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d thin films of neonicotinoid
pesticides by gas phase hydroxyl radicals†

B. J. Finlayson-Pitts, ‡* A. Anderson, ‡ P. S. J. Lakey, W. Wang, M. J. Ezell,
X. Wang, L. M. Wingen, V. Perraud and M. Shiraiwa *

Neonicotinoids (NNs) are commonly found throughout the environment on surfaces such as seeds, soil,

vegetation, and blowing dust particles. However, there is a paucity of data on the kinetics and oxidation

products formed on contact with the atmosphere which limits understanding of their potentially far-reaching

impacts. In this study, in situ attenuated total reflectance (ATR) FTIR spectroscopy was used to investigate the

OH oxidation of thin films of three solid NNs, imidacloprid (IMD), dinotefuran (DNF) and clothianidin (CLD) at

295 ± 3 K. The experimentally measured reaction probabilities based on initial rates of NN loss are (1.6 ± 0.8)

× 10−2 for IMD, (1.5 ± 0.6) × 10−2 for DNF and (0.9 ± 0.2) × 10−2 for CLD (±1s), suggesting initial NN

lifetimes with respect to OH of 10–17 days. The kinetics were interpreted using a multiphase kinetics model,

KM-SUB, which showed that the OH uptake and reaction occurred primarily in the surface layer. Products

identified by mass spectrometry included carbonyl-, alcohol- and olefin-containing species formed via

hydrogen abstraction from aliphatic C–H groups. Additionally, carbonyl-containing desnitro and urea

derivative products were observed from secondary reactions of the initially formed photodegradation

products. Reaction with OH will contribute to NN loss both during the day as well as at night when there are

non-photolytic sources of this radical. Thus, OH reactions with both the parent neonicotinoid and its

photodegradation products should be considered in assessing their environmental impacts.
Environmental signicance

Neonicotinoids (NNs) are the most widely used insecticides globally and their use is increasingly implicated in negative impacts on ecosystem services,
particularly pollinator health. However, their environmental fates and effects remain undetermined. Here, the reaction rate constants and mechanisms of thin
lms of three solid NNs with gas-phase OH radicals, a primary oxidant in air, were investigated. Our study shows that OH oxidation contributes to the loss of the
parent NN over days, and to subsequent loss of their desnitro and urea photolysis products. This oxidation will also play a signicant role in NN loss at night
when photolysis is not occurring but there are non-photolytic sources of OH.
Introduction

Introduced in the 1990s, the use of neonicotinoid (NN) pesti-
cides quickly grew due to their effectiveness across a broad
range of insects, low toxicity to humans, and ability to be used
as a seed coating.1–8 Their systemic nature allows for uptake and
transport throughout a plant's vascular system, prophylactically
California Irvine, Irvine, California
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+ OH (Fig. S4 and S5), and CLD + OH
0.1039/d2ea00134a

24–142
protecting the plant from insects without the need for frequent
treatment. Since 2003 NN use in the US has increased dramat-
ically, particularly as a seed coating, an application type which
is not always captured in traditional pesticide use surveys.9 As
NN use has grown, however, so has increased concern about
their negative impacts on ecosystem services, particularly
pollinator health.7,10–18 Although the EU introduced a morato-
rium on three NNs (imidacloprid, clothianidin, and thiame-
thoxam) to protect honeybees,19 NNs remain a major part of the
international and US agricultural system (although restrictions
have been proposed recently by the California Department of
Pesticide Regulation).20

Due to their systemic nature and widespread use, both the
parent NNs and their degradation products have accumulated
in the environment; for example, studies conducted in Europe
showed that NNs were still present in the soil even ve years
aer the moratorium, with no clear declining trend.21 Globally,
NNs have been found in 75% of honey samples,5 in non-target
species further up the food chain such as birds,22,23 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
perhaps not surprisingly then, are oen detected in human
biological samples.24–27 Therefore, NNs are a persistent threat to
non-target species via continual exposure at sub-lethal
concentrations.2,28

A major advantage of the NNs is that they have lower
mammalian toxicity than previously used pesticides. While
there is increasing concern regarding potential impacts on
long-term exposure, there are at present relatively few data
available on their health effects.25,28 However, there are some
studies that suggest that at least some of the metabolites and
oxidation products are signicantly more toxic than the parent
NN. For example, the binding of the desnitro-derivative of
imidacloprid to the nicotinic acetylcholine receptor in mouse
brain membranes, which is related to toxicity, is much stronger
than that of imidacloprid itself.29

Of crucial importance in understanding the environmental
impact of NNs is identifying the environmental degradation
products so that a complete toxicity map on non-target species,
including humans, can be assessed. An abundance of work is
available on the reactions and fate of NNs in aqueous
systems.2–4,26,30–41 In addition, previous studies from this lab
have reported the heterogeneous photolysis of solid NNs42–45 as
would be the case for example for NNs on leaf, soil, and dust
surfaces, and the oxidation of the NN nitenpyram by gas phase
ozone.46 However, little is known about the heterogeneous
reactions of solid NNs with the hydroxyl (OH) radical, which is
a major atmospheric oxidant that is ubiquitous in air.

Previous work on aqueous phase oxidation of NNs has
largely focused on imidacloprid (IMD), the most widely used
NN. These studies have applied a variety of oxidation tech-
niques, in which OH radicals were generated from chemical
reactions involving O3, H2O2, and photolysis,33–35,40 photo-
Fenton reactions,38,39,41,47–50 and heterogeneous
photocatalysis.36–38,41,51–54 While these studies have documented
mineralization of IMD for removal of the NN from wastewater,
the oxidation methods chosen were oen not solely due to OH
but rather to a combination of processes such as photolysis and
catalysis. As a result, extrapolation of the kinetics, products and
mechanisms to the reactions of NNs as a solid on environ-
mental surfaces is fraught with uncertainty.

This work provides kinetics and products data on the
heterogeneous reactions of three structurally unique solid-
phase NNs, imidacloprid (IMD), dinotefuran (DNF), and clo-
thianidin (CLD), with gas phase OH, a major atmospheric
oxidant.55 While these three NNs are all nitroguanidines, they
have a variety of C–H bonds, amino groups, and ring structures:
© 2023 The Author(s). Published by the Royal Society of Chemistry
These three NNs are of interest as they are widely used, with
relative amounts of each varying by location. For example, in
Japan, dinotefuran has historically had the highest use, fol-
lowed by imidacloprid and clothianidin, while in California,
imidacloprid is the major NN used, with smaller amounts of
clothianidin and dinotefuran.1 Similarly, they are found in
a variety of environmental media worldwide in varying
proportions, including rivers and streams,4 pollen and food
such as honey.2,5 From the kinetics data, atmospheric lifetimes
with respect to the OH reaction are estimated and these, along
with the products and proposed mechanisms, provide a guide
for future toxicity assessments of NNs in the environment.
Experimental
NN thin lm preparation

The neonicotinoids used were IMD (Sigma-Aldrich,
PESTANAL™ $ 98% purity), DNF (ChemService, 99.5%
purity), and CLD (ChemService, 99.5% purity). 20 mM solutions
of each were prepared in acetonitrile (Fisher Chemical, HPLC-
grade). An aliquot of the solution was pipetted onto the
surface of a ZnSe ATR (attenuated total reectance) crystal and
dried under a stream of O2, forming a thin lm as the solvent
evaporated. The initial amount of NN on the ATR crystal ranged
from (0.6–3.5) × 1017 molecules. The ATR crystal (Pike Tech-
nologies) is trapezoidal shaped with dimensions of 80 mm (l) ×
10 mm (w) × 4 mm (d), a 45° entrance angle, and 10 internal
reections. The calculated depth of penetration56 (dp) is 0.72–
0.74 mm at 1615–1560 cm−1 where the NNs were monitored.

The number of monolayers (ML) on the ATR crystal was
calculated from the thickness and the surface area per molecule
estimated using the volume per molecule derived from the
densities (1.54 g cm−3 for IMD, 1.40 g cm−3 for DNF and
1.61 g cm−3 for CLD) and molecular masses of the NNs (255.7 g
mol−1 for IMD, 202.2 g mol−1 for DNF and 249.7 g mol−1 for
CLD). Assuming the average dimension was the same for all
three directions, the average thickness of one molecule was the
cube root of its volume and calculated to be∼0.65–0.62 nm with
∼(2.4–2.6) × 1014 molecules cm−2 in one monolayer. This is
similar to the surface concentrations that are calculated based
on the crystal structures for IMD and DNF.57 From the total
number of molecules on the crystal, the lm thicknesses and
number of monolayers were estimated to be 0.04–0.22 mm and
60–350 ML. All lm thicknesses were less than the depth of
penetration, assuring the entire lm was probed by ATR-FTIR.
The ATR crystal was mounted in a custom reaction cell58
Environ. Sci.: Atmos., 2023, 3, 124–142 | 125
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View Article Online
(Fig. S1†) and held in a stream of O2 carrier gas for 15 minutes
in the dark before reaction.
Kinetics studies of OH uptake on NN thin lms

The custom reaction cell (Fig. S1†) contains gas inlets and
outlets, an ATR crystal, a horizontally mounted quartz window
on top, and zinc selenide end windows (ZnSe, Edmund Optics,
10 mm diameter × 1.5 mm thickness) for probing the gas phase
above the crystal.45,58 Photolysis of isopropyl nitrite (IPN, Karl
Industries, Ohio) was used to generate OH via a series of reac-
tions ((R1)–(R3)) described in detail elsewhere.58,59

(CH3)2CHONO + hn / (CH3)2CHOc + NO (R1)

(CH3)2CHOc + O2 / CH3C(O)CH3 + HO2 (R2)

HO2 + NO / OH + NO2 (R3)

During the experiment, a high pressure Xe lamp (Ushio
300 W bulb, UXL-302-O) mounted in a housing with a power
source (Newport model 69911) was used to photolyze the ow of
IPN in the cell. The UV light beam rst passed through a water
lter to absorb infrared/heat and was directed at an angle onto
the quartz window via a reecting mirror. A 360 nm optical lter
(Newport longpass colored glass alternative lter, 20CGA-360)
was placed on top of the quartz window to remove light below
360 nm in order to reduce the photolysis of the NN in this
region. All experiments were carried out at 295 ± 3 K.

The ow of O2 (AirGas, Ultrahigh purity, >99.993%) was
controlled at 500 mLmin−1 using a mass ow controller (Alicat,
Model # MC500-SCCM-D/5M) and could either ow directly into
the cell, or be routed over the headspace of a trap containing
liquid IPN at 263 K. The gas phase IPN concentration was
measured before and aer each experiment using infrared
spectroscopy (Mattson Galaxy 5020 FTIR) in a separate 10 cm
gas cell with 16 coadded scans at a resolution of 0.5 cm−1. An
absorption cross section of 1.61 × 10−18 cm2 molecule−1 (base
e) at 1664 cm−1 was used,59 giving IPN concentrations ranging
from (1.5–2.8) × 1016 molecules cm−3. The concentration of OH
was measured by adding 13CO with an IPN/O2 mixture into the
cell and monitoring formation of 13CO2 (Fig. S2†) from the
reaction of 13CO with OH as a function of time under static
conditions using the same reaction cell (Fig. S1†) in the trans-
mission IR mode. Details of the OHmeasurement are described
in the ESI.† The average steady state OH concentration was
determined to be (8.2 ± 2.0) × 108 molecule cm−3.

The loss of NN and formation of surface-bound products
were followed using ATR-FTIR with 16 coadded scans at a reso-
lution of 0.5 cm−1. FTIR spectra were recorded before irradia-
tion and at 20 or 30 minute intervals during the irradiation
while IPN was continuously owing over the NN lms. Absor-
bance data were converted to a total number of NN molecules
on the ATR crystal using calibrations generated by adding
a known number of molecules (10 mL aliquots of 4–40 mM
solutions) to the ATR crystal and recording the absorbance of
the thin lms aer evaporation of the solvent.
126 | Environ. Sci.: Atmos., 2023, 3, 124–142
Aer the reaction, the ATR crystal was removed from the
holder, and the reacted lm was analyzed via mass spectrom-
etry, either directly on the ATR crystal by DART-MS or by UPLC-
HESI-HRMS on extracted samples, as described below.
Product analysis by mass spectrometry

Products were identied using two approaches: (1) ultra-
performance liquid chromatography coupled to an Orbitrap
high resolution mass spectrometer system with heated elec-
trospray ionization (UPLC-HESI-HRMS); and (2) a direct anal-
ysis in real time ambient ionization source interfaced to a triple
quadrupole mass spectrometer (DART-MS).

UPLC-HESI-HRMS. Accurate mass measurements were per-
formed using a Q Exactive Plus Orbitrap high-resolution mass
spectrometer coupled to a Vanquish Horizon UPLC system
(Thermo Scientic). The UPLC system allowed for the separa-
tion of products and the molecular formula of each product was
obtained from the high-resolution MS data. This technique
requires the sample to be extracted from the surface in a liquid
solvent, providing a measurement of the bulk of the sample. A
1 mL mixture of 90% nanopure water (Millipore 18.2 mU cm)/
10% acetonitrile (Fisher chemical, HPLC grade) was used to
rinse off the unreacted NN and the reaction products from the
ATR crystal and the solutions were collected for UPLC-HESI-
HRMS analysis. Details of the analysis are given in the ESI.†

DART-MS. DART-MS provides direct ambient sampling of
the surface without the need for solvent extraction. Volatiliza-
tion from the ATR crystal surface into the source requires high
temperatures (reagent gas ow temperature set at 500 °C). In
addition, results from DART are sensitive to the individual
location sampled and are thus more variable due to heteroge-
neity in the sample thickness. For unreacted samples and those
aer reaction, the ATR crystal was held in the DART sample
region and mass spectra were collected from m/z 20 to 1000
usingMassLynx soware in the positive ionmode. Details of the
analysis are given in the ESI.†
Kinetic modeling

The KM-SUB model has previously been described in detail and
has been adapted for the current study to treat the mass
transport and chemical reactions of OH, NNs and reaction
products.60 Themodel consists of a number of layers: gas phase,
near-surface gas phase, sorption layer, quasi-static surface layer,
near-surface bulk, and a number of bulk layers. Mass transport
processes included in the model are gas-phase diffusion, the
reversible adsorption of OH to the surface, the reversible par-
titioning of OH into the bulk, and the Fickian diffusion of all
species throughout the bulk. Three reactions ((R4)–(R6)) are
treated at the interface and in the bulk as follows:

NN + OH / Products1-OH (R4)

NN + hn / Productshn (R5)

Productshn + OH / Products2-OH (R6)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The ensemble of products from the initial NN-OH reaction is
designated Products1-OH, and that from the reactions of the
photolysis products Products2-OH. Parameters used in the model
are summarized in Table S1† and include the gas-diffusion
coefficient, the boundary layer thickness adjacent to the
surface, the surface accommodation coefficient of OH, the
desorption lifetime of OH, the partitioning coefficient of OH,
the bulk diffusion coefficient of OH, NNs and products as well
as the surface and bulk reaction rate coefficients of reactions
(R4)–(R6). Parameters were determined based on literature
values and by tting to the measurements. Explanations of the
nal parameter values are summarized in Table S1.† Rapid OH
surface uptake and slow gas diffusion may cause depletion of
OH concentrations in the near-surface gas phase. The true
uptake coefficient is calculated as the ratio of net uptake and
Fig. 1 FTIR spectra of IMD, DNF and CLD (grey) and difference spectra aft
before reaction and St is the single beam at the selected reaction time. T
hours, yellow is after exposure to UV and pink is after exposure to IPN in

© 2023 The Author(s). Published by the Royal Society of Chemistry
gas collision from near-surface NN bulk to the surface using
modeled near-surface gas-phase concentrations, while the
effective uptake coefficient is calculated as the ratio of net
uptake and gas collision from the gas phase using the average
gas-phase concentration determined in the experiments.
Results
Kinetics of oxidation

Two approaches were taken to dene the oxidation kinetics. The
rst involved monitoring the loss with time of the NN from thin
lms. The second was application of a multiphase kinetics
model to elucidate the contributions of diffusion and reactions
as a function of time and depth in the lm.
er reaction, which show log S0/Stwhere S0 is the single beam of the NN
he blue trace shows difference spectra after reaction with OH for ∼16
the dark. Initial absorbance spectra have been scaled by a factor of 0.5.

Environ. Sci.: Atmos., 2023, 3, 124–142 | 127
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Fig. 2 Typical loss of each NN using the peaks due to the –NO2

asymmetric stretch for IMD (1560 cm−1), DNF (1615 cm−1), and CLD
(1615 cm−1) thin films during OH reaction (blue circles) and during
photolysis in the absence of IPN/OH (orange circles). The slope as t/
0 provides the initial number of reactions cm−2 s−1 (R0).
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In situ monitoring with ATR-FTIR. Fig. 1 shows the ATR-
FTIR spectra before and aer reaction. The grey traces are
the initial FTIR spectra of IMD, DNF, and CLD showing the
characteristic –NO2 asymmetric stretches in the 1615–
1560 cm−1 region.61 The blue traces are the difference spectra
aer ∼16 hours reaction with OH; these difference spectra are
dened as log S0/St, where S0 is the single beam of the initial
NN and St is the single beam at the selected reaction time.
Negative peaks indicate reactant loss and positive peaks
indicate product formation. For all three NNs, absorption
bands due to product formation are observed in the ∼1600–
1800 region characteristic of C]O (1850–1550 cm−1), as well
as C]N (1690–1620 cm−1) and C]C (1680–1620 cm−1)
groups.61 Losses of C–H (3000–2800 cm−1) and N–H (3500–
3300 cm−1) stretches61 are also observed. In the case of IMD,
there is a broad absorption in the 3000–3300 cm−1 region
characteristic of a hydrogen-bonded –C(O)OH.

To test for the loss of the NN in the absence of OH, difference
spectra were also acquired in control studies of owing IPN/O2

in the dark or photolysis of NN in the absence of IPN. No
signicant changes were detected under the NN + IPN/O2 ow
in the dark but some small loss and product formation were
observed under NN + UV with the 360 nm lter (yellow traces,
Fig. 1).

The loss of the –NO2 asymmetric stretch (Fig. 1) during the
OH reaction and the photolysis only was followed to generate
plots of the number of NN molecules cm−2 (NNt) as a function
of time (Fig. 2). To estimate the initial rate of loss as t/ 0 where
the surface is only NN, the data were t using a third order
polynomial t of the form NNt = at3 + bt2 + ct + d, where a, b, c
and dwere obtained from the best t to each data set. The initial
slope (R0 = d(NNt)/dt) was obtained from the derivative of this
polynomial with respect to time evaluated at t / 0 (i.e., the
coefficient c):

R0 ¼ # reactions

cm2 s
(I)

To determine the reaction probability (g) for the NN + OH
reaction, which is equal to the rate of loss of the NN normalized
to the rate of gas-surface collisions of OH,55 the initial number
of reactions cm−2 s−1 (R0), corrected for the loss due to
photolysis in the absence of OH, is divided by the gas phase
concentration of OH and the number of collisions per second
from gas kinetic molecular theory:55,62

g ¼ # reactions

# collisions
¼ R0

½OH�
ffiffiffiffiffiffiffiffiffiffiffi
RT

2pM

r (II)

In eqn (II), [OH] is the steady state gas concentration of OH
radicals (molecules cm−3), R is the gas constant, T is tempera-
ture (K) and M is molar mass of OH (g mol−1). As seen in Table
1, the average reaction probabilities (± one standard deviation)
range from (0.9 ± 0.2) × 10−2 for CLD to (1.6 ± 0.8) × 10−2 for
IMD. Note that these are likely lower limits to the initial reaction
probabilities since the rst data points are taken at 30 min. In
128 | Environ. Sci.: Atmos., 2023, 3, 124–142
addition, as discussed below, the multiphase kinetics modeling
suggests that the reaction is sufficiently fast that the OH
concentration in the near-surface gas phase is limited by gas
diffusion so that the actual near-surface concentration is
somewhat smaller than the measured bulk gas phase concen-
tration. This also leads to these values being lower limits.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Uptake coefficients of heterogeneous NN + OH reactions

NN (# experiments) R0
a (initial # rxns cm−2 s−1 � 1s) g (�1s) g ratio to IMD (�1s)

IMD (7) (1.9 � 1.0) × 1011 (1.6 � 0.8) × 10−2 1
DNF (6) (1.8 � 0.7) × 1011 (1.5 � 0.6) × 10−2 0.94 � 0.6
CLD (4) (1.1 � 0.2) × 1011 (0.9 � 0.2) × 10−2 0.56 � 0.15

a Corrected for the decay due to photolysis alone.
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Abstraction of hydrogens from C–H groups is expected to be
the primary reaction step. Using known structure–activity rela-
tionships (SAR) from gas phase OH reactions with alkanes,
relative reactivities for the hydrogen abstraction can be calcu-
lated for the three NNs,55,63,64 with the caveat that this assumes
that the relative reactivities in the gas–solid reactions follow
those in the gas phase. The SAR predict that k

�
primðCH3Þ = 1.36

× 10−13 cm3 molecule−1 s−1, k
�
secðCH2Þ = 9.34 × 10−13 cm3

molecule−1 s−1 and k
�
tertðCHÞ = 1.95 × 10−12 cm3

molecule−1 s−1 at 298 K, with neighboring group factors (F) for –
CH2–, iCH– and iCh of 1.23, F(iN–) of 10 and F(–O–) of 6.1. For
a C–H in a 5-membered ring, F is 0.64.63,65 Using the sum of the
reactivity of the aliphatic C–H groups predicts gas phase rate
constants of 2.40 × 10−11, 2.50 × 10−11, and 1.07 × 10−11 cm3

molecule−1 s−1 for IMD, DNF, and CLD respectively. This gives
ratios to IMD of 1.0 for DNF and 0.45 for CLD. These ratios for
predicted gas phase reaction rate constants are within experi-
mental uncertainties (1s) of the experimentally measured ratios
of the reaction probabilities of 0.94 ± 0.6 for DNF and 0.56 ±

0.15 for CLD (Table 1). This calculation ignores the potential
reactivity of the N–H groups as there was no evidence from
identied products (see below) for attack on the amino groups.
The C–H groups in the aromatic ring structures of IMD and CLD
were also not included as SAR predicts them to be less reactive,
and no ring-opening products were observed.

Multiphase kinetic modeling. The model was able to repro-
duce experimental measurements of the number of reacted NN
molecules within the experimental uncertainty (Fig. 3). There is
considerable variability in the measurements which is attrib-
uted primarily to uneven lm coverages and thicknesses that is
difficult to reproduce from experiment to experiment. To
account for this in the model, a range of NN diffusion coeffi-
cients was applied to encapsulate the measurements. Parame-
ters were consistent with the literature and with the solid phase
of the lms as summarized in Table S1.†

Sensitivity simulations by varying each parameter (Table S1†)
indicated that the most sensitive parameters include the NN
surface rate coefficient due to photolysis in the absence of OH,
the NN bulk diffusion coefficient and the boundary layer
thickness. Gas-phase diffusion of OH radicals across
a boundary layer limits the decay of NN at early times
(approximately <1000 seconds) as it causes OH radical
concentrations close to the surface to be signicantly reduced
compared to the bulk average gas-phase concentrations.
Hydroxyl radical concentrations in the bulk of the solid NN are
small and therefore the majority of the NN loss in the presence
of OH occurs via reaction at the surface rather than in the bulk.
© 2023 The Author(s). Published by the Royal Society of Chemistry
This is seen by the common curves in Fig. 3 for the rst ∼1000 s
regardless of the diffusion coefficients of NN, DNN, in the bulk.
NN loss at later times is limited by the rate at which NN can
diffuse to the surface, and hence the curves in Fig. 3 diverge for
different modelled NN diffusion coefficients. Our results are
consistent with the study by Arangio et al.66 where the decay of
levoglucosan was limited by bulk-to-surface diffusion of the
organic under high OH concentrations.

There are a number of uncertainties that impact the
comparison between the experimental data and model predic-
tions. Inputs to the KM-SUB model assumed that the lm was
evenly distributed on the ATR crystal surface, i.e., had a uniform
thickness, which is likely not to be the case. Measuring the OH
concentration under the same conditions as the NN photolysis
is also challenging, and we estimate the uncertainty in the OH
concentration to be ±25%. Experimental measurements show
that direct photolysis is not occurring throughout the entire
bulk as this would lead to more molecules being lost for thicker
lms (Fig. S3†). (This is in contrast to earlier studies of the
photolysis of thin lms of the NN43–45 where the light source was
different and irradiation was directly from above the lm; in the
present studies, the light beam from a different lamp was re-
ected from a mirror at an angle onto the lm which was likely
quite irregular at the surface.) Thus, it was assumed in the
model that all of the photolytic loss occurred in the surface
layer. However, it should be noted that even if the photolysis
occurs throughout the entire bulk, the impact on the best t
diffusion coefficients of NN is relatively small. For example, the
best t to the data for this scenario was obtained by decreasing
the NN bulk diffusion coefficient by approximately a factor of
1.5–3, and at the same time decreasing the photolysis rate
coefficients in both the bulk and the surface by a factor of 200–
400 compared to the values in Table S1.†

The scatter in the experimental data combined with different
combinations in themodel inputs that can provide a reasonable
match to the data preclude assigning unique, accurate values to
some model input parameters such as bulk diffusion coeffi-
cients. However, these uncertainties do not affect the overall
conclusions and insights from the model that the reaction
occurs mainly at the surface and is initially limited by gas-phase
diffusion of OH to the surface and then limited by diffusion of
NN from the bulk into the surface region.
Products and mechanisms of oxidation

The nature of the products and likely mechanisms responsible
are similar for the three NNs. We thus describe the data in some
detail for imidacloprid oxidation, with more abbreviated
Environ. Sci.: Atmos., 2023, 3, 124–142 | 129
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Fig. 3 The number of neonicotinoid molecules reacted away in (a and d) IMD, (b and e) DNF and (c and f) CLD films which have been spread over
a surface area of 4 cm2 in the presence of UV and anOH gas phase concentration of 8× 108molecules cm−3. Panels (a–c) show the NNs reacted
away up to 8000 seconds while panels (d–f) show the entire measurement range. Experimental measurements are shown by markers and KM-
SUBmodel output is shown by the lines. The different lines represent different model NN bulk diffusion coefficients while the shading shows the
range that these lines encapsulate.
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summaries for DNF and CLD that have similar products and
reaction paths.

Imidacloprid. Fig. 4a shows a typical UPLC chromatogram of
an OH-reacted IMD sample (blue trace). Data are shown for
samples before reaction, in which the NN lm was formed on
the ATR crystal and immediately extracted (grey trace), and for
the photolysis sample in the absence of IPN and hence no OH
(green trace). The major solid phase photolysis products are the
desnitro and urea derivatives, which form from cleavage of the
N–N bond in the C]N–NO2 chromophore, resulting in a C]NH
(desnitro) or C]O (urea) group respectively.42,45
130 | Environ. Sci.: Atmos., 2023, 3, 124–142
Table 2 summarizes the measured accurate masses of the [M
+ H]+ ions from the IMD-OH reaction, the corresponding
molecular formulae, the errors between the measured accurate
masses and the exact masses, and the molecular structures of
the products proposed based on the MS/MS fragmentation
patterns summarized in the table and reasonable reaction
mechanisms. In all chromatograms, the [M + H]+ ion of the
parent IMD at m/z 256 is observed. Products of the OH reaction
include the IMD structure with a carbonyl (m/z 270) or alcohol
(m/z 272) group, desnitro (m/z 211) and urea (m/z 212) deriva-
tives that are also seen to a smaller extent than under UV irra-
diation only, and their carbonyl oxidation products (m/z 225 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Typical UPLC-HESI(+)-HRMS total ion chromatograms (TIC) for (a) IMD, (b) DNF, and (c) CLD after reaction with OH (blue traces) for 16
hours, as well as control studies of before reaction (grey traces) and after photolysis (green traces). Chromatogram peaks are labeled with the
major ion observed within that peak except for 212/272 in (a) and 236/266 in (c) with 2 major ions.
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226). Additionally, products observed at m/z 131 and 158 are
identied in HRMS as nitroguanidine and 6-chloronicotinic
acid which have been observed as oxidation products in
a number of aqueous oxidation studies.34,37–39,47,51 Products with
alkene groups are also observed (m/z 209 and 254).

Multiple peaks oen appear at the same mass due to
different isomers. These can be more clearly seen in extracted
© 2023 The Author(s). Published by the Royal Society of Chemistry
ion chromatograms (EIC) for selected values of m/z. For
example, Fig. 5 shows the EIC for m/z at 256 for the parent IMD
as well as 270, 272, 254 and 225 due to products of the OH
reaction. One signicant peak is seen for m/z 254, two for m/z
272 and 225, and three for m/z 270. Attack of OH at the C–H
groups as discussed above could occur at three different sites,
giving three different isomeric products. However, the isomers
Environ. Sci.: Atmos., 2023, 3, 124–142 | 131
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Table 2 Products observed in the oxidation of solid IMD by gas phase OH radicals

Detected ion [M+ H]+ Ion formula Error (ppm) Proposed product structurea MS/MS fragments

256.0594 IMD, [C9H10O2N5Cl + H]+ −0.75 209 (–HNO2), 175 (–NO2, –Cl), 128, 126, 84

131.0562 [C3H6O2N4 + H]+ −1.17 85 (–NO2)

158.0003
6-Chloronicotinic acid,
[C6H4O2NCl + H]+

−0.27 140 (–H2O), 112 (–H2O, –CO), 78

185.0592b [C7H9N4Cl + H]+ 1.66 168 (–NH3), 143 (–C(NH)2), 126, 107

209.0585 [C9H9N4Cl + H]+ 1.47 173 (–HCl), 126

211.0745b,c,d Desnitro IMD, [C9H11N4Cl + H]+ 0.11 175 (–HCl), 133, 126, 84

212.0585b,c,d IMD urea, [C9H10ON3Cl + H]+ 0.01 175, 128, 126, 99

225.0535 [C9H9ON4Cl + H]+ −0.11 126

226.0378b [C9H8O2N3Cl + H]+ −0.20 169, 126

254.0438e [C9H8O2N5Cl + H]+ −0.72
236 (–H2O), 207 (–HNO2), 206 (–H2O, –NO),
205 (–H2O, –HNO),
171 (–H2O, –NO, –Cl), 167, 126

270.0387 [C9H8O3N5Cl + H]+ −0.54
226 (–N2O), 223 (–HNO2), 189 (–NO2, –Cl),
161 (–NO2, –Cl, –CO), 126

132 | Environ. Sci.: Atmos., 2023, 3, 124–142 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Detected ion [M+ H]+ Ion formula Error (ppm) Proposed product structurea MS/MS fragments

272.0543b [C9H10O3N5Cl + H]+ −0.52
228 (–N2O), 209 (–NO2, –OH),
173 (–NO2, –Cl, –H2O), 144

a Only one isomer shown for simplicity. The MS/MS for the other isomers were consistent with the alternate structures. b Also reported in Schippers
and Schwack73 on tomato plant surfaces. c IMD photolysis product. d MS/MS matched authentic standard. e MS/MS is consistent with the
fragmentation reported by Fusetto et al.85

Fig. 5 ESI(+) extracted ion chromatograms (EIC) of species withm/z 256 (IMD), 270, 272, 254 (offset for clarity) and 225 for IMD + OH reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2023, 3, 124–142 | 133
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Fig. 6 Typical DART-MS spectra of IMD samples. (a) Pure IMD on ZnSe crystal before reaction; (b) after 15 hours reaction with OH; (c) after 20
hours of photolysis in the absence of IPN/OH. Spectra of room air background have been subtracted.
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representing attack on the two sites on the ve-membered ring
are sufficiently similar that the products may co-elute, leading
to two peaks rather than three. One of the peaks for m/z 225 has
a larger area, indicating either one isomer is formed preferen-
tially and the third is not formed at all, or more likely, the larger
peak intensity is due to the contribution of both 5-membered
ring isomers.

Most of the product peaks are also seen in DART-MS spectra
(Fig. 6). There is not an exact correspondence in terms of their
mass-to-charge ratios and their relative intensities, as some
compounds may not survive the heating used in DART-MS to
volatilize the sample. Thus, DART-MS detects gas phase species
while ESI detects soluble species. For example, the peak at m/z
272 assigned to the alcohol derivative of IMD is the largest
product peak in the UPLC chromatogram (Fig. 4a) but is much
smaller in the DART-MS spectrum (Fig. 6). This is likely due to
fragmentation of the alcohol at the higher temperatures in
DART to yield an ion atm/z 254 due to [M + H−H2O]

+. However,
the EIC data showed that the alcohol (m/z 272) and alkene (m/z
254) chromatographically separated (Fig. 5), indicating that the
olen is formed as its own unique product of the OH reaction.
To the best of our knowledge, this is the rst observation of this
alkene product from OH reactions, although the desnitro-olen
product (Table 2, m/z 209) has been reported in oxidations in
aqueous solution.33,37,47 From an environmental impacts
perspective, it is interesting that the IMD–olen has been widely
observed as a plant metabolite and is more toxic to insects than
IMD itself.67–69 This product is expected to undergo additional
oxidation processes in air. Many of the oxidation products
identied here have been observed in soils at pesticide
manufacturing sites in China.70

The ATR-FTIR spectra are consistent with the mass spec-
trometry data. The difference spectrum on reaction with OH
(Fig. 1a) shows loss of the parent compound and the formation
134 | Environ. Sci.: Atmos., 2023, 3, 124–142
of oxidized products with absorption bands in the 1600–
1800 cm−1 region. These infrared bands are assigned to C]N
and C]O groups, the latter group being present in many of the
products identied by HRMS and DART-MS. The broad feature
in the 3000–3300 cm−1 region reects a hydrogen-bonded OH,
for example from 6-chloronicotinic acid (m/z 158) which was
also identied from HRMS and DART-MS.

There are a great deal of data for oxidation of NN in aqueous
media. For example, the most commonly observed aqueous
product for IMD is 6-chloronicotinic acid,34,37–39,47,51 which is also
observed in this work. The carbonyl products at m/z 270 were
observed in several other studies.33,34,51 Alcohol products atm/z 272
have also been observed in the aqueous studies.34,36,37,47,51 IMD urea
is frequently observed in aqueous reactions,33,37,38,41,47,51 and des-
nitro IMD has also been reported.47 However in the aqueous
reactions, there are other potential processes occurring in addition
to OH oxidation, such as photolysis, ozonolysis, and catalytic
reactions that may be contributing to product formation. Many
smaller products (MW 100–157) are commonly observed in the
aqueous reactions,37,39–41 as the goal is oen complete mineraliza-
tion of the NN.

Most relevant to the current studies are photodegradation
reactions on tomato plant surfaces that were conducted outdoors
in ambient air.71 Under these conditions, it is likely that OH was
present and contributed to the oxidation. The most important
products identied were the IMD-alcohol and a nitroso-derivative,
along with the desnitro and urea products which were likely
formed at least in part by direct photolysis. Other studies of the
photodegradation on solid surfaces72,73 identied very similar
products to those observed here (Table 2).

Fig. 7 summarizes proposed mechanisms for the formation
of the major products. Both the kinetics and products point to
abstraction of a hydrogen from a C–H bond as being the initial
step. This produces an alkyl radical which in the presence of O2
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Proposed mechanisms for formation of OH + IMD reaction products (where more than one isomer is possible, only one is shown for
simplicity).
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forms a peroxy radical.55 Both RO2 radicals and NO are gener-
ated in the gas phase during the IPN/O2 photolysis, and the NN
peroxy radicals may react with these gas phase species to form
alkoxy radicals, alcohols, and carbonyls. The oxidized desnitro
and urea carbonyl products identied in these studies are likely
due to secondary reactions of the OH with the desnitro and urea
products.

Dinotefuran and clothianidin. The FTIR spectra for the DNF
and CLD reactions are shown in Fig. 1b and c and the UPLC
chromatograms in Fig. 4b and c. The major product peaks are
summarized in Tables 3 and 4. Extracted ion chromatograms
for some of the major products and DART-MS spectra are shown
in Fig. S4 and S5† for DNF, and Fig. S6 and S7† for CLD. As is the
case for IMD, carbonyl and alcohol derivatives of DNF and CLD
are observed. The desnitro- and urea-products seen in direct
photolysis of thin lms43–45 and their carbonyl oxidation prod-
ucts are also common to all three NNs. There was evidence of
alkene formation in the DNF oxidation (m/z 154, 156, 201). In
both cases, products corresponding to loss of the terminal –CH3

group atm/z 189 and 236 were observed. Fig. 8 and 9 summarize
proposed pathways for the formation of the major products in
these oxidations. Similar products have been reported from
photodegradation of these NN in water and soils.74–76

While IMD has three potential locations for aliphatic C–H
hydrogen abstraction, DNF has six (four CH2 groups, one CH3

group, and one CH group) and CLD has two, a secondary CH2

group and a primary CH3 group. The fact that the extracted ion
chromatogram for a carbonyl product of CLD oxidation at m/z
264 shows two isomers of similar intensities (Fig. S6†) suggests
that hydrogen abstraction occurs efficiently from both the CH2

and CH3 groups. Evidence of hydrogen abstraction on the CH3

group was also observed in the DNF–OH reaction with a product
atm/z 189 (Fig. 4b). This was surprising because the SAR for gas
© 2023 The Author(s). Published by the Royal Society of Chemistry
phase reactions predict that the terminal CH3 group will be less
reactive. However, results from a combination of experiments
and theory show that the bond dissociation energy (BDE) of
a primary C–H group adjacent to an amine nitrogen is about
4 kJ mol−1 larger than that for a secondary C–H adjacent to
a nitrogen,77,78 much less than a difference of ∼13 kJ mol−1 in
BDE for primary vs. secondary C–H groups in alkanes.77 This
suggests that the difference between abstraction from
a terminal –CH3 group and a secondary CH2 group may be less
in the case of amines, resulting in relatively more oxidation of
the terminal methyl groups in DNF and CLD.

The ATR-FTIR spectra of the reaction products (Fig. 1) are
consistent with the mass spectrometry identication of prod-
ucts summarized in Tables 3 and 4. A variety of carbonyl-
containing products lead to absorption bands in the 1700–
1800 cm−1 region, but unlike IMD, there are no signicant
broad peaks in the 3000–3300 cm−1 region. This is consistent
with the identication of 6-chloronicotinic acid as the source of
a hydrogen-bonded carboxylic acid only in the IMD reaction
since corresponding acids cannot be formed in the DNF and
CLD reactions.
Environmental implications

Atmospheric lifetimes. Expected initial NN lifetimes with
respect to the OH radical were calculated using the kinetic data
obtained from the FTIR results. In the atmosphere, NN are ex-
pected to be present on surfaces in sub-monolayer coverages, so
that diffusion limitations of the NN from the bulk will not be
present. In addition, boundary layer lengths may vary in real
world conditions, leading to variability in the gas diffusion and
the uptake. Recognizing these caveats, order of magnitude
estimates of the lifetimes were calculated using eqn (III),
Environ. Sci.: Atmos., 2023, 3, 124–142 | 135
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Table 3 Products observed in the oxidation of solid DNF by gas phase OH radicals

Detected ion [M + H]+ Ion formula Error (ppm) Proposed structurea MS/MS fragments

203.1142 DNF, [C7H14O3N4 + H]+ 1.4 129, 114, 100, 87, 73

154.0976 [C7H11ON3 + H]+ 0.2 69

156.1128b [C7H13ON3 + H]+ −1.14 83

158.1284b Desnitro DNF, [C7H15ON3 + H]+ −1.09 102

159.1124b DNF urea, [C7H14O2N2 + H]+ −1.13 102, 85, 67

172.108 [C7H13O2N3 + H]+ −0.83 155, 116, 57

189.0982 [C6H12O3N4 + H]+ 0.42 131, 115, 99, 73

201.0988 [C7H12O3N4 + H]+ 2.30 187 (–CH2), 155 (–NO2), 127, 112

217.0928 [C7H12O4N4 + H]+ −1.09 171 (–NO2), 127, 112, 87, 73

219.1083 [C7H14O4N4 + H]+ −1.33 144, 129, 114, 87

a Only one isomer shown for simplicity. The MS/MS for the other isomers were consistent with the alternate structures. b DNF photolysis product.
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Table 4 Products observed in the oxidation of solid CLD by gas phase OH radicals

Detected ion [M + H]+ Ion formula Error (ppm) Proposed structurea MS/MS fragments

250.0158 CLD, [C6H8O2N5ClS + H]+ −0.89 169 (–NO2, –Cl), 132, 113

205.0311b Desnitro CLD, [C6H9N4ClS + H]+ 0.93 132, 113

206.0152b CLD urea, [C6H8ON3ClS + H]+ 1.27 175, 132, 120, 113, 86

219.0101 [C6H7ON4ClS + H]+ −0.66 202, 163, 146, 75, 57

219.9940 [C6H6O2N3ClS + H]+ −1.04 189, 163, 146, 120

236.0002 [C5H6O2N5ClS + H]+ −0.64 155 (–NO2, –Cl), 132, 113, 96

263.9950 [C6H6O3N5ClS + H]+ −1.13 183 (–NO2, –Cl), 145

266.0108 [C6H8O3N5ClS + H]+ −0.42 222, 203, 191, 167, 147, 129, 86

a Only one isomer shown for simplicity. The MS/MS for the other isomers were consistent with the alternate structures. b CLD photolysis product.
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Lifetime ðsÞ ¼ # molecules on surface cm�2

reactions cm�2 s�1

¼ 2:5� 1014 molecules cm�2

g½OH�
ffiffiffiffiffiffiffiffiffiffiffi
RT

2pM

r (III)

with an atmospherically-relevant OH concentration of 106

radicals cm−3 and a surface concentration of NN molecules of
∼2.5 × 1014 cm−2.57 Using the experimentally measured reac-
tion probabilities (Table 1), the calculated lifetimes are 10 days
for IMD and DNF, and 17 days for CLD. For comparison,
photolysis lifetimes determined in previous studies ranged
from 11 to 16 hours.43,45 Thus, photolysis to generate the des-
nitro and urea products followed by their reaction with OH will
also occur during the day. However, the OH reaction with the
parent NN will continue to contribute at night (in parallel with
© 2023 The Author(s). Published by the Royal Society of Chemistry
possible nitrate radical chemistry) when photolysis is not
occurring but there are non-photolytic sources of OH.79

In air, the NN peroxy radical intermediate on the surface,
RO2(surf), is likely to react with gas phase R′O2 radicals or NO via
reactions (R7) or (R8):

RO2ðsurfÞ þR
0
O2ðgÞ !k7 products

k7 ¼ 1� 10�12 cm3 molecule�1 s�1
(R7)

RO2ðsurfÞ þNO!k8 products
k8 ¼ ð8� 9Þ � 10�12 cm3 molecule�1 s�1

(R8)

In California's agriculturally-dominant San Joaquin Valley,
for example, the NO concentration varies seasonally with an
average of ∼8.2 × 108 molecules cm−3 in the summer and ∼1.5
Environ. Sci.: Atmos., 2023, 3, 124–142 | 137
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Fig. 8 Proposed mechanisms for formation of OH + DNF reaction products (where more than one isomer is possible, only one is shown for
simplicity).
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× 1011 molecules cm−3 in the winter.80 Typical R′O2(g) concen-
trations measured at various locations around the world peak at
∼5 × 108 molecules cm−3 at midday.81–84 Using typical rate
Fig. 9 Proposed mechanisms for formation of OH + CLD reaction prod
simplicity).

138 | Environ. Sci.: Atmos., 2023, 3, 124–142
constants for reactions (R7) and (R8),55 rst order rates are
k7[R

′O2(g)]= 5× 10−4 s−1 and k8[NO]= 0.007–1.35 s−1. Thus, the
NO reaction with RO2 to form carbonyl products, of both the
ucts (where more than one isomer is possible, only one is shown for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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parent NN and the desnitro and urea photolysis products, is
likely favored under environmentally realistic conditions, even
at low NO concentrations. The reaction with NO forms an alkoxy
radical that depending on its structure, can decompose, react
with O2 or isomerize. In the solid phase, reaction of alkoxy with
O2 to form the carbonyl compounds shown in Fig. 7–9 seems
most likely. Although not shown in the mechanisms, some
formation of organic nitrates from the RO2 reactions with NO
may also occur.55

In short, studies of the environmental fates and impacts of
NN should take into account not only the parent compound but
also its oxidation and photolysis products.
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