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ABSTRACT: Neonicotinoids (NN), first introduced in 1991, are found on environmental surfaces where they undergo
photolytic degradation. Photolysis studies of thin films of NN were performed using two approaches: (1) transmission FTIR, in
which solid films of NN and the gas-phase products were analyzed simultaneously, and (2) attenuated-total-reflectance FTIR
combined with transmission FTIR, in which solid films of NN and the gas-phase products were probed in the same experiment
but not at the same time. Photolysis quantum yields using broadband irradiation centered at 313 nm were (2.2 ± 0.9) × 10−3

for clothianidin (CLD), (3.9 ± 0.3) × 10−3 for thiamethoxam (TMX), and (3.3 ± 0.5) × 10−3 for dinotefuran (DNF), with all
errors being ±1s. At 254 nm, which was used to gain insight into the wavelength dependence, quantum yields were in the range
of (0.8−20) × 10−3 for all NNs, including acetamiprid (ACM) and thiacloprid (TCD). Nitrous oxide (N2O), a potent greenhouse gas,
was the only gas-phase product detected for the photolysis of nitroguanidines, with yields of ΔN2O/ΔNN > 0.5 in air at both 313 and
254 nm. The atmospheric lifetimes with respect to photolysis for CLD, TMX, and DNF, which absorb light in the actinic region, are
estimated to be 15, 10, and 11 h, respectively, at a solar zenith angle of 35° and 12, 8, and 10 h at a solar zenith angle of 15°.
KEYWORDS: neonicotinoids, clothianidin, thiamethoxam, dinotefuran, acetamiprid, thiacloprid

■ INTRODUCTION

In 1991, the first neonicotinoid (NN), imidacloprid (IMD),
was introduced. In the following years, six more were added:
nitenpyram (NPM) and acetamiprid (ACM) in 1995, thia-
methoxam (TMX) in 1998, thiacloprid (TCD) in 2000, cloth-
ianidin (CLD) in 2001, and dinotefuran (DNF) in 2002.1−3

The structures of the NNs are shown in Figure 1. NNs bind to
nicotine acetylcholine receptors in the target species, primarily
sucking insects such as aphids.1,2,4−7 Although they were thought
to have relatively low nontarget toxicity,8,9 deleterious effects of
neonicotinoids are increasingly being reported,10,11 for example,
in birds,12,13 humans,5−7,14−19 vertebrates,20 invertebrates,21−23

and pollinators (especially bees),24−47 leading to their recent
regulation by the European Union.
Insecticides are dispersed into the environment when

applied to soil, foliage and seeds and are also used for flea
control on cats and dogs.4 In the environment, insecticides can
undergo hydrolytic, photolytic and microbial degradation,48

with photolysis being one of the major environmental fates for
compounds that absorb in the actinic region above 290 nm.
Studies to date have focused mainly on photolysis in aqueous
solutions.49−52 However, Bonmatin et al.48 reported that
mechanical abrasion of seeds during planting contaminates the
surrounding land and vegetation surfaces with the NN coating,
providing a nonaqueous route of exposure for honeybees.
A few studies have been done on photolysis of solid thin

films of imidacloprid53−56 and nitenpyram.57 Gaseous nitrous
oxide (N2O), a greenhouse gas with a global-warming potential

of 264 relative to CO2 on a 20 year scale,58 was previously
identified as the gas-phase product in the photolysis of solid
thin films of IMD and NPM.56,57 The goals of the current study
were to determine the N2O and photolysis quantum yields
for thin solid films of five other NNs, CLD, TMX, DNF, ACM,
and TCD, using attenuated total reflectance (ATR)-FTIR at
254 nm and at wavelengths in the actinic region for those that
absorb above 290 nm. The yields of N2O were measured using
two approaches: transmission through the ATR cell above the
crystal after measurement of the solid film or direct transmission
in a separate cell through the solid and gas phase simultaneously.
Because the latter technique is different from that used previously
for IMD and NPM, N2O yields for these compounds were
measured this way as well. Atmospheric lifetimes of the NNs
with respect to photolysis were calculated using the measured
quantum yields and absorption cross sections, and the relative
contribution of the production of N2O from NN photolysis to
the global flux was estimated.

■ EXPERIMENTAL PROCEDURES
Experiments were performed using two different infrared (IR) cells
with a 10 cm path length and volumes of 7.5 or 25 cm3 (Figure 2).
Barium fluoride windows (BaF2, Edmund Optics or Crystran Limited,
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25 mm in diameter, 3 mm thick) were used on the cell because of
their wide transmission range from the IR through to the ultraviolet
(UV) range. The cell was placed in a custom-built holder located in
the center of the sampling compartment of an IR spectrometer
(Mattson, Cygnus 100, FTIR).
Surface films of the neonicotinoids were formed by applying a small

amount of NN in acetonitrile solution (concentration ranged from
2 mg/mL to 6 mg/mL) on a BaF2 window, leaving a thin film of NN
on the window as the solvent evaporated in air. The window was then
mounted on the cell with the NN film on the inner surface and irradiated
through the BaF2 window. Two lamps were used: a low-pressure
mercury lamp at 254 nm (Jelight, 81-3306-2) and a low-pressure organic-
phosphor-coated mercury lamp (Jelight, 84-2061-2) with broadband
emission centered around 313 nm; the latter lamp contained some
mercury lines and was referred to previously as a 305 nm lamp (see
Figure S1 for the spectral distributions of the lamps). Although
254 nm light does not reach the Earth’s surface, this provided some
insight into wavelength dependencies for the quantum yields and
N2O formation. When the 313 nm lamp was used, a glass water filter
(Fisher Brand, optical glass 6030) was placed in between the lamp
and the BaF2 window to remove unwanted light below 290 nm and
prevent heating from the longer-wavelength radiation. The photolysis
was carried out with the cell under vacuum or in air (Praxair, Ultra
Zero grade) or N2 (Praxair, 99.999%) added to a total pressure of
500−650 Torr. After selected photolysis intervals (typically 1 min for

the 254 nm lamp and 30 min for the 313 nm lamp), the lamp was
removed to transmit the IR beam through the cell.

For quantification, it was important to ensure that the IR beam that
was detected had passed through the NN film and did not include
parts of the window closer to the edges that were not coated. Thus, a
mask was used to restrict the IR beam to a smaller rectangular area
in the center of the window that always had NN. The fraction of the
total NN area on the window that was covered by this rectangular
section was estimated. It was then assumed that the fractional NN loss
measured in this section applied to the NN on the entire window.
This is one of the largest uncertainties in the calculated N2O yields.
Infrared spectra (128 scans, 1 cm−1 resolution), which probed both
the solid film on the window and the gas phase together, were taken
before and after each photolysis interval. The experiments were
carried out until there was about a 50% loss of the NN.

Photolysis quantum yields and N2O yields were also measured
using ATR-FTIR. A thin film of NN was formed on the top surface
of a Ge ATR crystal. The ATR crystal was then placed in a reaction
cell (Figure S2 in the Supporting Information), described in detail
elsewhere.56,57 The NN films were irradiated with the lamps described
above. In this experiment, the lamp was warmed up for at least 30 min
before initiation of photolysis in order to stabilize the emission inten-
sity. The ATR-FTIR spectra of the NNs were recorded (Mattson,
Galaxy 5020, 4 cm−1 resolution, 128 scans) before and during irradiation.
After the irradiation, the cell was repositioned to direct the IR beam
through the cell above the crystal to measure gas-phase products via
transmission FTIR. Photolysis quantum yields for NN were measured
as the number of molecules of the NN lost per cm2 per second divided
by the number of photons striking the sample per cm2 per second.

Photoisomerization of 2-nitrobenzaldehyde (2-NB) to 2-nitrosobenzoic
acid was used as a chemical actinometer to convert the relative intensities
of the lamps to absolute values, as described in earlier studies.56 The
experimental setup had changed somewhat when the CLD measure-
ments were carried out, so that quantum yields for CLD were deter-
mined relative to IMD. The errors cited for CLD include the errors in
the quantum yields of the reference compound used, IMD.

The advantage of using transmission FTIR is that the solid film and
gas phase are probed at the same time, but the photolysis and the
solid and gas-phase measurements are carried out in discrete time
intervals rather than being continuous. The yields of N2O were obtained
from plots of the number of molecules of N2O produced versus the
number of molecules of NN reacted, ΔN2O/ΔNN. The major source
of error in determining N2O yields in the transmission experiments

Figure 1. Structures of neonicotinoids used in this study.

Figure 2. Schematic of transmission-IR cell for the photolysis of
neonicotinoids.
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was the uncertainty in obtaining the absolute number of NN lost over
the entire sample on the basis of the IR measurements over a smaller
portion of the film; uneven film thicknesses, for example, would affect
this extrapolation. During the continuous photolysis of the NN thin
films using ATR-FTIR, the loss of NN was followed, but the gaseous
product, N2O, could only be measured at the end of the experiment.
The major source of uncertainty in this case was that the yields were
based on one data point per experiment. Despite these uncertainties,
the results using the two approaches were the same within experi-
mental error.
The sources and purities of the neonicotinoids were as follows:

IMD (Chem Service, 99.5%), CLD (Chem Service, 99.5%), TMX
(Sigma-Aldrich, Pestanal, Analytical Standard), DNF (Chem Service,
99.5%), NPM (Sigma-Aldrich, 99.9%), ACM (Sigma-Aldrich,
Pestanal, Analytical Standard), and TCD (Sigma-Aldrich, Pestanal,
Analytical Standard). Calibration of the NNs in the infrared were
carried out using a liquid transmission cell with path length of 0.143 mm.
The solutions were prepared by dissolving NN in acetonitrile (ACN,
J. T. Baker, LC/MS grade). The infrared absorbance of the NNs in
the ACN solutions at concentrations over the range from 1 to 10 mg/mL
were measured. The concentration of NN was then converted to the
absolute number of NN molecules, which could be used to determine
the number of NN molecules in the thin films, assuming the same
absorption coefficients in solution and the thin films. Calibration of
N2O (Matheson, UHP) was done in the same cell used in the experi-
ments from custom mixtures of known concentrations in air from
16 to 600 Torr total pressure. The calibration was constant over this
pressure range.

■ RESULTS AND DISCUSSION
All neonicotinoids absorb at 254 nm. However, only the four
nitroguanidines and NPM, all of which contain an −NO2 group,
absorb out into the actinic region beyond 290 nm59 (Figure S1;
the UV−vis absorption spectra of NPM and IMD were reported
earlier by Aregahegn et al.57). Table S1 in the Supporting
Information shows the absorption cross sections (base 10) for
nitroguanidines at 313 nm.
Figure 3 (black line) shows a typical transmission-FTIR spec-

trum of CLD as an example of a nitroguanidine characterized by
a −CN−NO2 group. Peaks at 1614 and 1228 cm−1 are due

to the asymmetric and symmetric vibrations, respectively, of
the −NO2 group.

60 After irradiation, the difference spectrum
(red line in Figure 3), shows the loss of CLD and the forma-
tion of N2O (2234 cm−1 peak) and a new product with a broad
band at ∼1654 cm−1 due to a −CO and/or −CN group.60

The absorbance at 1614 cm−1 is used to monitor the loss of
CLD (see Table S2 for the infrared-absorption cross sections
for the peaks used for nitroguanidines and NPM) and the
absorbance at 2234 cm−1 is used for N2O formation. Other
gas-phase products, such as NO and NO2, were not observed.

Photolysis Rates and Quantum Yields. Photolysis of the
neonicotinoids at 254 or 313 nm follows first-order kinetics.
The photolysis-rate constants (kp) were obtained from plots of
the first-order decays of the neonicotinoids as a function of
time, measured using ATR-FTIR and the absorption bands in
the 1590−1620 cm−1 region, which were due to asymmetric
stretching of −NO2 groups in the nitroguanidines, or the bands
in the 2170−2185 cm−1 region, which were due to the CN
groups in ACM and TCD (Figure 4). The photolysis quantum
yields were then calculated from the measured rate constants
(kp) for loss of the NN using eq 1:

k I ( ) ( ) CFp rel∑ϕ λ σ λ= ×
λ (1)

where ϕ is the quantum yield, Irel(λ) is the relative lamp
intensity, σ(λ) is the UV-absorption cross section (base e) of
the NN as a function of wavelength, and CF is the correction
factor for converting the relative values to absolute light inten-
sities using 2-NB as an actinometer.56,57 The UV-absorption
cross sections were measured in this study (Figure S1 and
Table S1). For the broadband lamp at 313 nm, the reported
quantum yields are averages over 290−350 nm.
Table 1 summarizes the average quantum yields for the

photolytic loss of NNs on surfaces in this study (see Tables S3
and S4 for individual experiments). For comparison, those
from previous studies in this laboratory are also included.56,57

The measured UV-absorption cross sections and quantum

Figure 3. Transmission-FTIR spectrum of CLD before photolysis (black) and the difference spectrum (red) after 17 min of irradiation using the
254 nm lamp. The difference spectrum is log(S1/S2), where S1 is the single-beam spectrum of CLD before photolysis, and S2 is the single-beam
spectrum after photolysis.
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Figure 4. Typical first-order decay of NNs as a function of time. The asymmetric stretching of −NO2 in the 1590−1620 cm−1 region was used for
CLD, DNF, and TMX, and the −CN-stretching band around 2180 cm−1 was used for ACM and TCD. The photolysis-rate constants were obtained
from the slopes of the plots.

Table 1. Quantum Yields (ϕ) for Photolysis of Neonicotinoids at Different Wavelengths

NN photolysis wavelength condition ϕ (×10−3)a reference

IMD 254 nm lamp ATR crystal 8.5 ± 2.1 Aregahegn et al.56

313 nm lamp ATR crystal 1.6 ± 0.6 Aregahegn et al.56

270 nm bidistilled water 0.86 ± 0.17 Redlich et al.50

290−360 nm borate buffer solution 9.2 ± 0.5 Lu et al.49

300 nm borate buffer solution 15.1 von Gunten52

natural sunlight borate buffer solution 5.5 von Gunten52

xenon or natural sun ultrapure or natural water 10.5 ± 0.2 Todey et al.51

CLD 254 nm lamp ATR crystal 8.0 ± 2.0 this work
313 nm lamp ATR crystal 2.2 ± 0.9 this work
290−360 nm borate buffer solution 13 ± 1 Lu et al.49

300 nm borate buffer solution 19.2 von Gunten52

natural sunlight borate buffer solution 7.3 von Gunten52

xenon or natural sun ultrapure or natural water 10.1 ± 0.1 Todey et al.51

TMX 254 nm lamp ATR crystal 20 ± 2 this work
313 nm lamp ATR crystal 3.9 ± 0.3 this work
290−360 nm borate buffer solution 19 ± 1 Lu et al.49

xenon or natural sun ultrapure or natural water 14 ± 0.2 Todey et al.51

DNF 254 nm lamp ATR crystal 8.6 ± 2.3 this work
313 nm lamp ATR crystal 3.3 ± 0.5 this work

ACM 254 nm lamp ATR crystal 0.75 ± 0.30 this work
290−360 nm borate buffer solution 2.2 ± 0.3 Lu et al.49
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yields can be combined with known solar fluxes calculated by
Madronich59 to estimate lifetimes of NNs on solid surfaces in
the troposphere. For a solar zenith angle of 35°, corresponding
to a location at 40° N latitude on April 1 at noon, the lifetimes
of IMD, CLD, TMX, and DNF are estimated to be 16,56 15,
10, and 11 h, respectively. For a solar zenith angle of 15°,
corresponding to a location at 20° N latitude on April 1 at

noon, the lifetimes of IMD, CLD, TMX, and DNF are estimated
to be 13,56 12, 8, and 10 h, respectively.
Table 1 also reports the quantum yields for photolysis in

aqueous solutions reported by Redlich et al.,50 Lu et al.,49 von
Gunten,52 and Todey et al.51 For similar wavelength regions,
the quantum yields for NNs on surfaces are typically smaller
than those reported for aqueous solutions. This is not surprising,

Table 1. continued

NN photolysis wavelength condition ϕ (×10−3)a reference

300 nm borate buffer solution 33.9 von Gunten52

TCD 254 nm lamp ATR crystal 2.1 ± 1.1 this work
290−360 nm borate buffer solution 1.3 ± 0.2 Lu et al.49

300 nm borate buffer solution 46 von Gunten52

NPM 254 nm lamp ATR crystal 12 ± 4 Aregahegn et al.57

313 nm lamp ATR crystal 1.0 ± 0.3 Aregahegn et al.57

350 nm lamp ATR crystal 0.94 ± 0.15 Aregahegn et al.57

xenon or natural sun ultrapure or natural water 24 ± 1 Todey et al.51

254 nm ultrapure/natural water 39 − 50 Gonzaĺez-Mariño et al.62

natural sunlight ultrapure/natural water 44 − 53 Gonzaĺez-Mariño et al.62

aErrors are ±1s. Quantum yield is defined as the rate of loss of the NN divided by the rate of absorption of photons. Each entry should be
multiplied by 10−3, e.g., the first quantum yield is (8.5 ± 2.1) × 10−3.

Figure 5. Typical plot of number of molecules of N2O produced
versus number of molecules of CLD reacted during photolysis,
obtained by following the 1614 cm−1 band.

Table 2. Nitrous Oxide Yields (Δ[N2O]/Δ[NN]) from Photolysis of Thin Films of NN at Different Wavelengthsa

NN photolysis wavelength (nm) method vacuum N2 air

IMD 254 transmission 0.54 ± 0.22 0.67 ± 0.12 0.65 ± 0.04
ATR 0.53 ± 0.2056

313 transmission 0.85 ± 0.30 0.88 ± 0.23 0.98 ± 0.10
ATR 0.88 ± 0.5256

CLD 254 transmission 0.59 ± 0.32 0.96 ± 0.14 1.14 ± 0.20
313 transmission 0.91 ± 0.18 0.89 ± 0.26 0.87 ± 0.16

TMX 254 transmission 0.39 ± 0.12 1.03 ± 0.10 1.02 ± 0.12
ATR 0.49 ± 0.08 0.88 ± 0.16 0.84 ± 0.10

313 transmission 0.98 ± 0.16 1.00 ± 0.10 0.95 ± 0.02
ATR 0.83 ± 0.14 0.91 ± 0.32 0.77 ± 0.16

DNF 254 transmission 0.71 ± 0.22 0.96 ± 0.14 1.00 ± 0.14
ATR 0.74 ± 0.14 1.00 ± 0.12 1.03 ± 0.22

313 transmission 0.53 ± 0.16 0.57 ± 0.38 0.54 ± 0.32
ATR 0.71 ± 0.14 0.94 ± 0.40 0.72 ± 0.12

NPM 254 transmission 0.10 ± 0.02 0.10 ± 0.07 0.11 ± 0.06
ATR 0.12 ± 0.05 0.11 ± 0.04 0.12 ± 0.0457

313 ATR 0.10 ± 0.01 0.13 ± 0.02 0.10 ± 0.0357

aErrors are ±2s.

Figure 6. Comparisons of average of N2O yields from the photol-
ysis of thin films of neonicotinoids in air at 254 nm and with broad-
band radiation centered at 313 nm as averages in air and N2. Error
bars are 2σ.
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because the cage effect is more important in a solid,
as in the present studies, than in a lower-viscosity, dynamic
solution. Encapsulating the initially formed fragments in this
high-viscosity and immobile solid phase greatly enhances their
recombination, which regenerates the parent molecule, com-
pared with in the liquid.
Yields of N2O. Figure 5 shows typical data for the forma-

tion of N2O as a function of the NN reacted for the photolysis
of CLD. Yields obtained from the slopes of such plots are
summarized in Table 2 which also includes those from the
ATR-FTIR experiments (see Table S5 for individual experiments).
Figure 6 compares the average N2O yields for combined air
and N2 experiments for each compound for photolysis at 254
or 313 nm. The error bars for the 254 and 313 nm data for an
individual compound overlap, suggesting that any differences
between the yields at two wavelengths are small. As discussed

in the Experimental Procedures section, the largest factor contrib-
uting to the variability in the transmission experiments is the
determination of the absolute number of NN reacted based on
measurements of a portion of the film. For ATR-FTIR, this is
based on only one data point per experiment. In any event,
results from the two approaches are in good agreement and
show that the N2O yields from the photolysis of nitroguani-
dines are large.
A previous study56 of the photolysis of imidacloprid

proposed cleavage of −NO2 from IMD as the first step upon
UV irradiation. The NO2 and the nitrogen-centered organic
radical generated simultaneously then recombine as a result of
the “cage effect” in the solid. The energy released during bond
formation is sufficient to induce an intramolecular rearrange-
ment in which an OH radical is formed by hydrogen abstrac-
tion from the N−H group in the five-membered ring. Held in

Figure 7. Proposed N2O-formation mechanisms. Pathway a was proposed in a previous study by Aregahegn et al.56
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the cage, OH is added back to the carbon on the five-membered
ring, resulting in ejection of N2O (Figure 7, path a).56 The
efficiency of this cage effect depends on the initially generated
fragments being held in close proximity to enhance their
recombination and the formation of N2O. The other nitro-
guanidines are expected to react in a similar way, except for
TMX, for which the adjacent nitrogen has a −CH3 group
rather than an abstractable hydrogen. However, the N2O yield
for TMX is still large at 1 atm pressure in both nitrogen and air
(Table 2). We propose here an alternate intramolecular rear-
rangement after the NO2 recombination event (Figure 7, path b).
The oxygen could attack the carbon in the nitroguanidine moiety,
forming a four-membered ring. To eliminate ring strain, the ring
undergoes a reverse [2 + 2] cycloaddition to release N2O.
The quantum yields for nitroguanidines at 254 nm are larger

than those at 313 nm. This is likely due to the different elec-
tronic excited states involved, resulting in different photochemical-
decomposition efficiencies. Given the experimental uncertainties,
the N2O yields are similar at the two wavelengths, suggesting
that the same photolysis mechanism applies. However, N2O
yields are smaller under vacuum than in N2 or air at 254 nm,
except for that of NPM, for which the N2O yield is always
small. At the high energy 254 nm radiation, NO2 may more
readily be ejected from the solid phase under vacuum, where
diffusion into the gas phase is not limited by higher gas-phase
pressures, thus limiting recombination to form N2O (Figure 7,
path a).
The studies reported here used authentic, pure samples of

the NN. However, these are applied in the field as formulated
materials containing various adjuvants and surfactants so that
the NN molecules are in close proximity to other non-NN
species. As long as they are in the solid phase, the cage effect
that holds the −NO2 and the organic fragment formed upon
photolysis should be similar and give similar results. The fact
that the N2O yields are the same in air versus in nitrogen
suggests that these fragments recombine sufficiently fast so that
secondary reactions of the organic fragment with O2 do not
occur. Nitrous oxide is sufficiently unreactive that if it is formed
in the pores of soil particles or close to the surface of a leaf, for
example, it should be readily released.
The cyano-containing NN’s, ACM and TCD, only absorb UV

below 280 nm. Photolysis experiments using the 254 nm lamp
were also performed for these two cyanoamidines. As expected,
N2O was not observed as a product from their photolysis because
they do not have an −NO2 group.
The formation of N2O could contribute to the global burden

of this greenhouse gas.61 The annual global production of imid-
acloprid was estimated to be 20 000 tons in 2010.2 In 2009, the
global neonicotinoid market had grown to US$2.63 billion.2

On the basis of the market-sales data for individual NNs in
20094 and in 2012 for TMX,2 the annual production of other
NNs was estimated relative to the sales of imidacloprid. Produc-
tion was estimated to be 8000 tons for CLD, 20 000 tons for
TMX, 1400 tons for DNF, and 150 tons for NPM. Assuming
all of the neonicotinoids were applied and photolyzed with the
N2O yields in this study, the annual production of N2O from
the photolysis of neonicotinoids will be 4.9 Gg of nitrogen per
year. This is a small percentage of the total annual anthro-
pogenic N2O emission of 6.5 Tg of N per year.61 In addition,
even this will be an overestimate because some of the NN will
become buried in soils or transferred to groundwater, for
example, where sunlight does not penetrate. However, it could
have specific-site effects in areas of heavy neonicotinoid use.
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