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GRAPHICAL ABSTRACT 

 

 

HIGHLIGHTS 

 Eight stable conformers were found during a conformational search of flonicamid. 

 The calculated absorption spectra exhibits two peaks in the UV region. 

 The reactivity study agrees with the traditional reactivity of pyridines. 

 High binding energy between flonicamid and a DNA sequence was evidenced by 

docking. 

ABSTRACT 

 

 

This work deals with the study of structural properties, vibrational analysis, and reactivity 

of the novel insecticide flonicamid. Eight different minimum energy conformers were 

found during a conformational search and subsequent geometry optimizations at different 

levels of theory. The analysis of the PES leads to eight zones of minimum energy due to the 
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scan of selected dihedral angles, which agrees with the structure of the eight most stable 

conformers found in the conformational search. The vibrational analysis and a complete 

assignment of the vibrational modes were performed, evidencing a good correlation with 

the experimental reported data. Furthermore, to predict the reactivity of flonicamid, 

different descriptors were analyzed. Finally, results obtained from docking analysis 

suggested that due to the molecular interaction with a sequence of DNA, the possible 

carcinogenic effects of flonicamid and three of its most important metabolites must be 

evaluated experimentally. 
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1. INTRODUCTION 

Flonicamid, which IUPAC name is N-cyanomethyl-4-(trifluoromethyl)nicotinamide, is a 

selective systemic pesticide against hemipterous pests that interferes in the alimentary 

behavior of some insects, thus quickly inhibiting feeding of a wide range of aphids and 

other species of sucking insects. [1] Due to its exclusive chemical structure, flonicamid, is 

considered the unique component of its family and thus represents a novel class of pesticide 

for controlling both nymph and adult stages of aphids that are resistant to various 

insecticides. [2] Recently, the group of Bloomquist [3] reported its toxicity in certain 

mosquitoes and its activity against other insects are also well known, including whiteflies, 

thrips and planthoppers I5K (n.d.). It´s chemical structure (Fig. 1) consists of a pyridine 

ring substituted by a trifluoromethyl group in position 4, thus becoming the only member of 

the trifluoromethylnicotinamide class of insecticides. [4]  

 

Figure 1. Molecular structure and numbering for flonicamid (up) and its metabolites 

(down).𝝋1, 𝝋2 and 𝝋3 are C10‒C3‒C8‒O16, C3‒C8‒N15‒C17, H20‒N15‒C17‒H21 

dihedral angles, respectively. 
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Moreover, the pyridine-3-carboxamide (nicotinamide) group exists in many important 

compounds, i.e., in cells as nicotinamide adenine dinucleotide (NAD) and nicotinamide 

adenine dinucleotide phosphate (NADP) which are coenzymes in a wide variety of 

enzymatic oxidation–reduction reactions. Therefore, this basic structure has been the 

subject of many experimental and theoretical studies. [5-9] 

Besides, it is well known that introducing fluorine into a molecule, it will: i) improve the 

lipophilicity (in reference to hydrogen parent compound), ii) increase its stability as the 

C−F bond is much stronger than C−H, iii) modify some physical properties and chemical 

reactivity due to changes in electronic properties and iv) produce a bioisosteric replacement 

as the substitution of hydrogen by fluorine closely resemble hydrogen’s steric requirement 

for binding to an active site. [10] Moreover, investigation into the biological activity of a 

number of 5-substituted pyridalyl derivatives revealed that the trifluoromethyl group is 

essential for providing the best insecticide action. [11] Previous reports of compounds with 

insecticidal, mosquito repellent or fungicidal activity, delivered the idea that the amide 

group within the molecule may improve its stability and provide the ability to establish 

intermolecular hydrogen bonds with some biological targets. [12] 

On the other hand, it is known that continual application of pesticides generate 

environmental problems as most of them are environmental toxic and hazardous. Pesticides 

can cause the pollution of soil and water and represent a danger to human health and the 

balance of ecosystems. [13] Flonicamid is used to regulate the pest in corps of cabbage, 

cotton, wheat and potatoes. [14] It can create significant environmental issues attributed to 

its toxic and carcinogenic nature. Moreover, this pesticide has a high stability and solubility 

(5.2 g/L at 20 °C) in water. Due to this, it can create significant environmental issues. On 
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the other hand, flonicamid metabolizes and yield different degradation products, some of 

the most important are N‒(4‒trifluoromethylnicotinoyl) glycine (TFNG), 4‒

trifluoromethylnicotinic acid (TFNA) and 4‒trifluoromethylnicotinamide (TFNA-AM), as 

shown in Fig. 1. [15] Different countries such as the USA, Japan, China, and others have 

established strict limits for flonicamid and its metabolites in cultivation for human 

consumption. [1, 16, 17] This is a very important topic since these differences in normative 

between countries can cause barriers to the international trade in agricultural commodities. 

[18] As a result, many methods were developed for the detection of flonicamid and its 

metabolites in crops. Nonetheless, the information on the dissipation behaviors and 

terminal residues of flonicamid and its metabolites (TFNA, TFNA-AM and TFNG) in 

corps and soil is still scarce so far as well as its effects in human health. [19]  

In that sense, Sahu et al. [14] recently reported the chemical determination of flonicamid in 

various environmental and vegetable samples using UV–Visible and FTIR techniques 

based on the hydrolysis of flonicamid and bromination followed by a reaction with KI and 

leucocrystal violet. They concluded that the method must be validated to explore the effect 

of interfering compounds on the pesticide detection and might offer a good option to be 

introduced into real on-site applications. Consequently, counting with spectral information 

about some of the most used analytical techniques may result mandatory to contribute with 

the detection, identification, and quantification of flonicamid. To the best of our 

knowledge, there are no reports of its UV-vis spectra or X-ray diffraction data, and we 

could not find a complete assignment of the bands observed in the infrared spectra to 

completely identify this substance in all the media in which it can be found.  
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In this context, the aim of this work is to contribute with theoretically predicted structural 

parameters that may give suitable information about the geometry and properties of 

flonicamid. Thus, to have a proper insight of the structural profile of the compound, a 

detailed conformational search using 3D potential energy scan was done by varying 

selected dihedral angles and confirming its relative conformational stability. Afterwards, 

we performed a complete assignment of the bands observed in the infrared spectra and 

calculated the electronic absorption spectrum. Additionally, we implemented a careful 

reactivity study based on Molecular Electrostatic Potential, Fukui functions, dual 

descriptor, and their corresponding condensed descriptors to predict the reactivity and the 

behavior of the studied molecule in any media. Finally, we evaluated the binding affinities 

of flonicamid and three of its main detected metabolites (TFNG, TFNA, TFNA-AM) in 

culture to DNA, using docking analysis, which may exhibit a direct implication on its 

possible carcinogenic effect.  

2. COMPUTATIONAL METHODS 

The  conformational space of flonicamid was studied theoretically by systematic variation 

of all the dihedral angles using the molecular dynamic simulations module with the aid of 

the MM
+ 

force field, both available in the HyperChem package. [20] Different geometries 

in this conformational space have been generated by heating from 0 to 900 K in 0.1 ps. 

During the simulation, the temperature of annealing was kept constant by coupling the 

system to a simulated thermal bath with a bath relaxation time of 0.5 ps. The time step for 

the simulation was 0.5 fs. After an equilibration period of 10 ps, a 500 ps-long simulation 

was started saving the Cartesian coordinates at every 10 ps. These geometries were then 

optimized to an energy gradient of less than 0.005 kJ mol
−1

Å
−1

 using the semiempirical 
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method AM1, due to its demonstrated level of prediction in the theoretical study of 

geometrical and electronic characteristics of heteroaromatic compounds. [21] The as-

obtained twenty geometries were then taken as initial guess for geometry optimization and 

electronic structure calculation using a molecular-orbital approach within the framework of 

spin-polarized density functional theory [22] with a double zeta 6-31G basis set, employing 

the KS exchange along with the Vosko-Wilk-Nussair [23] parameterization of 

homogeneous electron gas data, due to Ceperley and Alder [24] for the correlation 

potential. We shall henceforth refer to this specific local spin density approach (LSDA) as 

SVWN. 

We have also carried out calculations that go beyond the LSDA and considering gradient 

corrections. In this case, we have implemented density functional theory (DFT) using 

B3LYP [25, 26] and M06‒2X [27] functionals with polarized triple-zeta 6-311+G(d,p) [28, 

29] basis set. The exceedingly popular B3LYP exchange-correlation functional mixes a 

certain amount of the exact Hartree-Fock exchange energy into the exchange and 

correlation obtained from Beckes’s exchange functional, while the M06‒2X functional was 

previously found to have a favorable trade-off between experimental accuracy and 

computational efficiency in organic compounds. [27] Moreover, the inclusion of solvation 

effects was incorporated by means of the polarized continuum model (PCM) in both DFT 

types of calculations. 

The nature of the critical points on the potential surface was determined by inspection of 

the corresponding calculated Hessian matrix. All ground-state structures were equilibrium 

states without imaginary frequencies. 
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Thus, with the lowest energy conformer obtained at B3LYP/6-311+G(d,p) level, a potential 

energy surface (PES) scan for the rotation around the C3‒C8 and C17‒N15 bonds was 

done at the same level of theory, taking steps of 30° to obtain 169 geometries 

Time Dependent Density Functional Theory (TD-DFT) has been applied to simulate the 

electronic absorption spectra of flonicamid at the B3LYP/6-311+G(d,p) level considering 

the PCM method (solvent=water) starting from the optimized geometry of the most stable 

conformer found at the same level of theory. Surfaces were generated with an isovalue of 

0.02 and visualized using the open-source molecular builder and visualization tool 

Avogadro v1.2.0. [30] 

The calculated harmonic vibrational frequencies have been scaled by 0.9613 [31] and 0.944 

[32] for 6-311+G(d,p) basis set using B3LYP and M06-2X levels, respectively. The 

calculated vibrational frequencies were assigned via potential energy distribution (PED) 

analysis of all the fundamental vibration modes by the use of the VEDA 4 program [33, 

34], which has been implemented in previous studies by many researchers. [35-38] All the 

vibrational assignments were based on the most stable conformer obtained at B3LYP/6-

311+G(d,p) level of calculations. Vibrational modes were expressed in terms of internal 

coordinates, i.e., bond-stretching (ν), angular bending (β), out-of-plane bending (ω) and 

torsion (τ) coordinates. 

With the optimized geometry at B3LYP/6-311+G(d,p) level of theory, we have calculated 

chemical reactivity parameters based upon Conceptual Density Functional Theory (CDFT). 

This methodology has been employed widely to compare the chemical reactivity of 

different types of chemical systems. Although these parameters are not physically 
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observable, they are highly successful to predict chemical reactions with rigorous 

mathematical models. Global and atomic indices of reactivity were calculated at B3LYP/6-

31G(d) level of theory using the Multiwfn package. [39] Condensed Fukui function and 

dual descriptor were calculated based on electron density and Hirshfeld charge as it has 

been demonstrated to be the best choice for evaluating the condensed Fukui function. [40] 

All the DFT and TD-DFT studies were conducted using the Gaussian 16 [41] software 

package implemented in the SEAGrid portal. [42-44] 

The coordinates and structure factors for the crystalline structure of the synthetic DNA 

dodecamer d(CpGpCpGpApApTpTpCpGpCpG) used in this study, was taken from the 

Protein Data Bank (PDB ID: 1BNA). [45]  

The three-dimensional structure of the three main metabolites of flonicamid and the control 

compound ethidium bromide were obtained from the PubChem database 

(https://pubchem.ncbi.nlm.nih.gov/): TFNG (Glycine, N-[[4-(trifluoromethyl)-3-pyridinyl] 

carbonyl]) (CID: 46835486); TFNA (4-(Trifluoromethyl) nicotinic acid) (CID: 2777549); 

TFNA-AM (4-(Trifluoromethyl) nicotinamide) (CID: 2782643) and ethidium bromide 

(CID: 14710). The most stable conformer of flonicamid found at M06‒2X/6-311+G(d,p) 

level of theory (water PCM solvated) has been used for the docking analysis. 

Docking calculations were carried out with Autodock 4.2 program, which uses Lamarckian 

genetic algorithm (LGA) for calculations.
 
[46] Number of runs was set to 200 for each 

analyzed case. The Autodock 4.2 program was applied considering all rotatable bonds for 

ligands and DNA sequence as a rigid structure. For the location and extent of the 3D area, 

the search space was defined by specifying a center, the number of points at each 

dimension and the points between spaces.  
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The grid box center coordinates corresponded to the O atom of the H2O molecule 410: x 

(11.346), y (24.175), and z (4.920). Dimensions of the grid box were 60 x 80 x 126 and a 

point spacing of 0.375 Å. 

Prior to the docking analysis, water molecules were removed from the DNA sequence. 

Polar hydrogen atoms were added and Gasteiger atom charges were assigned to DNA 

atoms. Other parameters were set to default values. 

The 200 conformers found for each compound using the Autodock program were grouped 

into clusters and ordered according to a ranking, which was determined by the stability of 

the DNA-ligand complexes within each cluster. Clustering of the 200 conformers was done 

according to their similar conformation adopted inside the DNA sequence. The criterion 

used to evaluate such similarity was the Residue Mean Quadratic Square Root Deviation 

(RMSD). These residues were obtained through the difference between the atom 

coordinates of a given conformer with respect to the cluster to which the most stable 

conformer belongs. Each cluster grouped conformers with RMSD lower or equal to 2.0 Å. 

For visualization of protein-ligand complexes the software Visual Molecular Dynamics 

1.9.1 (VMD) was used (Theoretical and Computational Biophysics Group, University of 

Illinois).  

Statistical software R (https://cran.r-project.org/) with the Rstudio IDE 

(https://rstudio.com/) was implemented for processing data. 

3. RESULTS AND DISCUSSION 

3.1.Structural analysis 
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The molecular structure of flonicamid as well as the numbering used in this article are 

summarized in Fig. 1. After the geometry optimization of the twenty conformers obtained 

at SVWN level, only eight different conformers were found, each of them differing in ± 

0.06 eV (~1.5 kcal/mol). These conformers were taken as inputs for geometry optimization 

at DFT level.  

The chemical structures of the eight conformers obtained at M06-2X/6-311+G(d,p) in 

solvent are shown in Fig. S1 (Electronic Supplementary Information), while some selected 

geometrical parameters calculated by both M06-2X and B3LYP functional with the 6–

311+G(d,p) basis set (in gas phase and solvent) are resumed in Table 1. IUPAC’s rules 

were applied to establish a denomination for the eight as-found conformers in Table 1, as 

explained in section S1. For each method, the conformer having the lowest energy was 

taken as reference to compute the relative energy of the different conformational 

arrangements. The range of relative energy was calculated as follow:            

           . In the later:        is the relative energy of conformer ―i‖,   : energy of 

conformer ―i‖ and            is the energy of the most stable conformer obtained at a given 

theoretical method. 

The N-cyanomethylcarboxamide group, bonded to the aromatic ring, contains the most 

important functional groups in the molecule, and henceforth referred to as the principal 

chain (‒R). According to our calculations, the lowest-energy conformers of flonicamid 

belong to the C1 symmetry point group.  

The conformations of the eight most stable calculated structures are properly and 

qualitatively described by the orientation of atoms/groups according to three dihedral 
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angles: φ1 (C10‒C3‒C8‒O16), φ3 (H20‒N15‒C17‒H21) and φ4 (C1‒C10‒C11‒F). A 

fourth dihedral angle φ2 (C3‒C8‒N15‒C1) exhibits the antiperiplanar (ap) conformation in 

all the calculated structure, as will be explained soon in this section. Therefore, it is not 

considered in the denomination assignment based in the conformation possibilities. Thus, a 

qualitative description based on these three dihedral angles has been used to assign a 

denomination for all the as-obtained conformers (Table 1). A detailed analysis of the 

structural properties (bond lengths and angles) was presented in section S1. 
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Table 1. Computed properties: bond lengths (d), bond angles (θ), dihedral angles (φ), given in Å and °, as well as denomination and 

energies (relative to the most stable) for the conformers obtained at different levels of theory in gas phase and solvent. 

 Conformer 1 Conformer 2 Conformer 3 Conformer 4 

 
B3LYP M06-2X B3LYP M06-2X B3LYP M06-2X B3LYP M06-2X 

 
gas  solvent gas solvent gas solvent gas solvent gas solvent gas Solvent gas solvent gas solvent 

dC2-N5 1.3326 1.3342 1.3285 1.3300 1.3344 1.3362 1.3304 1.3322 1.3345 1.3364 1.3308 1.3324 1.3344 1.3362 1.3304 1.3322 

dC11-F12 1.3438 1.3519 1.3308 1.3380 1.3660 1.3588 1.3508 1.3453 1.3663 1.3592 1.3520 1.3458 1.3467 1.3510 1.3348 1.3391 

dC8-O16 1.2154 1.2242 1.2076 1.2173 1.2182 1.2248 1.2100 1.2178 1.2182 1.2247 1.2097 1.2178 1.2181 1.2248 1.2100 1.2178 

dC8-N15 1.3714 1.3588 1.3703 1.3547 1.3664 1.3569 1.3637 1.3531 1.3676 1.3570 1.3655 1.3526 1.3664 1.3569 1.3637 1.3531 

dN15-H20 1.0089 1.0097 1.0092 1.0099 1.0085 1.0094 1.0085 1.0096 1.0088 1.0096 1.0089 1.0095 1.0085 1.0094 1.0085 1.0096 

dN15-C17 1.4549 1.4518 1.4478 1.4460 1.4531 1.4519 1.4456 1.4455 1.4537 1.4523 1.4462 1.4462 1.4531 1.4519 1.4456 1.4455 

dC17-H21 1.0947 1.0906 1.0916 1.0883 1.0946 1.0906 1.0910 1.0886 1.0920 1.0914 1.0907 1.0910 1.0921 1.0912 1.0906 1.0911 

dC17-C18 1.4665 1.4728 1.4711 1.4756 1.4678 1.4726 1.4732 1.4754 1.4684 1.4724 1.4729 1.4749 1.4678 1.4736 1.4732 1.4754 

dC18-N19 1.1524 1.1526 1.1477 1.1481 1.1524 1.1526 1.1477 1.1480 1.1523 1.1525 1.1477 1.1480 1.1524 1.1526 1.1477 1.1480 

θC3-C8-O16 122.26 121.99 122.30 122.18 120.36 120.85 120.83 121.34 120.20 120.81 120.79 121.34 120.36 120.85 120.83 121.34 

θC8-N15-H20 119.32 119.84 118.81 120.30 120.15 120.03 120.14 120.61 120.11 120.24 119.83 121.00 120.15 120.03 120.14 120.61 

θN15-C17-H21 111.15 109.31 110.92 109.41 110.93 109.26 110.27 109.33 107.14 109.57 107.74 110.32 107.24 109.45 107.93 109.96 

θC17-C18-N19 178.35 179.59 176.29 179.67 178.71 179.63 178.72 179.77 178.53 179.67 178.71 179.85 178.71 179.63 178.72 179.77 

θF13-C11-F12 106.90 106.52 107.09 106.76 106.40 106.63 106.59 106.86 106.43 106.68 106.68 106.92 107.36 107.06 107.60 107.38 

φ1 302.68 303.79 310.19 308.87 127.76 119.81 130.88 124.25 129.29 117.41 128.64 120.76 232.24 240.19 229.12 235.75 

φ2 179.75 176.41 182.09 179.72 179.53 179.57 181.53 179.90 179.65 181.99 173.85 178.33 180.48 180.43 178.47 180.10 

φ3 73.07 33.75 65.84 23.38 73.07 59.79 47.91 20.72 179.36 215.94 186.19 226.09 182.42 211.00 193.40 220.07 

φ4 262.56 261.94 259.78 260.48 254.70 256.66 256.62 257.64 254.67 256.40 258.01 258.26 225.02 223.20 223.38 222.26 

Denomin. 

(ϕ1 ϕ3 ϕ4) 

-sc 

+sc 

-ac 

-sc 

+sc 

-ac 

-sc 

+sc 

-ac 

-sc 

sp 

-ac 

+ac 

+sc 

-ac 

+ac 

+sc 

-ac 

+ac 

+sc 

-ac 

+ac 

sp 

-ac 

+ac 

ap 

-ac 

+ac 

-ac 

-ac 

+ac 

ap 

-ac 

+ac 

-ac 

-ac 

-ac 

ap 

-ac 

-ac 

-ac 

-ac 

-ac 

ap 

-ac 

-ac 

-ac 

-ac 

Relative E. 

(eV) 
0.051 0.000 0.059 0.000 0.000 0.020 0.000 0.020 0.022 0.025 0.008 0.016 0.000 0.020 0.000 0.020 
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(Table 1. Continuation…) 

 Conformer 5 Conformer 6 Conformer 7 Conformer 8 

 
B3LYP M06-2X B3LYP M06-2X B3LYP M06-2X B3LYP M06-2X 

 
gas solvent gas solvent gas solvent gas solvent gas solvent gas Solvent gas solvent gas solvent 

dC2-N5 1.3345 1.3364 1.3308 1.3324 1.3327 1.3343 1.3284 1.3300 1.3327 1.3342 1.3285 1.3300 1.3327 1.3343 1.3284 1.3932 

dC11-F12 1.3435 1.3451 1.3326 1.3337 1.3528 1.3507 1.3417 1.3397 1.3438 1.3518 1.3308 1.3380 1.3438 1.3524 1.3302 1.3382 

dC3-C8 1.5119 1.5103 1.5073 1,2178 1.5091 1.5081 1.5040 1.5025 1.5087 1.5080 1.5039 1.5019 1.5087 1.5081 1.5040 1.5025 

dC8-N15 1.3676 1.3569 1.3655 1.3523 1.3702 1.3579 1.3671 1.3532 1.3714 1.3588 1.3703 1.3547 1.3714 1.3579 1.3671 1.3532 

dN15-H20 1.0088 1.0096 1.0089 1.0095 1.0088 1.0095 1.0087 1.0094 1.0089 1.0097 1.0092 1.0092 1.0089 1.0095 1.0087 1.0094 

dN15-C17 1.4537 1.4527 1.4462 1.4462 1.4538 1.4522 1.4472 1.4463 1.4549 1.4518 1.4478 1.4460 1.4549 1.4522 1.4472 1.4463 

dC17-H21 1.0941 1.0902 1.0909 1.0882 1.0924 1.0914 1.0913 1.0914 1.0926 1.0911 1.0911 1.0907 1.0926 1.0904 1.0928 1.0884 

dC17-C18 1.4684 1.4724 1.4729 1.4749 1.4669 1.4724 1.4693 1.4745 1.4665 1.4727 1.4711 1.4756 1.4665 1.4724 1.4693 1.4745 

dC18-N19 1.1523 1.1525 1.1477 1.1480 1.1524 1.1526 1.1477 1.1480 1.1524 1.1526 1.1477 1.1481 1.1524 1.1526 1.1477 1.1480 

θC3-C8-O16 120.20 120.81 120.79 121.34 122.20 121.89 122.28 122.22 122.26 122.00 122.30 122.18 122.26 121.89 122.28 122.21 

θC8-N15-H20 120.11 120.24 119.83 120.92 119.45 120.06 119.55 120.86 119.31 119.84 118.81 120.30 119.31 120.06 119.55 120.86 

θN15-C17-H21 110.70 109.17 110.56 109.34 107.03 109.48 107.33 110.37 107.04 109.34 107.41 109.99 111.29 109.33 111.66 109.29 

θC17-C18-N19 178.53 179.67 178.71 179.85 178.71 179.75 178.62 179.91 178.35 179.59 178.28 176.67 178.35 179.75 178.62 179.91 

θF13-C11-F12 106.43 106.68 106.68 106.92 106.73 106.73 106.94 106.91 108.02 107.33 108.41 107.66 107.86 107.26 108.29 107.65 

ϕ1 230.71 242.59 231.36 239.24 300.72 301.64 309.27 308.33 57.32 56.24 49.78 51.13 59.28 58.36 50.73 51.67 

ϕ2 180.35 178.01 186.15 181.67 178.60 178.19 178.47 178.44 180.24 183.63 177.92 180.27 181.40 181.82 181.53 181.56 

ϕ3 63.07 25.74 55.24 14.43 181.07 215.35 179.59 230.19 169.28 208.14 175.61 217.33 61.46 26.29 62.08 10.31 

ϕ4 225.10 223.23 221.70 221.36 262.06 262.80 260.06 261.07 97.45 98.09 100.21 99.52 97.45 97.20 99.94 98.93 

Denomin. 

(ϕ1 ϕ3 ϕ4) 

-ac 

+sc 

-ac 

-ac 

sp 

-ac 

-ac 

+sc 

-ac 

-ac 

sp 

-ac 

-sc 

ap 

-ac 

-sc 

-ac 

-ac 

-sc 

ap 

-ac 

-sc 

-ac 

-ac 

+sc 

ap 

+ac 

+sc 

ap 

+ac 

+sc 

ap 

+ac 

+sc 

-ac 

+ac 

+sc 

+sc 

+ac 

+sc 

sp 

+ac 

+sc 

+sc 

+ac 

+sc 

sp 

+ac 

Relative E. 

(eV) 
0.022 0.025 0.008 0.016 0.037 0.002 0.046 0.011 0.051 0.000 0.059 0.000 0.037 0.002 0.046 0.011 
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Before proceeding with the reading of this article, the reader is referred to section S1 

(Supplementary Information) for a better understanding of the geometrical properties’ 

analysis. 

Table S1 exhibits the averaged structural properties for the studied molecule, which are in 

good agreement with experimental values for selected references compounds having a 

similar structure (Fig. S3). 

To establish the most stable conformations that may exhibit the studied molecule, we will 

concentrate our analysis only in the four dihedral angles that could rotate groups leading to 

different conformers. As was mentioned, these dihedrals are C10‒C3‒C8‒O16, C3‒C8‒

N15‒C17, H20‒N15‒C17‒H21 and C1‒C10‒C11‒F named as φ1, φ2, φ3 and φ4, 

respectively.  

 φ1: C10‒C3‒C8‒O16 dihedral angle: this dihedral brings information about the C=O 

with respect to the trifluoromethyl group and it is also related to the planarity between 

the carbonyl group and the aromatic ring. In a synperiplanar (sp) conformation of φ1, 

the carbonyl group is conjugated with the aromatic ring when the C=O points in the 

same direction as the trifluoromethyl group. On the other hand, if φ1 is antiperiplanar 

(ap), then the carbonyl is also conjugated with the aromatic ring but pointing to an 

opposite direction about the ‒CF3 group. Intermediate situations in which φ1 is synclinal 

(±sc) or anticlinal (±ac) broke the conjugation between the pyridine ring and the C=O 

group. If 0° < φ1 < 90° or 270° < φ1 < 360°, then both groups (C=O and ‒CF3) pointed 

in the same direction (i.e., up, as represented in Fig. 2A). On the other hand, when 90° 

< φ1 < 270°, they pointed in opposite directions (one is up and the other is down). From 

                  



~ 17 ~ 
 

the results obtained in this paper, it is clear that the C10‒C3‒C8‒O16 is not planar, 

which agrees with previous reports. [47]  

 

Figure 2. (A) Side view of the studied molecule showing aligned configuration (up) of 

C=O and ‒CF3. Synperiplanar stereochemistry for φ2 considering different arrangement for 

φ1: (B) synperiplanar and (C) antiperiplanar. R1= ‒CF3 group and R2= ‒CH2CN. 

 φ2: C3‒C8‒N15‒C17 dihedral angle: as was mentioned before, all the 32 most stable 

geometries (8 for each different method) evidenced the antiperiplanar (ap) 

stereochemistry. In this geometry, the C3 and C17 are in the same plane but pointing 

out to opposite directions. If we contrarily assume that φ2 is synperiplanar, then 

repulsion between groups must be considered, depending on the value for φ1 (Fig. 2B 

an d C). For the situation in which φ1 is also synperiplanar (Fig. 2B), a repulsion 

between the R2 group (R2= ‒CH2CN) and H9 should be observed. Otherwise, non-

favorable interactions concerning R2 and R1 (R1= ‒CF3) groups may be present for the 

antiperiplanar disposition of φ1. Therefore, the synperiplanar stereochemistry for φ2 is 

not the most stable situation for φ1 in antiperiplanar or synperiplanar conformation. A 

similar conclusion can be arrived by considering the antiperiplanar stereochemistry for 

φ2, except that repulsion between H atoms must be considered (similar as the one 
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observed between H and R2 in Fig. 2B) for φ1 synperiplanar and repulsion between H 

and R1 (in analogy to the R1 and R2 interaction in Fig 2C) for the antiperiplanar 

conformation of φ1. Thus, synclinal and anticlinal for φ1 are the only possible 

conformations observed in the eight most stable conformers, despite a loss in the 

planarity. 

 φ3: H20‒N15‒C17‒H21 dihedral angle: this dihedral gives information about the 

stereochemistry of the carbonyl and cyano group between each other. It exhibits all the 

possible conformations as can be seen from Table 1. 

 φ4: C1‒C10‒C11‒F dihedral angle: this dihedral provides evidence about the possible 

conformations of Fluorine atoms with respect to C1 atom of the aromatic ring. The 

three F atoms are equivalent for the conformational analysis, due to the rotation around 

C10‒C11 bond. Therefore, only ac conformations were evidenced in the eight most 

stable rotamers for any of the studied methods (Fig. S4). 

At this point it should be convenient to notice that the most stable conformations depend on 

the inclusion of solvent but does not depend on the functional that was implemented in 

calculations. The most stable geometries obtained in gas phase are conformers 2 and 4 

while conformers 1 and 7 turn out to be the most stable in solvent (water). 

3.2.Potential Energy Surface (PES) scan 

In addition to the trifluoromethyl group, which has been introduced in the molecule to 

potentiate its insecticide activity, flonicamid has an aromatic ring with a flexible side chain 

in which at least three different internal rotations can be identified by simple inspection 

through the molecular skeleton (Fig. 1): rotations around bonds C3‒C8, C8‒N15 and N15‒
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C17. As the O=C‒N group has an amide nature, the C‒N exhibits a partial double bond 

character. Therefore, this bond is relatively stable and thus possesses a limited flexibility in 

comparison with other bonds in the side chain. [48] Moreover, this restricted flexibility 

makes the O=C‒N‒H group planar. 

On the other hand, it has been demonstrated that the antiperiplanar conformation in φ2 is 

the only observed in the eight most stable conformers (at all levels of theory studied in this 

paper). Therefore, internal rotation around the C8‒N15 bond is not going to be considered 

for the conformational analysis. So far, only rotations around N15‒C17 and C3‒C8 have 

been scanned to study the associated Potential Energy Surface (PES).  

Rotations around the mentioned bonds correspond to variations in C10‒C3‒C8‒O16 and 

H20‒N15‒C17‒H21 dihedrals angles, which are represented by φ1 and φ3, respectively. 

The as obtained PES is shown in Fig. 3, as well as the associated PES projection. The 

potential energy surface represents an important and useful tool supporting the visualization 

and interpretation of the relationship between potential energy and molecular geometry, as 

well as the understanding of how prediction methods may locate and characterize possible 

structures of interest.  

During the calculation, all the geometrical parameters were relaxed while the φ1 and φ3 

angles were varied in steps of 30°, obtaining a 13x13 grid. The 3D-plot shows three 

maxima (M1, M2 and M3) and eight zones of minimum energy (A1, A2, A3 … A8). The 

global maximum (M1) is observed at φ1=2° and φ3 =313° (Fig. 4) with an excess of 0.56 eV 

(12.91 kcal/mol) with respect to the most stable conformer (A6).  
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Figure 3. Potential energy surface (left) considering the scan around bonds N15‒C17 and C3‒C8, corresponding to φ1 and φ3 dihedral 

angles, respectively and its corresponding PES projection (right). Energy values are relative to the global minimum.

 1 

M1 

                  



~ 21 ~ 
 

The additional energy observed in M1 can be explained considering the electronic repulsion 

that is present when all the groups in the principal side chain (‒CF3, ‒C=O and ‒CN) 

adopted a disposition such as all of them pointed in the same direction (Fig. 2A). Another 

two maxima were found: M2 corresponding to φ1=182° and φ3 =313° and M3 with φ1=272° 

and φ3 =313°. 

The different zones containing the minima follow the subsequent increasing order in 

energy: A6 < A3 < A2 < A7 < A5 < A4 < A8 < A1. The less energetic conformer was 

observed in the A6 zone for a geometry with φ1=122° and φ3 =73° (Fig. 4). From a careful 

inspection of the geometries of each minima and a comparison between the eight most 

stable conformers obtained in gas phase (B3LYP/6-311+G(d,p)), we established 

correspondences as resumed in Table 2.  

Table 2. Values for dihedral angles in different zones with minima of the PES. 

PES 

Zone 

Conformer B3LYP/6-311+G(d,p) 

in gas phase (from Table S1) 
φ1 (°) φ3  (°) 

Relative Energy 

(eV) 

A1 7 49‒70 140‒190 0.046‒0.057 

A2 3 100‒150 130‒220 0.013‒0.056 

A3 4 220‒240 155‒210 0.003‒0.030 

A4 6 280‒320 120‒230 0.035‒0.059 

A5 8 40‒80 30‒120 0.033‒0.053 

A6 2 130‒140 40‒80 0.000‒0.042 

A7 5 210‒250 15‒140 0.020‒0.045 

A8 1 290‒310 55‒95 0.045‒0.052 

Therefore, each conformer obtained with the methodology implemented in the 

conformational search (explained at the beginning of section 2.1) has its equivalent in one 

zone of the as-obtained surface for a simultaneous scan of φ1 and φ3. Therefore, it validates 

the proposed methodology for this study. The analysis for the interconversion between 

different geometries in the minima of the PES deserves special attention (Fig. 4).
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Figure 4. Maxima (up) and inter-conversion between minima (down) obtained from the PES. φ1 (blue) and φ3 (red) values.
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Table 2 resumed the range for the dihedral angles in the different zones of the PES. Starting 

from the most stable conformer A6, an anti-clockwise rotation of 60° in φ1 conduces to A5 

with a barrier of 0.050 eV (1.15 kcal/mol) and 0.017 eV (0.39 kcal/mol) in the opposite 

direction (Fig. 4). Here, energy barriers are defined as the difference between a local 

minimum and the relevant highest energy point connecting two minima in the PES map. 

On the other hand, a rotation of φ1=120° (starting from A6) produces A7 with a barrier of 

0.151 eV (0.35 kcal/mol) and 0.098 eV (2.26 kcal/mol) in the opposite direction (coming 

back from A7 to A6). Another rotation of φ1=60° leads to A8 and finally A5 for a rotation of 

φ1=120°. Respective barriers are resumed in Fig. 4. In this route, the value of φ3 was kept at 

73° while varying φ1. Therefore, this scheme involves the gradual variation of one dihedral 

in 60° or 120°, alternatively, to produce the first series of minima: A5, A6, A7 and A8. 

Another route connecting minima also involves rotations of 60° and 120° (alternatively) 

around φ1. Two values are observed for φ3: 163° and 193°. Therefore, this requires a further 

variation of two dihedrals at the same time for only once. This route connects A1, A2, A3 

and A4 as can be seen in detail in Fig. 4. It produces the second series of minima. 

Minima from the first and second series are interconnected by rotations of 90° and 120° in 

φ3, while φ1 is kept constant. 

From the PES map, those conformations having a φ3 value between 280° and 320° 

exhibited a high energy for any value of φ1 as well as geometries with φ1 in the range of 

350° and 360°/0° for any φ3 value. A torsional energy of 0.034 eV (0.79 kcal/mol) and 

0.125 eV (2.89 kcal/mol)  has been reported previously [47] for the C‒C‒C‒O torsional 

angle in benzamide. This energy has been obtained starting from the synperiplanar 
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conformation (30°) of benzamide and moving to the cis (0°) and orthogonal (90°) forms, 

respectively. Therefore, energetic barriers found in this study are in good agreement with 

previous reports. 

Moreover, for the eight most stable conformers, four of them maintain a relation of specular 

images with one of the conformers in other four zones. This situation was also reported in 

other studies. [49] The pair of zones for conformers that maintain a relation of mirror 

images are: A2/A7; A1/A8; A4/A5 and A3/A6. They can be converted between each other by 

properly rotations of φ1 and φ3 as is briefly analyzed in Section S2. 

3.3.Vibrational spectroscopic analysis 

Vibrational spectroscopy provides a potentially powerful technique for studying the 

conformational structure of organic molecules. However, it depends not only on obtaining 

IR and/or Raman spectra of such systems, but also on the ability to interpret these spectra in 

the greatest possible detail. This kind of analysis can succeed only if a secure predictive 

capability exists. In other words, experimental observations must be complemented by 

theoretical normal vibration calculations. 

In that sense, density functional methods are increasingly used by spectroscopists for 

modeling molecular properties that include equilibrium structure, vibrational frequencies, 

and intensities. The title compound is constituted by 22 atoms and hence exhibits 60 normal 

modes of vibration. The observed and calculated wavenumbers and potential energy 

distributions are discussed below. 

The experimental spectrum has been reported by Sahu et al. [14], therefore, we will not 

present the corresponding spectrum here in order to avoid repetitive information. Instead of, 
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the signals observed in the experimental spectra are compared with the calculated and 

properly scaled frequencies obtained by DFT methodology (Table 3). The calculated IR 

intensities of the final spectra were also scaled by the respective abundances of the 

individual conformers. 

Some minor discrepancies between calculated (scaled) and observed frequencies may exist 

because experimentally FT-IR spectra of the solid sample was recorded in KBr disc. In that 

case, inter-molecular interactions are present and may be considered. For this reason, we 

performed calculations based on PCM using a relative permittivity of the solvent 

continuum (εr) of 78.39 for water, to obtain a more realistic model. 

The title compound consists of a nicotinamide substituted by trifluoromethyl group in the 

pyridine ring and a cyanomethyl group bounded to the carboxamide group. Hence, the 

vibrational modes are discussed under five heads: (i) amide group vibrations, (ii) pyridine 

ring vibrations (iii) trifluoromethyl group vibrations, (iv) CH2 group vibrations and (v) 

cyano group vibrations. Stretching vibration (ν), in‒plane bending (β), out of plane bending 

(γ), torsion in‒plane (τ) and torsion out of plane (τoop) modes, respectively, were resumed in 

Table 3. 
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Table 3. Comparison of experimental infrared wave numbers (cm
‒1

) with theoretical harmonic frequencies (cm
‒1

) of flonicamid, 

scaled by 0.944 factor at the M06-2X/6-311+G(d,p) level of theory for the most stable conformer in solvent (water). 

Experimental  Calculated scaled 
Description of dominant modes in order of decreasing Potential energy distribution (PED > 10%) 

wavenumbers  Frequencies  Intensities  

3281 (m)  3449 39.44 ν NH (100) 

3062 (vw)  3067 0.87 ν CH aromatic (97) 

  3032 8.22 ν CH aromatic (95) 

3006 (vw)  3022 11.86 ν CH aromatic (95) 

2920 (w)  2993 11.14 ν as CH2 (99) 

  2937 17.34 ν CH2 (84) 

2250 (vw)  2282 4.16 ν C18N19 (91) 

1654 (vs)  1660 276.81 ν CO (86) (amide I) 

1574 (m)  1579 15.92 ν ring mode 8a (61) 

  1555 15.99 ν ring mode 8b (41) + β scissoring C3C4N5 (17) 

1538 (st)  1476 214.86 β scissoring H20N15C17 (44) + ν N15C17 (17) (amide II) 

1498 (w)  1456 63.41 ν ring mode 19a (54) + β scissoring H20N15C17 (16) 

1406 (m)  1374 18.51 β (scissoring) CH2 (85) 

1356 (w)  1369 22.41 ν ring mode 19b (67) 

1324 (vs)  1314 8.13 γ (wagging) CH2 (67) 

1290 (st)  1274 52.49 β CH mode 3 (46) 

  1268 218.12 ν CCF3 (21) + β CH mode 18a (18) + ν as CC and CN ring (14) 

1237 (st)  1242 105.13 ν ring mode 14 (29) + γ (twisting) CH2 (11) 

1195 (vs)  1222 52.49 γ (twisting) CH2 (37)+ ν ring CC and CN (35) 

  1200 55.96 β H20N15C17 (21) + ν ring CC and CN (15) + ν C3C8 (-11) + ν as C17N15C8 (10) (amide III) 

1168 (vs)  1158 21.13 β ring mode 9a (44) + β H7C2N5 (15) 

1134 (vs)  1136 90.31 β ring mode 18b (17) + ν as C17N15C8 (39) 

  1127 226.72 ν as CF3 (77) + β FCF (10) 
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  1101 201.01 ν as CF3 (60) + β FCF (11) 

1067 (s)  1045 34.60 ν ring CC and CN (42) + β H6C1C2 (13) 

1030 (s)  1032 66.46 ν C8N15C17 (-21) + ν s CF3 (-19) + β ring (scissoring) (15) 

1005 (ssh)  1018 11.96 ν C8N15C17 (17) + ν ring mode 1 (12) + β (scissoring) C17C18H21 (10) 

  969 1.35 τ H7C2N5C4 (58) 

  953 12.65 τ oop ring (40) + γ (twisting) CH2 (20) 

911 (m)  918 0.54 τ H9C4N5C2 (70) 

  869 13.15 ν C17C18 (48) + τ CH2 (29) 

843 (m)  824 34.21 τ oop ring (wagging) (71) 

794 (m)  799 7.95 β C3C8 O16N15 (30) + ν C3C8 (11) 

  763 5.10 τ ring mode 4 (65) 

746 (w)  753 0.56 ν CF3 (31) + β ring mode 4 (21) 

709 (m)  723 1.31 τ oop ring (40) + γ O16C3N15C8 (amide V) (10) 

663 (vs)  682 3.83 β ring mode 6b (27) + β O16C8N15 (amide IV) (10)  

  633 30.30 β ring mode 6a (67) 

  593 7.36 τ ring (30) + τ oop C4C3C8O16  (12)  

  585 9.49 τ ring (14) + β N15C17C18 (12) 

  566 1.82 β as CF3 (39) 

  513 3.70 τ ring (16) + β FCF (13) + β N15C17C18 (10) 

  473 3.91 β as FCF (42) + τ C20C15C8C3 (10) 

  451 57.83 τ H20N15C8C3 (72) 

  398 5.58 β FCF (66) 

  360 9.65 τ ring mode 16b (22) + ν C10C11 (13) 

  353 0.72 β C17C18N19 (63) + τ oop ring (25) 

  336 9.30 τ ring mode 16a (39) 

  305 17.10 β C8N15C17 (20) + β C10C11F12 (12) 

  281 1.05 β rock CF3 (26) + β C‒CONR (20) 

  254 0.55 τ oop ring (17) + τ C8N15C17C18 (15) 

  240 15.05 γ C‒CONR (27) + β C8N15C17 (13) + β rock CF3 (13) 

                  



~ 28 ~ 
 

  203 0.17 β C1C10C11 (15) + β C3C10C11 (14) 

  135 8.40 τ ring (44) 

  115 0.22 τ oop ring (29) + β F12C11C10C1 (11) 

  92 5.52 τ ring (32) 

  73 5.01 τ ring (48) + τ C18C17N15C8 (20) 

  61 1.78 τ C17N15C8O16 (79) + τ C18C17N15C8 (10) 

  40 5.54 τ oop O16C8C3C10 (18) + τ oop H21C17N15C20 (11)  

  33 2.47 τ CH2 (42) 

vs: very strong; st: strong; w: weak; vw: very weak; ν: stretching; s: symmetric; as: asymmetric; β: in-plane bending; γ: out of plane bending; τ: in-plane torsion; τ oop: out of plane 

torsion. PED less than 10 % is not shown. 
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3.3.1. Amide group vibrations 

The characteristics absorption bands corresponding to the amide are due to the stretching 

vibrations of the N‒H and C=O groups, NH deformations and to mixed vibrations known 

as ―amide bands‖. [50] The band in the range 3220‒3140 cm
‒1

 in secondary amides was 

assigned to the associated N‒H stretching of a cis‒bonded complex while a band in the 

range 3340‒3270 cm
‒1

 was assigned to a trans‒bonded structure. In this study, the N‒H 

stretching frequency in the experimental spectra was observed as an absorption band of 

middle intensity at 3281 cm
-1

 while the theoretical predicted value was found at 3449 cm
-1

. 

A possible explanation for this difference may be that PCM consider infinite dilute 

solutions. Thus, the calculated frequency is in good agreement with experimental values 

expected for a free N‒H stretching band of secondary amides in the range 3470‒3400 cm
‒1

 

in dilute solutions. [50] 

On the other hand, the C=O stretching (known as amide I band) was evidenced as an 

extraordinarily strong band at 1654 cm
‒1

 in the experimental spectra which agrees with the 

calculated value of 1660 cm
‒1

. In general, this band is present at 1670‒1630 cm
‒1

 and 

1670‒1630 cm
‒1

 for secondary amides in solid and diluted solutions, respectively. 

Furthermore, the amide II band in this kind of amide appears due to a mixed vibration 

involving the N‒H in‒plane bending (β) and the C‒N stretching vibration. This band was 

observed at 1538 cm
‒1

 in the experimental spectra and at 1476 cm
‒1

 in the calculated one. 

There are reports [51] indicating that the state of the secondary amide affects the location of 

this band, therefore, this effect can explain the differences between the experimental and 

calculated frequencies. 
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The amide III band was evidenced at 1195 cm
‒1

 in the experimental spectrum and at 1200 

cm
‒1

 in the calculated one. This band appears due to a characteristic mixed vibration 

involving the C‒N stretching and N‒H bending but in the studied molecule it also exhibited 

mixing with other vibrations modes. 

The amide IV band is characteristic of secondary amides, which is due mainly to the O=C‒

N bending and was observed at 663 cm
‒1

 in the experimental spectra and at 682 cm
‒1

 in the 

calculated one. On the other hand, the amide V band of secondary amides appears near 700 

cm
‒1

 and is characteristic of the N‒H out of plane deformation. The last one was evidenced 

at 709 cm
‒1

 and 723 cm
‒1

 for the experimental and theoretical spectrum, respectively. 

3.3.2. 3,4‒disubstituted pyridine vibrations 

Three bands corresponding to the C‒H stretching of the di‒substituted pyridine were found 

at 3067 cm
‒1

, 3032 cm
‒1

 and 3022 cm
‒1

 in the calculated spectra. These bands agree well 

with a very weak signal found at 3062 cm
‒1

 in the experimental spectra. 

In reference to the CC and CN ring stretching vibrations, it has been established [52] that 

the intensities of the bands in the 1620‒1400 cm
‒1

 region, for the substituted pyridines 

depend upon the electronic nature of the substituent, whereas the positions of the bands are 

relatively invariant. In this paper, we followed Wilson’s notation for the benzene ring 

modes [53], known as C‒C stretching vibrations in benzene and its derivatives. Flonicamid 

molecule contains a Nitrogen and five Carbon atoms in its aromatic ring, therefore four C‒

C and two C‒N stretching vibrations were obtained. The modes 8a, 14, 19a and 19b 

correspond to the C‒C stretching vibrations, whereas the modes 1 and 8b represent C‒N 

stretching vibrations. Modes 8a and 8b are observed at 1579 and 1555 cm
‒1

, respectively, in 

                  



~ 31 ~ 
 

agreement with previous results obtained for a 3,4-disubstituted pyridine ring. [54] The 

higher frequency has about 61 % C‒C stretching character while the lower frequency mixes 

a 41 % of the C‒N stretching mode with C
3
C

4
N

5
 bending in‒plane vibration. On the other 

hand, modes 19a and 19b are expected in the 1400‒1500 cm
‒1

 spectral range for benzene 

and its derivatives. In analogy, flonicamid molecule exhibits a higher frequency (1456 cm
‒

1
) due to a C‒C stretching mode to the extent of 54 % with a certain amount of mixing with 

H
20

N
15

C
17

 in‒plane bending vibration, whereas the lower frequency (1369 cm
‒1

) has C‒C 

stretching character to the extent of 67 % PED. 

Modes 1, 6a and 6b in benzene were refereed to vibrations of the aromatic nucleus and 

were found to be sensitive to the position and nature of the substituent in substituted 

pyridine rings. [54] In benzene, a signal at 990 cm
‒1

 has been adjudicated to mode 1 of ring 

vibration mode which consists in a pure C‒C stretching vibration, totally symmetric and 

widely separated from C‒H stretching modes. This mode has been found at 1018 cm
‒1

 in 

the calculated spectra of flonicamid, which mixes with other modes. On the other hand, 

mode 6a and 6b were found at 633 cm
‒1

 and 669 cm
‒1

, respectively. The first one mixes 

with umbrella vibration mode of trifluoromethyl group while the second one mixes with 

amide IV band.  

Mode 14 was evidenced at 1237 cm
‒1

 and 1242 cm
‒1

 in experimental and calculated 

spectra, respectively, and corresponds to Kekule’s mode in which alternate C‒C bonds 

either increase or decrease. It exhibits certain mixing with twisting of the methylene group. 

On the other hand, ring torsions were designated as modes 4, 16a and 16b in benzene and 

its derivatives. In the studied molecule, mode 4 was evidenced at 763 cm
‒1

 in which CCCC 
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torsion angles either increase or decrease and presented a 65 % PED. In mode 16a, these 

angles change in the ratio +2, -1, -1, +2, -1, -1, whereas in mode 16b, they change in the 

ratio 0, +2, -2, 0, +2, -2, as reported by Laxman Naik et al. [54] Therefore, mode 16a and 

16b were found mixed with other modes at 336 cm
‒1

 and 360 cm
‒1

 in the calculated spectra, 

respectively. 

In-plane ring bending was assigned to mode 3 which was found at 1274 cm
‒1

 and 1290 cm
‒

1
 in calculated and experimental spectra, respectively, having a 46 % PED due to C‒H in‒

plane bending character. Laxman Naik et al. [54] reported three other C‒H in‒plane 

bending vibrations, designated as mode 9a, 18a and 18b in di-substituted pyridine rings. In 

aromatic compounds, these modes generally appear in the 1000‒1200 cm
‒1

 spectral region. 

Therefore, the bands near 1158 cm
‒1

, 1268 cm
‒1

 and 1136 cm
‒1

 are assigned as 9a, 18a and 

18b modes, respectively. 

Another type of vibration is related with the bond between pyridine ring and the principal 

side chain. Laxman Naik et al. proposed that modes 7b and 13, found at 1072 cm
‒1

 and 

1305 cm
‒1

, represent the C‒C
α
 stretching vibrations in a 3,4‒disubstituted pyridine. 

Moreover, Velcheva et al. [8] reported a C‒CONH2 stretching frequency at 790 cm
‒1

 in 

nicotinamide. Therefore, frequencies observed at 1200 cm
‒1

 and 799 cm
‒1

 correspond to 

C
3
‒C

8
 stretching, which are mixed with other modes in the calculated spectra of 

flonicamid. On the other hand, in‒plane bending of the C‒CONR group was found at 281 

cm
‒1

 and out of plane bending at 240 cm
‒1

. 

3.3.3. Trifluoromethyl group vibrations 
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It has been suggested that for all the benzene derivatives containing trifluoromethyl groups, 

a broad band near 1330 cm
‒1

 appears as very intense band in the IR spectrum. [55] Thus, 

the signal at 1268 cm
‒1

 in the calculated spectra evidenced a character of 21 % of C‒CF3 

stretching mixed with other modes. On the other hand, two different CF3 asymmetric 

stretching mode has been reported at 1200 cm
‒1

 and 1197 cm
‒1

 [55] in benzene derivatives, 

in the present paper the mentioned mode was found at 1127 cm
‒1

 and 1101 cm
‒1

. 

Furthermore, CF3 symmetric stretching mode was found at 746 cm
‒1

 and 753 cm
‒1

 in 

experimental and calculated spectra, respectively, which agrees with the previous frequency 

at 740‒780 cm
‒1

 reported by some authors [55, 56]. Asymmetric deformations of CF3 

group were found at 566 cm
‒1

 and 473 cm
‒1

, while the symmetric mode was observed at 

398 cm
‒1

. On the other hand, CF3 rocking was present at 281 cm
‒1

 and 240 cm
‒1

, while 

torsion vibration was evidenced at 115 cm
‒1

, all of them in good agreement with results 

reported previously. [55, 57] 

3.3.4. CH2 group vibrations 

The CH2 asymmetric and symmetric stretching modes have been evidenced in the 

calculated spectra at 2993 cm
‒1

 and 2937 cm
‒1

, respectively. These modes are also 

observed as a weak signal in the experimental spectra at 2920 cm
‒1

. The four bending 

vibrations of methylene group: scissoring, wagging, rocking, and twisting are evidenced in 

the calculated spectra at 1374 cm
‒1

, 1314 cm
‒1

, 1222 cm
‒1

 and 953 cm
‒1

, respectively. 

3.3.5. Cyano group vibrations 

The C‒N stretching of cyano group was evidenced at 2250 cm
‒1

 and 2282 cm
‒1

 in the 

experimental and calculated spectrum, respectively. Those values are consistent with 
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previous reported frequencies in several nitrile molecules. [58] On the other hand, the 

bending mode associated with the C‒C≡N skeleton was observed at 353 cm
‒1

 which agrees 

with previous results reported for substituted nitriles. [58] 

 

3.4.Frontier Molecular Orbitals (FMO) and UV/Vis spectra 

Studying the electronic structure by UV spectral and quantum chemical methods is 

important, not only for interpretation of the spectra, but also to estimate the direction of the 

electronic density redistribution of the compounds, which is a determining factor of their 

reactivity and biological activity. The highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) are named as Frontier Molecular Orbitals 

(FMO). The gap between these orbitals supports a description of the chemical reactivity 

and the kinetic stability of the molecule. A molecule having a small frontier orbital gap is 

generally associated with a high chemical reactivity, low kinetic stability and is also treated 

as a soft molecule. [59] 

The distributions of the HOMO and LUMO orbitals computed by time dependent DFT 

(TD-DFT) at the B3LYP/6-311+G(d,p)/PCM(water) level for the title molecule are 

illustrated in Fig.  5. The calculated energy values are EHOMO = −2.54 eV and ELUMO 

= −7.93 eV. The results indicate that the studied compound exhibit 58 occupied molecular 

orbitals (MOs). Both frontiers’ orbitals exhibit approximately the same delocalization 

around the whole molecule. The title molecule has a relative high HOMO‒LUMO gap of 

5.40 eV, which may imply high kinetic stability and low chemical reactivity. [60, 61]  
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The calculated electronic absorption spectrum as well as the vertical excitation energies and 

oscillator strengths are shown in Fig. S7. It exhibits an intense peak between 140‒200 nm, 

centered at 176 nm and a less intense broad band between 210‒300 nm, centered at 248 nm. 

 

  Figure 5. Schematic diagram of MOs and transitions (each labeled with the 

corresponding coefficient) for the first excited state in the title compound.  

Therefore, flonicamid exhibit absorption in the UV spectral region. The first excited state is 

appreciated at 281 nm, related with the energy of 4.41 eV due to the electronic transitions 

in the following orbitals: 57→59 and 58→59, which correspond to HOMO‒1→LUMO and 

HOMO→LUMO, respectively. Moreover, we found that a 90.7 % of the transition for the 

first excited state is due to the electron density moving from HOMO to LUMO with a small 

 

HOMO HOMO‒1 

LUMO 

0.64 -0.28 

                  



~ 36 ~ 
 

contribution of 9.3 % from HOMO‒1 to LUMO. As can be seen in Fig. 5, it is evident that 

this transition corresponds to n→π* with the electron density moving from the principal 

chain of the molecule (which contains the most important functional groups) to the region 

of the pyridine ring and its trifluoromethyl group. The excitation energies, oscillator strengths, 

and contributing configurations for fifty excited states of flonicamid were collected in Table S2. 

3.5.Molecular electrostatic potential (MEP) 

MEP is related to the electronic density and is a useful descriptor in understanding sites for 

electrophilic and nucleophilic reactions as well as hydrogen bonding interactions. The value 

of the molecular electrostatic potential, V(r), for a molecular system at a point gives the 

electrostatic energy on the unit positive charge located at the distance r. The electrostatic 

potential V(r) is also well-established as a guide to molecular reactive behavior and for 

analyzing processes based on the ―recognition‖ of one molecule by another, as in drug-

receptor, and enzyme-substrate interactions. [62] The V(r) values can be determined 

experimentally by X-ray diffraction or by computational methods. [63, 64] In the present 

study, the MEP and a two dimensional (2D) contour map drawn in the molecular plane 

clearly suggest different values of electrostatic potential in the molecule (Fig. 6).  
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Figure 6. MEP and 2D contour map of the title compound. The maximum positive regions 

which are preferred sites for a nucleophilic attack are shown in blue; the maximum negative 

regions which are preferred sites for an electrophilic attack are shown in red. 

Negative regions associated with N5, O16 and N19 suggested that these are the most 

preferred regions for electrophilic attack. On the other hand, the most positive regions are 

localized on the following hydrogen atoms: H6, H7, H20, H21 and H22, therefore one can 

predict that these are preferred site for a nucleophilic attack. We will demonstrate that these 

active regions in the molecule are uniformly supported by other reactivity descriptors like 

Fukui functions, dual descriptor and their corresponding condensed versions and sustained 

the molecular interaction of flonicamid with biological targets, as will be explained in the 

following sections. 

3.6.Fukui functions and dual descriptor 

The chemical reactivity is often studied by using the Fukui functions [65] and the dual 

descriptor (  ( )). If   ( ) > 0, then the site is favored for a nucleophilic attack, whereas 

if   ( ) < 0, then the site could hardly be susceptible to undertake a nucleophilic attack, 

but it may be favored for an electrophilic attack. Readers are referred to section S5 for a 

theoretical background. 

Often, one prefers to associate molecular properties like chemical reactivity with atomic 

entities in the molecule and not with a certain point in space. This means one needs to 

somehow identify an atom in the molecule. In that sense, Fukui functions are often 

condensed to atomic resolution. The Fukui functions   
  and   

  describe the ability of an 
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atom ―k‖ to accommodate an extra electron or to cope with the loss of an electron. On the 

other hand,   
  is then considered as an indicator for radical reactivity. 

Therefore, seeking to unambiguously identify the reactivity behavior of the considered 

molecule, we studied the   ( )   ( )   ( ) and   ( ) global descriptors. These are 

represented in Fig. 9 and we have chosen to display in purple the zone with ∆f(r) > 0 and in 

yellow the areas with ∆f(r) < 0. Thus, Fig. 7 represents a map of the 

nucleophilic/electrophilic behavior of the different sites within the molecule.  

We evidenced that region where   ( ) > 0 and   ( ) < 0 are predominant around N5 and 

O16, which clearly indicate the nucleophilic character of the zones due to its rich electron 

density and consequently, attracting to electrophiles.  Small purple and yellow lobes related 

with   ( ) and   ( ), respectively, are also present in N15, N19 and in the pyridine ring, 

principally at positions adjacent to N5 (C2 and C4) in the aromatic ring.  

On the other hand, region having   ( ) > 0 and   ( ) > 0 are considered as electrophilic 

centers and are represented as purple lobes in the respective diagrams (Fig. 7). The purple 

lobes are principally located along the aromatic ring, which was expected having in mind 

that pyridine should be considered as a deactivated ring to electrophilic aromatic 

substitution, even more, if one considers the presence of the electron withdrawing 

trifluoromethyl group. Therefore, having in mind this behavior and considering that the ‒

CF3 group attracts electron density from C10, we propose that flonicamid’s ring may 

exhibit the classical behavior of an activated ring (as for some pyridines) in a nucleophilic 

aromatic substitution. On the other hand, it should exhibit the corresponding behavior in 

electrophilic aromatic substitutions. 
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On the other hand, the   ( ) identifies some zones primarily located close to the pyridine 

ring and O16 and are supported by condensed Fukui functions and condensed dual 

descriptors as can be seen from Fig. 7 and Table S3.
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Figure 7. Isosurfaces of the Fukui functions (f
+
(r),

 
f
‒
(r), f

0
(r)) and dual descriptor (Δf(r)) for the most stable conformer of 

flonicamid in gas phase. Fukui functions are monophasic functions (purple-colored lobes only), being positive and reveal site of 

electrophilic, nucleophilic, and radical behavior, respectively. Dual descriptor is a biphasic function, so that purple-colored 

lobes indicate electrophilic behavior, denoting Δf(r) > 0, meanwhile yellow-colored lobes reveal nucleophilic behavior, 

associated to Δf(r) < 0. All isosurfaces were generated at a 0.003 a.u. at the B3LYP/6-31G(d) level of theory. The numbers 

represent condensed Fukui functions and condensed dual descriptors. 
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The obtained results for condensed Fukui functions and condensed dual descriptors are 

shown as numbers for selected atoms in Fig. 7. A complete list of the condensed Fukui 

functions and condensed dual descriptors is also presented in Table S3 as electronic 

supplementary information associated to this paper. From the calculated values, the 

reactivity order for the electrophilic attack is N5 > C2 > N19 > C1 > C4 > N15 > H7 > C8 

> C3 > H6 > C10 > H9 > H21 > H20 > F13 > F12 > C17 > F14 > C18 > H22 > C11.  

On the other hand, for the nucleophilic attack, the order is C2 > C10 > C3 > O16 > H7 > 

C1 > C4 > N19 > F12 > H6 > H9 > C8 > C11 > F14 > F13 > H21 > N15 > C17 > H22 > 

H20 > C18.  

Positions of reactive electrophilic and nucleophilic sites are in accordance with the 

chemical behavior and are consistent with regions of the molecular electrostatic potential 

and the analysis considering   ( )    ( ) and   ( ). 

3.7.Docking study 

3.7.1. Selection of conformers 

Frequency (number in cluster) vs. Gibbs free energy of conformers were first plotted for 

each compound with the specific target DNA sequence (Fig. 8). Then, the best 

conformation interaction for each ligand with DNA sequence was selected considering the 

following criteria: clusters with highest frequencies, clusters with lowest Gibbs free 

energies (Table 4). From the histogram data, the clusters with the lowest energy conformers 

and the clusters with the highest frequency conformers do not always coincide. Different 

studies revealed that most probable conformations (belonging to the most populated 

cluster), generally correspond to the conformations that are experimentally observed in the 
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ligand-macromolecule complexes. This is due to the lack of precision in the calculation of 

interaction energy between the ligand and the macromolecule.  

 

Figure 8. Cluster analysis of conformations. Frequency (number of conformers in clusters) 

of each compound after 200 runs considering the binding energy of conformations 

corresponding to the docking of flonicamid, TFNG, TFNA, TFNA-AM and ethidium 

bromide with DNA sequence 1BNA (interactive figure has been included as electronic 

supporting information). 

The implemented force fields estimate the free energy using a single conformation of the 

macromolecule-ligand complex, so that the conformational entropy of the system is 

considered.  
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Finally, different studies indicated that the most populated clusters are those with favorable 

entropy for the formation of the macromolecule-ligand complex. Consequently, the 

conformations adopted in said clusters coincide with the binding modes observed 

experimentally in most cases. [45, 46, 66-68] 

Flonicamid, TFNA, TFNA-AM and TFNG showed 9, 7, 19 and 28 clusters respectively on 

other hand ethidium bromide showed 8 clusters. Both flonicamid, TFNA and ethidium 

bromide showed a similar conformational dispersion, given by the clusters number, and 

similar affinities for the 1BNA sequence. Finally, TFNG and TFNA-AM also showed 

favorable binding energies for interaction with the 1BNA sequence but with lower affinities 

(Fig. 8 and Table 4). The chemical structure of three main metabolites of flonicamid are 

presented in Fig. S8. 

Table 4. Lowest and Mean binding energy (ΔG, in kcal/mol), number of selected cluster 

and corresponding frequency calculated for the interaction between DNA sequence 1BNA 

and different ligands. 

Compound 
Lowest binding energy 

(ΔG kcal/mol) 

Mean binding energy 

(ΔG kcal/mol) 

Number in cluster 

(Frequency) 

Conformation-

interaction 

cluster n° 

Flonicamid -8.36 -8.35 130 1 

TFNG -4.02 -3.65 67 6 

TFNA -7.88 -7.87 55 1 

TFNA-AM -4.50 -4.38 57 5 

Ethidium bromide* -8.17 -8.06 94 4 

* DNA intercalant compound control 

3.7.2. Analysis and discussion of the molecular interactions 

All the tested compounds bounded to the 1BNA DNA sequence. Fig. 9 shows the specific 

sites where the compounds flonicamid, ethidium bromide and TFNA are binding, which 

showed the best affinities for the selected DNA sequence.  
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Figure 9. Three-dimensional (3D) molecular interaction of the compounds: flonicamid 

(purple), ethidium bromide (orange) and TNFA (green) with DNA sequence 1BNA. 

Flonicamid interacts through 6 hydrogen bonds with residues: guanine10 (2.91Å), citosine9 

(3.00Å), guanine16 (2.99Å), adenine17 (2.15Å) and adenine18 (2.33 and 3.10Å) (Fig. 10a). 

At this point, it is important to note that sites from the molecule related with these 

interactions are those observed in the Molecular Electrostatic Potential, analyzed previously 

in the section 3.5.  On the other side, ethidium bromide interacts through 3 hydrogen bonds 

with residues: adenine18 (2.07Å), timine19 (3.05Å) and timine7 (2.15Å). It also showed a 

strong electrostatic interaction of the quaternary nitrogen attached to the ethyl group with 

the phosphate group of thymine20. Moreover, it exhibited hydrophobic interactions with 

other two DNA residues, adenine17 and citosine9 (Fig. 10b). 

Flonicamid was classified as an agent for whom the weight of evidence is suggestive of 

carcinogenicity by various reports. [14, 69] In this study we are able to demonstrate that 

flonicamid binds with a similar affinity to that of the intercalating control compound 

ethidium bromide (-8.36 and -8.17 kcal/mol respectively). It also binds to the same region 

of the DNA 1BNA sequence (Fig. 10).  
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Figure 10. Three-dimensional (3D) molecular interaction of compounds: a) flonicamid and 

b) ethidium bromide with the DNA 1BNA sequence. Atoms: C (light blue), O (red), N 

(blue); H (white) and P (brown). The black dotted lines indicated Hydrogen bond and the 

red dotted lines indicated electrostatic interactions. Residues: A (adenine), T (timine), G 

(guanine) and C (citosine). 

On the other hand, the TNFA metabolite (‒7.88 kcal/mol) binds in a region of DNA close 

to flonicamid and ethidium bromide. The compound flonicamid and its TNFA metabolite 
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are the most worrying in terms of the high binding energies that they present. Despite this, 

the other two metabolites, TFNG and TFNA-AM, also demonstrated a certain affinity to 

the 1BNA sequence. The dissipation behaviors and the terminal residues of flonicamid and 

its metabolites in some crops and soils remain unclear.  

The presence of flonicamid and its metabolites varies according to the crop and climatic 

conditions, for example a half-life time of 2 ‒ 7 days was established for flonicamid and its 

metabolites in cabbage crops. [19]  In another study it was shown that the risk, in the case 

of TFNG and flonicamid, was especially high, indicating that there is a certain intake risk 

of flonicamid in tea for human consumption. [16] The large-scale use would generate its 

accumulation and its possible effects as carcinogenic agents in humans are yet unknown. 

4. CONCLUSIONS 

Flonicamid is an insecticide that acts rapidly and is considered as the only member of a new 

class of pesticides due to its special chemical structure. Therefore, a deep knowledge of its 

structural parameters as well as some related physicochemical aspects are mandatory. The 

potential reactivity of this compound has been revealed from the calculated structural 

properties, spectroscopic data, and reactivity results. The conformational search for 

flonicamid showed eight most stable conformers at M06-2X/6-311+G(d,p) level of theory, 

considering calculations with solvent (water) implemented by PCM. The molecular 

structure of flonicamid could exhibits conformational isomerism due to four dihedral 

angles. One of them is related with the rotation of groups around the C‒CF3 bond for which 

the (±ac) conformation was always observed in the as-obtained conformers. A second 

dihedral angle is associated with the conformation of the amide group, which is not 

completely rotational-free due to the double bond character of the C‒N bond. Therefore, 
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the eight most stable conformers exhibited the trans stereochemistry around this bond. The 

other two dihedral angles are C10‒C3‒C8‒O16 and H20‒N15‒C17‒H21 for which a 

simultaneous scan leads to eight areas of minimum energy in the Potential Energy Surface 

of the molecule. On the other hand, these results perfectly agree with the fact that each of 

the eight molecular geometries found in the conformational search belongs to one of these 

zones of minimum energy, validating the implemented methodology. 

Vibrational modes were assigned to the 60 calculated vibration frequencies and the 

calculated IR frequencies at B3LYP/6-311+G(d,p) and M06-2X/6-311+G(d,p) agrees well 

with the experimental spectrum reported previously.  

The electronic absorption properties of flonicamid indicated that this molecule is active in 

the UV region, showing two predominant signals in the respective spectrum. The less 

energetic electronic transition (4.41 eV) can be attributed to a n→π* transition composed 

by two electronic excitations from HOMO to LUMO and from HOMO-1 to LUMO. 

On the other hand, the Molecular Electronic Potential, the   ( ) and   ( ), altogether 

predicted the electrophilic attack predominantly around the N5 and O16 region, and 

secondarily in N15, N19 and the pyridine ring (at positions C2 and C4). Any other way, 

  ( ) and   ( ) predicted a nucleophilic attack along the aromatic ring, in respective sites 

for a nucleophilic aromatic substitution, according to the classical behavior of pyridine and 

other deactivated rings (deactivated for the electrophilic aromatic substitution). These 

results are also sustained by the corresponding condensed Fukui functions and condensed 

dual descriptors. 
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Finally, the docking results suggested strong DNA bindings for flonicamid and TFNA to 

the DNA, through hydrogen bonding and hydrophobic interactions. This suggests that there 

is a need to experimentally evaluate this pesticide and its main metabolites as possible 

carcinogens compounds. The DNA intercalant compounds generate DNA direct mutations. 

This work also shows that the affinity energy of flonicamid to DNA is like the one for 

ethidium bromide, which represents a danger for human health, Due to this and considering 

that flonicamid is usually spread outdoors in crops, the monitoring and promotion of its 

safety use among workers exposed to flonicamid herbicide, should be considered as a 

prudential practice, particularly for farmers and professional sprayers. Therefore, it is also 

mandatory and necessary to carried out studies on the risks of developing cancer from 

exposure to this pesticide and its metabolites. 

SUPPLEMENTARY MATERIAL 

Supplementary material related to this article can be found in the online version. 
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