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ABSTRACT

Predicting the environmental fate of anthropogenic chemicals remains a top priority for scientists
and regulators; however, these efforts are hindered by the complexity of environmental systems.
For example, in aquatic photodegradation, multiple photochemically produced reactive
intermediates (PPRI) are present simultaneously, such as hydroxyl radicals (¢OH), singlet oxygen
('0O,), and triplet excited states of chromophoric dissolved organic matter (CDOM?*). This makes
it difficult to isolate contributions of individual PPRI to overall photodegradation as well as
measure bimolecular reaction rate constant with target contaminants (kppg;), Which could
subsequently be used to predict degradation rates under variable environmental conditions and in
engineered treatment systems. As an alternative approach, simplified model systems can be used
to isolate reactions with each PPRI. Yet, a systematic comparison of the results obtained in
different model systems has not been conducted. In this study, at least two model systems were
used to quantify kppr; between each PPRI (i.e., ©OH, 'O,, and three 3CDOM?* proxies) and each of
the 28 pesticides evaluated. Results were consistent for most pesticides across the set of model

systems used to evaluate a given PPRI. However, significant discrepancies were observed in some
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cases. For some pesticides, reactions with ¢OH appeared faster than the diffusion-controlled limit,
suggesting additional reactions with unidentified PPRI were occurring. In 'O, model systems,
unexpected reactions occurred between some pesticides and the triplet excited state of the model
sensitizer. Lastly, there was not a consistent trend between the calculated kppg; and the
photochemical properties of the three 3CDOM* proxies evaluated as suggested in previous studies.
Overall, the results from this study showed that model systems are a powerful tool for investigating
indirect photodegradation reactions and should be adopted in formal evaluations of the
environmental fate of anthropogenic chemicals. Key considerations and recommendations to
ensure accurate and reliable use of model systems are provided and areas benefiting from further

investigation are identified.

ENVIRONMENTAL SIGNIFICANCE

Bimolecular reaction rate constants between photochemically produced reactive intermediates
(PPRI) and organic contaminants are needed to predict their fate in sunlit waters. Model systems
are a valuable tool for investigating specific PPRI reactions compared to irradiating natural waters.
This study measured and compared bimolecular reaction rate constants between 28 pesticides and
PPRI, specifically hydroxyl radicals, singlet oxygen, and triplet excited states of organic
molecules. This systematic investigation showed comparable results across model systems for a
given PPRI in most cases, but occasional differences highlight the importance of control
experiments and the potential for unexpected and confounding reactions. Recommended

experimental procedures and control experiments are provided based on the results.
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INTRODUCTION

Environmental contaminants can be degraded by reactions with photochemically produced
reactive intermediates (PPRI) that are generated when naturally occurring chromophoric dissolved
organic matter (CDOM) absorbs sunlight.!: > Among the various PPRI produced in sunlit waters,
hydroxyl radicals (¢OH), singlet oxygen ('O,), and triplet excited states of CDOM (3CDOM*)
were previously found to have significant reaction rates with many anthropogenic chemicals,
including pesticides' 2 and pharmaceuticals.’ * Among these anthropogenic chemicals, only
pesticides are regularly evaluated for the potential to undergo photodegradation because of
regulations like the United States (US) Federal Insecticide, Fungicide, and Rodenticide Act.

The US Environmental Protection Agency (EPA) created guidelines® for studying the
indirect photodegradation of pesticides, which recommends using a synthetic water prepared using
commercially available organic matter isolates. This approach, however, generates multiple PPRI
simultaneously and makes it difficult to identify reaction mechanisms and quantify bimolecular
reaction rate constants between PPRI and target compounds (kppg;) that are needed to predict
degradation under varying environmental conditions. As an alternative, simplified model systems,
which include only the well-studied chemicals necessary, can be used to isolate specific reaction
pathways and quantify kppg;.

In this work, model systems are defined as the combination of (1) the sensitizer used to
selectively produce a specific PPRI, (2) the probe compound (i.e., a compound with a known
bimolecular reaction rate constant with the PPRI) used to measure the PPRI steady-state
concentration, and (3) the experimental solution, which could include buffers or chemicals that
quench or extend the lifetime of specific PPRI. By measuring and comparing the degradation rates

of target and probe compounds, kppg; can be calculated through competition kinetics. Many
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combinations of model sensitizers and probe compounds have been previously used to investigate
the reactivity of PPRI with organic contaminants (see Tables 2.1, 3.1, and 4.1 for examples). Yet,
the comparability and robustness of different model systems has not been systematically evaluated
for a diverse range of compounds. While either the sensitizer, probe compound, or solution
composition can be changed to create different model systems, the model systems used in this
work primarily focused on using different sensitizers.

Accurate measurements of kppg; are needed for improving predictions of environmental
fate of chemicals and exposure pathways. Recently, environmental chemists and toxicologists in
North America identified the ability to better predict the fate of chemical pesticides in the
environment as a top research priority to attain sustainable agriculture practices.® Therefore, 28
pesticides with a range of chemical structures were chosen for investigation in this study.
Pesticides were selected for inclusion in this study if the pesticide registration dossier’ reported
photolysis and/or water phase half-lives that were relatively short (t;,<60 days) and negligible
hydrolysis. Discrepancies across model systems were identified, and recommendations and key
considerations for optimal experimental procedures are provided. Finally, the significance of
reactions with PPRI for the environmental fate of the pesticides investigated was evaluated based

on the kppp; measured.

MATERIALS AND METHODS
Materials

All 28 pesticides were Pestanal grade with >95% purity (Table S1.1). Model sensitizers
included hydrogen peroxide (H,0O,, 30% unstabilized) and sodium nitrite (NaNQO,) to generate

eOH, which were chosen because they are commonly used and have well-known reaction
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mechanisms.! 8 For 'O, model systems, zinc porphyrin (ZnP, Zn 5,10,15,20-tetra-(4-pyridyl)-
21H,23H-porphine tetrakis-(methochloride)) and perinaphthenone (PN) were the chosen
sensitizers because of their lower one-electron reduction potentials and triplet excited state
energies compared to 3CDOM?* and because their 'O, quantum yields are close to unity.!% !
Therefore, in the 'O, model systems, reactions between target compounds and the triplet excited
states of the sensitizer were expected to be negligible compared to reactions with '0,. Three
sensitizers were chosen as 3CDOM* proxies; benzophenone (BP), 4-carboxybenzophone (4-
CBBP), and 3-methoxyacetophenone (3-MAP) were previously reported to have triplet excited
state photochemical properties within the range measured for natural CDOM mixtures and have
been suggested for use in previous studies.!!"'4 While using sensitizers that are simple molecules
eliminate possibly confounding reaction pathways compared to irradiating natural CDOM
solutions, the production of 'O, from the triple excited state of CDOM or sensitizers inextricably
link these two PPRI. To further differentiate between these two reaction pathways, deuterium
oxide (D,0) substituted one of the 'O, model systems at an 80:20 D,0O:H,O volume ratio to
quantify the kinetic solvent isotope effect.!’

Further solution components included either benzoic acid, furfuryl alcohol (FFA), or 2,4,6-
trimethylphenol (TMP) as probe compounds to quantify ¢OH, !O,, and triplet excited states of the
sensitizer (3sens*), respectively. Phenol was used as a model antioxidant in 3sens* model systems.
All stock solutions were prepared in HPLC-grade acetonitrile or ultrapure water (>18.2 MCQ,
Millipore Direct-Q 3 UV), whereas working solutions were prepared in 1 mM phosphate buffer at
pH=7 except for prothioconazole. Prothioconazole has an environmentally relevant pKa of 7.3
(Text S1.2, Figure S1.1), and experimental solutions were prepared at pH=5 and pH=9, both using

1 mM phosphate buffers. Given the use of competition kinetics to calculate kppg;, the presence of
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<0.1% v/v acetonitrile as a co-solvent did not impact the results (Text S2.1). In a separate test tube,
p-nitroanisole (PNA) solution was used as the actinometer.'®

More information on chemicals and solution preparation is provided in Text S1.1 and Table

S1.1.

Molar Absorptivity

The molar absorptivity of the sensitizers and probe compounds were measured in ultrapure
water using a UV-vis spectrophotometer (Cary 60, Agilent). Measurements were taken at a
minimum of four concentrations (0.1-20 mg L) and included at least seven independent scans
using a combination of 1 and 10 cm pathlength quartz cuvettes. The data were combined and fit
with a series of Gaussian curves for reconstructing the full molar absorptivity spectrum from the

three Gaussian curve parameters (Table S1.2, Figure S1.2).1°

Experimental Setup and Sample Analysis

Experiments were conducted in a merry-go-round photoreactor (Luzchem LZC-4V)!¢
using 8 UV A bulbs (Anx=350 nm) placed on the sides of the photoreactor (Figure S1.3). The air
temperature in the photoreactor was 20-25 °C during experiments. The experimental solutions
included the pesticide, sensitizer, probe compound, and buffer (Text S1.1) in Pyrex test tubes (10
mm internal diameter, 8 mL of solution). Each experiment had at least three independent replicates
performed, and up to seven 180 uL subsamples were collected during the course of each
experiment. PNA (10 uM) solutions were added in separate test tubes to measure the photon

fluence in all experiments.
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Dark controls were performed under all experimental conditions for each pesticide. In 10,
model systems, control experiments without the addition of the probe compound (FFA) were
conducted. In 3sens* model systems, control experiments included sparging the solutions with
nitrogen gas to evaluate the possible contribution of 'O, to pesticide degradation as well as
irradiating solutions without the addition of the probe compound (TMP), to evaluate the influence
of TMP on observed degradation rates.

Samples were analyzed using high-performance liquid chromatography with a diode array
detector (HPLC-DAD, Agilent 1260) and a 3x150 mm 4-um HPH-C18 column. The eluents, flow
rate, detection wavelength, and retention time for each of the compounds are provided in Table

S1.3.

Bimolecular Rate Constant Calculation

The bimolecular reaction rate constant between each PPRI and pesticide (kppg;) was
calculated by multiplying the known bimolecular reaction rate constant of the probe compound
(kppriprove) and the slope of the best fit line, obtained using linear regression, when plotting the
log-linear decay of the pesticide against that of the probe (Equation 1). In Equation 1, [pesticide]
and [probe] represent the concentration of each, the subscript ¢ represents the experimental time

points, and the subscript 0 represents the initial concentration.

[pesticide],

_ In [pesticide]
kpprr = 1 ([pmbe]t) X kppriprobe (1)

n [probe]

Previously determined kppg; -5 Were used for reactions between ®OH and benzoate (5.9 x

10° M-!s'!) and 'O, and FFA (1 x 108 M-! ' at 22 °C).!17- 18 For each triplet excited state sensitizer,
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kesens* TP was calculated by comparing the degradation of TMP as a function of the calculated
steady-state concentration of 3sens* in solution (Text S1.3, Table S1.4).

Direct photolysis control experiments were conducted by irradiating solutions containing
only the pesticide or probe in buffered ultrapure water. Degradation of probe compounds was
negligible. For pesticides that underwent direct photolysis under UVA light, kppgr; was calculated
using Equation 2.1, where the subscripts direct and indirect represent the respective contributions
of these pathways and [PPRI]; is the steady-state concentration of the PPRI. Expanding Equation
2.1 in terms of the measured pesticide, probe, and actinometer degradation results in Equation 2.2,

where [PNA] is the concentration of the actinometer.

kindirect+direct —k

direct
kppri = [PPRI]ss (2.1)
-1
[ln ( [pest.ic.ide] )] —[ll’l( [pest.ictide] )] In ( [probe] )
k — [pesticide]g indirect+direct [pesticide]g direct X [probe] X k (2 2)
PPRI ] [PNA]) | ([PNA]) PPRI,pT'Obe .
[PNA], [PNA],

The errors in kppg; were calculated using error propagation using the standard error of the
slope from linear regression and the error in kppg; ,r0pe. Relative percent differences (RPD) in kppg;
determined in different model systems were calculated as the difference between the values

divided by their average.

RESULTS AND DISCUSSION
*OH Model Systems: Hydrogen Peroxide (H,O,) and Nitrite (NO,")

For 64% (18 out of 28) of the pesticides, calculated bimolecular reaction rate constants
with eOH (k.oy) were similar in both model systems (RPDs <26%) (Figure 1A, Table S2.1). For
most of these pesticides (n=14/18), k.oywas within a factor of two of the diffusion-controlled limit

(=1x10'9 M1 s1),18 and the slowest k.oywas 3.0x10° M- s1. The k.o for two of the remaining 10
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pesticides — aminopyralid and triclopyr — could only be measured with H,0O, as the sensitizer. The
*OH steady-state concentration produced with NO,™ was ~7 times lower than with H,O,, and the
observed degradation of these two pesticides in NO,” model systems matched the observed direct
photolysis rates. For the remaining eight pesticides, the k.oy differed by up to 149%. Literature
values of k.o were found for 14 of the 28 pesticides. These reported k.o differed by up to 177%
from the values measured in this work (Figure S2.2A, Table S2.1).

The two pesticides with the highest discrepancies between model systems — chlorothalonil
and protonated prothioconazole — had measured k.oy values higher than the diffusion-controlled
limit, which suggests additional reactions with unidentified PPRI are occurring. The identity of
these reactions is unclear. Prothioconazole contains a nitrogen-sulfur heterocycle that could be a
potential reaction site for additional reaction pathways, and deprotonated prothioconazole rapidly
degraded with H,0, in dark controls.!®- 2° Chlorothalonil is known to react via energy transfer
resulting in photoreduction and the formation of dechlorination products.?! While a previous study
identified dechlorination products in a Fe(NO;);/H,0, photochemical experiment, the proposed
mechanism proceeded through hydroxylation, which should not lead to a k.oy above the diffusion-
controlled limit.??

The six pesticides that had RPDs of 31-97% did not have consistently faster k.oy in one
model system versus the other. The k.oy was faster in the NO,™ system for four pesticides and
faster in the H,0O, system for two pesticides. This also suggests unidentified reactive intermediates
in both systems may contribute to the observed degradation rates.

The calculated k.o for alachlor, cyprodinil, pyraclostrobin, and trifloxystrobin were 1.4 to
1.7 times faster in the NO; system than the H,O, system. It is known that NO,- generates reactive

nitrogen species (e.g., ®NO;) during irradiation, and a previous study showed that primary and
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secondary amines are susceptible to nitrite-sensitized phototransformation.?* Eight of the studied
pesticides contain these amine functional groups, but only cyprodinil and protonated
prothioconazole exhibited faster degradation in the NO, model system (Figure S2.1).
Additionally, bimolecular reaction rate constants with eNO, typically ranged from 107 to 10* M-!
s7!, which is orders of magnitude lower than those measured with eOH (>3x10° M s1).24
Therefore, reactions with reactive nitrogen species are not suspected to be the cause of the faster
reaction rates observed in the model system. It is also interesting to note that cyprodinil and
pyrimethanil are very similar structurally, with the only difference being the replacement of a
methyl group by a cyclopropyl group, but still showed distinct behavior (Figure S2.1).

The calculated k.oy for atrazine and mesotrione were 1.5 and 2.7 times faster, respectively,
in the H,O, model system. Similar to the NO,™ system, it is known that the irradiation of H,O,
forms other reactive species (e.g., HO,0/O,e", pKa=4.8).%> For example, superoxide radical (O,e")
was previously reported to react with atrazine in a quenching experiment and could potentially be
the cause of the faster k.oy in the H,O, model system.?® For mesotrione, however, no studies with

these reactive species were found in the literature.

Implications

The observed variations in k.oy between the two model systems highlight the need for
further standardization and characterization of these systems used to investigate indirect
photodegradation by «OH. While most pesticides had similar values of .oy across the two model
systems, some exhibited evidence of reactions with unknown PPRI in both systems. These
additional PPRI remain unidentified, and further study is required to confirm the cause for

discrepancies observed in this work. Previous attempts to identify and quantify additional PPRI in

10
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these systems have shown it to be challenging.?®27-2° Nevertheless, comparing results across model

systems can be used to evaluate potential effects of unknown PPRI and verify the measured k.op.

If using one model system only, the H,O, system is recommended over the NO,™ system.
The 2 mM H,0, model system generated sufficient ¢OH to complete experiments within four
hours and to differentiate reactions with «OH when direct photolysis was significant. Notably,
stabilizers added to commercial H,O, may interfere with photochemical reactions, while H,O,
decomposition over time can also affect the purity and reactivity of stock solutions. Therefore,
unstabilized and fresh H,O, should be used for consistent and higher «OH production. The major
drawback of the NO, system is that NO," is both the source and a sink for «OH; therefore, steady-
state ®OH concentrations were not adjustable and required longer experimental times. Benzoic
acid (25 uM) was selected as the probe compound for its historical use in photochemical
experiments.?’ In this work, benzoic acid showed strong selectivity for ¢OH in both model systems
as demonstrated by the consistent results across experiments (Text S2.1, Figure S2.3). When
comparing the measured k.oy in this study to reported literature values, most studies using p-
chlorobenzoic acid as the probe compound found similar k.oy (RPDs <23%), whereas studies using
other probe compounds tended to have greater differences. Therefore, a systematic comparison of
commonly used probes could help identify the optimal compound for quantifying «OH in model

systems.

11
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Figure 1. Bimolecular reaction rate constants between the PPRI (eOH, 'O,, and 3sens*) and
pesticides (kppgr; in M- s71), obtained using (A) H,O, and NO, as model sensitizers to produce
*OH, (B) ZnP and PN as model sensitizers to produce 'O,, and (C) 4-CBBP, BP, and 3-MAP as
model sensitizers to produce *sens* 3CDOM?* proxies). Pesticide degradation was not observed
in some model systems (®). Bimolecular reaction rate constants were not calculated when both
10, and PN* contributed to the observed degradation (XI). Photoisomerization rate constants (+)
were measured for three pesticides (i.e., azoxystrobin, picoxystrobin, and trifloxystrobin) in 3sens*

model systems. Numerical values of kppg; are available in Tables S2.1, S3.1, and S4.1.

10, Model Systems: Perinaphthenone (PN), Zinc Porphyrin (ZnP), and D,0 Kinetic Solvent
Isotope Effect (KSIE)

Degradation with 'O, was observed for 36% (10 out of 28) of the pesticides (Figure 1B,
Table S3.1). Although chlorothalonil degraded in these systems, no degradation was observed in
control experiments without FFA, which could be acting as an electron donor.?!- 3° Observed
differences in pesticide degradation in the presence and absence of FFA for the other pesticides

were negligible.

Reactions with 'O, have been previously reported for compounds with sulfide and N-
heterocycle groups (e.g., pyrimidine, pyridine).> 3132 Six of the 10 pesticides that reacted with 'O,
contained these functional groups, but seven of the 18 unreactive pesticides also contained these
moieties (e.g., pyridine, pyrimidine, triazine and imidazole rings, Figure S3.1). However, four of
the seven unreactive pesticides had significant direct photolysis decay, possibly obscuring slower

reactions with 'O,.

13
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Three of the 10 pesticides that degraded in 'O, systems — chlorpyrifos, fomesafen, and
deprotonated prothioconazole — had similar calculated bimolecular reaction rate constants with !0,
(ko)) across model systems (Figure 1B). This can be easily seen when plotting pesticide
degradation against FFA degradation, which accounts for differences in 'O, steady-state
concentrations in the PN/H,0, ZnP/H,0, and ZnP/D,0O model systems (Figure 2A, Figure S3.2).
The consistent slopes indicated that 'O, was solely responsible for the observed degradation. For
the other seven pesticides, the observed degradation rates were slower in the ZnP/D,0O model
system, which is observed as a shallower slope when comparing against the other model systems
(Figure 2B, Figure S3.2). This indicates that reaction with 3ZnP* or 3PN* was also occurring.
Some pesticides (e.g., cyprodinil and pyrimethanil) also had substantially faster (i.e., by 80 times)
observed degradation in the PN/H,O model system, indicating that reactions with 3PN* were a
dominant degradation pathway (Figure 2C, Figure S3.2). Consequently, the kinetic solvent isotope
effect (KSIE) had to be used to calculate the relative contributions of reactions with 'O, versus

3sens* and determine the ko, for these seven pesticides (Text S3.1).

The presence of D,O increases the !0, steady-state concentrations while not affecting the
steady-state concentrations of other reactive intermediates (i.e., sens*) or direct photolysis
degradation rates (as demonstrated by control experiments).!> Hence, the fraction of 'O, reactions
(fio,) can be calculated by comparing the degradation rates in 80:20 D,O:H,0 versus H,O-only
systems (Text S3.1).!° This analysis showed that reactions with 'O, accounted for 37-59% of the
observed degradation for the seven pesticides that reacted with both 'O, and 3sens* in the ZnP/H,0O
model system. The remainder of the observed degradation was attributed to reactions with 3ZnP*.
This was unexpected given that the one-electron reduction potential and triplet energy of ZnP are

relatively low (Table 1). After correction by fio,, k'o, were <5.9x10° M-! s-! for six of the seven

14
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pesticides (Table S3.1). Deprotonated prothioconazole was the only pesticide that had a ko, that

could be environmentally relevant.

Experiments in 80:20 D,0:H,0 were not conducted with PN as the sensitizer because PN
has a higher one-electron reduction potential and triplet energy than ZnP. Therefore, reactions with
3PN* likely occurred in the PN/H,O model system; consequently, k'o, was calculated only for the
three pesticides that did not display a KSIE. The ko, calculated for these pesticides were similar
(RPDs <30%) in all model systems. It would be possible to calculate ko, if results from both a

PN/H,0 and PN/D,0 system were available.

Implications

Reactions with 3ZnP* are less likely than with 3PN* due to the lower one-electron reduction
potential and triplet energy of ZnP. However, when comparing these two sensitizers, PN (1 uM)
is more cost-effective and readily available, making it a practical option for use in model systems.
Regardless of the selected sensitizer, D,O experiments are needed to verify whether 3sens*
reactions are occurring and to calculate an accurate k0,. Using 80:20 D,0O:H,0 was effective in
this study. Higher D,O volume ratios will result in higher 'O, steady-state concentrations, but
precise control of the D,O fraction becomes necessary to avoid large errors in calculating fio,.!>
FFA (40 pM) has been widely used as a probe compound and has well-studied reaction
mechanisms.?” Nonetheless, control experiments are still needed to account for unexpected
reactions — such as the degradation observed for chlorothalonil — that may be caused by the

presence of the probe.
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Figure 2. Degradation of pesticides plotted against FFA in ZnP/H,O, PN/H,O, and 80:20
D,0:H,0/ZnP model systems for (A) chlorpyrifos, (B) mesotrione, and (C) cyprodinil. The slopes
of the curves and the coefficient of determination (R?) are provided. Data for the other pesticides
that degraded in 'O, model systems is shown in Figure S3.2. Bimolecular reaction rate constant

values between 'O, and pesticides (k'0,) are available in Table S3.1.
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316  Table 1. One-electron reduction potentials (E°*(*S*/S-)), triplet energies, 'O, production quantum yields, and bimolecular reaction rate

317  constants with between 3sens* and TMP (kisens* 7mp). Calculation of bimolecular reaction rate constants is described in Text S1.3, and

318 the reported uncertainty is calculated from the standard error of the linear regression slope used to calculate kssens* Tmp.

Bimolecular Rate Constant with TMP (kssens* vp, M! -

: I
Senit Eo*(38*/S) Triplet 0, )
ensitizer (Vsue) Energy  Quantum p— -
kJ mol! Yield ; 1s wor
( ) Literature (Calculated)
Zinc porphyrin complex (ZnP) 0.78 ['1] 155 ']  0.88['] - -
Perinaphthenone (PN) 1.03 [ 164 '  0.98['"] - -
1.26 x 10° (3.81 £0.12) x 10°
. 3 33 33 i}
4-carboxybenzophenone (4-CBBP) 1.83 [*3] 286 [*°] (PH=10.2)(*] (pH=7)
1.67 [3>36]
5.10 + 0.90) x 10° (6.84 % 0.14) x 10°
Benzophenone (BP 1.79 [¥7 288 [337]  0.37 [ (
phenone (BF) Loapaay oo 3T (PH-8)[* (PH=7)
3-Methoxyacetophenone 1.64 [39] 303537 027['"] (2.60 +0.3) x 10° (5.99£0.11) x 10°
(3-MAP) L71[] | (PH=8)[*¥] (PH=7)
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3CDOM* Model Systems: benzophenone (BP), 4-carboxybenzophenone (4-CBBP), and 3-
methoxyacetophenone (3-MAP)

Bimolecular Reaction Rate Constants between Triplet Excited States of Sensitizers (’sens*) and

TMP

To quantify bimolecular reaction rate constants between the triplet excited states of the
sensitizers (’sens*) and pesticides, the reaction rate constant between the 3sens* and TMP as the
probe compound (kisens* TmP) were needed. There are reported values for Assens*, 7mp in the literature
(Table 1); however, the value for 4-CBBP was determined at pH 10.2 with TMP being partially
deprotonated. The Aisens* TMP measured in this work for 3-MAP, 4-CBBP, and BP were 2.3-, 3.0-,
and 1.3-fold faster, respectively, than those previously reported in the literature (Table 1, Figure
3, Text S1.3). Similar Aisens* Tmp, near the diffusion-controlled limit, were expected based on the
one-electron oxidation potential for TMP (1.22 V) being significantly lower than the reported one-

electron reduction potentials of the three sensitizers, ranging from 1.64-1.95 Vgyg (Table 1).12.33.35-

37

The kisens Tvp calculated in this work were used to calculate the bimolecular reaction rate
constants between each 3sens* and pesticide (kisens*) and to examine trends between kisens* and
sensitizer photochemical properties. There is, however, substantial uncertainty associated with this
evaluation. More than one reduction potential value is reported for some sensitizers, and these
values and the sensitizers’ triplet energies were determined in either organic solvent/aqueous
mixtures or in highly alkaline solutions.!'2 333537 Therefore, the true values of these properties may
differ in pure water at neutral pH. There is also uncertainty when calculating Kksens* TP
experimentally and the reported uncertainty may not fully capture the total uncertainty. For

example, the spectral overlap between the molar absorptivity (g;) of the sensitizer and the
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irradiance of the UVA light source was limited to a small wavelength range (Figure S1.2), and
measurements of g, approached the detection limit of the UV-vis absorbance in this range. The
variability in experimental values of ¢, in this region was approximately +35%, which was not

propagated when calculating the sensitizers’ rate of light absorption or subsequently calculating

values of kssens* Tmp.

Photoisomerization of Strobilurin Fungicides

Three of the pesticides — azoxystrobin, picoxystrobin, and trifloxystrobin — underwent
photoisomerization in 3sens* model systems, which was observed as biphasic degradation kinetics
with a faster photoisomerization rate followed by a slower kssens* (Figure 4, Figures S4.1-S4.2).3°
The initial photoisomerization rate was 2.6 to 10 times faster than the subsequent decay rate. Both
bimolecular reaction rate constants are included in Figure 1 and Table S4.1 for completeness.
Despite picoxystrobin and trifloxystrobin having four potential isomers, only one photoproduct
peak appeared in the chromatogram during the initial photoisomerization phase for all three
pesticides. This photoproduct was assumed to be an isomer based on similar absorbance spectra to
the parent compound (Figure S4.3), the biphasic degradation kinetics observed, and the previous
findings of azoxystrobin and trifloxystrobin photoisomerization during direct photolysis.*0-42
Although biphasic kinetics can help distinguish photoisomerization processes, it may not always
be observed during photoisomerization.** For example, single-phase kinetics would be expected
when experimental times are shorter than the time needed to reach photoisomerization equilibrium

or if degradation occurs faster than photoisomerization.
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Bimolecular Reaction Rate Constants between Triplet Excited States of Sensitizers (*sens*) and

Pesticides

Reactions with 3sens* were observed for 89% (25 out of 28) of the pesticides (Figures 1C
and S4.4-S4.8, Table S4.1). Of the 25 pesticides that reacted with 3sens*, 16 contained functional
groups previously identified as reactive with 3CDOM?*, including aniline substructures, amino-
substituted aromatic heterocycles, and sulfur atoms (Figure S4.9).!' This high degree of
susceptibility to reactions with 3sens* was expected based on the selection process used for
candidate pesticides (i.e., pesticides suspected to be susceptible to indirect photodegradation).
Consequently, reactions between 3sens* or 3(CDOM* and a broader range of organic contaminants
should be more selective than what results from this set of compounds would suggest.

Measured kisens* spanned more than two orders of magnitude and the relative &ssens* among
each 3sens* differed across pesticides (Table S4.1, Figure 5). Nine pesticides (n=9/25) had kssens*
within a factor of 3 for all three sensitizers, including pesticides with both lower (108 M-! s-) and
higher reactivity (10° M-! s-!) towards 3sens* (Figure 5A). Five more pesticides (n=5/25) had
ksens* within a factor of 5 for all three sensitizers (Figure 5B). Nevertheless, amongst these 14
pesticides with Assens* within a factor of 3 or 5, whether kisens* was fastest with 33-MAP*, 34-CBBP*,
or 3BP* varied. This precludes being able to correlate the measured kssens* with a single sensitizer’s
photochemical properties.

Eight of the 11 remaining pesticides (n=8/25) had larger differences between kisens* values,
and the slowest or no reaction with 33-MAP* (Figure 5C). The slower reactivity with 33-MAP*
could be due to either its lower one-electron reduction potential compared to 4-CBBP and BP or

its t-1* triplet state configuration.?” Both 4-CBBP and BP have n-n* triplet state configurations,
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which has been shown to be more reactive than the n-n* configuration even at the same one-
electron reduction potential.33 37, 44-46

The remaining three pesticides (n=3/25) did not fit any of these patterns, including
chlorothalonil (Figure 5D). Chlorothalonil is known to undergo energy transfer with 3sens*, and
its measured triplet energy (276 kJ mol!') is below that measured for all three sensitizers (Table
1).21,33,35-37 Therefore, the faster kssens* with 33-MAP* can be explained by 3-MAP’s higher triplet
energy. Overall, the observed differences amongst these pesticides illustrate that the 3sens*
reactions, even in simplified model systems, are not fully understood yet. Reactions with the

complex mixture that constitutes CDOM should be expected to be even more complex.

Phenol Antioxidant Model Systems: Susceptibility to Back-Reactions

Previous research found that triplet-induced oxidation of aromatic amines was susceptible
to back-reaction with the antioxidant moieties present in CDOM.#”#° Therefore, decay rates with
3CDOM* could be slower than expected based on kienst. To evaluate the potential for back-
reaction, phenol (10 pM) was used as a model antioxidant and 4-CBBP as the sensitizer. Observed
degradation rates in the presence of phenol decreased for seven pesticides and increased for
chlorothalonil (Figure S4.10-S4.11). Chlorothalonil is known to undergo photoreduction, which
was enhanced by the antioxidant property of phenol.?! The degradation rates of the remaining 20
pesticides investigated were similar with or without the addition of phenol (Figure S4.12).

Five of the seven pesticides that had slower degradation rates in the presence of phenol
contained aromatic amine functional groups, whereas deprotonated prothioconazole and
mesotrione did not (Figure S4.13). The thione in prothioconazole is a likely reaction site with

3sens*.!! However, the mechanisms for back-reactions for both deprotonated prothioconazole and
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mesotrione are unclear and require further study. Additionally, not all pesticides with amines
and/or aromatic amines underwent back-reactions — atrazine, pendimethalin, and protonated

prothioconazole degradation rates were not affected by the addition of phenol (Figure S4.12).

Observed degradation rates of MCPA with 33-MAP* were significantly slower than with
34-CBBP* compared to other pesticides (Figure S4.4-S4.8). Therefore, antioxidant effects were
tested with both sensitizers. Phenol addition slowed degradation by 24% with 4-CBBP and by 60%
with 3-MAP (Figure S4.11). Previous findings showed that MCPA, excited by UVB irradiation,
could react with phenol, but the presence of phenol at high concentrations (200-500 uM) decreased
the direct photolysis rate by ~40%.° Consequently, predicting kcpom* and the overall
photodegradation rate may not be possible because CDOM can have variable photochemical

properties and antioxidant content.

Steady-state concentrations of *sens* were quantified using TMP, a substituted phenol, as
the probe compound. Control experiments without the probe (i.e., sensitizer and pesticide only)
showed that TMP (10 uM) could also act as an antioxidant (Figures S4.10-S4.11). With TMP,
observed degradation of cyprodinil, fluroxypyr, and pyrimethanil were slower by 39-84%
compared to experiments without TMP (Figures S4.10). These three pesticides were also the most
affected by back-reactions when phenol was added as a model antioxidant. In contrast,
chlorothalonil degradation rates increased by 29-fold with 34-CBBP* in the presence of TMP
(Figures S4.10). For MCPA, the observed degradation rate increased by 6-fold with 33-MAP* and
16% with 34-CBBP* in the presence of TMP (Figures S4.11). These observations for MCPA
contrast with the slower degradation rate in the presence of phenol with both sensitizers.

Consequently, for cyprodinil, fluroxypyr, pyrimethanil, chlorothalonil, and MCPA, the
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degradation of both the pesticide and probe were measured in separate solutions to calculate Asens*

(Text S4.1, Figure S4.7).

Implications

Both 4-CBBP and BP have been proposed as reasonable surrogates for assessing *CDOM*
reactivity.'4 5! However, the reported photochemical properties of 3-MAP likely make it more
representative for assessing susceptibility to reaction with 3CDOM*. Using 3-MAP is also more
conservative and should minimize overestimating contributions of 3CDOM?* to environmental
degradation. Nevertheless, 4-CBBP and BP remain valuable for investigating reaction mechanisms
with triplet excited species, especially BP which typically had faster reaction rates with the
pesticides investigated and has the benefit of being a well-studied photochemical sensitizer since
the 1970s. As for the probe compound, TMP has been considered suitable for quantifying
3CDOM* (or 3sens*) in experiments due to its high reactivity, slow direct photolysis rate under
sunlight, and lack of inhibition from antioxidants.?’” However, its own antioxidant properties have
been largely overlooked. For compounds that react with 3sens*, control experiments without TMP

are needed.

No clear pattern in kisens* was observed between the different pesticides and model
sensitizers, indicating that more study of 3sens* reaction mechanisms and photochemical
properties in aqueous systems is needed. Nevertheless, results from these *sens* model systems
are still expected to be more interpretable than 3CDOM?* experiments with or without the use of
quenchers (Figure S2.2B, Table S4.1). For example, a previous study using CDOM and quenchers
found that photodegradation of propiconazole would be predominantly through reaction with '0,

and 3CDOM*, but propiconazole did not degrade with either PPRI in these model systems.>?
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Figure 3. Observed degradation rates of the probe compound (TMP) as a function of the calculated
steady-state concentrations of the triplet excited states of each model sensitizer ([>sens*]; Table
S1.4 and Text S1.3). The slopes of the linear regression are the bimolecular reaction rate constants

between 3sens* and TMP and the coefficient of determination (R?) is also provided.
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51 463  be the same at the wavelength used for quantification (Table S1.3) in order to calculate isomer
464  formation rates. The slopes and the coefficient of determination (R?) of azoxystrobin’s degradation

56 465  are provided.
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Figure 5. Bimolecular reaction rate constants between 3sens* and the pesticide (kisens*, Table S4.1)
as a function of the sensitizers’ one-electron reduction potentials reported in Table 1. Pesticides
were grouped according to their relative kssens* patterns. In panel (A), the Aisens* measured with 4-
CBBP, BP, and 3-MAP were within a factor of 3, in (B) the kssens* were within a factor of 5, in (C)
kisens* had larger differences and were slower or unreactive with 33-MAP*, and in (D) the pesticides
did not follow any of the trends observed in (A-C). The different symbols chosen for plotting kssens*
values of each pesticide were based on common functional groups previously identified as reaction
sites for 3CDOM?* oxidation (Figure S4.9).!! The cross symbol (X) indicates no degradation with
that 3sens* was observed. The highest one-electron reduction potentials reported for the sensitizers

in Table 1 were selected for plotting the data.

ENVIRONMENTAL IMPLICATIONS AND NEXT STEPS

In this work, at least two model systems were used to quantify reaction rates between
organic contaminants and various PPRI (e¢OH, 'O,, and three 3CDOM?* proxies). The results
showed that reactivity with ¢OH is the least selective and will likely have the fastest kppg; for many
anthropogenic organic contaminants. However, the eOH steady-state concentration present in
natural waters is orders of magnitude lower than that of 'O, and 3CDOM?*. Conversely, reactivity
with 'O, was the most selective and typically had slower kppg;. Furthermore, all 10 pesticides that
reacted with 'O, also degraded in 3sens* model systems, with kssens* found to be 3.6 to 9,200 times
faster than ko, (Tables S3.1 and S4.1). Consequently, in sunlit waters where the steady-state
concentrations of 'O, and 3CDOM* are expected to be approximately equal, reactions with 10,
may be significantly less important than those with 3CDOM* for pesticides that are susceptible to

both reaction pathways.!!
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To evaluate the environmental relevance of reactions with 3CDOM?*, the bimolecular
reaction rate constant between 3CDOM* and the pesticide (k*cpom+) required to achieve a t;,=30
days in sunlit waters was calculated, again assuming the steady-state concentration of 3CDOM*
and 'O, are approximately equal.!' The 'O, steady-state concentration was previously modeled to
be 1.9x10'* M for near-surface conditions, which suggests pesticides with a kscpom+ > 1.41x107
M-! sl would have a calculated t;, <30 days.!!> >3 The slowest kisens* measured in this work was
1.51x107 M-! 5! (Table S4.1). While these findings suggest that reactions of these pesticides with
3CDOM* could be an environmentally relevant degradation pathway, it should be noted that the
one-electron reduction potentials and triplet energies of the 3sens* are at the high end of the range
of estimates for 3CDOM* (1.36-1.95 Vgyg and 180-320 kJ mol!).!" Thus, pesticide degradation
by 3CDOM* could be substantially slower because of this, as well as potential back-reactions due

to the antioxidant moieties naturally present in CDOM.

While this work showed the value of model systems for studying indirect photodegradation
reactions, it also highlighted that more work is needed to fully understand the PPRI created and
the potential reaction pathways of anthropogenic pollutants. First, at least one pesticide showed
unexpected reactivity in each model system and control experiment. This shows that, in addition
to the dark controls and direct photolysis controls that are typically conducted, control experiments
that exclude the probe compound are also necessary. Furthermore, using the KSIE was needed to
quantify the relative contributions of reactions with !0, and 3sens* because the production of these
PPRI is inextricably linked.

Several pesticides in this work had calculated kppg; that suggests there are additional,
unidentified PPRI produced in the model systems and/or possible unidentified reaction pathways

for that pesticide. Of note are (1) the k.oy values above the diffusion-controlled limit, (2) the
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substantial differences in reactivity between similar molecules (e.g., protonated vs. deprotonated
prothioconazole and cyprodinil vs. pyrimethanil), and (3) the inconsistent reactivity pattern for the
three 3CDOM* proxies evaluated. The observed antioxidant effects of the commonly used
3CDOM* probe, TMP, also indicates that a systematic comparison of probe compounds would be
beneficial for the photochemistry community. Possible objectives of such a study could be to
identify a more selective 3CDOM?* probe that would capture only the higher energy fraction of the
3CDOM* or a set of probes that could be used to better understand and quantify the role of
antioxidants during indirect photodegradation.

Despite these identified needs for further study, model systems still proved to be a
promising step forward in increasing our mechanistic understanding of environmental degradation
pathways and ultimately to developing predictive models of environmental fate. Following the
current US EPA guidelines does not produce any kppg;, only an apparent pseudo-first order reaction
rate that is applicable to only the specific water composition used in that experiment. Therefore,
the US EPA guidelines should be updated, and model systems should become commonly used

when evaluating the fate of pesticides during their registration.
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