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ARTICLE INFO ABSTRACT

Keywords: A herbicide fentrazamide which is a chemical class tetrazolinone derivative was studied by using FT-IR, 'H- and
Fentrazamide 13C-NMR (in chloroform-d) and UV-Vis. (in acetonitrile) spectroscopic techniques. To support the experimental
DFT/B3LYP

spectral data and to uncover electronic structure properties, the compound was theoretically modeled at the
DFT/B3LYP method with the 6-311++G(d,p) basis set. The molecular structural parameters (bond lengths and
angles) and harmonic vibrational wavenumbers were obtained in the gas phase at the ground state of the
compound. Theoretical NMR chemical shifts were investigated with GIAO method. The intra-molecular elec-
tronic transition features were detailed with the help of the computational UV-Vis. spectral and HOMO-LUMO
analyses. The presence and species of the intra-molecular hyperconjugative interactions were studied by NBO
study. Moreover, the natural and Mulliken atomic charges were determined with the computational method. The
electrophilic and nucleophilic reactive attack sites of fentrazamide were determined with the theoretical simu-
lation of its MEPS surface map. To gain insight into the NLO behavior of fentrazamide, the polarizability (a) and
hyperpolarizability (j for first-order and y for second-order) values were calculated at the static and dynamic (@

Molecular structure
Molecular spectroscopy
Electronic properties
NLO response

= 532 nm and 1064 nm) states. The thermodynamic profile of the compound was theoretically analyzed.

1. Introduction

In agriculture, one of the most important issues for grain producers is
to improve the quality of the crop and increase the yield. According to
2012 data, the rice is the second largest produced grain plant in the
world since it is a principal food for over 60 % of the world and 70 % of
Indian population [1]. However, we can easily state that the weeds such
as sedges, barnyards, various grasses in paddy rice cultivation or in
transplanted rice give rise to reduce the rice production very seriously
[2-5]. Undoubtedly, in the face of this situation, the use of herbicide was
inevitable against the weeds which are a main threat for rice producers.
However, instead of the old known herbicides, a novel and safer her-
bicide with more effective and eco- friendly and used in low doses was
preferred to develop. In this framework, the fentrazamide (or
4-(2-Chlorophenyl)-N-cyclohexyl-N-ethyl-4,5-dihydro-5-oxo-1H-te-
trazole-1-carboxamide, IUPAC name; 4-(2-chlorophenyl)-N-cyclohex-
yl-N-ethyl-5-oxotetrazole-1-carboxamide) = was  discovered and
developed by Bayer AG and Nihon Bayer Agro-chem [6-9]. The fen-
trazamide is still called rice herbicide with a new chemical structure
[10]. The potential of fentrazamide as a herbicide, along with its
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molecular structure, effects on weed control in rice fields, comparisons
with existing herbicides and environmental safety factors have been
revealed through laboratory tests and field trials [11,12]. These aspects
highlight its agricultural relevance and sustainability. Fentrazamide has
emerged as a focal point in agricultural research, particularly due to its
effects on aquatic plants and rice ecosystems. On the other hand, the
investigations on the phytotoxic symptoms of fentrazamide also indicate
the property of inhibiting cell division [13-16]. Lim et al. [17] investi-
gated the processes of absorption, translocation and metabolism of this
compound in rice and early watergrass, highlighting its potential ben-
efits in crop protection practices. Furthermore, in another study, they
investigated the effect of the compound on protein metabolism and cell
division, which is critical for understanding its role in plant growth and
development [13]. Additionally, Goto et al. [18] addressed the advan-
tages of fentrazamide compared to other herbicides and discussed se-
lection criteria, contributing to the development of effective pest
management strategies. Together, these studies underscore the signifi-
cance of fentrazamide not only as an effective herbicide but also as a
component that influences plant metabolism, thereby laying the
groundwork for sustainable agricultural practices. Consequently,
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fentrazamide is a vital subject of research in agricultural science, of-
fering insights into both its efficacy and potential applications. Tandon
et al. [19] have investigated how fentrazamide dissipates in soil under
anaerobic conditions, how long it persists, and how microbial metabolic
reactions affect the degradation process of this chemical. Similarly, they
studied demonstrating how fentrazamide degrades in soil under aerobic
conditions, showing that microorganisms work more efficiently to break
down this chemical more rapidly [20]. Both studies highlight the impact
of fentrazamide on soil quality and ecosystem health, which is crucial for
environmental sustainability. Therefore, understanding the behavior of
fentrazamide in soil is important for ensuring its safe and effective use in
agricultural practices.

We focus on a herbicide fentrazamide by examining both experi-
mentally (using spectroscopic techniques) and theoretically (by quan-
tum chemical calculation methods) since there is no its study in the
literature up to now with our best knowledge. Therefore, at this present
work, the experimental characterization of fentrazamide were per-
formed with help of the vibrational (FT-IR), 4. and 3C-NMR and
UV-Vis. electronic absorbance spectroscopies, while the computational
analyses on the optimize molecular geometry, vibrational wavenumbers
and their assignments, proton and carbon-13 NMR chemical shift data,
UV-Vis. spectral parameters, HOMO-LUMO energies and simulations,
NBO analysis, natural and Mulliken atomic charges, molecular electro-
static potential (MESP) surface, static and dynamic NLO response and
thermochemical investigation were carried out at the B3LYP/
6-311++G(d,p) level of the theory.

2. Experimental details

Fentrazamide compound, which is used as a herbicide, was pur-
chased from a commercial company (Sigma-Aldrich, 99.8 %) and was
used without any further purification operation. For the compound at
solid powder form, the Perkin-Elmer Spectrum Two FT-IR Spectrometer
was used to record Fourier Transform Infrared (FT-IR) spectrum in the
region of 400-4000 cm L. The spectral resolution of FT-IR spectrum is 2
em ™. To obtain the carbon-13 and proton NMR chemical shift spectra,
the fentrazamide was dissolved in chloroform-d. The NMR spectral
measurements were performed using Bruker Biospin-Avance III 400
MHz NMR spectrometer. The NMR chemical shift spectra were obtained
at 100 MHz (for carbons) and 400 MHz (for protons) in ppm relative to
tetramethylsilane (TMS). The UV-Vis. spectrum of fentrazamide dis-
solved in acetonitrile was recorded on a UV-6100 Dual Beam Spectro-
photometer in the spectral range 190-1100 nm with a spectral
bandwidth of 2 nm.

3. Computational details

Theoretical modeling on the optimized molecular structure features,
vibrational wavenumbers, NMR chemical shifts, UV-Vis. spectral pa-
rameters, HOMO-LUMO simulations, NBO analysis, atomic charges,
static and dynamic non-linear optical (NLO) quantities and thermo-
chemistry investigation of fentrazamide were achieved with the DFT/
B3LYP/6-311++G(d,p) computational level [21,22]. The Gaussian 09
W [23] and GaussView5 [24] softwares were used for the quantum
mechanical computations and their visualizations, respectively. The
theoretical harmonic vibrational frequencies were scaled with 0.983
(below 1700 cm™1) and 0.958 (above 1700 cm ™) [25]. The vibrational
assignments for these wavenumbers were analyzed with the VEDA4xx
software [26,27]. To compute the NMR and UV-Vis. spectroscopic data,
the structural geometry of fentrazamide was re-optimized in chloroform
and acetonitrile solvents with the IEFPCM solvation model [28],
respectively. Based on the optimized structural geometric forms, the
carbon-13 and proton NMR chemical shift values and UV-Vis. spectral
parameters were computed by the GIAO and TD-DFT methods [29-32].
The HOMO-LUMO simulations were investigated within acetonitrile.
The intra-molecular hyperconjugative interactions were revealed by
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NBO study. Mulliken and natural charges were investigated in the gas
phase of the compound. The MESP surface was mapped to determine the
electrophilic and nucleophilic reactive attack sites of fentrazamide. The
polarizabilities (a), first-order hyperpolarizability () and second-order
hyperpolarizability (y) quantities at the static and dynamic (o = 532
and 1064 nm) states were theoretically obtained to evaluated the NLO
response of fentrazamide. The numerical analysis of the computed po-
larizabilities was performed with the Multiwfn software [33]. Finally,
the thermochemistry study was performed under the standard condi-
tions in the gas phase of the molecule.

4. Results and discussion
4.1. Optimized molecular structure analysis

In order to determine the most stable conformational form of fen-
trazamide, the scan or potential energy surface (PES) analysis was per-
formed with the HF/LanL2DZ computational level. The C4-C3-N24-N23
(6 steps, 60°), C1-N21-C2-N20 (24 steps, 15°) and N21-C2-N20-C10 (9
steps, 45°) dihedral angles were determined as scan coordinates. The
total molecular electronic energy value for the most stable conforma-
tional form is —1053.814149 Hartree. The PES formed for fentrazamide
were depicted Figure S1 (Supplementary Material). By using the initial
structure coordinates of the most stable conformational form, the re-
optimized molecular geometry and geometrical parameters of fen-
trazamide were determined with the B3LYP/6-311++G(d,p) compu-
tational level. The optimized molecular structural form depicted in
Fig. 1 of fentrazamide has total molecular electronic energy of
—1506.438755 Hartree. The optimized geometrical data (bond length
and angles) were given in Table 1. The bond lengths within 5-oxotetra-
zole group of fentrazamide were computed as 1.2099 A for the C1=019,
1.2617 A for the N22=N23, 1.3702/1.3729 A for the N23-N24/N21-
N24 and 1.3925/1.3956 A for the C1-N24/C1-N21. In the literature,
similar theoretical geometrical data were recorded at the B3LYP/
6-31G* level for two nitrogen-rich energetic materials 1,4-diaminote-
trazol-5-one (DATO) and 1,4-dinitrotetrazol-5-one (DNTO) [34].
Moreover, the experimental and computational structural results of
some compounds based on tetrazol-5-one in the literature are in a good
agreement with the geometric data of the same molecular group within
our compound [35-37]. The C2=018 and C2-N20 bond lengths within
the carboxamide group were found at 1.2115 A and 1.3502 A in our
computations, respectively. The bond lengths between atoms bonded to
the carbon and nitrogen atoms in this group were calculated as 1.4675 A
for the C2-N21, 1.4828 A for the C10-N20 and 1.4783 A for the
C16-N20. The C3-N24 bond length connecting 5-oxotetrazole and
2-chlorophenyl rings was calculated as 1.4204 A. Among the molecular
bonds of fentrazamide, the longest bond belongs to the C4-Cl9 with a

Fig. 1. The optimized molecular structure of fentrazamide.
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Table 1
The optimized molecular structure parameters of fentrazamide.

Bond lengths Calc. Bond angles Calc. Bond angles (°)  Calc.

(A) ©)

C1-019 1.2099  019-C1-N21 129.96  C14-C13-H35 109.33

C1-N21 1.3956  019-C1-N24 129.58  H34-C13-H35 106.50

C1-N24 1.3925  N21-C1-N24 100.46  C13-C14-C15 111.82

C2-018 1.2115  018-C2-N20 126.00 C13-C14-H36 109.51

C2-N20 1.3502  018-C2-N21 118.27  C13-C14-H37 110.43

C2-N21 1.4675  N20-C2-N21 115.72  C15-C14-H36 109.10

C3-C4 1.3987  C4-C3-C8 119.63  C15-C14-H37 109.50

C3-C8 1.3946  C4-C3-N24 120.99  H36-C14-H37 106.32

C3-N24 1.4204  C8-C3-N24 119.38  C10-C15-C14 110.75

C4-C5 1.3917  C3-C4-C5 120.19  C10-C15-H38 108.99

C4-Cl9 1.7488  C3-C4-Cl9 120.64  C10-C15-H39 109.86

C5-Cé 1.3919  C5-C4-Cl9 119.16  C14-C15-H38 110.55

C5-H25 1.0822  C4-C5-Cé 119.70  C14-C15-H39 108.88

C6-C7 1.3936  C4-C5-H25 119.40  H38-C15-H39 107.76

C6-H26 1.0837  C6-C5-H25 120.90 C17-C16-N20 114.07

C7-C8 1.3901 C5-C6-C7 120.45 C17-C16-H40 109.65

C7-H27 1.0831 C5-C6-H26 119.33  C17-Cl6-H41 110.54

C8-H28 1.0831 C7-C6-H26 120.22  N20-C16-H40 107.59

C10-C11 1.5388  C6-C7-C8 119.72  N20-Cl6-H41 107.20

C10-C15 1.5391 C6-C7-H27 120.40  H40-C16-H41 107.55

C10-N20 1.4828  C8-C7-H27 119.88  C16-C17-H42 111.65

C10-H29 1.0895  C3-C8-C7 120.31 C16-C17-H43 110.70

Cl1-C12 1.5373  C3-C8-H28 118.63  C16-C17-H44 109.35

C11-H30 1.0962  C7-C8-H28 121.06  H42-C17-H43 108.85

C11-H31 1.0942  C11-C10- 111.41  H42-C17-H44 108.07
C15

C12-C13 1.5346  C11-C10- 112.03  H43-C17-H44 108.12
N20

C12-H32 1.0944 C11-C10- 107.06  C2-N20-C10 125.55
H29

C12-H33 1.0975  C15-C10- 112.20  C2-N20-Cl6 115.05
N20

C13-C14 1.5343  C15-C10- 107.57  C10-N20-C16 119.40
H29

C13-H34 1.0946  N20-C10- 106.19  C1-N21-C2 127.40
H29

C13-H35 1.0979  C10-Cl11- 110.70  C1-N21-N22 110.88
C12

C14-C15 1.5365 C10-Cl1- 109.83  C2-N21-N22 118.16
H30

C14-H36 1.0969  C10-C11- 109.65  N21-N22-N23 108.86
H31

C14-H37 1.0942 Cl2-Cl11- 109.05  N22-N23-N24 108.61
H30

C15-H38 1.0913  C12-Cl11- 110.45  C1-N24-C3 127.13
H31

C15-H39 1.0967  H30-Cl1- 107.08  C1-N24-N23 111.03
H31

Cl6-C17 1.5304 Cl11-C12- 111.76 ~ C3-N24-N23 121.63
C13

C16-N20 1.4783  Cl1-Cl2- 109.55  C4-C3-N23- 111.25
H32 N24

C16-H40 1.0917  Cl11-C12- 109.19  C1-N21-C2- 73.69
H33 N20

Cl6-H41 1.0896  C13-Cl2- 110.50  N21-C2-N20- 2.92
H32 C10

C17-H42 1.0919 C13-Cl2- 109.31  N21-C2-N20- -176.73
H33 Cleé

C17-H43 1.0903  H32-Cl12- 106.38  C2-N20-C10- 120.24
H33 Cl11

C17-H44 1.0939  C12-C13- 111.25  C2-N20-Cl6- —-76.50
Cl14 C17

N21-N22 1.3702  C12-C13- 110.10  019-C1-N21- —18.20
H34 C2

N22-N23 1.2617  C12-C13- 109.23  N22-N21-C2- 50.16
H35 018

N23-N24 1.3729  C14-C13- 110.31  N21-N22-N23- 1.67
H34 N24

value of 1.7488 A. Other long bond formations occurred between the
C—C bonds of N-cyclohexyl and N-ethyl groups at values of
1.5346-1.5391 A and 1.5304 A, respectively, respectively. The C—C
bond lengths within 2-chlorophenyl rings were found at the interval of
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1.3901-1.3987 A The C4-C3-N23-N24, C1-N21-C2-N20,
N21-C2-N20-C10, N21-C2-N20-C16, C2-N20-C10-C11 and
C2-N20-C16-C17 dihedral angles were obtained at values of 111.25°,
73.69°, 2.92°, —176.73°, 120.24° and —76.50°, respectively.

4.2. Vibrational wavenumbers analysis

The vibrational bands of fentrazamide were studied by the experi-
mental FT-IR spectroscopy and the computational harmonic wave-
numbers analyses. The experimental vibrational frequencies, calculated
wavenumbers and IR intensities and their corresponding vibrational
assignments were summarized in Table 2. The measured and simulated
IR spectra were depicted in Fig. 2. Both IR and Raman modes are active
for all 126 vibrational motions (3N-6) of fentrazamide (N = 44 atoms),
which has the lowest symmetry C; point group.

The aromatic compounds with the sp? hybrid cause vibrational
bands in 3000-3100 cm ! region due to the CH stretching modes, while
the methylene and methyl groups in aliphatic and sigma-bonded ring
structures with the sp® hybrid give symmetric and asymmetric stretching
vibrations in the region below 3000 cm ™! [38-41]. In our study, the
weak intensity absorption bands observed at 3047, 3073 and 3101 cm ™!
in the experimental IR spectrum of fentrazamide were attributed to the
CH stretching modes in the 2-chlorophenyl ring. The computed values
corresponding to these bands were found to be 3045.1, 3067.3 and
3072.2 cm L. Similarly, the methylenes and methyl within N-cyclohexyl
and N-ethyl groups of fentrazamide gave vibrational absorption bands at
2856, 2879, 2933, 2969, 2986 and 3000 cm ™! as the experimental and
2873.6, 2909.7, 2924.9, 2969.7, 2976.4 and 3000 cm ! as the compu-
tational. The in-plane and out-of-plane bending vibrational modes of the
2-chlorophenyl were found at 1439 (exp.)/1450.1 (calc.), 1261
(exp.)/1257.1 (calc.), 1178 (exp.)/1167.9 (calc.), 1146 (exp.)/1164.9
(calc.) and 1136 (exp.)/1133.0 (calc.) em™! and 963 (exp.)/952.8
(calc.), 958 (exp.)/943.9 (calc.), 863 (exp.)/862.7 (calc.) and 756
(exp.)/761.9 (calc.) cm_l, respectively. The scissoring (8s), wagging (w),
twisting (t) and rocking (p) modes of N-cyclohexyl and N-ethyl groups
were listed in Table 2.

The compounds containing carbonyl group (C = O) strong generate
vibrational absorption bands in the region of 1740-1870 cm~! [38-41].
The 5-oxotetrazole and 1-carboxamide groups in our compound formed
the strong absorption bands at 1706 and 1751 cm ™! in the experimental
FT-IR spectrum due to the C1=019 and C2=018 stretching modes,
respectively. The computed wavenumber values were found at 1732.1
em! (PED-82 %) for the C1=019 stretching mode and 1695.8 cm !
(PED-79 %) for the C2=018 one. The N22=N23 stretching band within
5-oxotetrazole group was obtained at 1452 cm ™! as the experimental
and 1459.7 cm ™! with contribution 67 % of PED as the computational.
The CN and NN stretching vibrational modes in the same group were
experimentally obtained at 958, 1122, 1146 and 1178 cm ™ in combi-
nation with each other and other vibrational bands, while they were
theoretically computed at 943.9, 1111.3, 1164.9 and 1167.9 cm™*. The
C=0, NN and CN vibrational frequency values obtained for this group in
the experimental and computational studies of some molecular systems
containing tetrazol-5-one (5-oxatetrazole) group in the literature are in
agreement with the values presented in our study [34-37,42]. The CaNgg
stretching band in the 1-carboxamide group appeared at 1422
(exp.)/1420.50 (calc.) cm ™! as mixed with other vibrational modes. The
ring CC stretching bands of the aromatic 2-chlorophenyl were found at
1590 (exp.)/1602.7 (calc.), 1581(exp.)/1587.9 (calc.), 1490
(exp.)/1492.9 (calc.), 1439(exp.)/1453.1 (calc.) and 1307(exp.)/1296.3
(calc.) em™!. Likewise, the N-cyclohexyl group gave the absorption
bands at 816, 1029 and 1075 cm ™! as the experimental and 803.9,
1022.3 and 1072.7 cm™! as the theoretical. The other vibrational bands
such as the CN stretching modes and the deformation modes of the ar-
omatic and sigma-bonded rings, etc. in fentrazamide were also pre-
sented in Table 2.
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Table 2
The experimental and computed vibrational frequencies and their vibrational
assignments of fentrazamide.

Vibrational assignments (PED%> Exp. IR Unscaled Scaled Ir

10) (ecm™ freq. freq.

VCCI(15)+8CCCl(14) 429 435.1 427.7 6.54

8CCC(30) in N-ch. 437 438.2 430.8 0.71

8015C2N21(14)+8CCC(11) in N-ch. 451 456.6 448.9 0.22

yCCCCl(25)+tCCCC(21) in 2-cp. 463 472.3 464.2 3.98

8CCC(12) in N-ch. 492 487.2 478.9 3.38

8CgC3N24(23)+1tCCCC(11) in 2-cp. 497 497.9 489.5 4.63

8CCC(30) in N-ch. 517 511.3 502.6 4.13

tCCCC(21) in 2-cp.+d 532 540.4 531.2 4.64
C17C16N20(12)

TCCCC(13) in 2-cp. 542 557.7 548.2 3.55

8019C1N24(17)+TNNNN(12) in 5- 617 621.9 611.3 1.98
ot.

8CCC(63) in 2-cp.+TNNNN(10) in 663 675.8 664.3 9.34
5-ot.

TNNNN(53) in 5-ot. 680 694.3 682.5 12.20

¥019,18N21,20N24,21C1,2(19)+7 719 728.2 715.8 11.43
CCCC(16) in 2-cp.

¥019,18N21,20N24,21C1,2(26)+1 728 737.9 725.3 3.68
CCCC(14) in 2-cp.

¥010,18N21 20N24.21C1 2(25)+7 744 756.7 743.8 35.28
CCCC(15) in 2-cp.

THCCC(54) in 2-cp. 756 775.1 761.9 38.58

pCHp,5(26) in N-ethyl 771 785.3 771.9 7.98

pCH2(11) in N-ch. 784 797.4 783.9 11.03

VCC(64) in N-ch. 816 817.8 803.9 7.75

VC16N20(13) 852 866.2 851.5 36.75

THCCC(78) in 2-cp. 863 877.6 862.7 4.72

[VCC(37)+pCH2(11)] in N-ch. 892 903.6 888.2 6.27

pCH(11) in 5-ot. 908 916.6 901.0 12.85

[VCC(17)+pCH(12)] in N-ch. 918 930.3 914.4 1.43

THCCC(27) in 2-cp.+[VCN/NN 958 960.2 943.9 4.99
(18)+8NNN(11)] in 5-ot.

THCCC(56) in 2-cp. 963 969.3 952.8 11.06

8CCC(11) in N-ch. 975 992.3 975.4 9.23

VC16C17(12)+vC16N20(12)-+3CCC 1010 1022.0 1004.6 18.32
(10) in N-ch.

[VCC(32)+8CCC(10)] in N-ch. 1029 1040.0 1022.3 6.05

[8CCC(47)+vCC(14)] in 2-cp. 1053 1058.0 1040.0 35.51

VCC(51) in N-ch. 1075 1091.3 1072.7 0.13

[SNNN(21)+vNN(11)] in 5-ot. 1093 1102.4 1083.7 124.44

pCH, 5(26) in N-ethyl 1102 1112.3 1093.4 44.04

[vCC(-)+8HCC(-)] in 2-cp.+[vCN/ 1122 1130.6 1111.3 41.10
NN(-)] in 5-ot.

[8HCC(40)-+vCC(38)] in 2-cp. 1136 1152.6 1133.0 21.15

SHCC(34) in 2-cp.+VNN(27) in 5- 1146 1185.1 1164.9 27.23
ot.

SHCC(35) in 2-cp.4+VNN(20) in 5- 1178 1188.1 1167.9 21.25
ot.

VC10N20(29) 1204 1223.3 1202.5 33.58

tCH2(19) in N-ch. 1240 1263.5 1242.0 37.16

SHCC(34) in 2-cp.+8NNN(15)in5- 1261 1278.8 1257.1 47.17
ot.+VCyN51(11)

[tCH2(43)+8H29CC(11)] in N-ch. 1264 1287.8 1265.9 5.85

tCH»(20) in N-ch. 1293 1294.0 1272.0 92.84

VCC(75) in 2-cp. 1307 1318.8 1296.3 10.70

[8H29CC(30)+w,tCH,(10)] in N- 1334 1354.8 1331.7 5.23
ch.

w,tCH»(51) in N-ch. 1352 1378.3 1354.9 5.01

[w,tCH2(43)+8H29CC(10)] in N- 1359 1384.9 1361.3 7.64
ch.

VC3N24(27) 1374 1393.6 1369.9 66.38

[wCH2(21)+8sCH3(15) (sym. 1407 1409.6 1385.6 4.66
bending)] in N-ethyl

VC2N20(-)+8H29CC(-) in N-ch.+ 1422 1445.1 1420.5 80.28
tCH2(-) in N-ethyl

[8HCC(46)-+vCC(28)] in 2-cp. 1439 1475.1 1450.1 18.42

UN55—=N33(67) 1452 1484.9 1459.7 37.57

8,CH,(59) in N-ch.+8,CH23(17) in 1470 1496.8 1471.3 23.12
N-ethyl

[8CCC(34)-+vCC(16)] in 2-cp. 1490 1518.7 1492.9 70.67

[VCC(58)+8CCC(21)] in 2-cp. 1581 1615.4 1587.9 5.44

[VCC(53)+8HCC(16)] in 2-cp. 1590 1630.5 1602.7 4.51
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Table 2 (continued)

Vibrational assignments (PED%> Exp. IR Unscaled Scaled Ir

10) (cm’l) freq. freq.

1v071—C5(79) 1751 1770.2 1695.8 506.22

1015—C1(82) 1706 1808.0 1732.1 374.69

vsCH2(89) in N-ch. 2856 2999.6 2873.6 16.23

vsCH3(89) in N-ethyl 2879 3037.3 2909.7 29.43

VasCH2(79) in N-ch. 2933 3053.2 2924.9 60.28

[vasCH3(77)+vsCH2(20)] in N- 2969 3099.9 2969.7 28.64
ethyl

VCH(50) in N-ch.+v,,CH; 3(26) in 2986 3106.9 2976.4 23.42
N-ethyl

VasCHp,3(91) in N-ethyl 3000 3131.5 3000.0 20.32

VvCH(97) in 2-cp. 3047 3178.6 3045.1 1.36

VvCH(95) in 2-cp. 3073 3201.8 3067.3 2.26

VCH(83)in 2-cp. 3101 3206.9 3072.2 2.83

s, symmetric; as, asymmetric; v, stretching; 8, in-plane bending; 7, torsion; y, out-
of-plane bending; &, scissoring and symmetric bending; p, rocking; t, twisting;
w, wagging; Iir, IR intensity (km molY); PED, potential energy distribution; 2-
cp., 2-chlorophenyl; N-ch., N-cyclohexyl; 5-ot., 5-oxotetrazole.

4.3. NMR chemical shifts analysis

The experimental 3C- and H-NMR spectroscopic records of fen-
trazamide were taken in chloroform-d (CDCl3) and presented in Fig. 3.
By using IEFPCM model and chloroform solvent, the computational
chemical shift analyses values of the carbon and hydrogen nucleus of the
compound were performed with GIAO method at the B3LYP/6-311++G
(d,p) level. The experimental records and theoretical data for the NMR
chemical shifts of the hydrogen and carbon nucleus in fentrazamide
were given in Table 3.

The carbonyl carbon atoms (C1 and C2) in the oxotetrazole and
carboxamide groups gave a resonance signal at 147.3 ppm in the higher
chemical shift region of the experimental carbon-13 NMR spectrum due
to the electronegative effect of the oxygen atom. The theoretical values
computed for these carbons were found at 154.9 and 154.8 ppm. The sp?
hybrid aromatic carbons (C3, C4, C5, C6, C7 and C8) of 2-chlorophenyl
group were obtained at the intervals of 128.1-131.9 ppm as the exper-
imental and 135.2-150.0 ppm as the theoretical. The carbons (C10, C11,
C12, C13, C14 and C15) in N-cyclohexyl, another ring structure, reso-
nated in the lower chemical shift region because they are shielded by
their own hydrogen. The strong signal observed at 25.8 ppm in the
experimentally recorded NMR chemical shift spectrum can be attributed
to the C11, C12, C14 and C15 carbons. The NMR resonance signal of the
C13 carbon were observed at 31.7 ppm, while the C10 carbon atom
bonded to the heteroatom N20 nitrogen atom resonated at 59.8 ppm.
These carbons gave theoretical results at the internal of 30.1-66.4 ppm.
The C16 and C17 carbons within the N-ethyl group were obtained at
39.2/45.0 ppm (exp./calc.) and 14.1/15.4 ppm (exp./calc.), respec-
tively. The protons on aromatic carbons with sp? hybrid gave the
experimental and theoretical resonance signals in the ranges 7.45-7.62
ppm and 7.72-7.87 ppm. The protons in other groups (N-cyclohexyl and
N-ethyl) were measured/computed at 4.09/3.62 ppm, 1.54-1.97/
1.56-2.20 ppm, 3.50/3.21-3.62 ppm and 1.14-1.33/0.99-1.94 ppm.

4.4. UV-Vis. spectral analysis

The molecular electronic transition properties can be determined
with the experimental and computational investigations of the UV-Vis.
spectral research. The measured UV-Vis. spectroscopic record of fen-
trazamide was obtained in acetonitrile. To support the experimental
wavelength records, the computational UV-Vis. study of fentrazamide
was performed with the TD-DFT/B3LYP/6-311++G(d,p) theoretical
level. The experimental wavelength records and computed measured
UV-Vis. spectral parameters (electronic absorption wavelengths, exci-
tation energies, oscillator strengths and electronic transitions in HOMOs
and LUMOs) were presented in Table 4. the experimental and simulated
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Fig. 3. The experimental 13¢ (top) and 1H (bottom) NMR chemical shift spectra of fentrazamide.
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Table 3
The experimental and computed 'H and *>C NMR isotropic chemical shifts (with
respect to TMS, all values in ppm) of fentrazamide.

Atoms Sexp. Bcal. Atoms Bexp. Bcal.
Cl 147.3 154.9 H25 7.45-7.62 7.87
Cc2 147.3 154.8 H26 7.86
C3 128.1-131.9 139.1 H27 7.72
C4 150.0 H28 7.74
C5 137.0 H29 4.09 3.62
Cc6 140.3 H30 1.54-1.97 1.56
Cc7 135.2 H31 1.82
Cc8 139.0 H32 1.85
C10 59.8 66.4 H33 1.36
Cl11 25.8 37.0 H34 1.62
C12 31.5 H35 1.29
C13 31.7 30.1 H36 1.47
C14 25.8 30.7 H37 1.77
C15 34.8 H38 2.20
Cl6 39.2 45.0 H39 1.56
C17 14.1 15.4 H40 3.50 3.62

H41 3.21

H42 1.14-1.33 0.99

H43 1.94

H44 1.05

Table 4

The computed and recorded UV-Vis. spectral parameters in ethanol of
fentrazamide.

Exp. A (nm) Calc. o f AE (eV) Major contributions
(nm)
193 (n—n*) 244.46 0.0043  5.0718 H-L (63 %), H-1-L + 1 (17
237 %)
(n—n*) 243.17 0.0164 5.0987 H-1-L + 1 (38 %), H—L (31
%)
240.49 0.0265  5.1555 H-1-L (83 %)
232.87 0.1681 5.3241 H-2-L (80 %)

f, Oscillator strengths; AE, Excitation energy; H, HOMO; L, LUMO.

UV-Vis. spectroscopic graphics were given in Fig. 4. The GaussSum
3.0.1 software [43] was used to analyze the major contributions of the
electronic transitions from HOMO to LUMO corresponding to each
computed UV spectral wavelength.

The electronic absorption wavelengths emerged at 193 and 237 nm
on the experimental UV-Vis. spectroscopic wavelength-absorbance

0.20
504
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— Simulated
imulate 0.16
1.001 0.12 @
2 &
2 g
8
é 0,0803.
0.501
0.04
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Fig. 4. The experimental (red) and simulated (black) UV spectra of
fentrazamide.
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graphic may be due to n—n* or n—n* electronic transitions. These
transitions may be resulted from bond formations (C=0 and N = N) and
lone pair electrons of the nitrogen and oxygen heteroatoms within the
carboxamide and oxotetrazole groups of fentrazamide [44]. Four elec-
tronic absorption wavelengths computed for fentrazamide were found at
244.46, 243.17, 240.49 and 232.87 nm. The oscillator strengths of these
values were obtained at 0.0043, 0.0164, 0.0265 and 0.1682, respec-
tively. The HOMO—LUMO, the most probable transition in a molecular
system, has a major contribution of 63 % and 31 % at 244.46 nm and
243.17 nm. The electronic transition corresponding to 232.87 nm,
where the oscillator strength is strongest, belongs to the H-2—L transi-
tion with 80 % value of the major contribution.

4.5. FMO analysis

Frontier molecular orbitals (FMOs), which are used to investigate the
chemical reactivity of a molecule, focus especially on the analysis of the
highest occupied molecular orbitals (HOMOs) and the lowest unoccu-
pied molecular orbitals (LUMOs). If we have the necessary information
about the HOMO and LUMO molecular orbitals of a molecular electronic
system, many molecular electronic and electrical properties such as
electronic transitions, charge transfers, molecular acidity and basicity,
chemical stability, kinetic stability, molecular conductivity, electron
affinity, ionization potential, chemical potential, chemical hardness and
softness, electrophilicity index and electronegativity, etc. of that system
can be determined [45-51]. The LUMO-+1, LUMO, HOMO, HOMO-1,
HOMO-2 and HOMO-3 plots and their energy values simulated with
the DFT/B3LYP/6-311++G(d,p) level of fentrazamide were presented
in Fig. 5. The LUMO and HOMO energy values and the [HOMO-LUMO|
energy band gap between them were calculated as —1.562, —7.333 and
5.771 eV, respectively. Depending on LUMO and HOMO simulations,
some molecular features computed for fentrazamide were listed in
Table 5. The electron affinity (A = -E ymo) and ionization potential (I =
-Enomo) values for were found as 1.562 and 7.333 eV, respectively. High
value of the energy band gap between HOMO and LUMO leads to a
high-energy excitation. This means low molecular chemical reactivity
[52]. The electron densities of the LUMO+1 and LUMO simulations
were localized on the anti-bonding pi (or n*) molecular orbitals of
2-chlorophenyl and 5-oxotetrazole rings of fentrazamide. The HOMO
was mostly formed from lone pair pi electrons (np;) of the oxygen and
nitrogen atoms within the carboxamide group. Moreover, a small part of
HOMO also gave the electron localizations on the sigma (o) bond or-
bitals of N-ethyl and N-cyclohexyl groups. The HOMO-1 was mainly
placed on the delocalized pi electrons or the pi bonding (x) molecular
orbitals of 2-chlorophenyl. The electron densities on the HOMO-2 and
HOMO-3 simulations were occurred from the pi bonding (x) (on
N22=N23 group) and lone pair pi bonding (np;) (on 019, N21 and N24
atoms) molecular orbitals of 5-oxotetrazole. The electron localizations
on these aforementioned molecular orbitals can indicate that the
HOMOs—LUMOs transitions can be n—»n* and n—n*. These transitions
also confirm the electronic transitions corresponding to the experi-
mental and calculated wavelength values in the UV-Vis. spectroscopic
study.

4.6. NBO analysis

The hyperconjugative interactions within fentrazamide were
analyzed via natural bond orbitals (NBO). The E(2), stabilization energy,
presents interaction between donor (i) and acceptor (j) groups in mo-
lecular system and can be calculated with the following equation [53].
F? ()

E@2) = —q-L =
( ) IAE l&‘j*é‘i

where g; is the donor orbital occupancy, ¢; and ¢; are the diagonal orbital
energy elements of donor and acceptor groups and Fj; is the off-diagonal
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E(HOMO-1) = -7.402 eV

E(HOMO-2) = -7.566 eV
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E(HOMO-3) = -7.880 eV

Fig. 5. The LUMO+1, LUMO, HOMO, HOMO-1, HOMO-2 and HOMO-3 simulations of fentrazamide.

Table 5

The global reactivity descriptors computed of fentrazamide.
Parameters (eV) Values
Erymo -1.562
Enowmo —7.333
Energy band gap |Exomo-Erumol 5.771
Electron affinity (A = -Erymo) 1.562
Tonization potential (I = -Eyomo) 7.333
Chemical hardness (7 = (I-A)/2) 2.885
Chemical softness (¢ = 1/2n) 0.173
Electronegativity (y = (I + A)/2) 4.448
Chemical potential (u = -(I + A)/2) —4.448
Electrophilicity index (@ = u%/2n) 3.428
Maximum charge transfer index (ANmqx, = /1) 1.542

NBO Fock matrix element. The NBO analysis results for the hyper-
conjugative interactions of fentrazamide were obtained using the
B3LYP/6-311++G(d,p) level. The interaction values larger than 3 kcal/
mol were listed in Table 6.

The hyperconjugative interactions in fentrazamide were formed
between the bonding o, © and n orbitals of donor groups and the anti-
bonding 6* and n* orbitals of acceptor groups. A strong value for the
6—0* hyperconjugative interaction was found as 5.37 kcal/mol with the
BD(1)(C3-C8)—~BD*(1)(C3-C4) notation. The BD(1)(N21-N22 and N23-
N24)-BD*(2)(C1-019) notations were corresponded to the c—n*
hyperconjugative interaction with the stabilization energy values of
3.20 and 3.05 kcal/mol, respectively. The strongest n—n* hyper-
conjugative interactions were occurred between donor-acceptor groups
of 2-chlorophenyl ring in fentrazamide. These results were appeared at
values of 17.81, 19.22, 22.45, 18.75, 21.89 and 21.19 kcal/mol with the
BD(2)(C3-C4)—-BD*(2)(C5-C6 and C7-C8), BD(2)(C5-C6)—BD*(2)(C3-
C4 and C7-C8) and BD(2)(C7-C8)—BD*(2)(C3-C4 and C5-C6) notations,
respectively. The strongest hyperconjugative interactions in fen-
trazamide were obtained for the n—oc* and n—n*. Accordingly, the
n—o* and n—7* hyperconjugative interactions were emerged at values
of 33.07, 46.38 and 50.65 kcal/mol for the LP(2)(018)—BD*(1)(C2-
N21), LP(1)(N21)—BD*(1)(C1-019) and LP(1)(N24)—BD*(1)(C1-019)
and 69.33, 35.45 and 38.10 kcal/mol for the LP(1)(N20)—BD*(2)(C2-
018), LP(1)(N21)-»BD*(2)(N22-N23) and LP(1)(N24)—BD*(1)(N22-
N23), respectively.

4.7. Atomic charges analysis

Mulliken and natural atomic charges arise as a result of
wavefunction-based Mulliken population analysis (MPA) [54] and nat-
ural population analysis (NPA) [55]. Mulliken and natural atomic
charges computed with the B3LYP/6-311++G(d,p) theoretical level of
fentrazamide were given in Table 7. The most negative values in the
natural atomic charges of fentrazamide were appeared at —0.59240 e for
the 018 atom and —0.61594 e for the 019 one, which have the highest
electronegativity in the molecule. The C2 and C1 carbon atoms bonded
to these oxygen atoms have the most positive natural atomic charges
with values of +0.83538 e and +0.77955 e, respectively. The N20
(—0.48862 e), N21 (—0.37030 e), N22 (—0.00602 e), N23 (—0.01977 e)
and N24 (—0.32287 e) nitrogen atoms, another electronegative atom in
fentrazamide, also have the negative natural charges. The C10, C11,
Cl12, C13, C13, C14, C15, C16 and C17 carbon atoms surrounded by
positively charged hydrogens have the negative natural charges at
values of —0.00479 e, —0.39010 e, —0.37913 e, —0.38179 e, —0.38085
e, —0.39593 e and —0.17253 e, respectively. As it will be noted, since
the C10 and C16 carbons are connected to the nitrogen atom N20, which
is neither electronegative nor negatively charged, the negative charges
of these carbons are less than the other carbon atoms mentioned. Again,
the shielding of the C17 carbon atom by three hydrogens increases its
natural negative charge compared to other carbons mentioned.
Excepting for the C3 carbon bonded to the electronegative and nega-
tively charged N24 nitrogen atom, the other five aromatic carbons (C4,
C5, C6, C7 and C8) have the negative natural charge values. The natural
charges computed of aromatic carbons were found as +0.10928 e,
—0.02004 e, —0.21422 e, —0.17262 e, —0.19683 e and —0.16108 e,
respectively. Twenty hydrogen atoms in fentrazamide have the positive
natural charges with values between (+0.18622 e)-(+0.23481 e).

4.8. MESP analysis

Molecular electrostatic potential (MESP) map is a shape created by
circulating a positive test charge around the molecule. As a result of this
process, there will be no distortion in the charge distribution of mole-
cule. In this way, the molecular chemical reactivity of a molecule to-
wards positive or negative charge reactants can be evaluated [56].
Moreover, the MESP map provides information about inter-molecular
hydrogen bonding, non-covalent interactions and electrophilic and
nucleophilic reactive attack sites of molecule. A MESP surface is mapped
in different colors in terms of red-orange-green-light blue-blue. The red-
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Table 6 Table 6 (continued)
The hyperconjugatlYe .mteractlons calculat.ed with second-order perturbation ED () Donor ) ED ()) Acceptor E(2)° EG)-E FGi)
theory of Fock matrix in NBO of fentrazamide. © © ) (keal/ 0O @ (aw)
ED (i) Donor (i)  ED (j) Acceptor E(2)°" EGN-E  FG,j)° mol) u.)
- b
O} © ® (keal/ @@  (au) 1.97997  BD(1) 0.01324  BD*(1) 3.07 0.87 0.046
mol) u.) (C13- (C11-C12)
1.98103  BD(1) 0.03570  BD*(1)(C3-  3.99 1.21 0.062 H34)
(1- N24) 1.97870  BD(1) 0.04009  BD*(1) 3.15 0.91 0.048
N21) (C14- (C10-N20)
1.98067  BD(1) 0.11556  BD*(1)(C2-  3.32 1.14 0.056 C15)
(1- N21) 1.97814  BD(1) 0.02644  BD*(1) 3.30 0.86 0.047
N24) (C15- (C10-C11)
1.97318  BD(1) 0.02584  BD*(1)(C3-  4.57 1.29 0.069 H38)
(C3-C4) c8) 1.98019  BD(1) 0.11556  BD*(1)(C2-  4.25 1.02 0.060
1.97318  BD(1) 0.02478  BD*(1)(C4-  3.43 1.29 0.059 (C16- N21)
(C3-C4) C5) N20)
1.68623  BD(2) 0.31600  BD*(2)(C5-  17.81 0.31 0.066 1.98138  BD(1) 0.07181  BD*(1)(C2-  3.03 0.99 0.049
(C3-C4) c6) (C16- N20)
1.68623  BD(2) 0.31196  BD*(2)(C7-  19.22 0.31 0.069 H41)
(C3-C4) c8) 1.98358  BD(1) 0.03153  BD*(1) 4.37 0.81 0.053
1.68623  BD(2) 0.05028  BD*(1) 3.94 0.61 0.047 (C17- (C16-N20)
(C3-CH (N23-N24) H44)
1.96590  BD(1) 004112 BD*(1)(C3- 537 1.26 0.074 1.98359  BD(1) 0.02058  BD*(2)(Cl-  3.20 1.46 0.061
(C3-C8) c4) (N21- 019)
1.96590  BD(1) 0.02914  BD*(1)(C4-  4.59 0.86 0.056 N22)
(C3-C8) cl19) 1.98304  BD(1) 0.02058  BD*(2)(Cl-  3.05 1.46 0.060
1.97822  BD(1) 0.04112  BD*(1)(C3-  3.84 1.28 0.063 (N23- 019)
(C4-C5) c4) N24)
1.97822  BD(1) 003570  BD*(1)(C3-  3.93 111 0.059 1.96800  LP(2) 0.04112  BD*(1)(C3-  5.02 0.86 0.059
(C4-C5) N24) (C19) c4)
1.97199  BD(1) 002478  BD*(1)(C4-  3.44 1.26 0.059 1.96800  LP(2) 0.02478  BD*(1)(C4-  3.86 0.88 0.052
(C5-C6) c5) (C19) C5)
1.97199  BD(1) 002914 BD*(1)(C4-  4.91 0.86 0.058 1.92131  LP(3) 0.43257  BD*(2)(C3- 13.86 0.32 0.065
(C5-C6) cl9) (€9 c4)
1.65635  BD(2) 043257 BD*(2)(C3-  22.45 0.26 0.070 1.83243  LP(2) 0.07181  BD*(1)(C2-  21.93 0.73 0.116
(C5-C6) C4) (018) N20)
1.65635  BD(2) 0.31196  BD*(2)(C7- 18.75 0.29 0.066 1.83243  LP(2) 0.11556  BD*(1)(C2-  33.07 0.56 0.123
(C5-C6) c8) (018) N21)
1.97768 BD(1) 0.04112 BD*(1)(C3- 4.33 1.07 0.061 1.82135 LP(2) 0.10628 BD*(1)(C1- 28.77 0.64 0.124
(C5- c4) (019) N21)
H25) 1.82135  LP(2) 0.11034  BD*(1)(C1-  28.72 0.65 0.124
1.97768  BD(1) 0.01549  BD*(1)(C6-  3.52 1.10 0.056 (019) N24)
(Cs- < 1.63772  LP(1) 0.34007  BD*(2)(C2-  69.33 0.27 0.122
H25) (N20) 018)
1.97959  BD(1) 0.02478  BD*(1)(C4-  3.55 1.08 0.055 1.63772  LP(1) 0.02644  BD*(1) 4.23 0.63 0.051
(C6- C5) (N20) (C10-C11)
H26) 1.63772  LP(1) 0.02679  BD*(1) 4.91 0.63 0.055
1.97959  BD(1) 0.01394  BD*(1)(C7-  3.64 1.10 0.057 (N20) (€C10-C15)
(C6- c8) 1.63772  LP(1) 0.01284  BD*(1) 5.43 0.64 0.058
H26) (N20) (C16-C17)
1.97681  BD(1) 0.03570  BD*(1)(C3-  4.04 1.09 0.059 1.63772  LP(1) 0.01677  BD*(1) 3.01 0.67 0.044
(C7-C8) N24) (N20) (C16-H40)
1.65078  BD(2) 043257 BD*(2)(C3-  21.89 0.26 0.069 1.62335  LP(1) 0.39390  BD*(1)(Cl-  46.38 0.32 0.109
(C7-C8) C4) (N21) 019)
1.65078  BD(2) 031600 BD*(2)(C5-  21.19 0.28 0.070 1.62335  LP(1) 0.02092  BD*(1)(C2-  4.42 0.90 0.062
(C7-C8) C6) (N21) 018)
1.97994  BD(1) 0.02584  BD*(1)(C3-  3.64 1.08 0.056 1.62335  LP(1) 0.34007  BD*(2)(C2-  11.18 0.32 0.054
(c7- c8) (N21) 018)
H27) 1.62335  LP(1) 0.07181  BD*(1)(C2-  3.54 0.78 0.051
1.97994  BD(1) 0.01652  BD*(1)(C5-  3.68 1.10 0.057 (N21) N20)
(c7- c6) 1.62335  LP(1) 0.32029  BD*(2) 35.45 0.26 0.086
H27) (N21) (N22-N23)
1.97622  BD(1) 004112  BD*(1)(C3.  4.34 1.07 0.061 1.94376  LP(1) 0.10628  BD*(1)(Cl-  5.63 0.85 0.062
(C8- c4) (N22) N21)
H28) 1.94376  LP(1) 0.05028  BD*(1) 7.69 0.78 0.069
1.97622  BD(1) 0.01549  BD*(1)(C6-  3.52 1.10 0.056 (N22) (N23-N24)
(Cs- Fero) 1.94712  LP(1) 0.11034  BD*(1)(C1-  5.46 0.85 0.062
H28) (N23) N24)
1.96798 BD(1) 0.03153 BD*(1) 4.47 0.82 0.054 1.94712 LP(1) 0.04057 BD*(1) 7.39 0.80 0.069
(c10- (C16-N20) (N23) (N21-N22)
H29) 1.62066  LP(1) 0.39390  BD*(1)(Cl-  50.65 0.31 0.112
1.97910  BD(1) 0.04009  BD*(1) 3.13 0.92 0.048 (N24) 019)
(C11- (C10-N20) 1.62066  LP(1) 0.04112  BD*(1)(C3-  5.17 0.83 0.064
C12) (N24) c4)
1.97947  BD(1) 002679  BD*(1) 311 0.87 0.047 1.62066  LP(1) 0.43257  BD*(2)(C3-  3.20 0.29 0.027
(C11- (C10-C15) (N24) C4)
H31) 1.62066  LP(1) 0.02584  BD*(1)(C3-  5.25 0.84 0.065
(N24) c8)

(continued on next page)
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Table 6 (continued)

ED (i) Donor (i)  ED (j) Acceptor E(2)" E()-E F(,j)°
(e C)] (O] (keal/ @®" @ (auw)
mol) w)
1.62066 LP(1) 0.32029 BD*(2) 38.10 0.25 0.088
(N24) (N22-N23)

ED is the electron density.
# E(2) is the energy of hyperconjugative interactions.
Y Energy difference between donor (i) and acceptor (j) NBO.
¢ F(i,j) is the Fock matrix element between i and j NBO.

Table 7
Mulliken and natural atomic charges of fentrazamide.
Atoms Mulliken Natural Atoms Mulliken Natural
C1 —0.166752 0.77955 N23 —0.170933 —0.01977
C2 0.299129 0.83538 N24 0.482364 —0.32287
C3 —1.072138 0.10928 H25 0.228740 0.22561
Cc4 —0.013080 —0.02004 H26 0.163008 0.21357
C5 —0.079536 —0.21422 H27 0.190210 0.21471
C6 —0.572120 —0.17262 H28 0.193996 0.22612
Cc7 —0.204504 —0.19683 H29 0.136948 0.20919
c8 0.305680 —0.16108 H30 0.161552 0.19216
Cl9 0.546423 0.02972 H31 0.190100 0.20829
C10 —1.158834 —0.00479 H32 0.188983 0.20296
C11 —0.084181 —0.39010 H33 0.143253 0.19004
Cl12 —0.453282 —0.37913 H34 0.174257 0.20192
C13 —0.517182 —0.38179 H35 0.125513 0.18622
Cl4 —0.299209 —0.38085 H36 0.114337 0.19405
C15 0.131605 —0.39593 H37 0.179369 0.20364
Cl6 —0.048021 —0.17253 H38 0.242582 0.23481
C17 —0.457388 —0.58484 H39 0.128386 0.18493
018 —0.233604 —0.59240 H40 0.225961 0.21485
019 —0.230388 —0.61594 H41 0.129748 0.19390
N20 0.417154 —0.48862 H42 0.142564 0.19521
N21 —0.078794 —0.37030 H43 0.192556 0.22128
N22 0.254296 —0.00602 H44 0.151234 0.20326

and orange-colored surfaces correspond to the negative electrostatic
potential regions, while the light-blue and blue regions represent the
positive electrostatic potential regions. The green regions indicate
where the electrostatic potential is zero. The positive (i.e. blue) and
negative (i.e. red) regions indicate the nucleophilic and electrophilic
reactive attack sites of molecule, respectively. The MESP surface of
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fentrazamide was mapped using the B3LYP/6-311++G(d,p) theoretical
level. Fig. 6 presents MESP surface map of fentrazamide. The red regions
on this map were formed on the 018, 019, N22 and N23 atoms, which
are the electrophilic reactive attack sites. Their negative electron density
values are —5.580 e~2 for the 018 atom, —4.703 e~ 2 for the 019 one,
—4.289 e~2 for the N22 one and —3.655 e~ for the N23 one. The pos-
itive of fentrazamide are localized around hydrogen atoms, which are
nucleophilic reactive attack sites.

4.9. NLO analysis

Nonlinear optical (NLO) phenomena result from the interaction be-
tween the electric field component of a high intensity electromagnetic
radiation and the electrons of any electronic structure under investiga-
tion. Due to the high intensity of the light, a nonlinear polarization oc-
curs in the material and the material exhibits a NLO property. As a result
of this light-matter interaction, shifts to high frequency values can be
observed and thus very short wavelengths can be reached. Therefore,
the research for high-performance NLO materials has become a popular
topic in optics. NLO materials play an important role in the design of
new optical devices by governing optical processes within photonic
systems and technologies. In addition, NLO materials are used in lasers,
quantum optics and computing, optical computing, signal processing,
data storage, imaging, optical sensing, electro-optic modulators, optical
fiber communication, optical switches, high resolution spectroscopy,
photodynamic therapy [57-59].

In this study, the parameters such as the polarizability (a), first-order
hyperpolarizability () and second-order hyperpolarizability (y) were
theoretically analyzed to understand the NLO profile of fentrazamide.
Theoretical NLO response was study at the static (w = 0.0 nm) and
frequency-dependent dynamic (w = 532 nm and 1064 nm) states. The
a0(0;0), Aa(0;0), £,(0;0,0) and y,(0;0,0,0) parameters computed at
the static state were listed in Table 8, while the ao( — @; @), Aa( — w; ®),
Bo(—m;@,0) (electro-optical Pockels effect (EOPE)), f,(—2w;w, w)
(second harmonic generation (SHG)), yo(—w;®, 0,0) (electro-optical
Kerr effect (EOKE)) and y,( — 20; w, w,0) (electric-field induced second
harmonic generation (EFISHG)) quantities given in Table 9 were pre-
sented as the frequency-dependent NLO parameters. Moreover, the
projection of the first-order hyperpolarizability §, on the dipole moment
vector py, By (Or f), was computed for both states. The following
equations are used to calculate these mentioned parameters [60].

Fig. 6. The simulated MEP surface map of fentrazamide at two different viewing positions.
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Table 8
The static dipole moment, polarizability and hyper-
polarizability values of fentrazamide.

Parameters (a.u.) Values

Ho 1.344340

He 0.272647

Ky 1.294268

Hy 0.240386
a(0;0) 239.85667
Aa(0;0) 107.33768
$6(0;0.0) 304.53352
$x(0;0,0) —266.81790
$,(0;0,0) 144.92394
$:(0;0,0) 23.36508
Bi.(0:0,0) 89.59030
70(0:0,0,0) 3.689286 x 10*
7¢(0;0,0,0) 3.083444 x 10*
1,(0;0,0,0) 1.626996 x 10*
7:(0;0,0,0) 1.206686 x 10*

Table 9
The frequency dependent polarizability and hyperpolarizability values of
fentrazamide.

Parameters (a.u.) @ = 532 nm ® = 1064 nm
ao(— ;o) 251.22433 242.49167
Aa( — w; ) 119.02611 109.95661
fo(— w;,0) 468.11992 337.49364
Se(— ;0,0) —415.97300 —298.32317
B,(— @;0,0) 212.16477 155.79746
Bo(— 0;,0) 32.99743 25.14747
B (— @;0,0) 125.79869 93.98791
Bo( = 20;0, o) 2241.28749 417.59163
B — 20;0, ) —2152.37563 —370.18527
By(— 20,0, o) 581.47957 190.93703
b= 20; 0, ®) 229.19483 29.81085
Pori.(— 20,0, ) 164.27582 114.07808
70( — ®;0,0,0) 5.052379 x 10* 3.996298 x 10*
7x( — ®;0,0,0) 4.350404 x 10* 3.356802 x 10*
1y(— ©;0,0,0) 2.079289 x 10* 1.742367 x 10*
7:(— @;0,0,0) 1.508998 x 10* 1.290904 x 10*

(
(
(
(
Yo(— 20;0,0,0
(
(
(

) 2.377057 x 10° 4.647831 x 10*
7e( — 20;0,0,0) 2.305123 x 10° 3.968715 x 10*
1y(— 20;0,0,0) 5.099957 x 10° 1.954226 x 10*
7:(— 20;0,0,0) 2.685163 x 10° 1.425705 x 10*

(axx + ayy + az)

ayy)2 + (ayy — (lzz)z + (A — Oee)® + 602, + 6aZ, + 6az,

Aa=%\/(axx—

b= BB R and =S

32 Py + Py + /Jﬂ) ij=

ro= ik try i

The magnitude of the dipole moment of fentrazamide is 1.344340
Debye. The calculated ao(0;0), Aa(0;0), $,(0;0,0), f,,;(0;0,0) and
70(0;0,0,0) values of fentrazamide in the static state were obtained as
239.85667 a.u., 107.33768 a.u., 304.53352 a.u. 89.59030 a.u. and
3.689286 x 10 a.u., respectively. Similarly, the ao(— o;w), Aa(—

o), fo( — 0;0,0), B,; (— 0;0,0), fo(— 20; 0, ), fy; (— 20;0, ®),

{x.y,2}

1
Vi = EZ(J’W + Vijij +7iijj> j=A{xy,z2}
Jj
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y(—w;w, 0,0) and y,( — 20; ®, ®,0) values were found as 251.22433,
119.02611, 468.11992, 125.79869, 2241.28749, 164.27582, 5.052379
x 10* and 2.377057 x 10° a.u. for @ = 532 nm and 242.49167,
109.95661, 337.49364, 93.98791, 417.59163, 114.07808, 3.996298 x
10* and 4.647831 x 10* a.u. for w = 1064 nm, respectively. As can be
seen from these results, there is not much difference between the data
obtained at the lower frequency @ = 1064 nm and the data found at
static @ = 0.0 nm for a,  and y quantities. A similar situation applies to
the ao(— w;0), Aa(— w;w), fo(— w;o, 0), B, (- o0, 0),
Por (—20; 0, ) and y(—w;w, 0,0) calculated at the higher and lower
frequency values. However, the f,(—2w; w0, ) and 7,( — 20; 0, ®,0)
parameters computed at the higher frequency w = 532 nm gave
remarkable results comparable to those at both the static and the lower
frequency @ = 1064 nm. The computed values at ® = 532 nm for these
two parameters are 5.37 and 5.11 times bigger than those at ¥=1064
nm.

4.10. Thermochemistry analysis

Knowledge of the thermodynamic parameters of a molecule plays an
important role in characterizing its thermal properties in physical and
chemical reaction processes. In this context, the thermochemical pa-
rameters of fentrazamide were calculated with the B3LYP/6-311++G
(d,p) at a pressure of 1 atm, a temperature of 298.15 Kelvin and the gas
phase state of the molecule. The thermochemical parameters calculated
on the basis of the four partition functions (vibrational, rotational,
translational and electronic) used by the Gaussian software are sum-
marized in Table 10. The quantities such as entropy, enthalpy, heat
capacity, thermal energy and molecular total energy are obtained from
the sum of the individual contributions of these four partial functions.
The total molecular energy values computed for fentrazamide was found

Table 10
The thermochemical parameters computed of fentrazamide.
Parameters Values
Rotational temperatures (K)
Ta 0.01819
Ts 0.00695
Tc 0.00557
Rotational constants (GHz)
Ra 0.37900
Rp 0.14471
Re 0.11600
Etotal (Hartree) —1506.438755
Zero-point vibrational energy (kcal/mol) 222.97077
Zero-point correction (Hartree/particle) 0.355327
Thermal correction to energy (Hartree/particle) 0.377337
Thermal correction to enthalpy (Hartree/particle) 0.378281
Thermal correction to Gibbs free energy (Hartree/particle) 0.301270

Sum of electronic and zero-point energies (Hartree)
Sum of electronic and thermal energies (Hartree)
Sum of electronic and thermal enthalpies (Hartree)
Sum of electronic and thermal free energies (Hartree)
Etherm. (kcal/mol)

—1506.083429
—1506.061419
—1506.060474
—1506.137485

Total 236.782
Electronic 0.000
Translational 0.889
Rotational 0.889
Vibrational 235.005
C, (cal/mol x K)
Total 83.521
Electronic 0.000
Translational 2.981
Rotational 2.981
Vibrational 77.560
S (cal/mol x K)
Total 162.082
Electronic 0.000
Translational 43.445
Rotational 35.179
Vibrational 83.458
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as —1506.438755 Hartree. The zero-point vibrational energy for fen-
trazamide was calculated as 222.97077 kcal/mol. The entropy (S), heat
capacity (Cy) and thermal energy (Etherm.) terms were obtained as
162.082 cal/mol x K, 83.521 cal/mol x K and 236.782 kcal/mol,
respectively. As can be seen from Table 10, the biggest contributions
within these values come from the individual values of the vibrational
partition function. the vibrational partition function contributions are
83.458 cal/mol x K for the entropy, 77.560 cal/mol x K for the heat
capacity and 235.005 kcal/mol for the thermal energy. Three rotational
constant values for fentrazamide were detected as 0.37900 GHz for Ra,
0.14471 GHz for Rg and 0.11600 GHz for Rc.

5. Conclusion

The structural, spectroscopic, electronic, NLO and thermodynamic
features of a herbicide fentrazamide (4-(2-Chlorophenyl)-N-cyclohexyl-
N-ethyl-4,5-dihydro-5-oxo-1H-tetrazole-1-carboxamide or 4-(2-chlor-
ophenyl)-N-cyclohexyl-N-ethyl-5-oxotetrazole-1-carboxamide) ~ were
investigated as both the experimental (FT-IR, UV-Vis. and NMR) and the
computational (DFT/B3LYP/6-311++G(d,p)). The characteristic C = O
and N = N bonds in the oxotetrazole (tetrazol-5-one) and carboxamide
groups of the compound were computed at 1.2099 A for the C1=019
bond length, 1.2115 A for the C2=018 one, 1.2617 A for the N22=N23
one in a good harmony with the literature data, while their vibrational
frequency values were obtained at 1706, 1751 and 1452 cm™* as the
experimental and 1732.1, 1695.8 and 1459.7 cm ! as the theoretical,
respectively. The NMR chemical shift analysis was performed for all
carbon and hydrogen atoms within fentrazamide. The carbonyl C1 and
C2 carbons were found at 147.3 ppm (exp.) and 154.9/154.8 ppm
(calc.). The electronic transition features found by the experimental (at
193 and 237 nm) and computational UV-Vis. analyses were supported
by electron localizations simulated with HOMO-LUMO plots, and the
nature and existence of the intramolecular n—n* and n—n* electronic
transitions were revealed. According to the results of the NBO analysis,
the strongest hypercoagulative interactions were found for values of
6(C3-C8)—6*(C3-C4) (5.37 kcal/mol), 6(N21-N22)—-x*(C1-019) (3.20
kcal/mol), n(C5-C6)—n*(C3-C4) (22.45 kcal/mol), n(N24)—c*(C1-
019) (50.65 kcal/mol) and n(N20)—xn*(C2-018) (69.33 kcal/mol). The
negative electrostatic potential regions were found to be —5.580
—4.703, —4.289 and —3.655 e~ 2 on the 018, 019, N22 and N23 atoms,
respectively. The NLO behavior of the compound was studied at static
and frequency dependent dynamic states. The polarizability (a), first-
order hyperpolarizability (f) and second-order hyperpolarizability (y)
values computed at the static and dynamic @ = 1064 nm are very close
to each other, while the results at dynamic @ = 532 nm (especially for
the fy(—2w; w, w) and yy( — 20; w, w,0) quantities) show that the fen-
trazamide can exhibit a significantly better NLO behavior compared to
the other results mentioned. The atomic charges and thermochemical
quantities were analyzed by the theoretical modelling.
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