milli-Q water and then 824 

drying at 100 °C) by a high-volume sampler equipped with a PM10 inlet (Graseby Andersen) and two 825 

offset, slotted impactor plates (Tisch Environmental, Inc., 230 series) to remove particles greater than 2.5 826 

µm. The airflow rate was maintained at 40 (±1) cfm. Particles were either collected for 24 hr or a week. 827 

Upon collection, samples were wrapped in aluminum foil (baked previously at 500 °C for 8 hr) and stored 828 

at −20 °C. To prepare particulate matter extracts (PMEs), filters were cut into 2 cm × 2 cm pieces, which 829 

were each placed in individual 20-mL amber glass vials and extracted with 1.0 mL Milli-Q water by 830 

shaking for 4 hr in the dark. The extracts from the same filter were combined, filtered (0.22 µm PTFE; 831 

Pall corporation), and adjusted to pH 4.2 using sulfuric acid to mimic the acidity of particle water.2 PMEs 832 

were flash-frozen in liquid nitrogen immediately after preparation and were later thawed on the day of the 833 

experiment. Dissolved organic carbon (DOC) and major ion concentrations were measured by a 834 

Shimadzu TOC-VCPH analyzer and Metrohm ion chromatographs (881 Compact IC Pro) equipped with 835 

conductivity detectors, respectively. PME sample information is provided in Table S5. 836 

 837 

  838 
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Section S3. Determination of hydroxyl radical (●OH) and singlet oxygen (1O2*) concentrations in 839 

PME 840 

Details about determining ●OH and 1O2* concentrations are provided in Anastasio et al.3 and Kaur et al.4 841 

and are only discussed briefly here. To determine ●OH concentrations in PME, we spiked pH-unadjusted 842 

10 µM benzoic acid (BA) into PME and illuminated it in a quartz tube, taking aliquots occasionally to 843 

measure benzoic acid concentrations by HPLC in order to determine the pseudo-first order decay rate 844 

constant for BA loss. The ●OH concentration was determined and normalized to sunlight conditions at 845 

midday on the winter solstice at Davis (solar zenith = 62°; 𝑗𝑗2𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑤𝑤 = 0.0070 s-1) and corrected for 846 

internal light screening by equation S1: 847 

[ 𝑂𝑂𝑂𝑂 
⋅ ] = �

𝑘𝑘′𝐵𝐵𝐵𝐵
𝑘𝑘𝐵𝐵𝐵𝐵+⋅𝑂𝑂𝑂𝑂 × 𝑆𝑆𝜆𝜆 × 𝑗𝑗2𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒

� × 𝑗𝑗2𝑁𝑁𝑁𝑁,𝑤𝑤𝑤𝑤𝑤𝑤                                            (𝑆𝑆1) 848 

where 𝑘𝑘′𝐵𝐵𝐵𝐵 is the measured first-order decay rate constant of BA, 𝑘𝑘𝐵𝐵𝐵𝐵+⋅𝑂𝑂𝑂𝑂 is the second-order rate 849 

constant of BA reacting with ●OH at pH 4.2 (5.1 × 109 M-1 s-1),5,6 𝑆𝑆𝜆𝜆 is the internal light screening factor 850 

in an individual sample (determined based on the wavelength range 280 – 364 nm), and 𝑗𝑗2𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 is the 851 

photolysis rate constant of 2-nitrobenzaldehyde (2NB) measured on the experiment day. 852 

To determine 1O2* concentrations, we used FFA as a probe and heavy water (D2O) as a diagnostic tool.3 853 

We prepared two solutions for each sample: one where 0.5 mL of PME was diluted with 0.5 mL H2O and 854 

one diluted with 0.5 mL deuterium oxide (D2O). We spiked 10 µM FFA into both solutions and 855 

determined the loss rate constants of FFA during illumination. The 1O2* concentration in the undiluted 856 

sample was determined from the difference of FFA loss rate constants in H2O and D2O using equation 14 857 

in Kaur and Anastasio.7 1O2* concentrations were normalized by light screening factors of PME and to 858 

Davis winter sunlight, analogous to equation S1.  859 
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 860 

 861 

Figure S1. Representative plot of decay of TMP and MeJA by the triplet excited state of BP with and 862 

without SYR+Cu at pH 4.2. Results shown are for solutions containing 10 μM TMP or MeJA, 15 μM BP, 863 

and with or without 70 µM SYR and 1 µM Cu(II). 864 

 865 

 866 

 867 

  868 
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Section S4: Probe inhibition factors and derivation of equation 5  869 

Scheme 1 shows the kinetic model for reaction of a probe (P) with an oxidizing triplet state (3C*) and the 870 

potential inhibition of net probe loss by DOM, as developed by Canonica et al. and Wenk et al.8,9 871 

 872 

Scheme S1 873 

The probe (P) is oxidized by 3C* with a rate constant kP+3C* to form the intermediate radical cation (P●+). 874 

The intermediate can either undergo further oxidation to form oxidized product with first-order rate 875 

constant kox, or be reduced by DOM back to P with a second-order rate constant kred,DOM.  876 

In addition to regenerating oxidized probe, DOM can also reduce net probe loss by acting as a sink for 877 

triplets, decreasing the steady-state concentration of 3C*. We can quantify this suppression of triplet 878 

concentration by DOM with the inhibition factor for FFA loss (IFFFA). Since the 1O2* concentration is 879 

proportional to total 3C*, IFFFA can be expressed as 880 

𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 =
[ 𝐶𝐶 3 ∗]𝐷𝐷𝐷𝐷𝐷𝐷

[ 𝐶𝐶 3 ∗]0
                                                                          (𝑆𝑆2) 881 

where [3C*]DOM is the triplet concentration in the presence of DOM (or SYR+Cu), and [3C*]0 is the triplet 882 

concentration without DOM or SYR+Cu. In the absence of DOM or SYR+Cu, the pseudo-first-order 883 

decay rate constant of triplet probe by 3C* can be expressed as: 884 

𝑘𝑘𝑝𝑝,0
′ = 𝑘𝑘𝑃𝑃+3𝐶𝐶∗[ 𝐶𝐶 3 ∗]0                                                                       (𝑆𝑆3) 885 

In the presence of DOM or SYR+Cu, the decay rate of the probe by 3C* can be expressed with the 886 

equation below from Wenk et al.:9 887 

𝑘𝑘𝑝𝑝,𝐷𝐷𝐷𝐷𝐷𝐷
′ = 𝑘𝑘𝑃𝑃+3𝐶𝐶∗[ 𝐶𝐶 3 ∗]𝐷𝐷𝐷𝐷𝐷𝐷 �

𝑘𝑘𝑜𝑜𝑜𝑜
𝑘𝑘𝑜𝑜𝑜𝑜 + 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟,𝐷𝐷𝐷𝐷𝐷𝐷[𝐷𝐷𝐷𝐷𝐷𝐷]�                                       (𝑆𝑆4) 888 

where the factor in parentheses represents the fraction of P●+ that is oxidized to stable product rather than 889 

reduced back to P. Based on this, the inhibition factor for the probe (IFP), can be expressed as a function 890 

of IFFFA: 891 



 

S43 
 

𝐼𝐼𝐼𝐼𝑃𝑃 =
𝑘𝑘𝑃𝑃,𝐷𝐷𝐷𝐷𝐷𝐷
′

𝑘𝑘𝑃𝑃,0
′ =

𝑘𝑘𝑃𝑃+3𝐶𝐶∗[ 𝐶𝐶 3 ∗]𝐷𝐷𝐷𝐷𝐷𝐷( 𝑘𝑘𝑜𝑜𝑜𝑜
𝑘𝑘𝑜𝑜𝑜𝑜 + 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟,𝐷𝐷𝐷𝐷𝐷𝐷[𝐷𝐷𝐷𝐷𝐷𝐷])

𝑘𝑘𝑃𝑃+3𝐶𝐶∗[ 𝐶𝐶 3 ∗]0
= 𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 �

𝑘𝑘𝑜𝑜𝑜𝑜
𝑘𝑘𝑜𝑜𝑜𝑜 + 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟,𝐷𝐷𝐷𝐷𝐷𝐷[𝐷𝐷𝐷𝐷𝐷𝐷]�      (𝑆𝑆5) 892 

The inhibition factor 𝐼𝐼𝐼𝐼𝑃𝑃 includes both of the impacts of DOM on probe loss, i.e., the decrease in 3C* 893 

concentration and regeneration of oxidized probe back to its original state. We define 𝐼𝐼𝐼𝐼𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 as the 894 

corrected inhibition factor, which only expresses the inhibition effect of DOM on P●+: 895 

𝐼𝐼𝐼𝐼𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �
𝑘𝑘𝑜𝑜𝑜𝑜

𝑘𝑘𝑜𝑜𝑜𝑜 + 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟,𝐷𝐷𝐷𝐷𝐷𝐷[𝐷𝐷𝐷𝐷𝐷𝐷]� =
𝐼𝐼𝐼𝐼𝑃𝑃
𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹

                                       (𝑆𝑆6) 896 

A value of IFFFA greater than 1 indicates DOM is not appreciably suppressing the 3C* concentration. 897 

Under this condition, we assume IFP,corr = IFP. A value of IFP above 1 indicates no suppression of probe 898 

loss by sample components (e.g., DOM or SYR + Cu). Under this condition we assume IFP,corr = IFP, and 899 

we do not make a correction for the 3C* concentration.  The four cases for values of IFP and IFFFA are 900 

shown in the table below: the entry for each pair of values shows how the corresponding value of IFP,corr 901 

was calculated. 902 

 IFP ≤ 1 IFP >1 

IFFFA ≤ 1 IFP / IFFFA IFP a 

IFFFA > 1 IFP IFP a 
a While we report IFP,corr = IFP for samples when IFP > 1, we do not make a correction for the 3C* 903 

concentration when IFP,corr > 1, i.e., we use [3C*]P,corr = [3C*]P.   904 

We can also derive an equation for the inhibition factor of FFA due to triplet quenching.  In equation S2, 905 

[3C*]DOM and [3C*]0 can be expressed as  906 

[ 𝐶𝐶 3 ∗]𝐷𝐷𝐷𝐷𝐷𝐷 =
𝑃𝑃3𝐶𝐶∗

𝑘𝑘′𝑂𝑂2 + 𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷+3𝐶𝐶∗[𝐷𝐷𝐷𝐷𝐷𝐷]                                                       (𝑆𝑆7) 907 

[ 𝐶𝐶 3 ∗]0 =
𝑃𝑃3𝐶𝐶∗
𝑘𝑘′𝑂𝑂2

                                                                              (𝑆𝑆8) 908 

where P3C* is the rate of 3C* formation, k’O2 is the pseudo-first-order rate constant of dissolved oxygen 909 

quenching 3C*, which is a constant, and kDOM+3C* is the second-order rate constant of DOM quenching 910 
3C*. Therefore, IFFFA can be expressed as  911 

𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 =

𝑃𝑃3𝐶𝐶∗
𝑘𝑘′𝑂𝑂2 + 𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷+3𝐶𝐶∗[𝐷𝐷𝐷𝐷𝐷𝐷]

𝑃𝑃3𝐶𝐶∗
𝑘𝑘′𝑂𝑂2

=  
𝑘𝑘′𝑂𝑂2

𝑘𝑘′𝑂𝑂2 + 𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷+3𝐶𝐶∗[𝐷𝐷𝐷𝐷𝐷𝐷]                       (𝑆𝑆9) 912 
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Taking the inverse of equation S9, we obtain: 913 

1
𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹

= 1 +
𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷+3𝐶𝐶∗
𝑘𝑘′𝑂𝑂2

[𝐷𝐷𝐷𝐷𝐷𝐷]                                               (𝑆𝑆10) 914 

This equation has the same functional form as equation 7 in the main text but the fitted parameters here 915 

have different physical meanings. 916 

 917 

 918 

Figure S2. Influence of SYR on the decay of TMP by 3BP*, shown as the corrected inhibition factor of 919 

TMP. Since the TMP decay at each SYR concentration was not strictly first order, with TMP decays 920 

faster at short irradiation times, we calculated IFTMP,corr with both the short- and long-time kinetic data. 921 

Solutions contained 10 µM TMP, 15 µM BP, and 0 to 280 µM syringol. No Cu(II) was added. 922 
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 923 

Figure S3. Inhibition factors of probe compounds in PME5 with 15 µM BP as the triplet precursor. Data 924 

are shown in Table S3. Error bars represent ±1 standard error propagated from the linear regression. 925 

 926 

  927 
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Table S1. The structures of probe compounds in Table 1 928 

Classes Compounds Structure pKa 

Sulfide (Phenylthio)acetic acid (PTA) S
OH

O

 
3.56a 

Alkenes 

Methyl jasmonate (MeJA) 

O

O

OCH3

CH3

 

 

Terpineol (TPN) 
H3C

CH3

OH
CH3

 

 

Pulegone H3C

O
CH3

CH3  

 

cis-3-Hexenyl acetate H3C O

CH3

O

 

 

Prenyl acetate 
H3C O CH3

CH3O

 

 

Linalool 
HO

 
 

Amine Atenolol (ANL) 
H2N

O
O

OH H
N CH3

CH3  
9.6b10 

Anilines 

N-cyclopropylaniline (CAN) 
N
H

 
~4.6c11 

3,5-dichloro-N-cyclopropylaniline (DCCAN) 
Cl

N
H

Cl  

 

Phenols 

Syringol (SYR) 
OH

H3CO OCH3

 
~10.0d12 

2,4,6-trimethylphenol (TMP) 

OH
H3C CH3

CH3  

10.913 

a In this work. 929 
b pKa of atenolol with protonated nitrogen 930 
c pKa value of protonated aniline. 931 
d pKa value of guaiacol (2-methoxyphenol). 932 

 933 
 934 
  935 
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Section S5. Determination of the second-order rate constant of TPN with 3DMB*  936 

The photochemical reaction between a carbonyl compound and an alkene can form an oxetane through 937 

the Paternò-Büchi reaction.14,15 This is a photocyloaddition between an excited carbonyl compound 938 

(singlet or triplet state) and an alkene. The mechanism can either form a diradical intermediate or an 939 

exciplex from charge-transfer complexes. The latter involves intermolecular electron transfer to form a 940 

radical-ion pair, which is observed only for very electron-rich alkenes.16 The mechanistic pathway 941 

depends on the difference in redox potentials between the alkene and the singlet or triplet state of the 942 

carbonyl compound.17 If the redox potential of alkene is smaller, electron transfer might proceed. 943 

Therefore, the reaction between alkene and triplets does not necessarily involve electron transfer, 944 

complicating the use of alkenes to determine concentrations of oxidizing triplets. Consequently, alkenes 945 

do not appear to be appropriate as probes for oxidizing triplets, although alkene decay is not inhibited by 946 

DOM, which is likely a consequence of the irreversible formation of oxetane.  947 

Prior to recognizing the Paternò-Büchi reaction, we worked to assess alkenes as oxidizing triplet probes 948 

because of their resistance to inhibition. We encountered difficulty determining the bimolecular rate 949 

constant of α-terpineol with 3DMB*. As shown in Figure S4, our measured values are different with 950 

different methods. The red triangles represent rate constants obtained with a direct measurement 951 

technique described in Smith et al. and Ma et al.18,19 The values of the rate constant vary by a factor of 2.5 952 

between the two measurements. Also, when using a relative rate method, the TPN concentration appears 953 

to affect the TPN rate constant: rate constants determined with 10 µM TPN are about 4 times lower than 954 

those measured with 20 µM TPN.  955 

  956 
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 957 

Figure S4. Measured second-order rate constants of TPN reacting with 3DMB* at pH 2 with two different 958 

experimental methods. The red triangles represent values obtained with a direct measurement method.20 959 

The open blue circles represent values from a relative rate method using 10 µM TPN, while the solid blue 960 

circles represent the values obtained using 20 µM TPN. 961 

  962 
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 963 

Figure S5. (A) Absorption spectrum of 50 µM PTA at pH 4.2 in a 1-cm cuvette. (B) The absorbance of 964 

50 µM PTA solution at 247 nm as a function of pH in a 1-cm cuvette. Data are fitted with the equation 965 

𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃−−𝐴𝐴𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
1+[𝐻𝐻+]

𝐾𝐾𝑎𝑎

  to obtain pKa, AbsPTA- and AbsHPTA values, where AbsTOT is the 966 

absorbance of a 50 µM PTA solution (in a 1-cm cell) at 247 nm at different pH values, AbsHPTA and 967 

AbsPTA− are the absorbance values of the protonated and deprotonated forms of PTA, respectively. From 968 

the fitting, pKa = 3.56 (± 0.02), AbsHPTA = 0.28 (± 0.01) and AbsPTA- = 0.35 (± 0.01). (C) Winter solstice-969 

normalized direct photodegradation rate constant of PTA as a function of pH. Data are fitted with the 970 

equation 𝑗𝑗𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑗𝑗𝑃𝑃𝑃𝑃𝑃𝑃−−𝑗𝑗𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
1+[𝐻𝐻+]

𝐾𝐾𝑎𝑎

  to jHPTA- and jPTA- values, which are direct photodegradation rate 971 

constants of protonated and deprotonated forms of PTA, respectively. From the fitting, jHPTA- = 3.5 (± 0.7) 972 

×10-4 min-1 and jPTA- = 5.8 (± 0.5) ×10-4 min-1
. 973 
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 974 

Figure S6. Dependence of the measured first-order PTA decay rate constant on pH for illuminated 975 

solutions containing 10 μM DMB and 10 µM PTA at 20 °C. The red dashed line is the regression in 976 

Figure 2. The green solid line represents the regression fit to eq 6 using 3.3 as the pKa of 3DMB*, with a, 977 

b, and d set as zero and the fitted c value of 0.059 min-1 The yellow solid line represents the regression fit 978 

with b and d set to zero, with fitted a and c values of -1.9 ×10-4 min-1 and 0.046 min-1, respectively. 979 

 980 

Figure S7. pH dependence of the first-order PTA decay rate constant for illuminated solutions containing 981 

15 μM BP and 10 µM PTA at 20 °C. The red line is the regression fitted to a BP-analog of eq 6, with a 982 

and c set to zero and fitted b and d values of 0.0069 min-1 and 0.19 min-1, respectively. The yellow line 983 

represents the regression fit with a, b, and c set as zero and a fitted d value of 0.020 min-1.  We used the 984 
3BP* pKa of 1.5 in all regression fits.21 985 

  986 



 

S51 
 

Table S2. Second-order rate constants of PTA reacting with triplet excited states, singlet oxygen, and 987 
hydroxyl radical. 988 

 Rate constant at pH 4.2 
 (M-1s-1) 

Method 
 (Reference compound) 

Reference 
compound rate 
constant 

Reference for 
reference 
compound rate 
constant 

kPTA+3BP* 5.0 (±0.9) × 10
9
 Relative (TMP) 5.1 (±0.9) × 10

9
 Canonica et al.13 

kPTA+3DMB* 2.5 (±0.6) ×10
9
 Directa -  

kPTA+3MAP* 3.1 (±0.4) × 10
9
 Relative (TMP) 2.6 (±0.3) × 10

9
 Canonica et al.13 

kPTA+2AN* 2.4 (±0.2) × 10
7
 Relative (TMP) 7.2 (±0.1) × 10

8
 Canonica et al.13 

kPTA+1O2* 8.8 (±0.6) × 10
6
 Relative (FFA) 1.0 (±0.1) × 10

8
 Appiani et al.22 

kPTA+OH* 10.3 (±0.6) × 10
9
 Relative (Benzene) 7.7 (±0.4) ×10

9
 Kochany et al.23 

a See Figure S9 989 

 990 

Table S3. Characteristic of model triplet species 991 

Model Triplet ET (kJ mol-1)a E0*(3C*/C●−) (V)b pKa
c 

2-acetonaphthone (32AN*) 249 1.10  
3-methoxyacetophenone 
(33MAP*) 

303 1.64  

3,4-dimethoxybenzaldehyde 
(3DMB*) 

268 - 3.3d 

Benzophenone (3BP*) 288 1.69 1.5e 
All values are from Canonica et al. and Felber et al. unless noted13,24 992 
a Triplet state energy (T1→ S0) 993 
b One-electron reduction potential for the triplet/triplet radical anion pair 994 
c Acid dissociation constant of the protonated triplet state 995 
d Reference 2020 996 
e Reference 2121 997 

 998 
  999 
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 1000 

Figure S8. Bimolecular rate constants for syringol (blue) and (phenolthio)acetic acid (yellow) with the 1001 
triplet excited states of four model organics. Structures show the ground state of each photosensitizer. 1002 

 1003 

 1004 

Figure S9. The dark reaction of 20 µM PTA and 100 µM H2O2 at pH 4.2. The PTA loss is less than 2%, 1005 
which is negligible compared to PTA loss in corresponding experiments with triplets. 1006 

 1007 

 1008 
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 1009 

Figure S10. Inverse of the PTA first-order decay rate constant with 3DMB* as a function of initial PTA 1010 

concentration at pH 4.2. The dotted line is a linear regression fit to the data. Error bars on points represent 1011 

± 1 standard error propagated from the errors of k’PTA and jPTA. Details of the method to determine 1012 

kPTA+3DMB* are provided in Smith et al. and Ma et al.19,20  1013 
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Section S6. Electron Donating Capacity (EDC) Determination 1014 

We adapted the EDC method from Walpen et al. and Yuan et al.25,26, using a 0.10 mM ABTS (2,2'-azino-1015 

bis(3-ethylbenzothiazoline-6-sulfonic acid) solution prepared with acetate buffer (0.05 M) to maintain pH 1016 

at 4.2. We prepared a 10 mM NaClO solution by diluting concentrated sodium hypochlorite solution 1017 

using the molar absorption coefficient of hypochlorite (ε(292 nm) = 359 M-1cm-1 at pH 11).27 The 1018 

ABTS●+ solution was prepared by adding 10 mM NaClO to ABTS solution to oxidize around 70% of the 1019 

ABTS to ABTS●+, and then shaking for 10 min. To determine EDC for PME, 200 µL PME (for extracts 1020 

with high DOC) or 1 ml PME (for extracts with low DOC) was spiked into 5.0 mL of ABTS●+ solution. 1021 

After spiking, we shook the solution for 5 min and then let it stand for 10 min. The absorbance of the 1022 

solution at 728 nm was measured by a UV-Vis spectrophotometer to determine the ABTS●+ concentration 1023 

(using a molar absorption coefficient ε = 14000 M-1 cm-1 at 728 nm)28 and EDC was determined from a 1024 

standard curve prepared using Trolox. 1025 

  1026 
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 1027 

Figure S11. Inhibition factors of FFA (blue) and PTA (red), and the corrected inhibition factor of PTA 1028 

(green), as a function of SYR concentration with 15 μM BP as the triplet precursor in SYR+Cu solution at 1029 

pH 4.2. The red and blue lines were determined from linear regressions between the inverse of IF values 1030 

versus the SYR concentration. Error bars represent ±1 SE, propagated from the linear regression. 1031 
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Table S4. Summary of inhibition factors of probes with different DOM 2 

 

PME1 PME2 PME3 PME4 PME5b SRFA SRFA 
70 µM 
SYR +  
1 µM 
Cu(II) 

140 µM 
SYR +  
2 µM 
Cu(II) 

210 µM 
SYR +  
3 µM 
Cu(II) 

280 µM 
SYR +  
4 µM 
Cu(II) 

350 µM 
SYR + 
5 µM 
Cu(II) 

420 
µM 
SYR +  
6 µM 
Cu(II) 

DOC (mg C L-1) 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  

(mmol e− gC
-1) < LODa 1.8 

(±0.1) 
1.7 

(±0.2) 
4.4 

(±0.1) - 1.7 (±0.1) 1.7 
(±0.1) 36 28 28 27 29 29 

EDC×DOC 
(mmol e− L-1) < LOD 

0.11 
(±0.01) 

0.12 
(±0.01) 

0.47 
(±0.01) - 0.04 (±0.01) 

0.08 
(±0.02) 0.25 0.38 0.56 0.73 0.96 1.16 

IF w/ 80 
µM DMB 

FFA 1.10 
(±0.07) 

1.00 
(±0.20) 

1.30 
(±0.12) 

1.00 
(±0.12) - 1.91 (±0.14) - 

0.83 
(±0.04) 

0.77 
(±0.04) 

0.56 
(±0.04) 

0.55 
(±0.04) 

0.50 
(±0.10) 

0.44 
(±0.03) 

SYR 0.76 
(±0.03) 

0.48 
(±0.03) 

0.21 
(±0.04) 

0.31 
(±0.02) - 1.17 (±0.10) - - - - - - - 

PTA 0.75 
(±0.03) 

1.24 
(±0.06) 

1.26 
(±0.03) 

0.60 
(±0.04) - 0.83 (±0.05) - 

0.74 
(±0.01) 

0.54 
(±0.01) 

0.44 
(±0.01) 

0.35 
(±0.01) 

0.27 
(±0.01) 

0.23 
(±0.01) 

               

IF w/ 15 
µM BP 

FFA - - - - 0.68 
(±0.10) - 0.71 

(±0.32) 
0.66 

(±0.02) 
0.52 

(±0.03) 
0.42 

(±0.03) 
0.35 

(±0.02) - - 

SYR - - - - 0.03 
(±0.04) - 0.61 

(±0.11) - - - - - - 

PTA - - - - - - - 0.45 
(±0.02) 

0.41 
(±0.01) 

0.36 
(±0.01) 

0.31 
(±0.10) - - 

TMP - - - - 0.01 
(±0.05) - - 0.01 

(±0.01) - - - - - 

Aten-
olol - - - - 0.41 

(±0.04) - - - - - - - - 

MeJA - - - - 0.66 
(±0.04) - 0.47 

(±0.02) 
0.71 

(±0.05) 
0.49 

(±0.01) 
0.41 

(±0.01) - - - 

TPN - - - - - - - 0.65 
(±0.01) 

0.49 
(±0.01) 

0.43 
(±0.01) 

0.35 
(±0.01) - - 

Errors (in parentheses) represent one standard error propagated from the error of linear regression. 3 
a Below detection limit. 4 
b PME5 was used to determine IF values with BP but was not characterized for photooxidant concentrations.5 
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Table S5. Information on PME samples 1036 

Sample ID PME1 PME2 PME3 PME4 PME5g 

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 
01/10/16 - 
01/12/16 

Collection time (hr) 24 168 (one week) 168 (one week) 24 28 

Daily PM2.5 concentration 
(µg m-3-air)a 6.9 9.0 10 50 5.9 
Average mass of PM 
extracted (µg)b 79 (±14) 620 (±53) 540 (±35) 311 (±21) 132 (±11) 

PM mass/water ratio  
(10-4 µg PM/µg H2O) 0.79 (±0.14) 6.2 (±0.5) 5.4 (±0.4) 3.1 (±0.2) 1.3 (±0.1) 
α300 (cm-1)c 0.020 0.553 0.723 1.524 0.33 
AAE (300-450)d 6.7 7.7 7.4 7.4 6.2 
DOC (mg C L-1) 9.9 63.7 68.8 104.9 27.8 
EDC (mmol e− L-1) < LODe 0.11 (±0.01) 0.12 (±0.01) 0.47 (±0.01) - 

[1O2*] (10-12 M) 0.080 (±0.003) 2.3 (±0.1) 2.5 (±0.2) 3.0 (±0.2) - 

[OH] (10-15 M) 0.23 (±0.03) 4.7 (±0.3) 3.9 (±0.3) 2.0 (±0.4) - 

IFFFA
f 1.10 (±0.07) 0.97 (±0.20) 1.30 (±0.12) 1.00 (±0.12) - 

IFSYR
f 0.76 (±0.03) 0.48 (±0.03) 0.21 (±0.04) 0.31 (±0.02) - 

IFSYR,corr 0.76 (±0.03) 0.49 (±0.11) 0.21 (±0.04) 0.31 (±0.02) - 

IFPTA
f 0.75 (±0.03) 1.24 (±0.06) 1.26 (±0.03) 0.60 (±0.04) - 

IFPTA,corr 0.75 (±0.03) 1.24 (±0.06) 1.26 (±0.03) 0.60 (±0.04) - 

[3C*]SYR (10-14 M) 0.66 (±0.15) 9.3 (±1.9) 9.4 (±2.2) 20 (±5) - 

[3C*]SYR,corr (10-14 M) 0.87 (±0.20) 19 (±6) 45 (±13) 64 (±16) - 

[3C*]PTA (10-14 M) 0.21 (±0.09) 21 (±5) 20 (±5) 10 (±3) - 

[3C*]PTA,corr (10-14 M) 0.28 (±0.12) 21 (±5) 20 (±5) 17 (±4) - 
a Daily PM2.5 concentration for each sampling period measured at the UC Davis sampling site by the 1037 

California Air Resources as reported on the iADAM online database (California Air Resources Board, 2019 1038 
−2020) 1039 

b The average (± 1σ) mass of PM extracted from each 2 cm × 2 cm filter square.  1040 
c Base-10 absorbance coefficient of the extract (in cm-1) at 300 nm. 1041 
d Absorption Angstrom Exponent (AAE) describes the dependence of absorbance on wavelength from 300 1042 

nm to 450 nm and is calculated with equation: AAE = [log(Abs300)– log(Abs450)]/log(300/450), where 1043 
Abs450 and Abs300 are the absorbances at 450 and 300 nm, respectively. 1044 

e Below detection limit. 1045 
f IF values shown in this table were measured with 80 µM DMB. 1046 
g PME5 was prepared using a particle filter collected by Kaur et al.29 PME5 was used to determine IF values 1047 

with BP but was not characterized for photooxidant concentrations. 1048 
  1049 
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