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ABSTRACT: Neonicotinoid (NN) pesticides have widespread use, largely
replacing other pesticides such as the carbamates. Hence, there is a need to
understand their environmental fates at a molecular level in various media,
especially water. We report here the studies of a nitroenamine NN,
nitenpyram (NPM), in aqueous solution where the absorption cross sections
in the actinic region above 290 nm are observed to dramatically decrease
compared to those in nonaqueous solvents. Quantum chemical calculations
show that addition of a proton to the tertiary amine nitrogen in NPM breaks
the conjugation in the chromophore, shifting the absorption to shorter
wavelengths, consistent with experiment. However, surprisingly, adding a
proton to the secondary amine nitrogen leads to its immediate transfer to the
NO2 group, preserving the conjugation. This explains why the UV absorption
of ranitidine (RAN), which has a similar chromophore but only secondary amine nitrogens, does not show a similar large blue
shift in water. Photolysis quantum yields in aqueous NPM solutions were measured to be ϕ = 0.18 ± 0.07 at 254 nm, (9.4 ±

1.6) × 10−2 with broadband radiation centered at 313 nm and (5.2 ± 1.1) × 10−2 for broadband radiation centered at 350 nm
(errors are 2σ). The major products in aqueous solutions are an imine that was also formed in the photolysis of the solid and a
carboxylic acid derivative that is unique to the photolysis in water. Combining the larger quantum yields in water with the
reduced absorption cross sections results in a calculated lifetime of NPM of only 5 min at a solar zenith angle of 35°, typical of
40°N latitude on April 1. The products do not absorb in the actinic region and hence will be long-lived with respect to
photolysis.

KEYWORDS: neonicotinoids, atmospheric reactions, photochemistry, quantum yields

■ INTRODUCTION

Neonicotinoid (NN) insecticides have become widely used
since their introduction almost 30 years ago,1−7 because in part
of their low mammalian toxicity.8 However, concern regarding
their impacts especially on pollinators such as bees9−26 has led to
a ban on the outdoor use of the three major NN (imidacloprid,
clothianidin, and thiamethoxam) in the European Union27 and
Canada.28These three NN are characterized by a nitroguanidine
−(N)(N)CN−NO2 group. Another structural motif found in
NNs is the nitroenamine group, −(N)(N)CCH−NO2, as
exemplified by nitenpyram (NPM). This compound has both
agricultural1,4,6,29 as well as veterinary uses30−34 for flea control.
It is applied to a variety of crops including cotton, corn, rice, and
vegetables either by spraying, coating the seeds, or applying to
the soil.29,35 As a systemic insecticide, it easily translocates
throughout plant tissue, providing protection from sucking
insects such as aphids. The application methods combined with
rainout/washout processes result in NPM being found in
agricultural products, on soil, on windblown dust particles, in
aqueous environmental systems, and ultimately even in human

urine.2,4,11,12,36−42 This wide distribution makes it important to
understand its chemistry and photochemistry in a number of
environmental media.

NPM absorbs light out into the actinic region beyond 290 nm
that reaches the Earth’s surface,43 making photodegradation an
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important removal process in the environment. The quantum
yields for photolysis of solid NPM as might be characteristic of
NPM on soils or dust were measured44 to be 9.4 × 10−4 for
broadband radiation centered at 350 nm, 1.0 × 10−3 at 313 nm,
and 1.2× 10−2 at 254 nm, resulting in an atmospheric lifetime of
36 min at a solar zenith angle of 35°. However, in water, the
intensity of the strong absorption band around 350 nm was
observed to decrease dramatically,44 which has important
implications for photodegradation in lakes, rivers, streams, and
ponds, and highlights the sensitivity of environmental processes
and lifetimes to the media in which the molecule is found. Two
recent studies45,46 reported quantum yields of NPM photolysis
in water that were significantly larger than for the solid.
The goals of the present study were to elucidate the

mechanistic basis for the change in the absorption spectrum of
NPM in water compared to other solvents such as acetonitrile
(ACN) through a combination of theory and experiment and to
assess the implications for the effects of the matrix on the
environmental lifetime and fate of NPM. We report here
experimental measurements of UV−vis and infrared absorption
spectra of NPM in water as a function of pH and the quantum
yields and products for photolysis at pH ∼ 6. To explore if the
observations are more generally characteristic of the nitroen-
amine group, changes in the UV−vis spectra of ranitidine
(RAN), which also contains this functionality, were carried out.

Ranitidine hydrochloride is the active component in widely used
medications to treat acid reflux and gastric ulcers, and hence a
number of studies of the structure and reactivity of RAN analogs
have been reported.47−55 For example, previous calculations for
some small nitroenamines assigned the 330 nm band in a neutral
species to a transfer of electron density from the enamine group
(CC−N−) to the −NO2 group.56,57 Dumanovic et al.51

calculated absorption spectra for (CH3NH)2CCHNO2 and
its protonated forms, showing that there would be no significant
light absorption above ∼230 nm in water for the C-protonated
species. Dhaked and Bharatam55 carried out quantum chemical
calculations on different structures ofN-ethyl-N-methyl-2-nitro-
1,1-ethenediamine and also considered the effects of solvation
by up to four water molecules. They predicted that the enamine
form, (R1N)(R2N)CCH−NO2, was the most stable form of
the neutral microsolvated molecule. They suggested that in
acidic aqueous media, the protonation on carbon dominates,
although protonation on the −NO2 group can also contribute
significantly.
To the best of our knowledge, the calculations carried out in

this work are the first so far to predict the absorption spectrum of
NPM itself and its protonated forms and to provide a
comprehensive, molecular-level interpretation of all parts of
the spectrum. Surprising differences in the effect of water on the
absorption spectra of NPM compared to RAN are consistent
with the quantum chemical calculations on NPM and reveal a
unique proton transfer process not previously reported.

■ EXPERIMENTAL SECTION

Infrared Spectra. The NPM absorption spectra of solutions
were obtained by Fourier transform infrared spectroscopy
(Mattson RS). To avoid interference from the strong absorption
of the bendingmode of water in the 1600 cm−1 region, NPMwas
dissolved in D2O (Acros 99.8% or Cambridge Isotope 99.9%) at
concentrations of ∼0.15 M, which has a typical pH of ∼6.
Spectra of aqueous thin films sandwiched between ZnSe
windows were obtained as a function of pH in the range of 6−
1, adjusted by adding solid NaHSO4·H2O (Fisher Chemical,
Certified Grade), where pH paper (pHdrion and/or pHast) was
used to determine the approximate pH. In one case, the most
acidic solution (pH ∼ 1) was partially neutralized by the
addition of NaOH (Fisher, 98.8%). Solutions of ranitidine
hydrochloride (Sigma ≥98%) in water or D2O at a
concentration of ∼0.1 M were prepared, and the spectra
measured as a function of pH as described for NPM.
Experiments were not carried out at pH > 6 because NPM is
known to hydrolyze under basic conditions,45 consistent with
irreversibility in the infrared spectra when the pH was increased
to ∼10 and then made acidic some days later.

UV−Visible Absorption Spectra. Solutions described
above were diluted by the addition of either water or D2O to
obtain the UV−vis absorption spectra of NPM (or RAN) at
typical concentrations of 1.5−3.5 mM in a quartz cell of
pathlength 1.0 mm with a HP 8452A photodiode array
spectrometer. For comparison, spectra were also acquired in
ACN at concentrations from ∼1 to 3 mM.

Actinometry and Quantum Yields. Photolysis was
performed using three different lamps: (1) a low-pressure
mercury lamp at 254 nm (Jelight, 81-3306-2, ozone free); (2) an
organic phosphor-coated low-pressure mercury lamp with
broadband emission from 290 to 350 nm and centered at 313
nm (Jelight, 84-2061-2); and (3) an organic phosphor-coated
low-pressure mercury lamp with broadband emission from 310
to 425 nm and centered at 350 nm (UVP, D-28865). The lamp
was covered and placed at a fixed distance from a quartz cuvette
(1 cm pathlength, 4 mL volume, Starna Cells, 3-Q-10)
containing the solution. The lamp was stabilized for 30 min
before the photolysis experiments. To expose the cuvette to UV
light, the cover was lifted to avoid turning the lamp off between
each photolysis interval. For photolysis at 313 and 350 nm, a
pyrex glass filter was used to remove wavelengths below 290 nm.
Figure S1 in the Supporting Information (SI-I) shows the
emission spectra of the lamps and the transmission of the glass
filter.
In order to calculate the quantum yield of NPM, o-

nitrobenzaldehyde (ONB) whose quantum yield in solution is
established as 0.41 was used as an actinometer.58 Samples of
ONB were dissolved in ACN in concentrations from 0.1 to 0.25
mM. UV−vis spectrometry provided fast, in-situ measurements
during photolysis. The absorbance at 250 nm was used to follow
the loss of ONB from which the photolysis rate constant (kONB)
was obtained from the first-order decay of ONB. Details of the
kONB measurements and their conversion to absolute light
intensities are presented in SI-II.
To identify photolysis products, NPM was dissolved in water

at initial concentrations of∼10−6Mand sampled as a function of
photolysis time. After each photolysis interval, 60 μL of solution
was withdrawn for analysis using UPLC−ESI−MS/MS
(Waters, Quattro Premier XE). NPM was quantified using the
multiple reaction monitoring method in positive ion mode
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following the transition ofm/z 271 tom/z 225. Identification of
the photolysis products was performed using an HPLC coupled
to a single quadrupole mass spectrometer and photodiode array
detector (Waters, Acquity, HQDa). Themass spectrometer was
operated in positive ion mode and scanned fromm/z 100 to 600
and the PDA was scanned from 220 to 500 nm. A triple
quadrupole mass spectrometer equipped with an ESI ionization
source (Waters, Xevo TQ-S) was also used to identify the
products. An aqueous solution of NPM photolysis products was
injected directly into the ESI−MS source in infusion mode (no
chromatography). The TQ-S was operated in positive ion mode
for both full scan MS and product ion scan modes. Details of the
analytical parameters can be found in SI-III.

■ QUANTUM CHEMICAL CALCULATIONS

NPM is known to exist in two isomeric forms, which differ by the
relative orientation of the secondary −NH and −NO2 group.
The E form has an intramolecular hydrogen bond between an
oxygen and the −NH group, which is seen in the crystal
structure;59 however, the Z-form cannot form a comparable
hydrogen bond to the tertiary amine nitrogen. Different
structural conformers for each form have not been reported in
the literature. Therefore, a systematic conformational search was
carried out starting with a single molecule in the E form. The
potential energy surface used was PM3 using the Spartan
program.60 Twenty lowest conformers were chosen for further
refinement. From these structures, the Z conformers were
created by rotating the NO2 group around the double bond. All
these conformers were optimized using the OM2 potential61

implemented in the MNDO62 program.

Because semiempirical methods such as PM3 and OM2 lack
the parameterization for the chlorine atom, fluorine was
substituted for chlorine. This was done also in our previous
work on photochemistry of imidacloprid63 where it was shown
that the excitation energies are not significantly affected by the
substitution. While the substitution of Cl by F in our model is an
approximation and in some other circumstances can give rise to
problems, this substitution can be readily justified in the present
case. The difficulties in replacing Cl by F in photochemical
calculations arise when the halogen is significantly involved in
the excitation. Analysis of the atomic orbitals participating in the
total electronic wavefunction indicates that the halogen orbitals
are involved very little in the excitation. In this respect, this
system is similar to IMD so that the validation in a previous

study63 of the substitution of Cl by F in the case of IMD should
also apply for NPM.
The lowest 8 E conformers and 8 Z conformers were further

optimized at the singlet ground state with MP2 in conjunction
with the resolution-of-the-identity approximation64 for the
evaluation of the electron-repulsion integrals implemented in
Turbomole.65 The cc-pVDZ basis set has been successfully
employed.66 Boltzmann distributions were calculated for each
conformer at a temperature of 300 K. Ten vertical excitation
energies were calculated for the lowest conformer using ADC(2)
implemented67 in Turbomole. ADC(2) has been used in
previous studies and has been proven to be accurate for
spectrum calculations and for photochemical reaction dynamics
of organic systems.68−71 Additionally, in order to test the effect
of solvation on the absorption spectrum, the lowest E conformer
structure was microsolvated by 27 water molecules, optimized
by OM2 and followed by MP2/cc-pVDZ, and ten vertical
excitation energies were calculated by ADC(2). Furthermore,
ground-state dynamics of NPM microsolvated by 27 water
molecules were run on the OM2 potential energy surface.
Calculations were carried out for a number of different

protonation sites in order to simulate the full spectrum over a
range of acidic pH. Five protonation sites markedB1−B5 on the
structure shown above were considered for contribution to the
spectrum: (1) the oxygen of the −NO2 group (B1), (2) the
nitrogen in the pyridine ring (B2), (3) the sp2 carbon atom (B3)
(as suggested by Cholerton et al.),47 (4) the tertiary nitrogen
(B4), and (5) the secondary nitrogen (B5). For all protonated
molecules, ten vertical excitation energies were computed using
ADC(2). For all calculated sets of vertical excitation energies
(for the neutral as well as for the protonated forms), a
Lorentzian with a gamma of 5 nm was added in order to induce
broadening of the spectrum. A composite spectrum was formed
by adjusting weights of each species such that the best fit to the
experimental spectrum was obtained either visually or by
nonlinear optimization using the generalized reduced gradient
method (Excel Solver; see SI-IV). In the latter case, the square of
the relative differences between an experimental spectrum (pH
∼ 1 or pH ∼ 6) and the proposed composite spectrum was
calculated at each of 21 fixed wavelengths spaced between 200
and 350 nm. The objective of Solver was to minimize the square
root of the sum of these squared differences by varying the
contributing weights of calculated spectra appropriate to each
experimental pH.

■ RESULTS AND DISCUSSION

UV−Visible Absorption Spectra. The UV−vis spectra of
NPM in water as a function of pH are shown in Figure 1. Also
shown for comparison is the spectrum in ACN. At pH∼ 1, there
is no significant absorption above 290 nm. Even in water at pH∼
6, there is a dramatic decrease in the absorption beyond 300 nm
compared to the ACN spectrum as reported earlier, and the
change is reversible.44 That is, if NPM is dissolved in ACN, the
solvent is evaporated, and then water is added, the spectrum is
the same as if NPM had been directly dissolved in water. The
same is true if NPM was first dissolved in water and the water is
evaporated and then dissolved in ACN.
Quantum chemical calculations were carried out on both the

E andZ forms ofNPM shown above. The E formwith hydrogen-
bonding between the −NO2 group and the amine N−H group
was the most stable structure. Absorption spectra were then
calculated for this stable E form as well as structures to which a
proton was added (Figure 2a−f). Note that quantitative
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agreement between predicted and measured spectra is not
expected because the calculations are for isolated molecules,
rather than in aqueous solution.

Figure 2a shows the predicted spectrum (black) for a neutral,
isolated molecule of NPM, and for comparison, the spectrum
(blue) in water at pH ∼ 6. The structure of enamines (CC−
N) is such that the lone pair on the amine nitrogen can be
delocalized into the π alkene system if the CC is coplanar with
the nitrogen and its two substituents. This results in a
conjugated system with absorption at longer wavelengths than
for an isolated CC group.72,73 For vinyl amines with an−NO2

group on the β-carbon (B3) or a second amine group on the α-
carbon (characteristic of both NPM and RAN), the degree of
planarity is very high, from 84 to 100%,72 indicating strong
conjugation and delocalization to include the two amines and
the −NO2 group. Both NPM and RAN have these features in
common and are therefore expected to be relatively planar and
have similar absorption spectra.
The calculations predict that in neutral isolated NPM, the

lowest energy transition at 330 nm is due to an n→ π* transition
that involves a non-bonding electron on an −NO2 oxygen being
excited to π* on the CC and the −NO2 group, with some
involvement of the amine nitrogens. Figure 3a shows the highest

Figure 1. UV−vis absorption spectra of 0.94 mMNPM in ACN and of
1.5 mM in water at pH ∼ 6 and ∼1.

Figure 2. Predicted spectra for NPM as (a) neutral molecule (black) and as neutral NPMwith 27 waters (green); and protonated at (b) oxygen of the
−NO2 group (B1); (c) pyridine ring (B2); (d) carbon in the enamine (B3); (e) tertiary nitrogen in the enamine group (B4); and (f) secondary
nitrogen in the enamine group (B5). Note in the latter case that the proton actually transfers to the−NO2 group; see text and Figure 3c. Also shown for
comparison are the experimentally measured spectra at pH ∼ 6 (blue, part a), and ∼ 1 (red, parts b−f).
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occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) primarily involved in this transition
and the associated wavelength (predicted higher energy
transitions are shown in SI-V).
Figure 2b shows the spectrum predicted for protonation at the

oxygen of the −NO2 group (B1). In this case, the absorption
above 300 nm is lost and the lowest energy transition is at 284
nm. This transition is from π orbitals located on the secondary
and tertiary nitrogens to the π* orbitals on −NO2 and CC, as
seen in the HOMO and LUMO in Figure 3b. We refer to this
species as “O-protonated” in the following discussion.
Protonation at the nitrogen of the pyridine ring (B2) is

another possibility for which the predicted spectrum is shown in
Figure 2c. The calculations predict absorption remains at 332
nm, which is not surprising because the pyridine ring is separated
from the chromophore responsible for the 332 nm peak. While
the pKa associated with protonation of this site in NPM is not
known, those of a number of substituted pyridines have been
reported.74 The pKa for 2-fluoropyridine, the small molecule
analog for which the calculations were performed, is −0.44, and
that for 2-chloropyridine, the analog for NPM, is 0.72.74 These

values suggest that NPMwill only be protonated on the pyridine
ring in highly acidic solutions.
Protonation sites B3−B5 are part of the enamine structure

where conjugation between the CC and lone pairs on the
nitrogens in the neutral molecule leads to absorption beyond
300 nm. Protonation of either nitrogen or carbon is possible.73,75

In NPM, there are two amine nitrogens as part of the enamine
system, one a secondary and one a tertiary nitrogen. For both
primary and secondary enamines, protonation of the nitrogen is
generally thought to be dominant due to the kinetics, but
thermodynamics favors protonation at the β-carbon.72,73 Figure
2d shows the spectrum predicted for protonation at the carbon
(B3). Again, there is no absorption above 300 nm. As discussed
below, the pKa associated with protonation of the alkene carbon
in a different nitroenamine, RAN, was reported to be 2.19.51

Thus, the protonated carbon species would be expected to
contribute to the spectrum only under very acidic conditions.
However, for tertiary enamines such as N,N-dimethylvinyl-

amine and 1-(dimethylamino)isobutene, protonation occurs at
the nitrogen in a manner analogous to saturated amines.72,73

The pKa for the tertiary nitrogen in NPM has not been reported
but that for 1-(dimethylamino)isobutene has been measured72

Figure 3. HOMOs and LUMO predicted for the primary, lowest energy transitions in (a) neutral NPM; (b) NPM protonated by adding a proton
directly to the non-hydrogen-bonded oxygen of the −NO2 group (B1); (c) NPM to which a proton has been added initially to the secondary amine
nitrogen (B5) and has then transferred to the other oxygen of the −NO2; and (d) neutral NPM that is solvated by 27 water molecules.
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as 7.85. Thus, the tertiary nitrogen inNPMwould be expected to
protonate at neutral tomildly basic pH, as is the case for aliphatic
amines.74 Figure 2e shows the spectrum predicted for
protonation at the tertiary (B4) nitrogen; absorption no longer
occurs above 300 nm, as expected for disruption of the planarity
and conjugation of the enamine group.
Finally, protonation can occur at the secondary nitrogen

(B5). Calculations were initiated for a proton attached to this
nitrogen, but during optimization of the structure, the proton
shifted to the oxygen of −NO2. In this case, there is a strong
absorption at 313 nm as shown in Figure 2f, in contrast to Figure
2b where there is no significant absorption above 290 nm. Note
the differences in structures resulting when a proton was added
directly (Figure 3b) to the oxygen of NO2 compared to when it
was added indirectly from the protonated secondary amine
(Figure 3c). Figure 3c shows the HOMO and LUMO for the
major transition involved in the 313 nm absorption predicted for
initial protonation at B5. We refer to this species as “O-
protonated secondary amine” to distinguish it from B1.
It is perhaps initially surprising that the two different

protonation scenarios (B1 and B5) on the −NO2 group give
such different absorption spectra. However, as seen in Figure
3b,c, both the HOMO and the LUMO are quite different for
these two cases. For the O-protonated form (Figure 3b), there is
significant electron density on the amine nitrogens in the
HOMO and on the CC and −NO2 in the LUMO. For the O-
protonated secondary amine where the proton was transferred
from the secondary nitrogen (Figure 3c), there is less electron
density in the HOMO on the secondary amine, which is still
interacting with the transferred proton.
The effects of water on neutral NPM were investigated by

calculating the spectra for a single water molecule associated
with the −NO2 group or with the tertiary nitrogen. The effects
on the spectra were relatively small compared to the effects of
protonation and did not significantly impact the absorption
above 300 nm. Calculations were also performed for 27 water
molecules with one NPM. Figure 2a (green) shows that this
solvated NPM has a strong absorption at 329 nm due to a
transition from π on CC and the secondary amine to π* on
−NO2 (see Figure 3d and SI-V, VI for HOMO and LUMO and
for the solvation dynamics). Water clearly enhances the
absorption above 300 nm. However, this is in opposition to
the decreased light absorption in water that is experimentally
observed (Figure 1), establishing that solvation of NPM is not
responsible for the reduction above 300 nm from ACN to water.
It is noteworthy that the predicted spectrum for solvation by
water is similar to that by ACN (Figure 1) and other solvents,44

suggesting that these solvents likely interact with NPM in a
similar manner. The studies of the effects of hydration on neutral
NPM show that first, there are nomajor structural changes in the
system due to hydration, and second, that the presence of water
itself does not predict a reduction of intensities as observed in
the experiment.
Clearly, none of the individual spectra capture all of the major

features of the experimental spectra, suggesting that they contain
contributions from more than one structure. As an example,
Figure 4 shows the predicted spectrum for a linear combination
of these structures. Figure 4a shows the composite spectrum for
56% protonation at the carbon (B3), 12% at the −NO2 group
(B1), and 32% at the tertiary nitrogen (B4) asmight be expected
in highly acidic media. It is emphasized that these weights are
chosen to see if the shifts in the absorption spectra predicted
theoretically are qualitatively consistent with the experimentally

observed effects of pH.While the choice is somewhat arbitrary, it
gives a reasonable fit to the experimental spectrum. The
comparison provides molecular-level insight and suggests that
NPM exists as a mixture of species that are protonated at
different sites. At pH ∼ 6, light absorption above 300 nm has
changed significantly from that in ACN (Figure 1), although is it
not completely suppressed as under very acidic conditions. This
suggests that some protonation that breaks the conjugation in
the enamine system is already occurring under slightly acidic
conditions, which is reasonable given that protonation of the
tertiary nitrogen (B4) is expected. Figure 4b shows the
composite spectrum from 45% neutral NPM, 5% from solvated
NPMwhere there is significant absorption at 329 nm, 35% at the
tertiary nitrogen (B4), and 15% from the O-protonated
secondary amine structure (B5). The composite spectrum
captures the major features and the wider absorption range,
especially above 300 nm.
In short, these first calculations on NPM illustrate the

importance of protonation at different sites in the molecule,
which are very sensitive to pH, and how this impacts the
absorption spectra (and ultimately lifetimes in the environment,
see below). They also show how water can affect the transitions
and that a combination of these transitions can produce
composite spectra that are reasonably consistent with the
experimental measurements.
To provide further insight into the effect of solvent and pH on

the absorption spectra, similar experiments were carried out on

Figure 4.Composite spectra predicted for NPM using (a) combination
of 56% protonation at the carbon (B3), 12% at the−NO2 group oxygen
(B1), and 32% at the tertiary nitrogen (B4) compared to the
experimental spectrum at pH ≈ 1; (b) combination of 45% neutral
NPM, 5% NPM with 27 H2O, 15% protonation at the secondary
nitrogen (B5), and 35% protonation at the tertiary nitrogen (B4),
compared to the experimental spectrum at pH ∼ 6.
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RAN. This molecule is structurally similar to NPM in that it has
a nitroenamine group that contributes to strong light absorption
beyond 300 nm. It also exists in two isomeric forms, E and Z, but
has two secondary amines rather than one secondary and one
tertiary:

Figure 5 shows the RAN spectra in ACN, in water at pH ∼ 6
and at pH ∼ 1. Light absorption above 300 nm is dramatically

decreased in highly acidic media similar to NPM, which is in
agreement with earlier work on RAN.47,51 This was attributed to
loss of conjugation due to protonation of the alkene carbon:51

Thus, C-protonation in RAN should play a role under highly
acidic conditions (pKa 2.19),

51 consistent with the predictions
for NPM at B3. Note that the pKa of the tertiary nitrogen in the
terminal dimethylamine group in RAN has been measured to be
8.1,51 so it too will be protonated, but because it is far removed
from the chromophore, it will not impact the spectrum.
However, unlike NPM,mildly acidic aqueous solutions do not

have a dramatic effect on the peak position spectrum compared
to ACN (Figure 5), although it does reduce its intensity. One
difference betweenNPMand RAN in the vicinity of the enamine
group is that NPM has one secondary and one tertiary amine
attached to the alkene carbon, whereas RAN has two secondary
amines. As discussed above, tertiary nitrogens in enamines
behave like aliphatic amines and will be protonated under mildly
basic to acidic solutions,72,73 breaking the conjugation

responsible for light absorption above 300 nm. However, adding
a proton to the secondary nitrogen in NPM results in transfer of
the proton to the −NO2 group (Figure 3c), which does not
break the conjugation or reduce the light absorption above 300
nm (Figure 2f). Assuming the same is true for RAN, only in
highly acidic solutions is the conjugation in the enamine group
in RAN broken due to protonation at the carbon. In mildly
acidic solutions, protonation of either secondary amine should
result in transfer to the−NO2, preserving light absorption above
300 nm. Another pharmaceutical, nizatidine, which has a very
similar structure to that of RAN with two secondary amine
nitrogens, shows the same behavior as RAN in ACN and water,
that is, it also does not show the dramatic shift in the peak for its
absorption in water that is seen with NPM.

Infrared Spectra. Figure 6 shows the transmission infrared
spectra of NPM inD2Oat pH∼ 6 and pH∼ 1 in the 1700−1300

cm−1 region (D2O has a broad and strong absorption band
around 1200 cm−1 that makes seeing peaks in this region
difficult). At near neutral pH, peaks at 1612, 1517, and 1465
cm−1 are seen. Figure 7 shows analogous spectra for RAN, where
significant absorption bands are observed at 1602, 1515, and
1456 cm−1. The spectrum of a highly acidified solution that was
then restored to pH∼ 5 using NaOH showed the same peaks as
the original pH ∼ 5 spectrum, suggesting that the changes were
reversible. Based on known functional group assignments,76 the

Figure 5. UV−vis absorption spectra of 3.0 mM RAN in ACN and 3.5
mM in water at pH ∼ 6 and ∼1. The spectrum in ACN has been scaled
by 0.35 for direct comparison to the spectra in water.

Figure 6. Infrared spectra of 0.15 M NPM in D2O at pH ∼ 6 and ∼1.

Figure 7. Infrared spectra of 0.11 M RAN·HCl in D2O at pH ∼ 6 and
∼1 (blue).
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1612 and 1602 cm−1 bands in NPM and RAN, respectively, are
assigned to a protonated amine group. The pKa values for
tertiary amines are typically in the 8−10 range;74 the pKa for the
terminal tertiary amine in RAN has been reported to be 8.13.51

Thus, under neutral to mildly acidic conditions, the tertiary
nitrogen in NPM and the terminal tertiary amine in RAN should
be protonated. There may also be a contribution in this region
from the CC stretch.72 The peaks at 1515−1517 cm−1 are
assigned to the asymmetric−NO2 stretch

76 in neutral NPM and
inNPMwhich has a proton transferred to the−NO2 group from
protonation at the secondary nitrogen (Figure 3c). A number of
groups absorb in the 1465 cm−1 region, including asymmetric
−CH3 bending, −CH2− scissoring vibrations, and ring
stretching vibrations in the pyridine ring.76

As seen in Figures 6 and 7, under highly acidic conditions, the
major peaks in the 1500−1600 cm−1 region are blue-shifted. The
formation of the carbon-protonated species (B3) has resonance
structures that involve protonated amidines (N−CNH+R):

Amidines have very strong absorptions in the 1580−1685
cm−1 region,76 and the 1639 and 1662 cm−1 peaks are assigned
to this group for acidified NPM and RAN, respectively. The
UV−vis spectra suggest that there is also a significant
contribution from an O-protonated species (B1) (Figure 3b)
in acidic solutions (Figure 4a). Hence, there may also be a
contribution to this band from−CN in the−NO2 protonated
species and its resonance structures:

The 1567 cm−1 peaks for both NPM and RAN are assigned to
the asymmetric −NO2 stretch which is shifted in the cation
compared to the 1515−1517 cm−1 peaks at pH ∼ 6. Stretching
frequencies of isolated functional groups such as CHO and
CN are typically at higher wavenumbers compared to
situations where there is α,β conjugation.76 Formation of the
cation removes the conjugation and hence the−NO2 absorption
would be expected to blue-shift, as is observed (Figures 6 and 7).
Photochemistry and Quantum Yields of NPM in

Water. The decay of NPM in water was followed using
UPLC−MS as a function of photolysis time using the three
lamps described earlier.44 Figure 8 shows typical decays for each
wavelength. The loss of NPM was first order in all cases, and the
photolysis rate constants kp (s

−1) are shown in Table 1. Using
the measured absorption cross sections as a function of
wavelength, the quantum yields were calculated using eq 1

k Ip ∑ϕ σ=
λ

λ λ
(1)

where ϕ is the photolysis quantum yield, defined as the number
of molecules reacted per photon absorbed, σλ is the absorption
cross section (base e), and Iλ is the absolute light intensity
incident on the sample in photons cm−2 s−1. This intensity was
obtained as a function of wavelength from the relative lamp
intensities and measurements of total light intensity using ONB

as an actinometer (SI-1I). Quantum yields obtained in this
fashion are averages over the wavelength range covered by each
lamp.
Table 1 summarizes the measured quantum yields for each of

the three photolysis lamps. These quantum yields are more than
an order of magnitude larger than those measured in thin solid
films.44 This is not surprising because the solid provides a rigid
cage structure around the fragments as they separate, enhancing
their recombination. The cage effect in liquids is much less
effective in holding the fragments together, giving a more
efficient net dissociation.
Todey et al.45 and Gonzaĺez-Mariño et al.46 recently reported

quantum yields and products for photolysis of NPM in purified
or river water. Table 2 compares their results to those in the

Figure 8. Typical first-order decays of NPM in water during photolysis
using the three different lamps described in the text and shown in Figure
S1. The rate constants were obtained from the slope of the plots.

Table 1. Photolysis Rate Constants (kp) and Quantum Yields
(ϕ) for NPM at pH≈ 6 Solution Using Three Different Light
Sources

experiments

photolysis
wavelength

(nm) kp (s
−1) ϕ

1 254 2.6 × 10−3 0.25

2 1.5 × 10−3 0.14

3 1.9 × 10−3 0.18

4 2.1 × 10−3 0.20

5 1.8 × 10−3 0.17

6 1.9 × 10−3 0.18

7 1.8 × 10−3 0.17

average
(±2σ)

(1.9 ± 0.7) × 10−3 0.18 ± 0.07

1 313 1.3 × 10−4 0.08

2 1.6 × 10−4 0.10

3 1.6 × 10−4 0.10

4 1.4 × 10−4 0.09

5 1.5 × 10−4 0.09

6 1.6 × 10−4 0.10

7 1.6 × 10−4 0.10

average
(±2σ)

(1.5 ± 0.3) × 10−4 (9.4 ± 1.6) × 10−2

1 350 5.5 × 10−5 5.1 × 10−2

2 4.9 × 10−5 4.6 × 10−2

3 5.9 × 10−5 5.5 × 10−2

4 6.4 × 10−5 6.0 × 10−2

5 5.2 × 10−5 4.8 × 10−2

average
(±2σ)

(5.6 ± 1.2) × 10−5 (5.2 ± 1.1) × 10−2
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current study. The values from Todey et al.45 for purified water

using a solar simulator or natural sunlight are about a factor of

four and two smaller than ourmeasured values using the 313 and

350 nm lamps, respectively. The main differences between their

experiments and ours are the spectral distributions of the light

sources and the actinometers that were used. The intensity of

solar simulators and natural sunlight rise rapidly with wavelength

above 300 nm.43 Our measurements over three wavelength

ranges in water at pH∼ 6 show that the quantum yields decrease

from 0.18 at 254 nm, 0.094 for broadband radiation centered at

313 nm, to 0.052 for broadband centered at 350 nm. This trend

of decreasing quantum yield with increasing wavelength is

consistent with photolysis at longer wavelengths playing a larger

role in their experiments. The quantum yield in pure water

under natural sunlight reported by Gonzaĺez-Mariño et al.46 is in

excellent agreement with our value for radiation centered at 350

nm, but their value for 254 nm is about a factor of three smaller

than that measured here. Both Todey et al.45 and Gonzaĺez-

Mariño et al.46 identified a product with exact mass 227.08254,

and Gonzaĺez-Mariño et al.46 also reported a number of other

products.
Photolysis products were also measured here using ESI−MS.

Figure 9 shows the ESI−MS before and after photolysis at 350

nm for 180 min. Major product peaks at m/z 212 and 258 are

observed. These were attributed to [M+H]+ peaks, and thus the

products must have masses 211 and 257 Da, respectively. Figure

10 shows theMS−MS of each of these product peaks and Figure

11 shows the UV−vis absorption spectra of each product as they

elute from the HPLC column. The lack of absorption above 275

nm suggests little or no contribution from a nitroenamine group.
The product with mass 211 Da is identified as A:

Table 2. Yields (ϕ) for NPM in Water Using Different Light
Sources

light source water source ϕ
a reference

254 nm lamp Milli-Q 0.18 ± 0.07 this work

313 nm lamp Milli-Q 0.094 ± 0.016 this work

350 nm lamp Milli-Q 0.052 ± 0.011 this work

254 nm lamp Milli-Q 0.0495 ± 0.002b Gonzaĺez-Mariño et
al.46

river water 0.0385 ± 0.001b Gonzaĺez-Mariño et
al.46

natural
sunlight

Milli-Q 0.0534 ± 0.003b Gonzaĺez-Mariño et
al.46

river water 0.0442 ± 0.002b Gonzaĺez-Mariño et
al.46

solar
simulator

Milli-Q 0.025 ± 0.001 Todey et al.45

Mississippi River
water

0.023 ± 0.001 Todey et al.45

natural
sunlight

Milli-Q 0.025 ± 0.001 Todey et al.45

Mississippi River
water

0.024 ± 0.001 Todey et al.45

aErrors are ±2σ. bErrors based on those cited for the photolysis rate
constants.

Figure 9. ESI−MS of NPM (a) before photolysis and (b) after
photolysis for 180 min using the 350 nm lamp.

Figure 10. ESI−MS/MS with a collision energy of 15 eV of NPM
photolysis products at (a) m/z 212 and (b) 258 ([M + H]+),
respectively, using the 350 nm lamp.
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The product with mass 257 Da is identified as B:

Product A was a major product in the photolysis of solid thin

films of NPM.44 It also agrees with a previous identification of

this species in water36,45,46 with a major MS−MS fragment at
126 and other fragments at 157 and 171 (Figure 10a).
Noestheden et al.36 also reported a product at m/z 257, but
did not propose a structure. Todey et al.45 reported a product at
m/z 257 in the hydrolysis of NPM, with a different MS/MS
pattern from ours. The fragment at m/z 240 (Figure 10b)
corresponding to loss of water from m/z 258 as expected for a
carboxylic acid, and the lack of an absorption band above 300
nm (Figure 11), support the structure of a carboxylic acid,
product B proposed here. Figure 12 shows a potential formation
mechanism for this product.
Using an average quantum yield of ϕ = 0.07 ± 0.03 from the

313 and 350 nm photolysis experiments, the lifetime of NPM (τ
= 1/kp) in water at a solar zenith angle of 35°, typical of
conditions on April 1 at 40°N latitude, is estimated to be only 5
min. This can be compared to 36 min for photolysis of solid
NPM under the same conditions, illustrating the importance of
the matrix in determining environmental fates of pesticides.
Because of their short photolysis time to form products A and B,
and their lack of absorption at λ > 300 nm (Figure 11), these
may be expected to be found in aqueous environments where
NPM is used.

■ CONCLUDING REMARKS

This work illustrates the importance of the medium in which an
environmental contaminant is found in determining its
properties, lifetimes, and fates. It also illustrates the critical
role of theory in understanding at a molecular-level changes in
the chemistry, absorption spectra, and photochemistry that
occur in different media, and in revealing unexpected processes
such as transfer of the proton from an amine nitrogen to the
−NO2 group.
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Bayo, F.; Marchand, P. A.; Codato, F.; Bijleveld van Lexmond, M.;
Bonmatin, J.-M. An update of the Worldwide Integrated Assessment
(WIA) on systemic insecticides. Part 3: alternatives to systemic
insecticides. Environ. Sci. Pollut. Res. 2018, 1−23.
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