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ABSTRACT: The environmental fates of nitenpyram (NPM), a widely used
neonicotinoid insecticide, are not well-known. A thin solid film of NPM deposited 008
on a germanium attenuated total reflectance (ATR) crystal was exposed to
radiation from a low-pressure mercury lamp at 254 nm, or from broadband low
pressure mercury photolysis lamps centered at 350 or 313 nm. The loss during
photolysis was followed in time using FTIR. The photolysis quantum yields (¢),
defined as the number of NPM molecules lost per photon absorbed, were
determined to be (9.4 = 1.5) X 10™* at 350 nm, (1.0 + 0.3) X 1072 at 313 nm, and 000_::7&&:/
(12 + 04) x 1072 at 254 nm (+20). Imines, one with a carbonyl group, were
detected as surface-bound products and gaseous N,O was generated in low (11%) 00+
yield. The UV—vis absorption spectra of NPM in water was different from thatin
acetonitrile, dichloromethane, and methanol, or in a thin solid film. The photolytic 3500 300 Wavenumbe:(i?:_“ 1000
lifetime of solid NPM at a solar zenith angle at 35° is calculated to be 36 min,

while that for NPM in water is 269 min, assuming that the quantum yield is the

same as in the solid. Thus, there may be a significant sensitivity to the medium for photolytic degradation and the lifetime of
NPM in the environment.
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Neonicotinoids (NN) are relatively new neurotoxic pesticides | N N/j\/N’iO- N7 | NTX
that have seen expanding use, now representing one-third of N -
*panding e P & o N ) N ) oo

the total world insecticide market."” They selectively bind to € @
the nicotinic acetylcholine receptors to control sucking
1,3-6 The E form has the possibility of intramolecular hydrogen
bonding between an oxygen of the —NO, group and the
hydrogen of the —NH group, which is seen in the crystal
residues structure,”” whereas the Z form does not due to the tertiary
found in foods and flowers, impacts on pollinators,'” ™’ amine nitrogen. NPM has been detected in a number of
aquatic organisms,28 birds, %2 as well as possibly on human vegetable resiglég;s,48 surface and drinking water,” ™! and in
human urine.”””>

Nitenpyram absorbs light in the actinic region (4 > 290 nm)

and hence loss by photolysis is expected to be important in the

pests, and are reported to have relatively low mammalian

toxicity,7 although the data are not definitive.® However, their

9 1,10—12

. 1,2, . .
extensive use, environmental persistence,

9,13—16

health®*”*" and on other nontarget species’> have raised some
concerns. As a result of the risks, the use of some NNs has been

restricted by the European Union.” environment. The goal of this work is to investigate the
In the environment, pesticides are exposed to a range of photochemistry and hence atmospheric stability of NPM. An
conditions such as humidity, light and oxidants that can cause unexpected impact of water as a solvent on the UV—vis

absorption spectrum was observed, which demonstrates the
importance of the medium in which NPM exists for its lifetime
in the environment. Possible reasons for this and the
from the parent compound.34_36 Nitenpyram, N—((6-chlor- atmospheric implications are explored'
opyridin-3-yl)methyl)-N-ethyl-N'-methyl-2-nitroethene-1,1-dia-

mine, NPM) has a wide range of applications"®’ for B MATERIALS AND METHODS

1**"and veterinary use,*™*® for example, for flea A thin layer of NPM was prepared by evaporation from a
solution in acetonitrile ACN) on the top surface of a

degradation, leading to a potential decrease in their efficacy
and/or formation of products whose toxicity can be different

agricultura
control in dogs and cats.”” It is used as a seed coating™ and as a

soil treatment, becoming translocated throughout the plant.
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germanium (Ge) attenuated total reflectance (ATR) crystal
(Pike Technologies, 45°, 80 mm X 10 mm X 4 mm) to give a
coated area of ~4 cm’. The depth of penetration (d,) of the
evanescent wave through a thin NPM film was calculated™ to
be 0.15—0.70 um over the 4000—860 cm™"' wavelength range.
At 1236 cm ™, assigned to the symmetric stretch of the —NO,
group and used to follow the loss of NPM, d, = 0.49 ym based
on the assumption of a thin film (see below) and the known
indices of refraction of Ge and air. The coated crystal was then
placed in a custom-built ATR reaction cell (Supporting
Information (SI) Figure S1) described in detail elsewhere.”
The cell has a quartz window through which the sample can be
irradiated while either air (Praxair, Ultra Zero) or N, (Praxair,
UHP, 99.999%) flowed over the NPM coating. In a few cases,
photolysis was carried out under vacuum as well. Infrared
spectra were recorded (Mattson Galaxy 5020 FTIR, 4 cm ~*
resolution, 128 scans) before and during irradiation.

Three different low pressure mercury lamps were used to
irradiate NPM. The first is a conventional low pressure mercury
lamp whose major emission is a line at 254 nm (UVP, CPQ-
5851). The second has an organic phosphor coating that gave a
broad emission centered at 313 nm (Jelight, 84—2061—2) while
the third has an organic phosphor coating whose emission was
centered at 350 nm (UVP, D-28865). In the latter two lamps,
mercury lines are superimposed on the broad emission from
the organic coating, and a Pyrex glass coverslip was used to
filter out the mercury lines below 290 nm. SI Figure S2 shows
the emission spectra of the lamps. The relative intensities of the
lamps were converted to absolute values using photoisomeriza-
tion of 2-nitrobenzaldehyde (2-NB) to 2-nitrosobenzoic acid as
a chemical actinometer”™~>* as described elsewhere.”

The absolute number of molecules in a thin film of NPM for
ATR-FTIR measurements was calculated from a calibration
curve of the absorbance measured for NPM/acetonitrile
solutions of known concentrations over the range of 25—74
mM. Sufficient volumes of the solutions were applied so as to
completely cover the ATR crystal to a depth greatly exceeding
the depth of penetration of the evanescent wave. The effective
thickness (d,) of the bulk solution that was probed in this case
was calculated®® using the refractive indices of Ge and
acetonitrile to be d, = 0.42 um at 1236 cm™'. The effective
thickness can be used together with the known NPM
concentration and area of the crystal to relate the measured
absorbance to the number of NPM molecules probed. This
relationship was then used for the thin film experiments to
estimate the number of NPM on the crystal surface. Using this
approach, a typical initial absorbance of 0.08 at 1236 cm™" was
calculated to correspond to 2 X 10'7 molecules of NPM. Using
the volume of 1272 A3 for the unit cell of NPM,*” the thickness
of an evenly dispersed NPM film was calculated to be 0.07 ym,
corresponding to approximately 90 monolayers. This is
significantly less than the depth of penetration, d, = 0.49 ym
at 1236 cm™". Thus, for all experiments, the entire solid film of
NPM was interrogated.

To investigate potential solvent effects, UV/vis absorption
spectra of NPM in acetonitrile (ACN, Fisher, 99.5%),
dichloromethane (DCM, OmniSolv, 99.9%), methanol Omni-
Solv, 99.9%) or water (18.2 MQ-cm) in a quartz cuvette
(Crystal Laboratories, 1 mm path length) were recorded using
a photodiode array spectrometer (HP 8452A). The average
absorption cross sections of NPM in different solvents were
calculated from the spectra of known concentrations of NPM
over the range of 0.11—0.66 mM. The transmission spectrum of
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a thin solid film of NPM was obtained by evaporation from an
acetonitrile solution onto one side of a calcium fluoride (CaF,)
window (Harrick Sci. Co., 32 X 2 mm) which was mounted on
a glass cell such that the NPM was on the inner surface and
could be dried in a flow of dry carrier gas (UHP grade). The
spectrum of the thin film was found to be similar to that of a
solution of NPM in ACN.
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Figure 1. UV—vis absorption spectrum of nitenpyram as (a) a thin
solid film in base 10, (b) in acetonitrile, (c) in dichloromethane, (d) in
methanol, and (e) in water shown as absorption cross-sections.

To interrogate possible gas phase products, the reaction was
carried out in static mode in a closed cell where the cell was
positioned in the spectrometer so that the IR beam passed
through the ZnSe windows and the gas-phase above the ATR
crystal (SI Figure S1). The yield of N,O was obtained by
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Figure 2. ATR-FTIR spectra of nitenpyram before photolysis (black)
and the difference spectrum after 30 min of photolysis using the 350
nm lamp in N,. The difference spectrum is log(S,/S,) where S, is the
single beam spectrum before photolysis and S, is that after photolysis.

DOI: 10.1021/acs.est.7b06011
Environ. Sci. Technol. 2018, 52, 2760—2767


http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06011/suppl_file/es7b06011_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06011/suppl_file/es7b06011_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06011/suppl_file/es7b06011_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06011/suppl_file/es7b06011_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b06011

Environmental Science & Technology

Table 1. Measured Photolysis Rate Constants (k,) and Quantum Yields (¢b) for Thin Films of Solid Nitenpyram Using Three

Different Light Sources

experiment number photolysis lamp (nm) carrier gas k, (s7h) ¢
1 254 N, 14 x 1073 0.94 X 1072
2 N, 2.0 X 1073 1.3 X 1072
3 N, 22 %1073 14 X 107
4 air 1.8 X 1073 12 X 1072
S air 12 x 1073 0.8 X 1072
average (+26)” (1.7 + 0.8) x 10° (1.2 + 0.4) x 102
1 313 N, 6.7 X 107° 1.0 x 1073
2 N, 59 x 107° 0.9 x 1073
3 N, 8.4 x 107° 1.3 x 1073
4 air 58 X 107° 0.9 x 1073
S air 6.1 X 107° 1.0 X 1073
average (+206)” (6.6 £ 2.1) x 10°® (1.0 + 0.3) x 103
1 350 N, 1.5 x 107 9.3 x 107*
2 N, 1.7 x 107 10 x 107*
3 air 1.3 x 107* 82 x 107*
4 air 1.6 x 107 9.8 x 107*

average (+206)”

(1.5 £ 0.3) x 10* (9.4 + 1.5) x 10*

“Errors do not include possible systematic errors in the absolute light intensity determination, which are estimated to be ~30%.

calibrating the absorbance as a function of known concen-
trations of gaseous N,O (Praxair, 99.9%).

Changes in the ATR-FTIR spectrum during photolysis
provided data on the solid products formed in the thin film.
Further product analysis was carried out using electrospray
ionization (ESI) and direct analysis in real time (DART) mass
spectrometry, both in the positive ion mode. For both types of
mass spectrometry, a drop of NPM in ACN was deposited on a
metal screen (stainless steel, 74 Mesh 0.094 mm diameter) and
photolyzed in either room air or N,. For ESI-MS, the samples
were extracted using a 50/50% (v/v) nanopure water/methanol
solvent mixture. In ESI, [M + H]* and [M + Na]* are typically
the major peaks observed. The ESI ion source operated under a
desolvation gas flow of 1000 L h™/, capillary voltage of 3.2 kV,
and 500 °C desolvation gas temperature. For DART-MS, the
NPM sample on the screen was moved through the DART
ionization region to collect the spectra of the unreacted as well
as photolyzed samples as described elsewhere.’* The [M + H]*
peak is the major adduct observed in DART-MS. The DART
ion source (DART SVP with Vapur Interface, IonSense, Inc.,
Saugus, MA) was operated at a gas temperature of 150 °C and a
grid electrode voltage of 350 V. Both the ESI and DART
ionization systems were interfaced to a mass spectrometer
(Xevo TQS, Waters).

Nitenpyram (NPM) was used as received (Sigma-Aldrich,
99.5%). HPLC-ToF-MS (Waters, LCT Premier, isocratic flow
mode, calibrated using a PEG standard) of the NPM did not
show the presence of detectable amounts of impurities and the
exact masses of the [M + H]" and [M + Na]* peaks matched
those for NPM. NMR (Bruker DRX400) of the NPM was also
consistent with the NPM alone. For these analyses, solutions of
NPM were prepared by dissolution of the NPM in nanopure
water, DCM, methanol or ACN.

B RESULTS AND DISCUSSION

Figure la shows the absorption spectrum of a thin dry film of
NPM formed by evaporation from an ACN solution onto a
CaF, window. Also shown are absorption spectra in ACN
(Figure 1b), dichloromethane (Figure 1c), methanol (Figure
1d), and in water (Figure le). The absorption spectrum of the
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thin film is similar to that in ACN or dichloromethane, while
that in methanol (Figure 1d) is slightly blue-shifted. There is a
strong absorption band centered at ~350 nm that has been
attributed to a transition involving transfer of electron density
to the nitro group from an enamine group.”’ Since the actinic
cutoff for the troposphere is 290 nm, this strong absorption
beyond 290 nm may lead to significant photolysis once released
into the atmosphere, if the quantum yields are sufficiently large.
In water, however, the spectrum (Figure le) is significantly
different from the thin film spectrum and from those in the
other solvents, with greatly reduced absorption in the 300—350
nm region. As discussed below and shown in the SI, this shift in
the spectrum in going from ACN to water is reversible.
Figure 2 (black line) is the attenuated total reflectance
(ATR) infrared spectrum of a thin film of NPM on a Ge ATR
crystal, shown as 1og(S,/S;) where S is the single beam of the
Ge crystal and S, is the crystal with the NPM film before
photolysis. Characteristic bands at 1592 and 1236 cm™" due to
asymmetric and symmetric vibrations®' respectively of the
—NO, group are evident. Peaks in the 2900—3500 cm ™" region
are due to C—H and N—H vibrations and those in the 1300—
1500 cm™" region are from a combination of aromatic C=C
and C=N vibrational modes.”" Pyridine ring deformation
modes and the aromatic ring-Cl in-plane bending mode are
observed at 1022 and 1105 cm™, respectively. Figure 2 (red
line) shows the difference spectrum after 30 min photolysis in
N, using the 350 nm lamp. Difference spectra are plotted using
the initial spectrum before photolysis as the reference, that is,
plotted as log(S,/S,), where S, is the single beam spectrum of
the sample after photolysis. Positive peaks thus represent new
species and negative peaks the loss of NPM. New peaks due to
products in the 1620—1720 cm™' range are formed. The
product spectra were the same for photolysis carried out in air,
N, or in vacuum. During photolysis using the 350 and 313 nm
lamps, the temperature inside the cell was observed to increase
up to a maximum of 34 °C. To ensure that loss of NPM and
formation of products was not the result of heating, the ATR
cell with NPM on the crystal was heated in a separate
experiment in the dark up to 50 °C. No loss of NPM or
formation of products were observed under these conditions.

DOI: 10.1021/acs.est.7b06011
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Rate constants for decay of NPM (k,) derived from the slope
of first order plots for the loss of NPM using the band at 1236
cm™" (see SI Figure S3) were used with the absolute lamp
emission intensities and the absorption cross sections to obtain
quantum vyields (¢) for photolysis (see eq (I) in SI).** The
quantum yield is defined as the number of NPM molecules lost
per photon absorbed. NPM was typically followed out to 30—
50% loss to minimize potential complications from overlapping
product bands at larger extents of conversion. Quantifying
absorption cross sections for the solid film needed to derive the
quantum vyields was difficult, so that the absorption cross
sections of NPM in ACN were used in the calculations. Table 1
summarizes the photolysis rate constants and quantum yields
for the three different wavelength regions.

The photolysis rate constant and lifetime at the Earth’s
surface under tropospheric conditions can be calculated for
specific times and locations using the absorption cross sections
and quantum yields.”> With a quantum yield of 1 X 107,
typical of the 313 and 350 nm lamps, the photolysis rate
constant for a solar zenith angle of 35° (characteristic of a
location at 40° N on April 1) was calculated to be 4.6 X 107
s7L, giving a lifetime of NPM under these conditions of 36 min.
However, the spectrum in water has greatly reduced absorption
around 300 nm (Figure le). This is significant for quantifying
the loss of NPM in the environment, since nitenpyram has
been measured in the aquatic environment and in drinking
water from runoff,”® and the solar intensity increases rapidly
from 290 nm to longer wavelengths.62 Assuming the same
quantum yield (1 X 107°) as measured for solid NPM, the
photolysis rate constant in water at solar zenith angle of 35°
was calculated to be 6.2 X 107° s™!, corresponding to a lifetime
of NPM in aqueous solution of 269 min. This is much longer
than the 36 min calculated for the solid. Thus, there may be a
significant sensitivity to the medium for photolytic degradation
of NPM.

Photolysis products were further probed using ESI-MS and
DART-MS for the solid film products and transmission FTIR
for the gas phase. Figure 3a shows the ESI-MS of unreacted
NPM and Figure 3b that after photolysis in N, using the 350
nm lamp. The MS-MS of the [M + H]" peak at m/z 271 in the
unreacted NPM was similar to that reported by others.”” The
results were the same for photolysis in air and when using the
254 and 313 nm lamps (although different times were required
to reach the same extent of photolysis). Figure 3c,d shows the
corresponding DART-MS data. A common feature of both
techniques is the formation of [M + H]*, giving a major peak
for the unreacted NPM (molar mass 270) at m/z 271. For both
ESI and DART, a peak at m/z 212 (and the corresponding”” Cl
isotope product) increases significantly with irradiation time,
indicating a product with a molecular mass of 211 Da. In
DART-MS, there is a large peak at m/z 240 in both the
unreacted and photolyzed samples. This is not seen in ESI, but
in the latter case, there is a peak at m/z 272 that significantly
increases upon photolysis (Figure 3b). The size of this peak
relative to that at m/z 271 was somewhat variable from
experiment to experiment.

The peak at m/z 212 in the mass spectra and that at 1667
cm™" in the FTIR spectrum are consistent with the formation
of the imine A:

2763

200 250 300

[M+Na]' 293

[M+HT' i

255 271

w
T

®o

Intensity (counts, (x 107))
o

9
S0 a2z 2 2 28

212

250

300

[M+HT"
271 1

240

ES
T
N
o
a

212
0 N v“m m‘."t.nM_M J‘v

Intensity (counts, (x 107))
>

212

L Llrt

100 250 300

240

T
200
m/z

T
150

Figure 3. ESI-MS (+) spectra for: (a) nitenpyram before photolysis,
and (b) nitenpyram after 3 h of photolysis in N, using the 350 nm
lamp. DART-MS (+) spectra for (c) nitenpyram in dark, and (d)
nitenpyram after 3h of photolysis in N, using the 350 nm light source.

This is expected to exhibit an [M + H]" peak at m/z 212,
consistent with both the ESI and DART-MS spectra. The
infrared peak at 1667 cm™ (Figure 2) is characteristic of the
C=N vibration in imines.”" This product, A, has also been
identified as a reaction product of NPM in drinking water.”

The ESI-MS spectra also show a peak at m/z 272. MS-MS of
this peak gives a fragment at m/z 240. Nizkorodov and co-
workers® have shown that carbonyl compounds can undergo a
rapid reaction in methanol solvents to form hemiacetals which

DOI: 10.1021/acs.est.7b06011
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Scheme 1. Proposed Photolysis Mechanism of Nitenpyram
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have molar mass equal to [M + CH;OH] and appear in ESI at
m/z [M + CH;OH + H]*. We assign the m/z 272 peak to the
hemiacetal (RCH(OH)OCH;) of compound B, which has a
molar mass of 239:

m

(239)
B

In DART-MS, there is a large m/z 240 peak in the dark.
Hydroxyl radicals are generated in DART-MS and can react
with analytes. It seems likely that the m/z 240 is formed in the
DART source itself, and what is formed during the photolysis
causes only a small increase relative to what is formed in the
source. In the ATR-FTIR spectra, a small peak at 1705 cm™
(Figure 2) is attributed to formation of a C=O group,
consistent with the structure of this compound. The peak at
1634 cm ™! is assigned to the C=N stretch of B, which is red-
shifted compared to that for A due to the conjugation with the
-C=0 group.

Transmission FTIR measurements of the gas-phase show
production of N,O (SI Flgure S4) identified by comparison to
that of an authentic sample.”* The average molar N,O vyield,
defined as AN,0O/ANPM, was measured to be 0.11 + 0.01
(20) at all wavelengths and in air, N, or in a few experiments, in
vacuum (SI Table S1). The yield is much smaller compared to
that from the neonicotinoid imidacloprid, a nitroguanidine,
where the yields were within experimental error of unity at 305
nm and ~0.53 + 0.10 (1o) at 254 nm.**

A proposed mechanism that is consistent with the product
data is shown in Scheme 1. Under photolysis conditions, the
—NO, group first isomerizes to an excited nitrite, —ONO,
which can eliminate HNO to generate the imine aldehyde B.
Alternatively, it can ehmmate NO and form a resonance
stabilized alkoxy radical.**®> Given that the NO produced will
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be trapped in the solid for some period of time, it has an
opportunity to add to the carbon radical site to form the nitroso
aldehyde C. This intermediate may decompose via loss of HNO
to generate compound B, or eliminate CO to generate an
oxime which can isomerize to a nitroso diamine and then
decompose to give HNO and an imine of mass 211. Supporting
such pathways is the observation of the formation of a carbonyl
compound and HNO from the photolysis of alkyl nitrites in
low temperature matrices.”**° While CO was observed in a few
254 nm photolysis experiments at longer reaction times, the
concentrations under most conditions may be under our
detection limit (estimated to be 1 X 10'* cm™). The steps in
Scheme 1 show short-lived intermediates that connect NPM to
the observed products; the fact that the products were the same
in air as in N, suggests the intermediates are not sufficiently
long-lived to react with O,.

It is well-known that the bimolecular reaction of HNO forms
N,0.°77° This requires that an HNO finds another HNO,
which is consistent with the relatively small yield (11%) of
N,O. Given the different imines and aldehydes formed, two
peaks in the C=N region of the infrared spectrum (1667 and
1634 cm™) and one due to —C=O0 (1705 cm™) are
consistent with this mechanism.

A question remains as to why the spectrum of NPM shows
such a dramatic shift in the presence of water. Changing the
composition of the solvent from pure ACN to pure water in a
stepwise fashion continuously blue-shifted the NPM peak at
350 nm (SI Figure SS). Formation of a thin solid film of NPM
on a silicon wafer by evaporation from an ACN solution and
then extraction in water gave the same spectrum as NPM in
water; similarly, evaporation from a water solution followed by
extraction using ACN gave the same spectrum as for NPM in
an ACN solution (SI Figure S6). There was a reversible change
in the infrared peaks associated with the —NO, group on
exposure of a thin solid film to water followed by drying (SI
Figure S7). Thus, the effect of water is reversible, and not due
to an irreversible reaction.

DOI: 10.1021/acs.est.7b06011
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Scheme 2. Different Resonance Structures of Nitenpyram
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One possible reason for the shift is that that water disrupts
the intramolecular hydrogen bonding, possibly converting the
more stable E to the Z form. If the # — #* transition in the Z
form is increased in energy, a reversible shift to shorter
wavelengths would result, consistent with the data. A second
possibility is an effect of water on resonance structures of NPM.
Shown in Scheme 2 are six reasonable resonance structures for
NPM which, taken together, shift electron density toward the
nitro chromophore and may explain the observed strong
absorption peak at ~350 nm, beyond what is observed for nitro
compounds lacking such extensive conjugation. For these
structures to fully participate, all the numbered atoms 1 through
6 must be sp> hybridized (or nearly so). Atoms 1 through 4 are
indeed sp® hybridized and provide the right geometry for
overlapping p-orbitals. Nitrogen atoms 5 and 6 might ordinarily
be expected to be sp®> hybridized. However, the increased
delocalization energy from extended conjugation should
provide the driving force so these N atoms also take on
some sp” hybrid character. If there were to be a loss of
conjugation when NPM is placed in water, then loss of electron
density from the nitro chromophore would explain the
observed shift to shorter wavelengths as is observed.

In short, nitenpyram in the troposphere is expected to have a
relatively short lifetime. The actual value of the lifetime may
depend on whether it is on a surface such as seeds or soil, or in
water where the absorption spectrum does not extend as far
into the actinic region. Imines, whose toxicity is not known, are
formed as products. Thus, whether this photochemistry
changes the toxicity to various species compared to the parent
NPM remains to be investigated.
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