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ABSTRACT

Pesticides are drained into water bodies. Water contamination by pesticide residues has increased
dramatically with the continued excessive agricultural demand for pesticides. These have become
a major threat to the environment and the ecosystem. The present account elucidates the influ-
ence of solvent on the stability and reactivity of imidacloprid. This one is an active agrochemical
molecule widely used for its insecticidal activity. The goal is to understand the behavior of this
molecule in different environments (aquatic, plant, animal, or in the air). The approach consists
in describing the medium by a dielectric constant. The structure was optimized at density-func-
tional theory level. The system energies were carried out with the M06-2X exchange-correlation
potential, 6-311++G(d,p) basis, and C-PCM cavity (dielectric constant; ¢ = 2-80). Some global
chemical descriptors such as electrophilicity (w), chemical potential p, and chemical hardness n

are then calculated. NBO’s plots were also described.

Keywords: Density-functional theory;
Surfaces water

Dielectric constant;

Imidacloprid; Reactivity; Stability;

1. Introduction

Imidacloprid (CH,CIN,O, (E)-1-(6-chloro-3-
pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine) [1] is
the first generation of neonicotinoid insecticides, launched
in 1991. It is one of the most effective insecticides for the
control of sucking insect pests, including aphids, whiteflies,
planthoppers, and thrips. However, the indiscriminate use
of neonicotinoid-based insecticides has been blamed as the
main cause of the disappearance of bees from the hive [2,3].

Surface water can be contaminated by pesticides
through leaching phenomena from plants, soil, or surface
runoff after the dissolution of pesticides in irrigation water
and/or soil. They can also be transported by underground
runoff. In different aquatic environments, pesticides can
be deposited in the sediments temporarily or permanently.

* Corresponding author.

They can also volatilize or degrade [2,4-7]. Pesticides can
also be found in wastewater [8,9].

Understanding the reactivity and the partition between
different media of a chemical species goes through the
study of its solubility in different solvents. It’s also essential
and crucial for the designing of the crystallization process.
Many factors can influence the solubility; they can increase
or decrease the solubility of a chemical species. These fac-
tors include the choice of solvent, temperature, other sol-
utes present, pH, pressure, and the presence of hydrogen
bonds [10]. However, the solubility data of imidacloprid
published in the literature yet are relatively few.

In the present work, we are interested in the study of the
influence of the solvent (described by its dielectric constant;
€ = 2-80) on the stability of the structure of imidacloprid
and its reactivity.
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2. Computational details

The biological activity of a bioactive molecule is closely
related to its conformation [11]. That’s why for the first time,
we have calculated the structure of imidacloprid. Initially,
we optimized and calculated the frequencies of the most
stable conformation obtained by Moreira et al.: IMI1-V [12].
Improved structural and electronic imidacloprid data were
obtained through computations performed with the den-
sity-functional theory (DFT) framework employing the
6-311++G(d,p) basis set and the MO06-2X [13] exchange-
correlation potential. All calculations were performed using
the Gaussian09 program [14].

Consider now the calculated structure of imidacloprid
in solution (at variable dielectric constant). The interest in
the structure of bioactive molecules in non-aqueous solvents
derives essentially from the fact that the biological activity
of a chemical compound often depends on its lipophilicity.
This property is usually estimated in terms of water/n-oc-
tanol or water/cyclohexane partition coefficients. Here,
solvent is described by its dielectric constant; € = 2-80 and
the C-PCM model [15,16].

The natural orbitals of the bonds (NBO) calculations were
carried out using the program NBO 3.1 [17,18] integrated
into the Gaussian09 program.

3. Results and discussion
3.1. Structure

The computed structure is shown in Fig. 1.

3.2. Solvation energy

It is therefore interesting to study the evolution of the
energy difference as a function of the dielectric constant
medium. This point is illustrated in Fig. 2. The calculations
in 6-311++G(d,p) with the exchange-correlation potential
MO06-2x were carried out using the structure calculated in
the gaseous state and the same cavities in all settings. A stan-
dard factor for atomic radii of 1.2 was used. This method
has given good results with other systems [19].

Fig. 1. DFT-optimized geometry for imidacloprid structure cal-
culated in M06-2X/6-311++G(d,p).

The energy of solvation is calculated for the various
dielectric constant values according to the relation:

Solvation = Esolution — Eas 1
Where ”ESOIution
here by the dielectric constant) and “E_ '
energy in the isolated state.

In Fig. 2, the greatest energy variations are observed
below & =20. Beyond this value, the energy of solvation varies
slightly to become almost constant from & = 60. imidacloprid
stabilizes at about 18 Kcal/mol during the transition from
the isolated state to the hydrophobic state described by a
dielectric constant equal to 2. For a € value equal to 5, it stabi-
lizes around 30 Kcal/mol. The passage of imidacloprid from
a lipophilic medium (e = 2) to an aqueous medium (& = 80)
stabilizes it energetically by approximately 21 Kcal/mol.

" is the system energy in solution (described
" is the system

3.3. Frontier molecular orbitals highest occupied molecular orbital
and lowest unoccupied molecular orbital

Fig. 4 shows the frontier molecular orbitals highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of our molecule in the different
media studied. HOMO is the orbital that acts as an electron
donor and LUMO is the orbital that largely acts as an electron
receptor. The calculation of the energy Gap of frontier orbitals,
which is the difference between the two [Gap = HOMO-
LUMO], allows us to determine the chemical reactivity and
the kinetic stability of the molecule. The calculated Gap’s
value in the isolated state (7,924 eV (Fig. 3)) remains in con-
formity with that obtained by Moreira et al. [12] (2.94 eV)
for the IMI1-V conformation. This value evolves inversely
with the value of the dielectric constant of the medium.

In molecular orbital topologies, the red lobes are pos-
itive and the green lobes are negative. The 3D diagrams
show that the HOMO levels are located on the pyridine
ring for the lowest epsilon values. It gradually shifts over
the other cycle as this value increases. While LUMOs are
distributed over the entire two cycles of imidacloprid at
an isolated state, an almost total liberation of the pyridine
ring is then observed for the various solvated states (Fig. 4).

3.4. Electrophilicity index

The global electrophilicity index w [20] was calculated
using the following expression:

W=/ @

The first quantity is chemical potential p and the second
is chemical hardness 1. Approximately, U = (€00 = ELomo)/2
and N = (&, yy0 — Enomo)/2 [21,22]. With g, and ¢ the
one-electron energies of the HOMO and LUMO.

The curves of the evolution of the energy of solvation
and the electrophilicity as a function of the dielectric con-
stant of the medium represented in Figs. 2 and 5 show sim-
ilar behaviors. A particularly pronounced change for the
low values of the dielectric constant is observed in the two
figures.

LUMO
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In Fig. 5, the value of chemical hardness n resulting from
our calculations (3.971 eV) matches exactly that obtained
by Moreira et al. [12] for the most stable conformation
of imidacloprid obtained in a vacuum. The value of this
parameter gradually decreases going from a vacuum to an
aqueous medium. The lowest calculated value is 3,656 eV
for imidacloprid in aqueous solution (¢ = 80). Garcia-
Hernandez et al. [23] calculate this parameter between
4.29 and 4.33 for a series of conformations of imidacloprid
using the PBE0/6-311++G(d, p) method.

The values of the chemical potential p vary between
—4.434 for imidacloprid in aqueous solution and —4.799 eV
for the isolated molecule.

3.5. Natural charges

The NBO charges for imidacloprid in a vacuum and
C-PCM cavities are exhibited in Table 1. No significant
differences were observed between both states (isolated
and solvated). Analysis of the molecule natural charges
suggests that N14 atom has the largest positive charge
(0.65) and N10 atom is the most negative one (-0.64) for

Table 1
Natural (NBO) charges of the imidacloprid
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all studied media. This confirms the results obtained by
Moreira et al. [12]. The most important differences in values
observed for a change from vacuum to a aqueous solution
are those related to atoms: N5 (Ag = 0.05), C7 (Ag = 0.06),
015 (Aq = 0.08) and H24, H25 and H26 (Aq = 0.04). The
only nitrogen atom present in the pyridine ring is N5.
The calculated value of its natural charge is —0.47 in a
vacuum. Soliman [24] obtains it —-0.4627 for the 2-chloro-
pyridine and at -0.4627 for the 4-methylpyridine using the
B3Lyp/6-311++G(d, p) method.

4. Conclusion

Imidacloprid is the most representative system of the
new generation of insecticides. We have established a theo-
retical study of the analysis of chemical reactivity, based on
the calculation of global chemical descriptors and frontier
orbitals of this system in different environments (isolated
system, non-polar and polar media). The different media
are described by dielectric constant values. Our results
show that the greatest variations in solvation energy are
observed for non-polar media with an epsilon of less

Dielectric constant values

Atom In vacuum 2 5 10 20 30 40 50 60 70 80

C1 -0.11 -0.11 -0.11 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09
C2 -0.14 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15
C3 -0.25 -0.26 -0.27 -0.27 -0.27 -0.27 -0.27 -0.27 -0.27 -0.27 -0.27
C4 0.20 0.20 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
N5 -0.47 -0.49 -0.50 -0.51 -0.51 -0.52 -0.52 -0.52 -0.52 -0.52 -0.52
Cé6 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
C7 -0.19 -0.22 -0.24 -0.24 -0.25 -0.25 -0.25 -0.25 -0.25 -0.25 -0.25
N8 -0.50 -0.50 -0.49 -0.49 -0.49 -0.49 -0.49 -0.49 -0.49 -0.49 -0.49
9 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68
N10 -0.64 -0.64 -0.63 -0.63 -0.63 -0.63 -0.63 -0.63 -0.63 -0.63 -0.63
C11 -0.18 -0.19 -0.20 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21
C12 -0.18 -0.19 -0.20 -0.20 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21
N13 -0.48 -0.49 -0.50 -0.50 -0.50 -0.51 -0.51 -0.51 -0.51 -0.51 -0.51
N14 0.64 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.66 0.66
015 -0.38 -0.41 -0.44 -0.45 -0.45 -0.46 -0.46 -0.46 -0.46 -0.46 -0.46
016 -0.49 -0.50 -0.50 -0.50 -0.51 -0.51 -0.51 -0.51 -0.51 -0.51 -0.51
Cl17 0.01 0.00 -0.01 -0.01 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02
H18 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
H19 0.24 0.25 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26
H20 0.19 0.21 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.23
H21 0.25 0.27 0.27 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28
H22 0.21 0.24 0.26 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27
H23 0.45 0.47 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48
H24 0.19 0.21 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.23
H25 0.21 0.21 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.25
H26 0.21 0.21 0.24 0.24 0.24 0.25 0.25 0.25 0.25 0.25 0.25
H27 0.20 0.21 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
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Fig. 5. Variation of chemical potential p, chemical hardness n,
and global electrophilicity index w (in eV) with the dielectric
constant of the medium.

than 20. The energy calculation shows that the passage
of imidacloprid from a lipophilic medium to the aque-
ous medium stabilizes the studied pesticide considerably.
On the other hand, the NBO calculations confirm those
in the literature. The evolution of solvation energy and
electrophily behave similarly concerning the media stud-
ied. Analysis of imidacloprid’s natural charges suggests
a positive charge for the N14 atom and another negative
for the N10 atom in the studied media. While that of the
N5 atom (the pyridine ring nitrogen) remains negative but
less important than that of the N10 atom. It is rather of the
same order as that of atoms N13 and N8. An important
result that should not be overlooked is that of the HOMO
and LUMO calculations. They show us that the behavior

of the molecule and particularly that of the pyridine ring
depends considerably on the dielectric constant.
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