Research Article

GU J Sci 35(2): 404-419 (2022) DOI: 10.35378/gujs.838992

Gazi University R
Journal of Science LN T ML
I!llllea};'v""gnllﬂl

http://dergipark.gov.tr/gujs

Spectroscopic and Quantum Chemical Studies on the Structure of 3-chloro-2-
{(22)-2-[1-(4-methoxyphenyl)ethylidene]hydrazinyl}pyridine

Tufan TOPAL"

Pamukkale University, Department of Chemistry, 20020, Denizli, Turkey

Highlights

« Synthesis of the new pyridine-hydrazone compound.
« Spectroscopic and structural characterization.
* Quantum calculations related to the HL molecule.

Article Info

Abstract

Received: 10 Dec 2020
Accepted: 09 May 2021

3-chloro-2-{(22)-2-[1-(4-methoxyphenyl)ethylidene]hydrazinyl}pyridine (HL) was prepared
and its structure elucidated by LC/MS-MS, H and 3C-NMR, UV-Vis, elemental analysis, FT-
Raman and FT-IR. All theoretical calculations and optimized geometry were obtained from the

6-31G(d,p) basis set calculations. Calculated and scaled data of the molecule were compared with
the observed FT-Raman and FT-IR spectroscopic data. The theoretical chemical shifts of the HL
were performed in chloroform by using the same level with the GIAO method. The UV-Vis
analyses of the HL were carried out at three different concentrations in chloroform and ethanol
solvents and between 240-440 nm; the calculations of UV-Vis spectra analyses were performed
FT-Raman via the TD-DFT method. The charge transfer and hyperconjugative and conjugative interactions
Hydrazone were analyzed using the NBO analysis. Furthermore, frontier molecular orbitals (FMOs) and
Pyridine molecular electrostatic potential (MEP) were also measured using the same method. This work
provides a comprehensive electronic properties, vibration analysis and structural information of
the title compund.
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1. INTRODUCTION

Hydrazone and its derivatives are frequently studied compounds due to their biological behaviour as anti-
cancer, antifungal and antibacterial [1]. They also display optoelectric properties, luminescence,
supramolecular order, magnetism and redox activities [2]. Hydrazones are often utilised because of their
ability to coordinate with metals, especially lanthanide ion forms, to create multicoloured complexes that
have recently been used to identify ions inside cancer cells [3]. Some hydrazone substances have also been
used in synthetic, industrial, coordination chemistry and medical. In the hydrazone moiety involving
azomethine group atoms, the carbon atoms are of an electrophilic and nucleophilic character, while nitrogen
atoms are of nucleophilic character. With that unique dynamic, hydrazones play an important role in studies
to develop new drugs [4, 5]. Meanwhile, pyridines containing heterosubstitutes are biologically active
compounds, and compounds involving the pyridine rings play a similarly significant role in various living
systems, including ones involving antibiotics, coenzymes, vitamins and nucleic acids [6]. Beyond that,
derivatives of pyridine compounds are used as drugs for brain diseases, anaesthetic agents, agricultural
products and pharmaceutical drugs [7]. Because the molecule that we studied is based on both hydrazone
and pyridine, it is thought to have exceptionally high biological activity. Theoretical studies of compounds
provide important information about their physical and chemical properties. To date, extensive theoretical
work has been conducted to validate, understand and interpret experimental studies based on quantum
mechanics, especially concerning pharmacology, the synthesis of new disease-fighting drugs and the
estimation of the binding mechanisms of small molecules on target biological proteins. As a result,
theoretical studies have saved time and reduced costs [8]. Density functional theory (DFT), widely applied
theoretical method, ranks amongst the most important tools used for predicting structures in computational
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chemistry. The presence of functional groups in chemical molecules and the intensities of different peaks
can be determined by FT-IR/FT-Raman spectra, supported by scaling factors applied to eliminate
systematic errors and ensure theoretical and experimental compatibility [9]. In interpreting the experimental
spectra of molecules, the wavelengths estimated by DFT, spectral intensities and potential energy
distribution (PED) make a valuable contribution [10,11].

In this study, HL molecule consisting of pyridine and hydrazone moieties was characterized with
spectroscopic methods and theoretical calculations were made to determine the dynamic behaviour of the
structure. Systematic assays were performed on the optimised structure, including vibrational spectra,
NMR, natural bonding orbitals (NBO), UV-Vis, highest occupied molecular orbitals (HOMO), lowest
unoccupied molecular orbitals (LUMO) and MEP analyses. With those theoretical calculations, the charge
transfer from donors to acceptors, electronic transition, chemical reactivity descriptors (e.g. softness and
hardness), electronegativity and electrostatic potential values were examined. The data recorded from the
experiment were compared with the calculated data, for results discussed later in this report.

2. MATERIAL AND METHOD
2.1. Materials and Physical Measurements

A Bruker BioSpin NMR Avance Spectrometer-111 (400 MHz) was used for NMR analysis, with elemental
analysis rates of the molecule determined by a Thermo Finnigan FlashEA 1112 analyser. IR analysis was
performed using a Perkin Elmer FTIR-Spectrometer device between 400-4000 cm?, and the mass
spectrometry analysis was determined with a TSQ Fortis™ Triple Quadrupole Mass Spectrometer device.
Raman analysis was performed using a Thermo Fisher Scientific DXR™ 3xi Raman imaging microscope
equipped with an Nd: YAG laser source operating at 1064-nm line widths between 10-4000 cm™. The
melting point was determined with a Stuart SMP10 apparatus. Absorption spectra were determined with a
Shimadzu UV-1800 spectrophotometer. Ethanol, acetonitrile, 3-chloro-2-hydrazinopyridine and 4’-
methoxyacetophenone were purchased from Sigma—Aldrich.

2.2. Synthesis of HL

The preparation of the ligand (i.e. HL) has been described previously [12]. For the solution, 0.1435 g (1
mmol) of 3-chloro-2-hydrazinopyridine in 10 cm?® of acetonitrile was mixed with 0.1501 g (1 mmol) of 4°-
methoxyacetophenone in 15 cm? of acetonitrile. The solution was stirred for 24 h at 20 °C and then filtered.
The solid product obtained was washed several times with ultrapure water, recrystallised from hot
acetonitrile and dried over anhydrous P20Os.
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Figure 1. Reaction scheme of the HL molecule

C14H14CIN3O [HL], Crem; Yield 78%. M.p.: 119-121 °C.*H-NMR (400 MHz, Chloroform-ds, ppm): & 8.28
(s, 1H, -NH), ¢ 8.24 (1H, Ar-H), 6 7.82 (2H, Ar-H), 6 7.57 (1H, Ar-H), 6 6.92 (2H, Ar-H), 6 6.76 (1H, Ar-
H), 8 3.83 (3H, O-CH3), 6 2.33 (3H, -CHj3), *C-NMR (100 MHz, Chloroform-ds, ppm): & 150.65 (C-Ar),
0 147.85, 8 147.08 (C-Arpyridine), 0 136.88 (-C=N-), 5 131.15 (C-Ar), 6 128.28 (C-Arpyrigine), 0 127.78, 127.78
(C-Ar), 6 115.65, & 114.97 (C-Arpyridine), 0 113.69, & 113.69 (C-Ar), & 55.31 (O-CHa), 6 12.85 (-CHs).
LC/MS-MS Ms: (ESI) m/z= 275.73 [M+1]* (100). Calcd. for [HL]: C, 60.98; H, 5.12; N, 15.24%; Found:
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C, 60.95; H, 5.17; N, 15.20%. FT-IR (cm™): 3340 (N-H), 3015 (C-Har), 1608 (C=N), 424 (C-Cl). FT-
Raman (cm™): 3351 (N-H), 3010 (C-Har), 1600 (C=N), 421 (C-CI). The reaction scheme (Figure 1) and
optimized structure of the HL compound with atom labels are presented in Figure 2.

Figure 2. Optimized geometric structure of HL molecule

2.3. Computational Details

The geometry of the HL was optimised following the DFT/B3LYP(Becke3-Lee—Yang—Parr)/6-31G(d,p)
method [13-15]. The minimum energy configuration of surface potential energy achieved by optimising
the molecule and the stability of the optimised geometries were confirmed by calculating wavenumbers.
The same basis set was used to determine vibrational wavenumbers by using the optimised structure. The
scaling factor (http://cccbdb.nist.gov/vsfx.asp) of 0.961 was applied to the computed wavenumbers, often
used to accurately predict the vibration spectra of molecules, makes theoretical and experimental
calculations more compatible with each other [9,16]. The PED was computed by using the program VEDA
4, which was also used to detail the vibrational modes obtained in experiment [17]. The theoretical NMR
data were computed in chloroform using the gauge including atomic orbitals (GIAQ) approach at the
GIAO-DFT/B3LYP/6-31G(d,p) [18], while UV spectra energies were computed with TD-DFT method
[19]. The NBO properties, HOMO-LUMO and MEP were achieved using the same level [20]. The ground
state equilibrium structure of the HL molecule, the Gaussian 09W package and the Gauss-view 6.0
visualisation program were used for all theoretical calculations [21,22], along with GAMESS (US) [23].

3. RESULT AND DISCUSSION
3.1. Vibrational Spectra Analysis

Once the pyridine-derived material was synthesised, the characterisation of the structure was verified by
comparison with the literature. According to our results, the HL molecule had a C1 symmetry group and
93 vibrational fundamental normal modes and consisted of pyridine (Arpyridine-N) and 4-methoxyphenyl
rings, a hydrazone group (-NHN=CH-) and methyl (-CHs) and methoxy (O—CHs) groups. The spectral
assignments of the scaled FT-IR wavenumbers selected calculated and basic vibration modes with the
calculated FT-IR intensities and observed FT-IR/FT-Raman bands are given in Table 1. Negative values in
PED analyses indicate asymmetrical stretching vibrations, whereas positive ones indicate symmetrical
vibrations.

Table 1. Selected vibrational assignments of the HL molecule

Calculated Observed

DFT/B3LYP | IR Intensity | IR Raman | Assignments(%PED)>10%
(km/mole)

3435 19,05 3340 3351 | v NH(100)
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3084 4,97 3085 | 3083 |vCH(97)

3072 12,12 3063 | v CH(-93)

3026 30,15 3015 | 3010 |vCH(91)

2959 43,16 2967 v CH(-100)

2959 12,00 2921 | v CH(99)

2910 11,78 2915 | v CH(93)

2899 64,67 2840 v CH(91)

1609 152,32 1608 | 1600 | v NC(-60)+ 8 HCC(12)

1588 34,53 1584 | 1570 | v NC(-49)

1580 476,11 v CC(26)+ v CC(-13)

1555 9,00 1558 | v CC(36)

1549 1,87 v CC(28)+ v CC(-16)

1509 72,51 1513 | v CC(-16)+ 5 HNN(14)+ 5 HCC(-12)
1494 353,25 1492 § HNN(13)+ 8 HCC(32)

1438 147,02 1448 v CC(23)+ & HCN(22)+ 6 HCH(-23)
1431 28,61 1417 | 1414 | HCH(79)

1403 2,46 v CC(-37)+ & HCC(-32)

1386 122,89 1394 v NC(12)+ 5 HNN(18)+ 8 HCC(24)
1360 15,10 1339 | 1340 | HCH(85)

1265 9,99 1245 | 1256 | v NC(71)

1251 372,11 1233 | 1246 | v OC(55)+ 5 HCC(-10)

1215 93,96 1234 | v CC(-13)+ 5 HCC(25)+ & HCN(10)
1164 8,32 1189 | 1178 | & HCH(-19)+ t HCOC(-62)

1160 66,52 1179 vNC(11)+ 8 HCC(-67)

1106 21,61 1106 | 1108 | v CC(13) + 8 HCC(30)+ 5 HCC(-21)
1097 52,26 1078 | v CC(-10)+ v NN(-15)+ 8 HCC(15)+ 5 HCC(22)
1060 0,29 1061 | v CC(-13)+ 8 HCC(-10)+ t HCCC(15)
1048 8,85 v CC(33)+ 8 HCC(13)

1030 61,85 1026 | 1024 |vOC(74)

993 63,92 v CIC(-12)+ 5 CCC(-40)

985 0,29 § HCC(-18)+ 5 CCC(66)

946 19,14 965 v CC(-28)+ t HCCC(-17)

935 0,69 931 T HCCC(78)+ 1 HCCC(-10)

914 0,41 908 | t HCCC(-74)

886 0,30 830 v CC(-12)+ v CC(10)+ v NC(17)
814 48,70 810 | 807 | tHCCC(61)+y CCNC(12)

761 23,17 756 | 771 | t HCCC(15)+ t HCCC(70)

736 47,45 742 v CIC(15)+ 8 CCC(-13)

723 16,46 T CCCC(-10)+ 1 CNCC(-64)

704 0,55 T CCCC(-65)

627 2,40 v CC(15)+ & CCC(69)

536 5,18 T CCCC(-54)

433 4,35 443 T HCCC(-10)+ y CICCC(-70)

420 16,77 424 | 421 | v CIC(-14)+ 5 CCN(36)

407 0,58 T CCCC(71)
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293 4,05 5 CCC(61)
275 0,23 vy CICCC(26)+ 1 CCNN(24)
&: in-plane-bending, vy: out-of-plane bending, v: stretching, : torsion, Potential Energy Distribution (%PED)

Of all basic vibration modes torsion, in-plane and out-of-plane bending and stretching in organic
compounds, N-H stretching vibration bands are generally found at 3000-3500 cm™ [24]. That band,
calculated as 3435 cm™ in the HL compound, was recorded at 3340/3351 cm™ in FT-IR/FT-Raman spectra.
PED analysis showed that the mode was 100% stretching vibration. Characteristic C—H stretching vibration
bands, by contrast, are generally found at 3000-3100 cm™ [25]. In pyridine and 4-methoxyphenyl rings, the
peaks observed at 3015 and 3085 cm™ in FT-IR, at 3010, 3063 and 3083 cm in FT-Raman can be attributed
to the C—H peaks. The C-H peak values were calculated between 3026-3084 cm™, and PED analyses of
C—H stretching vibrations were found at a rate of 91-99%. In past research, the C—H band has been observed
at 800-950/1000-1300 cm™ [26]. The peaks computed at 985, 1048-1160, 1215 and 1251 cm™ were
assigned C—H in-plane bending vibrations, and those vibrations were observed in the HL molecule at 1026,
1179 and 1233 cmtin FT-IR, at 1078, 1178 and 1246 cm™* in FT-Raman spectrum. C—H torsion vibrations
in the pyridine and 4-methoxyphenyl rings were calculated in the range of 761-814 and 914-946 cm™in
simulated calculations and observed at 756/771 cm™ in FT-IR/FT-Raman spectra. The experimental FT-
IR/FT-Raman spectra, along with the FT-IR spectrum calculated with the scaling factor, appear in Figures
3a and 3b [27].
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Figure 3. a) The experimental FT-IR (top) and FT-Raman (bottom) b) the calculated FT-IR (scaled)
spectra of the HL molecule
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In general, stretching vibration bands in the range 1400-1650 cm™ in pyridine compounds are attributed to
C-C bands [28]. The computed values at 1403, 1438, 1509-1580 cm indicate good agreement with the
experimental bands recorded at 1492/1513 cm™ in FT-IR/FT-Raman spectra. According to the B3LYP
method, the vibration bands observed at 293, 627, 736, 985 and 993 cm™ represent C-C—C in-plane bending
vibrations modes in the ring, whereas the torsion bands at 407, 536, 704 and 723 cm* indicate the C-C-C—
C mode [29]. While C—H stretching vibrations in the methyl group were observed at 2910/2959 cm™,
vibrations in the methoxy group were observed at 2899/2910 cm™. Those results are largely consistent with
published data [30]. Beyond that, the asymmetrical vibration mode of the methylene group was observed
at 2967 cmin FT-IR, while the symmetric vibration mode of the methoxy group was recorded at 2840 cm
!, The FT-IR band at 1339, 1417 and 1448 cm™ and the FT-Raman band at 1340 and 1414 cm™ can be
attributed to CHj; vibration and simulated values in the range of 1360-1438 cm™. Methoxy groups generally
give asymmetrical vibration bands between 1210 and 1310 cm™ and symmetrical vibration bands between
1010 and 1050 cm™ [31]. The vibration of that group was observed at 1026 and 1189 cm™in FT-IR and at
1024 and 1178 cm™ in FT-Raman, and bands at 1030, 1164 and 1251 cm™ were calculated for the HL
molecule [32]. The C=N vibration was assigned to the bands at 1584 and 1608 cm™in FT-IR and at 1570
and 1600 cmin FT-Raman. By extension, values of C=N vibration were calculated at 1588 and 1609 cm"
L for the hydrazone moiety and pyridine ring of the imine group [9]. Estimated values of the C—Cl vibration
band calculated at low wavelengths were found at 275, 420 and 433 cm™ with PED (>10%), and the C—ClI
band was observed at 424 cm™ in the FT-IR and at 421 cm™ in the FT-Raman [33]. The correlation graph
of the HL molecule with the vibration frequencies was calculated (scaled) following the DFT/B3LYP
method, and the observed data are given in Figure 4. The graph shows the linear correlation between
experimental and theoretical frequencies, such that the equation y = 0.9881x + 8.5079 (R? = 0.9993) could
be obtained. According to the results, the experimental and theoretical data agree clearly.

4000

FT-IR

3000

2000

1000

y =0.9881x + 8.5079
R?=0.9993

Calculated frequency (cml)

D Il Il Il ]
0 1000 2000 3000 4000

Experimental frequency (cm™)

Figure 4. The correlation graph between the experimental and calculated frequencies of the HL molecule

3.2. NMR Analysis

Using NMR and quantum chemistry calculation methods in combination is an effective way to interpret the
structure of molecules. Theoretical chemical shift values of HL were estimated using the TMS shielding
calculation and the TMS B3LYP/6-311+G(2d,p) GIAO level as a reference [32]. The *H-NMR spectrum
of the HL molecule (N-H) proton (H10) was recorded at 8.28 ppm as a singlet peak. In the pyridine and 4-
methoxyphenyl rings, protons were observed at 6.76, 6.92, 6.92, 7.57, 7.82, 7.82 and 8.24 ppm (H7, H28,
H27, H6, H25, H23 and H17 atoms, respectively) in the *H-NMR spectrum. The signals at 6.92 and 7.82
ppm, the peak areas of which corresponded to the two protons, were attributed to (H28 and H27) and (H25
and H23) atoms, respectively. The spectrum of the HL molecule was observed as singlet peaks at 2.33 ppm
in methylene (H14, H15 and H16) and 3.83 ppm in methoxy (H31, H32 and H33) groups of protons. The
computed values of the *H-NMR chemical shift of the methoxy and methylene groups were at 3.85, 4.13
and 3.85 ppm and 1.95, 2.08 and 2.57 ppm, respectively [34]. *H and **C-NMR spectra of HL are given in
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Figures 5a and 5b. The resonance at the 160.30 ppm (i.e. for C26) in the decoupled **C-NMR spectrum of
the ligand was greater than in the other aromatic groups of carbons. The experimental shift values of the
pyridine and 4-methoxyphenyl rings of carbons were observed in the range of 113.69-160.30 ppm, whereas
those carbons computed from DFT were in the range of 96.47-144.30 ppm. The imine carbon peak (C12)
of the hydrazone group (-NHN=CH) was determined at 147.08 ppm, while the resonance of that group of
(C=N) carbon were predicted at 130.14 ppm [35]. The calculated and recorded NMR values of protons and
carbons are tabulated in Table 2.
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Figure 5. a) *H-NMR and b) **C-NMR spectrum of HL

The peaks at 12.85 and 55.31 ppm, respectively attributed to the methylene and methoxy groups of carbon
(C13) and (C30), were calculated as 1.50 and 43.34 ppm, also respectively. The (C30) carbon of the O—
CHjs group demonstrated a higher chemical shift at *C NMR than the CHs group of the (C13) carbon [30].
The correlation equalities for *H and **C -NMR by using the same method were y = 0.9454x + 0.2221 (R*=
0.9866) and y=1.029x + 10.721 (R? = 0.9917), respectively (Figure 6). Those values are highly compatible
with the recorded values and estimated chemical shift values obtained.
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Figure 6. The correlation graphic of theoretical and experimental NMR of the HL molecule

Table 2. Chemical shifts of the HL molecule

Atom | Experimental | DFT Atom | Experimental | DFT
H(10) | 8.28 8.20 C(26) | 160.30 144.30
H(17) | 8.24 8.46 C(1) 150.65 134.33
H(23) | 7.82 8.75 C(5) 147.85 133.39
H(25) |7.82 7.65 C(12) | 147.08 130.14
H(6) 7.57 7.60 C(19) | 136.88 117.50
H(27) | 6.92 7.04 C(3) 131.15 122.40
H(28) | 6.92 7.04 C(20) | 127.78 113.49
H(7) 6.76 6.90 C(21) | 127.78 112.52
H(31) |3.83 3.85 C(4) 115.65 101.43
H(32) | 3.83 4.13 C(2) 114.97 109.99
H(33) |3.83 3.85 C(22) | 113.69 96.47
H(14) | 2.33 1.95 C(24) | 113.69 102.28
H(15) | 2.33 2.08 C(30) |55.31 43.34
H(16) | 2.33 2.57 C(13) |12.85 1.50

3.3. Ultraviolet (UV) and Electronic Properties Analysis

The UV-Vis analyses of the HL molecule were carried out at three different concentrations (5x10°, 10x10°
®and 15x10°mol L™) in ethanol and chloroform solvents and between 240-440 nm wavelength region. The
calculations of UV-Vis spectra analyses were conducted by (Time-dependent) TD-DFT method with 6-
31G(d,p) level (ethanol and chloroform as solvents) using Gaussian 09W program [19]. That program gives
us information about the HL molecule excitation energies, wavelengths and oscillator strengths [7,30].
Absorption spectra of HL in chloroform and ethanol solvents are given in Figure 7a. The absorption spectra
in ethanol shown in Figure 7b were recorded for three different concentrations [36]. The theoretical UV-
Vis spectrum of HL in ethanol and chloroform solvents shown in Figures 7c and 7d. It was observed that
the maximum absorbance peaks of the HL molecule prepared in different concentrations in ethanol and
chloroform solvents were in harmony with each other (Table 3). The TD-DFT calculations of predicted
electronic transitions at 335/336 nm with oscillator strengths 0.77/0.78 corresponding to
ethanol/chloroform are in excellent agreement with the recorded spectra (Aexp.= 331/333 nm in ethanol and
chloroform respectively) [30]. As shown in Table 3, two strong bands (331/333 and 291/293 nm), observed
in ethanol and chloroform solutions, are assigned to n-n * and n-m * transitions, respectively [37]. While
the n-n* transitions of the compounds originated from the hydrazone group (-NHN=CH) of atoms, the n-
7* band occurred due to the electrons of the pyridine ring [38].
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Figure 7. a) The experimental UV-Vis spectra of HL in ethanol and chloroform (5x10° mol L™). b)
Absorption spectra of HL in ethanol at three different concentrations. The theoretical UV-Vis spectrum of
HL in c) ethanol and d) chloroform

Table 3. The electronic absorption spectral values of HL in ethanol and chloroform solvents (15707
mol L™)

Solvents Experimental Calculated Assignments
Mnm) E (eV) Mnm) E (eV) f
Ethanol 291 4.26 306 4.04 0.29 -
331 3.74 335 3.69 0.77 n-m*
Chloroform | 293 4.23 307 4.02 0.30 n-m*
333 3.72 336 3.68 0.78 n-m*

3.4. Natural Bond Orbital Analysis

Analysing NBO explains the most important inter and intramolecular bonding interactions, conjugative
interactions, hyperconjugative interactions to clarify general structure [33]. Bond type, bond order,
hybridization charge, Lewis structures,donor-acceptor interactions and resonance features of molecules can
also be explained thanks to that analysis. Meanwhile, the interaction stabilisation energies E(2), as well as
electron acceptor and donor orbitals, can be summarised with the results obtained from the second-order
perturbation theory analysis of the Fock matrix in NBO analysis [30]. Intermolecular hyperconjugative
interactions occurring between bonding and antibonding orbitals weaken the character of bonds, thereby
causing an increase in electron density in the antibonding orbitals [8]. Intermolecular changes allow load
transfer because overlapping orbitals stabilise the molecular system. The important © to 7* interactions
were observed such as n(C4-C5) — n*(C2-C3) 27.01 kcal/mol, n(C2-C3) — n*(C4-C5) 12.91 kcal/mol,
1(C19-C20) — n*(C21-C24) 22.59 kcal/mol, 1(C19-C20) — w*(C22-C26) 18.54 kcal/mol, n(C21-C24) —
n*(C19-C20) 16.25 kcal/mol, n(C21-C24) — n*(C22-C26) 21.28 kcal/mol, n(C22-C26) — n*(C19-C20)
23.29 kcal/mol, m(C22-C26) — n*(C21-C24) 16.99 kcal/mol. Those results indicate intramolecular charge
transfers that provide the structure with stability. The interaction of intramolecular hyperconjugative
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stabilization energy of lone pair of electrons from LP: (No) atom with antibonding natural of =*(C1-N8)
was found 50.38 kcal/mol. This important charge transfer gives stability to the molecule [37]. The other
significant hyperconjugative interactions were observed LP; (Ng) — n*(N11-C12) 29.16 kcal/mol and LP;
(O29) — w*(C22-C26) 30.67 kcal/mol, respectively. The strongest interactions of HL were computed as
1*(C1-N8) — =n*(C4-C5), n*(C2-C3) — 7*(C4-C5), n*(N11-C12) — n*(C19-C20), n*(C22-C26) —
©*(C19-C20) with stabilization energy data of 135.33, 149.06, 104.18, 238.45 kcal/mol, respectively. As a
result of NBO analysis of optimized HL molecule, 97.618% the total lewis orbital, 2.382% total non-lewis
orbital, 99.965% core orbital, 96.516% valence lewis orbital, 2.219% valence non-lewis orbital, 0.163%
rydberg non-lewis orbital were calculated [8].

3.5. Frontier Molecular Orbitals (FMOs) Analysis and Global Reactivity

HOMOs and LUMOs have the most important energy levels in any molecule [39,40]. Because the energy
difference between LUMOs and HOMOs, as frontier orbitals, plays a important role in the chemical
reactivity, stability and electronic transition of molecules, it is largely responsible for determining the
spectroscopic and chemical features of the structure [41]. Whereas the LUMO is attributed to electron
affinity, the HOMO is attributed to ionisation potential [42]. All orbital energy levels were examined, and
four important MOs LUMO+1, LUMO, HOMO and HOMO-1 are shown in Figure 8. In that figure, the
red-coloured entities represent positive lobes, whereas the green-coloured entities represent negative ones
[37]. According to the DFT/B3LYP calculation, energy values of the band between LUMO-HOMO and
LUMO+1-HOMO-1 were 2.5249 eV and 3.6357 eV for the HL molecule. The frontier orbitals thus indicate
low chemical reactivity and high kinetic stability [43]. As also shown in Figure 8, HOMOs indwelled in
the whole molecule, while LUMOs were mostly concentrated over the 4-methoxyphenyl ring, which
highlights the intramolecular charge transfer of the HL [26]. The total dipole moment, another major
electronic property in a structure [44], in terms of the ux, pyand p, of the HL from the same basis set, were
0.1845, 0.1048 and 0.2230 D, respectively [44]. According to Koopmans theorem, the HOMO level of
energy corresponds to the ionization potential (1) while the LUMO level of energy corresponds to the
electron affinity (A), (I = -Enomo and A = -ELumo). The electron affinity and ionization potential of the HL
were found as 4.7677 eV and 7.2926 eV, respectively. With this theorem, chemical hardness, chemical
softness and electronegativity values of the HL molecule can be calculated [45,46]. The electronegativity
(x) of a compound can be calculated using the equation, y = (I +A)/2. According to this equation, the
electronegativity of the HL was 6.0301 eV. Chemical hardness (1) and chemical softness (S) determine the
stability and reactivity of a molecular system. They can be calculated using the equations, n = (I-A)/2 and
S = 1/2n, respectively. Chemical hardness and softness were found as, n= 1.2624 eV and S= 0.3960 eV.
According to these results, it was determined that the HL molecule has high stability [11,47,48].
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Figure 8. The frontier molecular orbitals of the HL

3.6. Molecular Electrostatic Potential

The molecular electrostatic potential depends on the charge distribution of the structure [49]. MEP mapping
is a highly useful tool for investigating the molecular structure and its physicochemical features and was
used in the study to elucidate charge—dipole, quadrupole—dipole and dipole-dipole interactions as well as
the electrostatic potential value, molecular shape and molecular size [32]. The mapping process was applied
onto the electron density surface and used to visualise charge distributions in the molecules. In MEP
mapping, the red-coloured entities represent negative regions and sites for the electrophilic attack, whereas
the blue-coloured entities represent the positive regions and sites for the nucleophilic attack. The
electrostatic potential values decreased from blue to red. The MEP values of the map lie between -6.461
(i.e. dark red) and 6.461 e2a.u (i.e. dark blue) for the HL molecule, wherein the red colouring indicates the
repulsion and the blue colouring indicates the attraction [34]. In the examined molecule, the negative
regions were primarily spread over the hydrazone group of nitrogen atoms and the methoxy group of the
oxygen atom. From the obtained results, N9, N11 and 029 atoms demonstrated the strongest repulsion [50].
The MEP surface is illustrated in Figure 9.
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Figure 9. The molecular electrostatic potential (MEPs) for HL
4. CONCLUSIONS

The synthesised compound was characterised by analytical and spectral data. MEP analysis suggested that
the major reactive centres of the pyridine and hydrazone derivatives of the HL molecule were N9, N11 and
029 atoms indicating electrophilic attack and the strongest repulsion. The HOMO-LUMO energy gap was
examined at 2.5249 eV, and whereas LUMOs were mostly spread over the 4-methoxyphenyl ring, HOMOs
were distributed across the entire HL molecule. Observed UV-Vis of HL molecule and chemical shifts of
carbon and hydrogen atoms showed excellent agreement relative to theoretical calculations for the
compound. Valuable results were obtained from NBO analysis to clarify the properties and activity of the
molecule. The correlation between the recorded and calculated FT-IR frequencies with the scaling factor
of the fitting factor (R?) was 0.9993. By studying the HL compound reported herein and its chemical
properties, researchers can pinpoint applications for the design of new inorganic materials with improved
properties. Another outcome of the study is its potential contribution to in silico and in vivo studies to aid
the treatment of various diseases due to the high chemical stability of the HL molecule.
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