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ABSTRACT: The environmental fate of neonicotinoids (NNs) is a key regulatory issue due
to their widespread distribution, mobility, and role in honeybee colony collapse disorder. Here,
we explore the potential matrix effects of the commercial formulations on the photochemistry
of two NNs, dinotefuran (DNF) and nitenpyram (NPM). The commercial formulations and
the pure reagents, both embedded in KBr pellets, were irradiated at wavelengths from 254 to
350 nm. Loss of the NN and product formation were followed using Fourier transform
infrared spectroscopy and direct analysis in real time mass spectrometry. Quantum yields for
loss of NN in commercial formulations were within experimental error of the pure NN.
However, quantum yields for loss in KBr were consistently smaller than those previously
measured for thin films of pure compounds, suggesting increased quenching of excited
intermediates in the dense solid KBr matrix. At 350 nm where NPM absorbs, the quantum
yield for loss in the formulation was about half that of the pure compound, which was
attributed to a reduction in the NPM absorption cross section due to the presence of water
taken up by additional formulation ingredients. Major products of DNF and NPM photolysis

were the same in the formulation and in the pure compound. However, in contrast to previous thin film measurements, unexpected
infrared peaks at 2222 and 2136 cm™" during photolysis of DNF in KBr were identified as N,O trapped in the KBr matrix and NO",
respectively. Overall, the presence of other compounds in the formulations did not significantly alter the photochemistry compared

to the pure compounds.
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1. INTRODUCTION

Neonicotinoids (NNs) have grown to become the most widely
used insecticides globally since their introduction in the early
1990s.' ™ The NNs are structurally differentiated into three
families: nitroguanidines, nitromethylenes, and cyanamidines
(Figure 1la). In addition to crop protection, they are also used
in household sectors such as lawn care, in-home pest
abatement, and veterinary care. NNs are neurotoxins that act
by binding to specific subsites of the nicotinic acetycholine
receptor.”” Although these receptors are present in both
insects and mammals, in vivo toxicity studies have shown that
NNs are much more toxic to insects, likely due to their higher
binding affinity to insect receptors.”'” As a result, NN exhibit
relatively low toxicity to humans, making them an attractive
alternative to earlier products that have a higher potential to
adversely affect human health."’

NNs are systemic pesticides, meaning they translocate
throughout the plant tissue. This results in lower application

frequency'” and enables application as seed coatings, where the Received:  March 3, 2021
NN becomes incorporated throughout the plant tissue during Revised:  April 8, 2021
growth, further reducing human exposure from the application Accepted:  April 12, 2021

process.”'? However, due to their systemic nature and
prophylactic use, NNs have accumulated in the environment
over time. Studies have shown that the plant may leave behind
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more than 95% of the NN treatment in the soil,'""'*'> and NN
residues persist in soils for years even after discontinuing their
use.'® Like other emerging contaminants, NNs can migrate
through the environment and undergo chemical reactions in
air, water, or soil. Their multimedia dispersal and complex
multifunctional moieties make their environmental fates
difficult to predict.'””~*° Indeed, NNs are commonly observed
off-target on soil and vegetative surfaces,”' ~*° in pollen, honey,
and nectar,”*”” on blowing dust particles during planting,”**’
and on neighboring wildflowers and untreated plants.
Thus, although they are often initially applied as a seed coating,
they are mobile and have ample opportunity for heterogeneous
atmospheric chemistry on environmental surfaces that may
affect their lifetimes and degradation products.

Despite their many advantages, the effect of NNs on
nontarget organisms has given cause for concern. 17
Numerous studies have identified a negative impact on
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Figure 1. (a) NN subgroup structures and (b) their representative absorption cross sections given for DNF, NPM, and ACM.

pollinator health, including disease tolerance and susceptibility,
navigation ability, and honeybee colony collapse disor-
der, 128293474 1y the Woodcock et al. study,” NN effects
on multiple bee species were evaluated at a number of different
sites in the UK, Germany, and Hungary. The results were
compound-, country- and species-specific but, interestingly,
not always negative.”” These location-specific effects suggest
that the environmental reactions of the NNs may be playing a
significant role that leads to varying impacts in different
locations. This is of concern not only because NNs have shown
deleterious effects on honeybees and other nontarget insects
that play vital roles in our ecosystems but also because their
degradation products, such as a desnitro derivative, can have
increased toxicity to mammals.*’

Based on concern for pollinator health, the EU recently
introduced a moratorium on three NNs of the nitroguanidine
family [imidacloprid (IMD), clothianidin (CLD), and
thiamethoxam (TMX), see Figure 1a].*** This work presents
the heterogeneous photochemistry of two NNs that are not
covered in the EU moratorium and absorb in the actinic region
(Figure 1b): dinotefuran (DNF) and nitenpyram (NPM).
There are hundreds of different commercial formulations
available for these NN applications. These are complex
mixtures consisting of many ingredients such as buffers,
antioxidants, emulsifiers, and surfactants that can potentially
affect degradation of the NNs. In addition, there are many
different ways in which they are used, including application to
the ground, injection into irrigation systems, or spraying of
foliage where it can dry into a solid residue. As a result, the
NNs may take many different forms in the environment which
may vary from solutions to crystalline to amorphous films or
deposits on solid surfaces such as dust. Earlier experiments
probed thin films of the pure compounds via attenuated total
reflectance (ATR)—Fourier transform infrared (FTIR) experi-
ments, which are likely similar to NN residues on plant
surfaces. This technique could not be applied to the
commercial products because the additional components failed
to dissolve in the solvents used to form the thin films on an
ATR crystal. As a result, infrared absorbance spectra of thin
films made from the dissolved commercial mixtures looked
identical to those of the pure substance, indicating that only
the NN active ingredient had been extracted. Thus, in the
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current set of experiments, the commercial mixtures and the
pure NNs were dispersed in fused solid KBr pellets and probed
using FTIR.

This work probes whether the two representative NNs in
commercial formulations embedded in KBr pellets behave
similarly to the pure reagents in KBr pellets. Previous work in
this lab reported quantum yields and gas-é)hase N,O yields of
pure samples of seven NNs in thin films.**™** The results here
are also compared to the thin film data and matrix effects on
product formation, quantum yields, and atmospheric lifetimes
are discussed.

2. EXPERIMENTAL SECTION

2.1. Preparation and Infrared Analysis of KBr Pellets.
To form the KBr pellets, potassium bromide (Fisher, Infrared
grade) was ground in a mortar and pestle until it became a fine
powder. Known amounts of solid NN (either pure or in the
solid commercial formulation) were mixed with ground KBr in
a Wig-L-Bug amalgamator for 10 s. A sample consisting of 40
mg of the NN/KBr mixture was added to 13 mm id pellet die
(Pike Technologies) with stainless steel anvils and pressed
under vacuum at 6—9 metric tons for 10 min. The resulting
pellet had a diameter of 13 mm, and based on the density of
KBr (2.74 g ecm™>)* and the measured diameter and weight,
the thickness was calculated to be 0.1 mm. Several pellets were
probed using scanning electron microscope (SEM)—energy-
dispersive system (EDS) analysis, which showed agglomerates
of the NN distributed throughout the pellet (Figure S1; note
the SEM images are presented for another nitroguanidine,
IMD, as it has a Cl atom that is easily detectable by SEM;
other NNs are expected to show similar results). The pellet
was placed in a height-adjustable holder within a custom-built
glass FTIR cell with CaF, windows (transparent to both UV
and infrared light down to ~900 cm™"), as shown in Figure S2.
The cell was evacuated and filled with 1 atm dry N, (Praxair,
Ultra High Purity). Earlier studies in our lab showed no
significant differences between results in pure N, and in dry
ultra-zero air.** The pellets were probed at measured time
intervals using FTIR spectroscopy (Mattson Galaxy 5020
FTIR, cooled MCT detector) with 64 coadded scans at 0.5
cm™! resolution.

https://doi.org/10.1021/acsearthspacechem.1c00059
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Figure 2. Absorption spectra in three forms for (a) DNF: (blue) pure DNF in a KBr pellet by transmission (3.1 X 10'* molecules/cm® DNF),
(green) commercial formulation Safari in a KBr pellet by transmission (2.8 X 1015 molecules/cm?> DNF), and (black) pure DNF in a thin film by
ATR (2.4 X 10" molecules/cm* DNF) and (b) NPM: (blue) pure NPM in a KBr pellet by transmission (5.9 X 10'® molecules/cm* NPM),
(green) commercial formulation Capstar in a KBr pellet by transmission (3.8 X 10'® molecules/cm® NPM), and (black) pure NPM in a thinfilm by

ATR (1.6 X 10'® molecules/cm> NPM).

Samples were irradiated using either a 254 nm low-pressure
mercury lamp (UVP, CPQ-5851) or one of two mercury lamps
with organic phosphor coatings that gave broadband emissions.
One broadband lamp was centered at 305 nm with emission
from 280 to 365 nm (Jelight, 84-2061-2), and the other was
centered at 350 nm with emission from 310 to 420 nm (UVP,
D-28865). Lamp emission spectra are shown in Figure S3. The
305 and 350 nm lamps provide tropospherically relevant
radiation, while the 254 nm lamp was used for time-sensitive
experiments as they could be completed within hours, rather
than days. For example, reaching 20% photolytic degradation
of the parent NN requires several hours with the 254 nm lamp
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but 1 week with the 305 nm lamp. A water filter was placed
between the sample and the lamp to absorb heat from the
lamps, and a borosilicate glass coverslip was used with the
broadband lamps to filter out wavelengths below 290 nm.
Spectra were recorded with the sample in one of two
positions: (1) with the rod down, so both the gas and solid
KBr pellet were probed simultaneously or (2) with the rod
moved up, so the pellet was out of the infrared beam and only
the gas phase was measured (see Figure S2c for schematic).
Subtraction of the gas phase spectrum from the combined gas
and solid spectrum was used to obtain the solid-only spectrum.
A single beam spectrum of a KBr pellet containing no NN was

https://doi.org/10.1021/acsearthspacechem.1c00059
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used as the background. Spectra during photolysis were ratioed
to the original pre-photolysis single beam spectrum to generate
difference spectra, where positive peaks are due to product
formation, while negative peaks are due to loss of the reactant.

2.2, Direct Analysis in Real Time Mass Spectrometry.
Blank KBr pellets and NN/KBr pellets were further analyzed
before and after photolysis using mass spectrometry (MS). The
pellets were attached to a spatula and analyzed using a triple
quadrupole mass spectrometer (Xevo TQS, Waters) equipped
with a commercial direct analysis in real time (DART) ion
source (IonSense, DART SVP with Vapur Interface). DART-
MS analysis allows direct sampling of KBr pellet surfaces
without the need to dissolve the solid matrix and extract the
organics. The DART-MS ion source was positioned directly in
front of the mass spectrometer source inlet with a 4 cm space
for the sample. Helium was used as the reagent gas flowing at
3.1 L min~" and subject to a grid electrode voltage of 350 V at
a gas temperature of 200 °C (for NPM) or 350 °C (for DNF).
Mass spectra were collected from 2 to 1000 amu using
MassLynx software in the positive ion mode, where [M + H]*
are the expected parent peaks.

2.3. High-Resolution Mass Spectrometry. For accurate
mass measurements, solutions of NN standards were analyzed
using ultrahigh-pressure liquid chromatography coupled to a
diode array detector and high-resolution mass spectrometry
(UPLC-DAD-HRMS) platform (ThermoScientific) equipped
with a Vanquish Horizon UPLC system (including a binary LC
pump, an autosampler, a column manager, and a diode array
detector) coupled to a high-resolution Q Exactive Plus orbitrap
mass spectrometer. Instrument and analysis details are
available in Supporting Information Section D.

2.4. Preparation and Analysis of Thin Films. Thin films
were also prepared for comparison to the KBr pellets.
Solutions of pure NN were prepared in acetonitrile (ACN,
Fisher, HPLC grade) and interrogated by ATR—FTIR. For
these, ATR Ge crystals (Pike technologies, 45°, 80 mm X 10
mm X 4 mm, 10 internal reflections) were prepared by rinsing
with water and ACN, followed by argon plasma cleaning for 10
min. ATR samples were prepared by pipetting 10 uL of NN
solutions onto the crystals, where the solvent evaporated
immediately leaving behind a thin film. These ATR samples
were photolyzed and analyzed by ATR—FTIR as described in
earlier studies.**”** For analysis using DART-MS, solutions
were applied to a mesh screen (stainless steel, 74 Mesh 0.094
mm diameter), and the solvent was evaporated immediately.
The NN on the mesh screen was exposed to the UV lamps and
subsequently introduced into the DART source for product
analysis.

2.5. Calculation of the Absolute Number of Mole-
cules. A calibration curve was generated by depositing known
volumes of NN calibration solutions in ACN (which gives the
absolute number of molecules) onto the ATR crystal and
recording the NN ATR—FTIR spectra absorbance immedi-
ately after the deposit dried into a thin film. ATR—FTIR
absorbances were converted from mM to molecules cm™
using the coated surface area of the ATR crystal (~4 cm?). A
calibration curve was generated based on the absorbance and
known number of molecules cm™.

2.6. Chemicals. NNs were used in either their pure or
commercial formulations. Pure NNs used were DNF (Chem
Service, 98.4%) and NPM (Sigma-Aldrich, PESTANAL
analytical standard). Commercial formulations were Safari
and Capstar. Safari 20SG is 20% DNF w/w (Valent U.S.A.
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LLC, EPA Reg. no. 86203-11-59639) and also contains 1—5%
sodium dodecylbenzene sulfonate buffer and 72% patent-
protected inactive ingredients.”” Capstar (10% NPM w/w,
NADA #141-175), marketed as a pressed tablet, is a veterinary
treatment for flea control, which is 10% NPM and includes
lactose monohydrate, cellulose, starch, colloidal silicon dioxide,
and magnesium stearate as inactive ingredients.51

3. RESULTS AND DISCUSSION

3.1. Infrared Spectra Analysis of the Pure NNs Versus
Commercial Formulation. DNF and NPM samples were
analyzed either in fused solids (KBr pellets) or as thin films
(on an ATR crystal). In KBr pellets, the NNs were analyzed in
their pure form and in commercial formulations. Infrared
spectra were compared in the different forms (Figure 2), and
no major differences in their infrared absorption spectra were
observed. The NN fingerprints were readily apparent even in
the complex commercial formulation, which is only 20% DNF
or 10% NPM. For DNF in KBr, two peaks due to N—H
stretches are seen in the 3000—3500 cm™ region, while one
broad peak is seen in the thin film spectrum. This may be due
to the molecules being disordered/noncrystalline in the film
while crystalline in the KBr matrix. Le Questel et al>? reported
that DNF has a dimer crystal structure with a pair of hydrogen
bonds between the N—H group of one molecule and the ring-
oxygen in the neighboring DNF, as well as intramolecular
hydrogen bonds between an N—H group and one of the
oxygen atoms of the NO, group (discussed in detail below in
Section 3.4, Figure 9). Thus, two distinct N—H stretches in the
KBr matrix spectrum reflect two different ways of H-bonding
for each of the two N—H groups in the crystal structure. In the
thin film, these N—H stretches overlap, suggesting a disordered
film with a variety of H-bonding rather than having two
distinct H-bonding possibilities for the crystal form of the
dimers. The thin films were created by evaporation from a
solvent over a period of seconds, and the quick drying time
may impede crystal formation.

3.2. Major NPM Photolysis Products. Figure 3 shows
typical DART-MS spectra before and after irradiation for pure
NPM in a KBr pellet, the commercial formulation Capstar in a
KBr pellet, and a thin film of pure NPM on a mesh screen.
Black traces are taken before photolysis, and colored traces are
taken after 3 h of irradiation using a 350 nm broadband lamp.
Similar results were observed using the 254 and 305 nm lamps.
Spectra from samples before photolysis are consistent with
those reported by Aregahegn et al,,"® showing a parent peak at
m/z 271 corresponding to [NPM + H]" as well as two peaks at
m/z 212 and 240 corresponding to the protonated forms of the
compounds below:

I N \ Ch \ o
I)v"‘/\"("‘ T\IQVNJ\‘)‘\H

MW 211 MW 239

After photolysis, less contribution from m/z 271 is observed,
and the peak at m/z 212 becomes dominant. The species
responsible for this peak has also been previously reported in
drinking water™ and thin films."® The peak observed at m/z
240 was also present in all solid forms both before and after
irradiation. The relative contribution from m/z 240 was higher

https://doi.org/10.1021/acsearthspacechem.1c00059
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Figure 3. DART-MS of NPM before (black traces) and after (color
traces) photolysis at 350 nm for 3 h in three solid forms.

in thin film samples both before and after photolysis and may
be due to its formation in the DART source itself."”
Evidence for both of these products is also found in the
infrared difference spectra of photolyzed NPM (Figure 4),
where positive peaks indicate formation of products and
negative peaks indicate loss of NPM. In all three solid forms, a
major positive product peak is observed at 1636 cm™’, a region
characteristic of C=N bonds.>* In thin films, a second product
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Figure 4. NPM irradiated at 305 nm in three matrices: (blues) pure
NPM in a KBr pellet (5.9 x 10" molecules/cm? NPM at 35 and 50%
loss), (greens) commercial formulation Capstar in a KBr pellet (3.8 X
10'° molecules/cm? NPM, 20 and 48% loss), and (pinks) pure NPM
in a thin film (2.7 X 10% molecules/cm?* NPM at 16, 50 and 92%
loss). Gray traces show initial absorbance spectra before photolysis.
The initial absorbance spectrum of the commercial formulation has
been multiplied by a factor of 0.1.

1200

peak is also distinguishable at 1667 cm™, and although not

prominent in the pure and formulated NPM embedded in KBr,
it is likely contributing to the broad 1636 cm™ peak shape.
Aregahegn et al.** attributed the 1667 cm™ peak to the C=N
stretch of the MW 211 species and a 1634 cm™" peak to the
C=N stretch of the MW 239 species, red-shifted due to
conjugation with the C=0 group. A small peak for the C=0
stretch is also visible at 1701 cm™.

The apparent smaller contribution of the MW 211 species at
1667 cm™" in the infrared difference spectra compared to the
DART-MS may be due to differences in absorptivity. Although
reference standards of NPM degradation products were not
available, those for products from the NN IMD which contain
C=O0 and C=N bonds show that the C=O containing
species has higher infrared absorptivity at equimolar
concentrations (Figure S4). Similarly, DART-MS spectra are
influenced by variable ionization efficiency across compounds,
gas reagent temperature, vapor pressure of the species, and
heterogeneity of the pellet. Thus, neither DART-MS nor FTIR
relative intensities should be assumed to reflect their relative
contributions. The combination of MS and FTIR data,
however, suggest that both species are present as photolysis
products in pure and commercial formulations.

3.3. Major DNF Photolysis Products: Desnitro and
Urea Pathways. Figure S shows typical DART-MS spectra for
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Figure 5. DART-MS of DNF before (black traces) and after (color
traces) photolysis at 305 nm in three solid forms.

DNF in the three forms before photolysis and after 15 h of
irradiation using a 305 nm broadband lamp. Before photolysis
(black traces), DNF (MW 202) shows a parent peak at m/z
203 corresponding to [DNF + H]" as well as a dimer ion at
m/z 40S corresponding to [2DNF + H]* (data not shown).
MS/MS analysis of m/z 203 (Figure SS) showed fragments at
m/z 157, 129, and 113, consistent with the literature for
DNE. >

After photolysis (Figure S, colored traces), product peaks
corresponding to urea (URpyp) and desnitro (DNpyg)
derivatives appear, which are commonly observed for samples
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Scheme 1. Proposed DNF Degradation Mechanism, Following Wang et al. 2019*° and Aregahegn et al. 2016"’
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containing DNF and its metabolites.”* % URpyp (MW
158) is seen at m/z 159 corresponding to [URpyp + H]* as
well as at m/z 317 and m/z 361 (data not shown)
corresponding to [2URpyy + H]™ and [URpys + DNF +
H]*, respectively. The peak at m/z 158 corresponds to
[DNpnr + H]* for the desnitro derivative DNpyr (MW 157).
MS/MS spectra are shown in Figure S6, and a fragmentation
mechanism consistent with the major fragments is provided in
Scheme S1. Peaks were also observed at m/z 156 and m/z 172
before and after photolysis. These peaks were further explored
using UPLC-DAD-HRMS (Table S1), which identified them
as [C,H,,ON,]* attributed to [DNF — NO,]* and
[C,H,O,N;]* attributed to [DNF — NO]J*. The species’
retention time and peak shape were identical to that of the
parent m/z 203 species and are thus believed to be due to in-
source fragmentation, in agreement with their presence in the
pre-photolysis DART-MS spectra. Therefore, for DNF in all
matrices, DNpyr and URpyg are the major solid photolysis
products, and their proposed formation mechanism is shown in
Scheme 1.

The infrared difference spectra of photolyzed DNF (Figure
6) show a product peak near 1665 cm™". The broad peak shape
again likely indicates overlapping contribution from the C=0

and C=N stretch signals of the urea and desnitro products, as
was the case for photolysis of thin films of structurally similar
IMD,"” and shown in KBr pellets in Figure S4.

The formation of the urea and desnitro derivatives is of great
importance for two reasons. First, both are still expected to
exhibit insect toxicity. Second, while the urea derivative has
low toxicity to mammals, the desnitro derivative may show a
large increase in mammalian toxicity. For example, Chao and
Casida® reported that for IMD degradation products, DNy
has an oral LDy, of 7—24 mg/kg in rats, an increase from the
424 mg/kg of the parent IMD, and is more toxic than nicotine,
which has an oral LDy, of 50 mg/kg. These photolysis
products are expected to remain on surfaces, where they can be
a risk for both pollinators due to their insect toxicity as well as
to consumers of treated foods due to the increased mammalian
toxicity of the desnitro derivative. There are no direct
mammalian toxicity measurements of URpyp and DNpyg
which would be important for a full evaluation of their
environmental impacts.

3.4. Unexpected “Solid Phase” Products. DNF differ-
ence spectra (Figure 6) also show new solid-phase product
peaks at 2222 and 2136 cm ™', a region characteristic of (NO)
stretches.”’ These products were observed in both pure and
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Figure 6. Solid-phase difference spectra of DNF irradiated at 305 nm in three matrices: (blue) pure DNF in a KBr pellet by transmission (3.1 X
10'® molecules/cm® DNF, 43 % loss), (green) commercial formulation Safari in a KBr pellet by transmission (2.8 X 10'* molecules/cm* DNF, 31%
loss), and (pink) pure DNF in a thin film by ATR (2.4 X 10" molecules/cm* DNF, 36% loss). Gray traces show initial absorbance spectra before

photolysis for reference only, not to scale.

formulated DNF samples in the KBr matrix, indicating again
that the presence of the additional ingredients in the
formulations did not affect the product distribution. These
peaks, however, were not strongly seen in irradiated thin films
of DNF, suggesting that the dense solid KBr pellets do affect
the photodegradation.

The 2222 cm™! solid-phase peak overlapped with product
peaks observed in the gas phase. Figure 7 shows a broad peak
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Figure 7. FTIR spectra comparing solid- and gas-phase products of
0.5% DNF/KBr photolyzed at 254 nm to 59% loss DNF.

around 2222 cm™" that is observed with the sample rod in the
down position, probing both the solid and gas phases
simultaneously. When the rod was raised to probe the gas
phase only, N,O, with its distinct P and R branches,62 was
clearly evident. In earlier studies, N,O was hypothesized to be
formed from cleavage of the N—NO, bond in nitroguanidines

1202

(such as DNF) and the C—NO, bond in NPM, followed by
intramolecular rearrangements in the solids.”*~** Subtraction
of the gas phase from the combined gas and solid spectra
reveals a broad peak in the solid centered at 2222 cm™. This
product in the solid phase was observed also for a number of
NNs (Figure 8), all of which form N,O in the gas phase when
irradiated as thin films.** Dows®’ and Yamada and Person®*
showed that condensed N,O at 80 K has a single peak in this
region, with some variation in peak shape, and Hisatsune®®
showed a temperature dependence for this peak’s location and
shape. Thus, we assign the 2222 cm™' peak seen in the solid-
only spectrum to N,O that is trapped in the KBr pellet solid.

This peak was not seen when irradiating DNF in a solid
pellet made of Cabosil (Cabot Corporation), which is an
ultrafine silica oxide powder, but N,O was observed in the gas
phase, suggesting that N,O was not efficiently trapped in the
Cabosil environment. The reason for the difference between
Cabosil and KBr matrix is not clear, but it may be due to the
strongly ionic environment in KBr or due to differences in the
particle size and packing that can influence the trapping.

DNF in a KBr pellet also showed a product peak at 2136
cm™! (Figures 6 and 8). Bands in this region have often been
identified as being due to the nitrosonium ion (NO*)*"7* in
studies of the interaction of NO, with zeolites (although
adsorbed NO, has also been suggested).75 This peak was also
not seen in the Cabosil matrix, suggesting that NO* is
stabilized by the ionic KBr environment.

If the NO, generated upon bond cleavage is free to migrate
in the matrix, it could react with the KBr to form NO™. To test
this, a KBr pellet (with no NN present) was exposed to 293
ppm NO, in both static and flow modes, with and without
photolysis, but a peak at 2136 cm™ was not observed. As
expected, gas-phase NO, peaks (1617 and 2906 cm™), a
BrNO peak (~1800 cm™'), and a solid NO,” peak (1358
cm™) were observed, consistent with earlier studies of the
reaction of NO, with NaBr.”® None of these were observed in
the DNF/KBr photolysis experiments. This suggests that when
NO, is formed in the DNF photolysis, it undergoes
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Figure 8. Comparison of solid-phase product formation in KBr pellets
at w/w concentrations of 0.49% DNF/KBr, 1.04% CLD/KBr, 0.94%
TMX/KBr, and 0.94% IMD/KBr, and 0.67% NPM/KBr. Nitro-
guanidines were irradiated at 254 nm for ~30 min and NPM for 10 h.

recombination and intramolecular rearrangements shown in
Scheme 1 rather than reacting with KBr. This is reasonable
since the DNF exists as agglomerates of the NN within the
KBr matrix (Figure S1), rather than as individually distributed
molecules.

The 2136 cm ™' peak was only seen in the solid-phase spectra
and was only weakly present, if at all, in the other NNs in KBr
pellets (Figure 8). In the thin films of DNF and the structurally
similar nitroguanidine CLD, a small peak is seen initially but
disappears within minutes, while in the KBr pellet, it is
detectable for days. A possible explanation is the crystal
structure of DNF (Figure 9) reported in Le Questel et al.>?
DNF crystallizes into a dimer structure, connected by
hydrogen bonds between the ring and one of the secondary
amines in the nitroguanidine group. Note that only one of the
—NO, group oxygen atoms is intramolecularly hydrogen
bonded, in contrast to IMD, for example. This may assist in
isomerization to —ONO, which is a known intermediate in the
photolysis of nitro-organics’””’® and subsequent generation of
NO* (Scheme 2). For example, Bhattacharya et al.”’ in an
experimental and theoretical study of the photolysis of
dimethylnitramine, (CH;),N—NO,, which shares structural
features similar to DNF, report that a nitro/nitrite isomer-
ization mechanism is the major channel of decomposition from
the excited electronic state for photolysis in a dense gaseous
medium. In the IMD crystal structure in Figure 9, on the other
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Figure 9. Crystal structures of DNF (top) and IMD (bottom). The
red circles highlight the differences between DNF and IMD in -NO,
hydrogen bonding. The yellow coloring on DNF highlights the two
types of N—H stretches observed in the infrared spectra. Adapted
from Le Questel, J. Y.; Graton, J.; Ceron-Carrasco, J. P.; Jacquemin,
D.; Planchat, A.; Thany, S. H. New insights on the molecular features
and electrophysiological properties of dinotefuran, imidacloprid and
acetamiprid neonicotinoid insecticides. Biorg. Med. Chem. 2011, 19
(24), 7623—7634. Copyright 2011, Elsevier.”>

hand, there are three intermolecular hydrogen bonds with the
—NO, group. Thus, the —NO, may be too constrained for
isomerization to —ONO. The other nitroguanidines, with a
similar ring structure to IMD, may be expected to behave the
same way. This further suggests that samples in the fused solid
KBr pellet are in their crystalline form but in a disordered form
in the thin films with a variety of hydrogen bonding
possibilities.

3.5. Change in Products after Photolysis. If the 2222
cm™! peak is due to N,O trapped in the solid, it might be
expected over time to decrease as the N,O diffuses to the gas
phase. To test this, the DNF/KBr pellet was irradiated with the
254 nm lamp to ~20% loss of DNF, then the light was turned
off, and FTIR spectra were continually recorded to monitor
both products in the KBr pellet as well as the gas phase. These
experiments were conducted using the 254 nm lamp to give
relatively rapid photodegradation and product formation
compared to the longer times over which diffusion is expected
to occur. Figure 10 shows signal intensities in either solid-
phase or gas-phase spectra for reactant and product peaks from
before photolysis (time = 0 min), during photolysis (first 30
min), and for four days after the lamp is shut off (gray area).
The corresponding changes in the FTIR spectra are shown in
Figure 11. The first data point in Figure 10, taken before
photolysis begins, shows a non-zero value only for the DNF
signal (Figure 10a). The second data point, obtained after the
sample has been irradiated for 30 min, shows a decrease in
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Scheme 2. Proposed Isomerization of —NO, to —ONO to Produce NO".
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Figure 10. 0.49% DNF/KBr irradiated at 254 nm to 21% loss DNF
(dashed line) and then monitored for 4 days in dark conditions.
Frames (ab) are of solid phase-only spectra (gas phase has been
subtracted) and results in (c) for N,O(g) are taken from gas phase-
only spectra. Y-Axis is the absorbance peak height for (a) DNF at
1616 cm™ and (b) product peak heights for NO* (2136 cm™) and
N,O(s) (2222 cm™) products, and (c) N,0(g) peak measured at
2235 cm™ from the gas-phase spectra.

DNF and positive values for all products formed (Figure
10b,c), The DNF signal is nearly constant over the 4-day dark
period. The peak at 2222 cm™', assigned to trapped N,O,
decreased to near zero by the end of the 4 days. The same was
true of the 2136 cm™" peak assigned to NO*. Simultaneously,
gas-phase N,O increased, as expected, if the N,O trapped in
the solid was diffusing out into the gas phase. No other new
peaks, for example, due to NO, NO,, or BrNO, were detected
in the gas phase, suggesting that recombination to reform the
nitrite (—ONO) and DNF may be the major fate of NO*
(Scheme 2) In this case, the relative change of DNF signal
may be too small to show a significant signal change over time.

The DNF/KBr pellet from the light/dark study was also
analyzed using DART-MS after the 4-day dark period. There
were no new peaks observed after the dark period when
compared to the sample analyzed immediately after photolysis.
Similar light/dark experiments using the 305 nm lamp, which
required a week of photolysis to reach 20% loss of DNF, gave
qualitatively similar results but less solid N,O infrared peaks
due to the slower rate of formation relative to diffusive loss to
the gas phase. When the lamp was removed to begin the dark
period, the solid N,O peak completely disappeared within 1
day, and the N,O(g) signal increased slightly during this first
day corresponding to escape from the solid phase.

3.6. N,O Yields. Gas-phase N,O yields (A moles N,O/A
moles NN) were calculated for the KBr pellet experiments
after the solid phase peak at 2222 cm™' had disappeared and
the gas phase N,O signal had stabilized. KBr pellet experiments
showed a yield of 0.51 + 0.10 for both pure DNF and the
commercial formulation Safari. Table 1 shows that these values
are in agreement with previously reported values for pure solid
deposits on windows using the transmission mode but lower
than that when ATR was used on thin films.*® This suggests
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Figure 11. 0.49% DNF/KBr irradiated with a 254 nm lamp for 30 min (pink trace). The photolysis lamp was shut off, and the sample was then
monitored for 4 days in dark conditions. Spectra are (a) solid phase only and (b) gas phase only.
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Table 1. Nitrous Oxide Yields (A[N,O]/A[NN]) from
Photolysis of DNF in Different Matrices

matrix method N,O yield”
pure in KBr pellet transmission 0.51 + 0.10
formulation in KBr pellet transmission 0.51 + 0.10
pure NN deposits on window*® transmission 0.57 + 0.38
pure in thin film*® ATR 0.94 + 0.40
1/2
“Errors are 20, calculated as ¢ = (Z:(JC‘T_M)Z) .

that the branching ratio that leads to N,O is altered in the KBr
pellets and the window deposits compared to the thin ATR
films. NPM also generates N,O, although at a much lower
yield than the nitroguanidines (yield of ~0.1 for NPM in thin
films compared to ~1.0 for nitroguanidines in thin films).*’
Evidence for some trapped N,O was also observed in NPM
that may affect these N,O yields but was too small to be
quantified.

The major source of tropospheric N,O is known to be
nitrification and denitrification in soils and aquatic systems.
Nitrous oxide soil emissions are characterized by very high
spatio-temporal variability resulting in “hot spots” and “hot
moments,”*" which are believed to be driven mainly by abiotic
inputs such as fertilizers.”’ ~*> While N,O from photolysis of
the NNs will be a minor contributor to the overall global
burden,***” it could contribute to these hot spots.

3.7. Quantum Yield Calculations for Loss of NN
during Photolysis. Loss of DNF and NPM was followed
using the 1616 and 1244 cm™' peaks (assigned to the
asymmetric and symmetric —NO, stretches, respectively).****
The decays followed first-order kinetics. An interesting pattern
was observed in the photodegradation rate constants from
254 nm irradiation, as shown in Figure S7, where higher
concentrations of NN in the KBr pellets resulted in lower
photolysis rate constants. Since the SEM—EDS images showed
the NN present as agglomerates spread throughout the pellet,
this suggests that at higher concentrations, these agglomerates
may be physically shielding NN molecules located deeper in
the pellet. Therefore, lower concentration photolysis rate data
were considered to be more accurate, and these were used for
quantum yield calculations.

Photolysis quantum yields (¢) for loss of either DNF or
NPM were calculated using eq 1**

k,= ¢ 6(1)1,4(4)-CF (1)

Absorption cross sections (6) in base 10 were measured
using solutions of known NN concentrations and converted to
base e (Figure 1b). The absolute light intensity was measured
using 2-nitrobenzaldehyde (2NB) as an actinometer with a
well-established photolysis quantum yield of 0.5 in a solid.*>~**
The correction factor, CF, converts relative to absolute lamp
intensities as described in the Supporting Information, Section
I and Figure S8. Photolysis rate constants (kp) for the NN were
obtained from their first-order plots (Figure S9) and are
summarized in Table S2. The quantum yields relevant to the
actinic region for both DNF and NPM measured using the 305
nm and 350 nm broadband lamps are reported in Table 2 and
Figure 12. Quantum yields at 254 nm and in previous work****
probing thin films of pure NNs are also provided for
comparison.

In KBr pellets, quantum yields are lower by a factor of ~5—
10 than in thin films across all irradiation wavelengths. This is
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Table 2. Comparison of Quantum Yields

¢ (x107%)”
lam pure NN formulation pure NN (thin
neonicotinoid  (nm (KBr pellet) (KBr pellet) film)**

DNF 254 1.5 + 0.6 1.8 £ 0.7 8.6 +23

30S 0.35 + 0.14 0.37 = 0.19 33 +£05
NPM 254 1.1 +0.5 1.6 + 0.5 12 + 4

305 0.21 + 0.11 0.21 + 0.08 1.0 £ 03

350 020+ 006 0084 + 004" 094+ 015

“Quantum yield (¢) is defined as the rate of loss of NN divided by
the rate of absorption of photons. Each entry should be multiplied by
1073, for example, the first quantum yield is (1.5 + 0.6) X 107
Standard deviation (1 6,) is determined by uncertainties in the NN
photolysis rate constants (kyy) and the measurement of the intensity
CF from the 2NB photolysis rate constant (k,yg), calculated as:

%

P k CF

N 1/2
oy \2
= [(—P) + (ﬁ) ] where uncertainties in Xol are taken to be
P

negligible compared to those in k, and CF. YThe quantum yield at
350 nm for NPM has not been corrected for a possible change in the
absorption cross section due to adsorbed water. The value shown is
therefore a lower limit.

4 1 Pure in KBr pellet
2 Formulation in KBr pellet
1 Pure in thin film

10'2—E {_
1 3
Pl B
§ ] 0
41
Y v *
10_§ / / /
] 2
s v

DNF, 254 nm ' DNF, 305 nm ' NPM, 254 nm ' NPM, 305 nm ' NPM, 350 nm'

Figure 12. Quantum yields for pure NN in thin films and pure and
formulated NN in KBr pellets. Errors are + 1 o. The asterisk (*)
indicates that the quantum yield at 350 nm for NPM has not been
corrected for a possible change in absorption cross section due to

adsorbed water. The value shown is therefore a lower limit.

likely due to the high-density KBr matrix. As discussed in detail
in previous papers'® ** and shown in Scheme 1, the first step
in the photolysis is scission of the—NO, bond. Recombination
with the organic fragment simultaneously formed releases the
bond energy into the regenerated molecule, precipitating a set
of internal rearrangements and reactions that lead to the
observed products. The presence of the high-density solid
matrix likely damps some of the excess energy, resulting in
lower quantum yields observed in the KBr pellets.'”*’

There were no significant differences in quantum yields at
254 and 305 nm between the pure and formulated DNF in a
KBr matrix (Table 2). This was also true for NPM at both
wavelengths. However, at 350 nm, the NPM quantum yield in
the formulation decreased by about a factor of 2 compared to
pure NPM in KBr pellets (Table 2). Uptake of water into the
KBr pellet by the additional ingredients in the commercial
formulation, which includes such compounds as silica (a well-
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known desiccant), cellulose, and starch, could alter the
effective absorption cross section at 350 nm since UV—vis
absorption cross sections for NPM in the 350 nm region are
greatly reduced in the presence of water.”” As shown in Figure
13, UV—vis absorption spectra do indeed show reduced

350 nm —— Capstar™/KBr
305 nm / —— NPM/KBr
3 AN —— NPM/ACN
g .
3 2 —
5 -
2
2 =4
fe)
< 14 g
o /\,\‘/\Kx
1.0x10*
m
S 08—
[e]
3
2 0.6
2
o
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Q.
£
s 02— —— 305 nm Lamp
—— 350 nm Lamp
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Figure 13. UV—vis absorbance spectra (top) of 0.36 mM NPM in
ACN, 0.48% NPM/KBr (w/w), and 4.8% Capstar/KBr and
photolysis lamp emission spectra (bottom). Obtaining quantitatively
reproducible spectra of solids is difficult due to the inhomogeneity of
the pellets and light scattering differences, so three runs of each were
carried out. The three green and three blue spectra are replicate runs
of Capstar in KBr and NPM in KBr, respectively.

relative absorption near 350 nm for the Capstar/KBr pellets
compared to pure NPM in the KBr pellet or NPM in ACN
solution. Comparison to the lamp emission spectra also shown
in Figure 13 shows that this shift in absorbance would affect
quantum yield calculations for the 350 nm lamp much more
than the 305 nm lamp calculations. In that case, the true
quantum yield may in fact not change significantly at 350 nm
in different matrices.

It should be noted that the absorption cross sections used
for the calculated quantum yields of NN in KBr pellets were
for the NN in solution. Absorption cross sections in the KBr
pellet were highly variable due to pellet inhomogeneity (Figure
13) but did not show significant differences qualitatively from
the solution spectra. Thus, for the purpose of comparing the
pure NN to the commercial formulation, we found it sufficient
to use one consistent absorption cross section represented by
the NN in solution.

4. CONCLUSIONS

NN are the only new major insecticide class introduced in the
last 30 years, and their presence throughout the environment
puts them in contact with pollinators and humans. When
considering the fate of the NNs in the environment, it is
important to note that the high-pressure environment required
to form KBr pellets, which is responsible for the difference in
degradation rates observed here, is not representative of field
conditions. Therefore, quantum yields, lifetimes, and products

predicted using thin films are likely more relevant to field
conditions. The KBr pellet process was essential, however, to
compare the commercial formulation to the pure NN, which
showed that laboratory experiments using the pure reagents
can be representative of the commercial formulations.

The present studies show that the N,O and quantum yields
from photolysis of DNF and NPM are relatively insensitive to
the presence of inert commercial formulation ingredients.
Calculated quantum yield values for loss of NPM at 350 nm,
however, were reduced by about a factor of 2 in the
commercial formulation which is attributed to reduced
absorption cross sections arising from uptake of water by the
additional formulation ingredients. Major photodegradation
products in KBr pellets were also similar in the pure NNs and
commercial formulations. Major DNF photodegradation
products include a desnitro and urea derivative. By analogy
to IMD, the desnitro product may have increased toxicity
compared to the parent compound.

There were two unexpected products observed by infrared in
the fused solid KBr matrix of both pure and commercial
formulations that are not observed in the thin film irradiations.
One which was observed in significant intensity only in the
photolysis of DNF was assigned to NO™. Structural insights
into why this NN behaved differently points to the dimer
crystal structure of DNF where only one of the oxygens in the
—NO, group is involved in hydrogen bonding, in contrast to
IMD, for example, where both —NO, oxygens are hydrogen
bonded. The single hydrogen bond in DNF may facilitate
isomerization to —ONO in the excited state, which led to
production of NO* in the ionic KBr matrix.

The second unexpected product using KBr pellets was
determined to be N,O trapped in the solid phase, which was
observed to diffuse to the gas phase over time. This was seen in
all NNs that generate gas-phase N,O. Trapped N,O was
observed in fused solid KBr pellets but not in fused solid
Cabosil pellets, suggesting the N,O trapping is sensitive to the
environment. N,O yields were observed to be lower in the
fused solids than in earlier measurements of thin films on ATR
crystals but were similar to the yields measured from pure NN
deposits on transmission windows.

In summary, the quantum yields and products from the
commercial formulations in KBr are very similar to those for
the pure NNs in KBr, suggesting that the use of the pure
compounds in laboratory studies yields data relevant to actual
use in the field. The one exception is photolysis of NPM at 350
nm, where increased water uptake by the additional ingredients
in the formulation reduces the absorption cross section of
NPM and hence its calculated quantum yield, whose true value
may not in fact change in the absence of water uptake.
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