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ABSTRACT: Development of high-performing pesticides with
tunable degradation properties is vital to increasing the safety and
effectiveness of tomorrow’s analogs. Chromophoric dissolved
organic matter in the excited triple state (*CDOM?*) is known to
play a key role in the removal of pesticides via indirect
photodegradation. However, the potential of these transformations
to guide the design of safer chemicals has not yet been fully
realized. Here, we report a two-tier computational framework
developed to probe and predict both kinetics and thermodynamics
of 3CDOM”‘-pesticide interactions. In the first tier, robust in silico
models were constructed by fitting free energies obtained from
density functional theory (DFT) calculations to cell potentials and
second-order rate constants for the 3CDOM*-pesticide electron
transfer. In the second tier, Gibbs free energies and corresponding

free energy barriers, determined in solution using the Marcus

theory, were applied to develop a quick yet accurate screening approach based on the frontier molecular orbital (FMO) Theory.
Being highly mechanistic and spanning ca. 1500 unique *CDOM*-pesticide interactions, our approach is both robust and broadly
applicable. To that end, the outcomes of our computational models were integrated into an easy-to-use decision framework that can

guide structure-based design of less persistent pesticide analogs.

KEYWORDS: photodegradation, pesticides, chromophoric dissolved organic matter, computational, frontier molecular orbital theory

B INTRODUCTION

Design of high-performing pesticides that pose minimal
adverse effects to the environment is among the grand
challenges of green chemistry. As the size of the world’s
population continues to grow, so does the global crop demand
and use of pesticides." Since 2007, the global cost-to-benefit
ratio of pesticide use has declined due to overuse, persistence,
and associated negative environmental effects.’ Despite
regulatory emphasis that pesticides should not persist beyond
their intended period of use, approximately half of detected
pesticides have long been phased out of use, and another 10—
20% are stable transformation products.” Health and environ-
mental risk are a function of pesticide toxicity (hazard) and
exposure. Pesticide persistence can lead to an increased hazard
via the generation of toxic metabolites or increased exposure
via increased lifetime in the environment, both of which will
subsequently elevate the risk.” Presently, degradation is the
only method of pesticide removal after use and is therefore a
critical metric to target in safer pesticide design.” Degradation
of pesticides occurs via biotic and abiotic processes. While
biotic processes vary based on environmental conditions,
photochemical (abiotic) processes are ubiquitous. Photo-
transformations occur directly, via absorption of light, or
indirectly, via reactions with photochemically produced
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reactive intermediates (PPRIs). Chromophoric dissolved
organic matter in its (excited) triplet state (*CDOM*) is the
most ubiquitous class of PPRIs known to degrade pesticides
and pharmaceuticals in the environment.*™°

A *CDOM* is formed by photochemical excitation of a
ground state (GS) to a short-lived singlet state ('CDOM*),
which decays to the more stable triplet state (Figure 1).”" In
the environment, *CDOM* exists as a mixture of mostly
ketone and aldehyde sensitizers,'’ which are known to oxidize
anilines'' and phenols,">™"° ubiquitous cores of many
agrochemicals."®™>" Oxidation occurs via an electron transfer
(ET) coupled with, or followed by, a proton transfer.'”** A
representative, single-electron transfer between a ketone
*CDOM?* and a pesticide, which proceeds via an intermediate
complex, is shown in Scheme 1.

Canonica et al. reported weak kinetic isotope effects for
oxidation of phenols via *CDOM¥*, which supports the two-
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Figure 1. Schematic representation of the excitation and reduction
processes of CDOM considering its ground state (GS) and excited
singlet (‘CDOM*) and triplet (*\CDOM¥*) states.

Scheme 1. Representative >*CDOM*-Pesticide Single-
Electron Transfer Reaction

Pest + 3(R,R,-C=0)" &
[Pest-3(R;R,-C=0)"]1 5
[Pest™R,R,-C-0"] — Pest™* + R R,-C*-O"

step electron transfer process over a proton-coupled
mechanism.”> Thus, an electron transfer from the pesticide
to the *CDOM?* initiates the degradation process, followed by
a downhill, i.e., effectively barrier-less, proton transfer. To that
end, the energetics of the electron transfer can serve as an
indicator of the indirect photodegradation potential. From
Figure 1, in considering substrate oxidation by SCDOM¥, the
triplet state reduction potential of CDOM,
E,(*CDOM*/*CDOM"), and the oxidation potential of the
substrate pesticide, E,('Pest/*Pest”), drive the thermodynam-
ics of photodegradation, while the transition state of the
association complex informs the process kinetics. In addition
to phenols and anilines, some sulfur-containing compounds
and alkyl amines have been shown to react with
3CDOM*;12’23_26 however, their mechanisms are not com-
pletely understood. Mechanistic understanding is also lacking
for polyfunctional compounds, such as atorvastatin or
amoxicillin.””**

Current experimental methods for probing pesticide photo-
transformations suffer from being costly, difficult to execute,
and potentially unreliable for representing multiple sub-
strates.”” 2! To that end, these methods have offered limited
insight into the structure—property relationships between
various CDOMs/pesticides, which is needed to facilitate the
design of pesticides with desirable environmental-fate metrics.
On the other hand, in silico models represent a cost-effective
way of accurately describing the redox chemistry involved, as
shown by Pavitt et al.*> Here, we report a tiered computational
framework based on density functional theory (DFT),
developed to both quickly and accurately probe kinetics and
thermodynamics of the *CDOM*-pesticide electron transfer.
Our approach stems from prior successful initiatives in
developing property- and activity-driven design guidelines to
aid in lignin and cellulose dissolution in biomass deconstruc-
tion”® as well as to inform both human- and eco-toxicity of
various chemical classes.”*™>" The results of this study can be
used directly to make predictions based on the electronic
structure of pesticides’ active ingredients; assess alternatives
using common products as a benchmark; and aid chemists

with the design of new pesticide analogs with desirable
photodegradation metrics. In contrast to traditional (quanti-
tative) structure—activity and property relationships, (Q)SAR/
(Q)SPR, our approach is unique in that it fills experimental
data gaps with a rigorous reaction-energetics approach to
address a broader chemical space in structure-based design.

B METHODS

A two-tier computational approach (Figure 2), based on a
proven strategy in structure—energetics design,”> was devel-
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Figure 2. Two-tier computational approach for predicting photo-
degradation and informing the design of new pesticides.

oped to provide both accurate and broadly applicable
predictions of pesticide photodegradation kinetics and
thermodynamics. In Tier 1, free energies for the pesticide-
to-’CDOM* electron transfer were computed and fit to
experimental metrics, while in Tier 2, we focused on fitting
computationally-inexpensive electronic parameters, derived
solely from the pesticide and *CDOM* structures, to
reaction-pathway energetics. This two-tier approach facilitates
robust expansion of the model’s training set beyond existing
experimental data.*?

Experimental data used in our models were collected from
reports by Canonica et al.*’ and Pavitt et al,*” yielding a total
of 23 CDOM structures and 63 pesticide cores (Tables S1 and
S2). The resultant dataset consisted of reliable redox
thermodynamics (reduction, oxidation, and cell potentials,
with experimental error = +0.02 V) and, for a subset of three
CDOMs and nine pesticides, also redox kinetics (second-order
rate constants, with experimental error log k = +0.01—0.30).

Initially, DFT calculations at the MO06-2X/6-311+G-
(3df,3pd) level of theory were used to probe the correlations
between computed free energies and experimental cell
potentials, E .y’ = (E,.q — E.,), relying on the Nernst equation,
AG = —nF E_,". The M06-2X functional*' was selected based
on reliable performance in describing electron-transfer
processes in previous studies.”” While a large basis set was
critical in establishing a dependable benchmark, in optimizing
our computational approach for the entire dataset, we found a
medium-size basis set, 6-31+G(d,p), offered comparable
accuracy at ca. 10% of the computational cost. To better
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mimic experimental and real-world conditions, the implicit
solvent model based on density (SMD) was used to gauge
solvent effects on computed energetics and their correlations
to thermodynamic and kinetic data.*?

For most chemical reactions, there is no discernible
relationship between AG,, and AGY; however, a few
exceptions exist, including single-electron transfer processes.
For these reactions, the dependence of second-order rate
constants, k,, on AG,” can be described by the Marcus theory.
In Marcus theory, the solvent and solute contribution in the
electron transfer (ET) process is quantified by the reorganiza-
tion energy, 4, which can be interpreted as the Gibbs free
energy reflective of bond and solvent reorganization needed to
alter the structure of solvated reactants to match that of
solvated products before the ET (Figure 3).

Free Energy

Reaction Coordinate

Figure 3. Reaction Coordinate diagram for the electron transfer
process. AG® is the thermodynamic free energy; AG! is the free
energy barrier; and A is the solvent reorganization energy. The labels
Gy and Gp refer to the reactant and products states, respectively.

To that end, both AG,’ and 1 can be related to the
activation energy of the electron transfer as
1+ AGY)?
w + ( et)
41

P _
AG ()
where w is the electrostatic work done to bring reactants
together to form the donor—acceptor association complex, i.e.,
the 3CDOM?*-pesticide intermediate. In our estimations of
AG¥, A was computed as a measure of the structural change
between ionic and neutral states, which can be expressed for
electron (4.) and hole (1;,) by considering optimized neutral,
cationic, and anionic geometries

A

€

Z

= (E; —EJ) + (E° - E}

= (Eg - E)) + (B} - E)) )
where Ej/E; is the energy of the cation/anion calculated with
the optimized structure of the neutral molecule; E;/EZ is the
energy of the cation/anion calculated with the optimized
cation/anion structure; EO/E° is the energy of the neutral
molecules computed at the cationic/anionic state; and Eg is the
energy of the neutral structure at the ground state.***> The
components of A are additive, and thus eq 2 can be readily
applied to evaluate AG* using eq 1. The electrostatic work
term, w, was ignored in our calculations due to the
conformationally ambiguous nature of the intermediate
complex, which would require an expensive sampling method
and dispersion correction to assess accurately, and due to
satisfactory performance of the current approach (viz. Results
and Discussion).

In Tier 2, AG,’ and AG¥ values were used to gauge the
applicability and performance of reactant-based electronic
properties derived from the frontier molecular orbital (FMO)
theory. Pioneered by Kenichi Fukui, the FMO theory has long
served as a simple measure of thermodynamic and kinetic
stability.”® An extension of the highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-LUMO)
concept was applied here to evaluate properties such as band
gap, softness, hardness, and electrophilicity, based on the
HOMO (pesticide) and SOMO(*CDOM?*) energies (Table
1). We should note that *CDOM?* involves two singly
occupied molecular orbital (SOMO) energy levels: the
higher-energy SOMO electron acts as a reductant, whereas
the lower-energy SOMO electron hole functions as an oxidant.
In the Pesticide->’CDOM* ET, 3CDOM¥* acts as an oxidant;
thus, the lower-energy SOMO was used in calculations
outlined in Table 1. Orbital energies were calculated at the
mPWI1PW91/MIDIX+ level of theory, which was developed to
yield accurate energies of occupied and virtual frontier orbitals
while being relatively inexpensive (<50% of computational
time required for 6-31+G(d,p) calculations with the same
functional).”® Our previous studies have shown this approach
to be a strong performer in predicting both experimental
outcomes and in correlating FMO energies to computed
reaction energetics.”*’ All electronic structure calculations
were carried out using the Gaussian 16 program.” For
additional computational details and parameters explored in
this study, see corresponding Supporting Information (SI-1).

Table 1. Electronic Properties Derived from Frontier Molecular Orbitals (FMOs) Tested in This Study for their Correlations

with Computed AG,’ and AG* Values®*’

electronic property

band gap (*CDOM*-Pest), AE

chemical potential, ;£ H==x=
chemical hardness, = (%)
v
chemical softness, S S=1/y
chemical electrophilicity, @ = ©

21

“’CDOM*

definition

AE = Esomo — Enomo

)b(r)

OE

oN

(

(r)

computational approach
Esomo (*CDOM*) — Eyono(Pest)

Esomo + EHomo
2

»
oN

Esomo ~ EHomo
2

(%)

2
Esomo — EHomo

2 2
(Egomo)~ + 2(Egomo) (Esomo) + (Esomo)
4(Esomo — Enomo)

triplet state chromophoric dissolved organic matter, HOMO = highest occupied molecular orbital, SOMO = singly occupied

molecular orbital, Pest = pesticide, y = electronegativity, v = external potential, E = energy, N = number of electrons.
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B RESULTS AND DISCUSSION

Univariate Models. In Tier 1 of our computational
approach (Figure 2), we explored the relationship between free
energies (AG, and AG*) of the 3CDOM*-pesticide ET and
experimentally-derived oxidation/reduction potentials and
second-order rate constants. Initial calculations at the MO6-
2X/6-311+G(3df,3pd) level of theory in the gas phase showed
that both computed and experimental reduction and oxidation
potentials were well-correlated (R* = 0.84 for three CDOMs
and nine pesticides, viz. Figure S1). Free energy barriers,
AG¥s, estimated from the Marcus theory (eq 1) with implicit
solvation (SMD) showed a slightly lower correlation to
second-order rate constants, though the overall fit was still
very good (R* = 0.75, Figure S2).

To improve the model, we searched for outliers in the
pesticide-’CDOM?* interactions, with residuals greater than
two standard deviations from the regression line. Across the 24
pairwise interactions, the ET between 2-acetylnaphthalene and
tyrosine fits such description. For this interaction, the log k
value was underestimated by our linear model, likely due to the
greater selectivity of 2-acetylnapthenone over benzophenone
and 3-methoxyacetophenone sensitizers."” Removing this
outlier increased the coefficient of determination from 0.75
to 0.79 (Figure 4), while also decreasing the root-mean-square

11
10 ..
En 9 .‘""i.“ .
= 8 ° L ]
[ e
7 L]
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0 10 20 30 40

Calculated AG* (kcal/mol)

Figure 4. Linear model based on a correlation between experimental
log k values and computed free energy barriers, AG*, with an outlier
(2-acetylnaphthalene /Tyrosine interaction) removed. R* = 0.79, log k
= —0.09 X AG* + 9.95, p-value = 1.28 X 1075, RMSE = 0.37, ¢* =
0.77, and N = 23.

error (RMSE = 0.37). To assess the predictive power of the
linear model in Figure 4, we used the leave-one-out method,
i.e, leaving out 10% of the data to create a test set, which
yielded ¢*> of 0.77, indicating a robust model. For
completeness, we should note that correlations of AG,”s
(without reorganization energy, A) to rate constants were
expectedly worse (R* = 0.68 and 0.41 for linear models with
and without implicit solvation, respectively).

In expanding our computational protocol to a larger dataset,
it was necessary to combine studies that used two different
methods for determining oxidation potentials, namely pulse
radiolysis*’ and square wave voltammetry.*>>

Thus, an empirical correction factor was developed to
standardize E,, and E;° values using a linear regression
analysis for six phenols that overlapped between the studies
(Figure S3). Empirically corrected energetics markedly
improved the performance in the expanded dataset, which
contained 63 pesticides (phenol, aniline, aryl ether, indole, and
sulfide cores), and 23 CDOMs, for a total of 1449 pairwise
interactions. From Figure S, computed AG,”s and cell
potentials, E.’ (E.q — E.), were well-correlated (R* =
0.72), and the linear model was found to be robust and

EXptl Eocell

75

2
Calculated AG,° (kcal/mol)

Figure S. Linear model based on a correlation between experimental
cell potentials, E.;’ = (E,eq — E,x) and free energies, AG,,’, computed
at the SMD-M06-2X/6-31+G(d,p) level of theory. Empirical
corrections were applied to all chemical classes except anilines. R* =
0.72, E.y® = —0.03 X AG, + 0.70, p-value = 0.0, RMSE = 0.35, ¢* =
0.72, and N = 1449.

predictive (q*> = 0.72). Combining all pesticides and CDOMs
into a universal linear model has the advantage of broader
applicability and is particularly useful when addressing
naturally occurring CDOM mixtures. However, Figure 5
shows there are distinct trends within clusters of pairwise
interactions. To that end, we note that performance metrics
can be improved in models based on pesticides’ oxidizable core
(Figure S4).

In Tier 2 of our computational approach, we applied the
FMO theory to probe the relationship between electronic
parameters derived from HOMO(pesticide) and SOMO-
(’)CDOM?*) energies and free energies, AG,”s. The HOMO-
(Pest)-SOMO(*CDOM*) energy gap (AE) based on
restricted open-shell DFT (RODFT) calculations emerged as
the strongest performer (R = g* = 0.85, viz. Figure S5). In our
analysis, RODFT outperformed unrestricted DFT (UDFT) by
ca. 0.2—0.3 in R* values across all models, likely due to spin-
contamination issues (viz. Supporting Information, SI-1). In
contrast to Tier 1, we found that pesticide-core-specific models
did not, on average, outperform the universal model; however,
most models partitioned by both pesticide class and CDOM
showed remarkable correlations to AG.”s (R* ~ 0.94—0.99,
Table S3). In the universal linear model, two *CDOM*
molecules, acetophenone and benzophenone, were responsible
for S5 of the 74 identified outliers (Figure SS). These two
sensitizers had the two lowest SOMO energies in the dataset
(—5.29 and —5.25 eV, respectively), indicating small band gaps
and, by extension, overly favorable AG,.” values. In considering
an applicability domain based on a —5.25 eV cutoft for Egoyo,
these outliers were removed, increasing the performance of
both the universal model and pesticide-class-specific models by
a significant margin (Figure 6).

The FMO approach was also studied for its utility in
predicting computed AG* values, arguably the more important
determinants of indirect photodegradation. A second-order
polynomial trend was identified between AEyoyn0.somo Values
and AG¥s in the universal model (Figure S6, top left).
Partitioning the model by pesticide class revealed several
notable outliers across all 1449 interactions (Figure S6). The
largest outliers were under-predicted in our AG*—AE models
and comprised interactions between unfunctionalized poly-
aromatic hydrocarbons (PAHs), such as anthracene, pyrene,
naphthalene and phenanthrene, and pesticides with high
oxidation potentials, particularly 4-nitroaniline and dimethyl-
sulfide (Figure S6). Having the lowest reduction potentials of
all of the CDOM in our dataset (0.15—0.46), PAHs should be
treated in a separate model, given the well-known limitations of
small basis sets in predicting energies of highly-delocalized
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Figure 6. Linear models based on correlations between HOMO-SOMO energy gap, AEyomo-somo and free energies, AG, , computed at the
SMD-ROmPW1PW91/MIDIX+ level of theory. Top left: R* = 0.91, AG,’ = 22.83 X AE — 45.51, p-value = 0.0, RMSE = 5.21, ¢* = 0.92, and N =
1325. Top right: R* = 0.90, AG,’ = 22.92 X AE — 47.38, p-value = 4.4 X 107", RMSE = 5.00, ¢* = 0.89, and N = 394. Bottom left: R* = 0.92,
AG,® =22.63 X AE — 44.67, p-value = 0.0, RMSE = 4.89, ¢> = 0.92, and N = 734. Bottom right: R* = 0.84, AG, = 20.66 X AE — 39.19, p-value =

2.93 X 1078, RMSE = 7.27, ¢* = 0.85, and N = 198.

FMOs.*” In using this criterion to define the models’
applicability domain, all relevant 70 pairwise interactions
were removed, yielding a robust universal model (R* = ¢* =
0.92, Figure 7) and improved class-specific models (R*
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Figure 7. Univariate model based on a second-order polynomial
correlation between AEpoyo.somo and free energy barriers, AGY,
computed at the SMD-ROmPW1PW91/MIDIX+ level of theory. R*
=092, AG* = 7.81 X (AE)? — 18.79 X AE + 11.59, p-value = 3.5 X
107'%, RMSE = 3.38, ¢* = 0.92, and N = 1402.

0.86—0.92, Figure S7). As noted for the AG,’ —AE models,
correlations based on individual CDOMs outperformed the
universal model (R* > 0.97).

Design Implications. The two-tier approach developed
here indicates that both thermodynamic and kinetic data for
pesticide degradation by *CDOM* can be reliably derived
from univariate models based on HOMO(Pest)-SOMO-
(*CDOM*) energy gap, AEyomo-somo- While models based

on pairwise interactions can be used to quickly screen novel
pesticides of interest, it is important to consider the general
ability of individual *CDOM?*s to oxidize these chemicals.
Such analysis provides insight into the relative importance of
the components of naturally occurring *CDOM* mixtures. To
that end, second-order rate constants, log k’s, were computed
across the 23 CDOM:s and 63 pesticide cores relative to the
commonly studied combination of 3-methoxyacetophenone
(3MAP) and 2,4,6-trimethylphenol (TMP). Due to the
ambiguous nature of CDOM, sensitizers such as 3MAP are
used as molecules representative of the complex mixture, and
TMP is frequently employed as a pesticide probe in
photodegradation studies.'” In Figure 8, the TMP-3MAP
interaction was set to log k = 1, and all other interactions were
scaled accordingly. We found that CDOM-makeup can alter
the average relative log k’s by as much as a 1.5-fold from the
population (i.e., 1449 interactions’) mean. This large variation
points to the need to steer the design of novel pesticides
toward compounds that are less impacted by CDOM
composition in their ability to break down.

In examining pesticide sensitivity to CDOM mixture,
pesticide cores were evaluated for their kinetic susceptibility
to undergo oxidation by *CDOM* across all 23 sensitizers
(Figure S8). A subset containing all primary (non-substituted)
cores as well as compounds with the two highest and two
lowest log k values is shown in Figure 9.

https://doi.org/10.1021/acs.est.1c02556
Environ. Sci. Technol. 2021, 55, 11713-11722


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02556/suppl_file/es1c02556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02556/suppl_file/es1c02556_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig7&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

— 3-Methoxyacetophenone
2-Acetonaphthone
Benzophenone
4-Carboxybenzophenone
9-Fluorenone
Acetophenone

Benzil

Biacetyl
2-Napthaldehyde
Cinnamic Acid

Coumarin

Flavone

Umbelliferone

Xanthone

Anthraquinone
Douroquinone
Naphthoquinone

Anthracene
Naphthalene
Phenanthrene
Pyrene

E Lumichrome
Perinaphthenone

Ketones/Aldehydes

Coumarins/

Other PAHs Quinones Chromones

Legend
B 25t percentile
B 50t Percentile
75t Percentile
90th Percentile

TMP-3MAP

(i

0.2

0.4

=
o

0.6 1.2

Relative log k

0.8
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respectively. Reference log k = 1, corresponding to the 2,4,6-trimethylphenol (TMP) — 3-Methoxyacetophenone (3MAP) interaction, is shown in
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In principle, an ideal core would not only possess a high
average rate constant, increasing the chance of indirect
photodegradation after use, but also a narrow range, indicating
low susceptibility to fluctuations in CDOM character.'® From
Figure 9, 4-phenylenediamine had the highest average relative
rate constant (1.07) with the narrowest distribution, indicating
the lowest susceptibility to CDOM composition. In contrast,
2,4-dinitrophenol showed the lowest average relative rate
constant (0.65) and high susceptibility to CDOM character.
Performed across all 63 pesticide cores (Figure S8), this
comparative analysis can be leveraged to inform the design of
novel analogs based on existing pesticide cores.

To further illustrate how our model could be used to design
pesticides with predictable degradability in natural CDOM
mixtures, the 23 sensitizers were combined in ratios that mimic
environmental samples. While the precise CDOM content

remains elusive and variable, a report by McNeil et al. showed
that, on average, high-energy *CDOM?* molecules make up
roughly 37% of the total triplet pool; and that ketones,
aldehydes, coumarins, and chromones account for most of
these high-energy states.'’ To that end, a hypothetical CDOM
mixture was created containing ca. 20% ketones/aldehydes and
20% coumarins/chromones, with the remaining 60% evenly
split between quinones and PAHs. Since phenols were the
most represented class of pesticides in our dataset (Table S1),
phenol-> CDOM* (mixture) energetics, relative to the TMP-
3MAP interaction, were explored to demonstrate the under-
lying structure—energetics relationships. In Figure 10, we
briefly consider the effect of two common substituents in
pesticide products (methoxy and nitro groups) on computed
energetics.

https://doi.org/10.1021/acs.est.1c02556
Environ. Sci. Technol. 2021, 55, 11713-11722


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02556/suppl_file/es1c02556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02556/suppl_file/es1c02556_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02556?fig=fig9&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

OH TMP-3MAP TMP-3MAP
1.6
O/ 0.030 [ Phenol
Ho 1.4 1 4 Methoxvphenol
\©\ 0.025 1 4 Nitrophenol
o~ 1.2
OH  Z 0.020 Z 10
£ £
5 ;
Q 0.015 o 08
o 0.6
0.010
0.4
0.005 0.2 \
0.000 0.0
10 5 0 5 10 15 00 02 04 06 08 10 12 14
Relative AG Relative log k

Figure 10. Kernel density plot for distributions of phenol, 4-methoxyphenol, and 4-nitrophenol thermodynamics (AG) and kinetics (log k), relative
to the 2,4,6-trimethylphenol (TMP) — 3-methoxyacetophenone (3MAP) interaction, when reacted with a hypothetical *CDOM* mixture
containing 20% ketones/aldehydes, 20% coumarins/chromones, 30% quinones, and 30% polycyclic aromatic hydrocarbons.

I NH,
+
N Phenols—/©/
HO
] - ©
3 N? s S §
[ 2 = =
- © N<n- -] -
S & © o} O [4 S © _ B £ =
E £ ® I T © 5 £ & >
s Y 2 o = = - - - = 8 v c ¢ F E
s ¢ & % % 5 5 g 2 2 £ 5 S 28 e s ¢ £§8 5
S § £ 5 R =5 S © © S & £ 5 8 53 5 £ £ £ & R 338 £ S &
S £ % c 9 2 £ 35 2 2 5 353 353 L T e g e ¢ @ @ £ ¢ e & & X% 5
o 3 £ o £ o o S 29 2 £ © o g g £ £ £ o © e o > o ¢ ¥
25 8% 8 5§ ¢ 2 £ £ &8 c ¢ a2 ¢ 9 5§ F5 5 38 2 s £ £ £ E
s x £ > < £ 8 8 2 g 2L 2 2 oY s 58 > 2> > S8 £ £ 5% %
= 5 v E ¥ 32 v 6> > 8 6 8 § 55 £ >3 o6 o6 5 5 5 % ¥c g0 ¢ va 3
3 £ £ EF L 2 £ 53££9S0 EEE5 55 55554585 £ E3¢<
$ ¢ ¢ 3 $ 2T S 088 T E WYY 5 ET Y TETETETETLEET TEL
2 EE ST F TR EPEES BEES T e ERTY £ 58822 35k eF E
G @ @ o N @ Q@ = BB @ & 0 N 6O N O N N N N MM N ;0 N M 0T NN S N
Ketones ] - g
Aldehydes
ps L
aui
PAHs
Other
NH, NH
.ps 2 o
Anilines /©/ _| Aryl Ethers, Indoles, Sulfides “
H2N o S\ o E;/l\/)»
c
c
o o £ v ©
g &£ = e g2 ¢ = |
Nt @ ] & & € ¢ © 9 &
L B L E E ®© N N N 9
0" O = ] S 5 o c c £ 2 o
[ v v w ® s s 2 $ & ¢ > 5
¢ § o w £ £ £ @ v o o £ 2 = 2 2 2 5 o v 8 &
£ 5§ £ ESE E £ o e £ £ £ £ £ F % X £ © °o & 3
T T EE§§ 58 g 2E S £ EoaL 8§ s s g T e 2
¢ § £ £ £ 52 2 ¢ = = TEE B o0 > £ £ £ g £ £32 %
£ 3335885855 888z 8 T Tt ESS3 3%
v 8 £ Z 2 £ £ £ £ 2 38 2 ez 2 v £ E EE 5 £ £ £ £
c 3 % © £ ¥ v ¥ = 2 £ 0 6 06 v v v L2 T = £ § @« © © T ©
£ 3 2 % ¥ 9 9 ©E S 5 £ 2 £ U 90T s 2 % % % T g B EE
2 EsEEEEES T 5L % EEE sy f REZ
< ¢ Z @ N AN H T T M NN T NS N £ € § & @ = = &0
Aldek Aldehydes
Coumarins Coumarins
Qui == Q
PAHs PAHs
Other itizers | Other Sensitizers

10" Percentile 50" Percentile 90" Percentile

3 | J'

Figure 11. Heat maps of combined kinetic and thermodynamic performance for 1449 pesticide-*CDOM?* interactions. Red indicates higher AG,,”
values and slower reaction rates, whereas green indicates lower AG,,” values and faster reaction rates. The structures shown represent the least (left)
and most (right) reactive cores (averaged across all 23 CDOMs) for each pesticide class.

In this example, we note that the majority of
phenol-*CDOM* (mixture) interactions are both thermody-
namically and kinetically less favorable than the TMP-3MAP
benchmark. While the nitro group results in less favorable
interactions than the non-substituted phenol, the methoxy
substitution has the opposite effect, leading to faster kinetics
and more favorable thermodynamics. This is not surprising,
given that the electron-withdrawing nitro group destabilizes
the oxidized pesticide radical, while the electron-donating
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methoxy stabilizes the oxidized form. It is, however, important
to note that this propensity is not only captured by the
computed AG¥s and AG,”s but also by AEyomo.somo- TO
that end, our brief analysis demonstrates how the present
models could be used to screen existing pesticides and inform
structural changes to existing oxidizable cores that would yield
the desired effect in the analog’s propensity to photodegrade.
The merits of redesigning existing chemicals over de novo
design were explored previously.”” Subtle structural modifica-
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tions are potentially more economically viable because they
allow manufacturers to cost-effectively tune existing synthetic
routes without the need to develop new chemistries.
Furthermore, incremental design changes are less likely to
disrupt pesticides’ intended function, in turn increasing the
likelihood of adopting a safer substitute.

Analyzing each of the 1449 pairwise interactions between
pesticides and *°CDOM¥*, we found that log k’s ranged from 1
standard deviation above the TMP-3MAP interaction to 3
standard deviations below (Figure S9), while AG,”s ranged
from just over 3 standard deviations above to just under 3
below the TMP-3MAP benchmark (Figure S10). To gain a
holistic picture of ET-induced photodegradability across all
interactions, a heat map was generated, combining computed
kinetics and thermodynamics using percentage values of the
relative log k’s and AG,”’s (Figure 11). Provided CDOM:s exist
in unspecified mixtures in the natural environment, the 23
sensitizers in Figure 11 were averaged into functional-class bins
(viz. Table S4). A few general trends emerged from this
analysis. Anilines were noted to degrade faster than any other
pesticide class. The degradation of phenols was found to be
dependent on substituents present in the oxidizable core.
Considering CDOM, quinones represent the most reactive
class in the photodegradation process, whereas PAHs are the
most inert, which is consistent with reported data.'® We
envision this format can facilitate rapid screening of novel
pesticides by structure-matching to the most relevant pesticide
core explored in this study and identifying photodegradation
potential across a wide range of CDOM:s.

Outlook. Understanding structure—property relationships
that drive the degradation of pesticides in the environment is
necessary for developing new, high-performing products with
minimal adverse environmental impact. Indirect photodegra-
dation via excited chromophoric dissolved organic matter
(CDOM) is among the most ubiquitous natural processes that
remove agricultural products from the environment. To that
end, in silico models based on mechanisms of the relevant
redox processes can advance design efforts by identifying novel
analogs with desirable degradation properties.

The two-tier computational framework presented here
demonstrates how such design guidelines can be developed
using structure—energetics—property relationships. By relating
rigorous calculations of electron-transfer energetics to
electronic properties and subsequently to structures of
pesticides and CDOM sensitizers, we can fill data gaps in
photodegradation metrics and probe a chemical space that
vastly exceeds existing experimental knowledge. The results
shown here (Figures 11, S9, and S10) can be directly leveraged
to identify pesticide cores and core substituents that have
favorable degradation profiles with specific CDOM compo-
nents, CDOM classes, or environmentally relevant CDOM
mixtures. The two-tier approach is advantageous over tradi-
tional QSAR/QSPR methods in that it self-generates a broader
training set, expanding the model’s applicability and
predictivity. Inspired by benchmarking practices in computa-
tional chemistry, this strategy can be readily extended to other
in silico design efforts targeting chemical properties and/or
activities that relate to performance, toxicity, or environmental
transformations, for which we have good mechanistic
interpretation.

While promising in guiding pesticide selection and future
design efforts, we should recognize that bringing new products
to market is a multifaceted challenge that requires systems

thinking. To that end, the current work represents but a small
step toward a holistic (computational) design strategy, which
we envision would expand the redox chemistry to other
photochemically produced reactive intermediates (PPRIs);
provide insight into degradation pathways; integrate toxicity
assessments of all relevant (by)products; and evaluate
synthetic feasibility of promising analogs based on proposed
structural modifications. Because low persistence does not
ensure safety and neither guarantees adequate performance,
relevant structural attributes will need to be reconciled in a
combined model to inform new product development. This
task can be accomplished by extending current and building
upon past efforts.””*> The resultant tool, when developed,
would equip the chemistry community with a pragmatic means
of designing all-around safer and high-performing agricultural
products.
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