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ABSTRACT

The compound, (E)-N'-(4-chlorobenzylidene)-4-chlorobenzenesulfonohydrazide, N4CB4CBSH has
been synthesized and characterized by FT-IR, H and 13C NMR spectroscopic techniques. The density
functional theoretical computation method has been used for HOMO-LUMO analysis to calculate the energy
gap and related molecular properties and also, the HOMO-LUMO investigations are matched with the
calculated UV-Visible spectrum. Further, the molecular electrostatic potential (MEP), the first-order
hyperpolarizability () and dipole moment (i) were also computed using B3LYPG/6-31G method. Mulliken
charge population analysis is used to obtain the atomic charge distributions on different atoms of the
molecule. The intermolecular interactions observed in the crystal packing of the compound have been
discussed by using MEP surface generated and Mulliken charge population computed.
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INTRODUCTION

Schiff bases are the class of organic compounds possessing broad spectrum of biological activities
[1-8] along with many other interesting properties such as magnetic properties [9-10]. The imine group (-
N=CH-) present in the Schiff base molecules is responsible for their biological activities [11]. Schiff bases
are capable of forming complexes with metal ions to produce mononuclear and also polynuclear metal
complexes [12-13]. In colorimetric or fluorometric analysis, Schiff bases find good application as
multidentate ligands for the transition metal ions [14-15]. Due to the delocalisation of m-electron clouds
over the molecules, Schiff bases show large molecular hyperpolarizability () and hence attracted the
researcher’s attention to investigate their nonlinear optical (NLO) properties [16-17]. The spectroscopic
and density functional theory (DFT)-based computational studies of the NLO crystal (E)-N'-(4-
chlorobenzylidene)-4-methylbenzenesulfonohydrazide has been studied [18]. The study suggested the
superior NLO response of the compound compared to urea, the organic prototypical molecule. The study
also revealed that the substitution of chlorine with bromine showed better NLO response. In our paper, the
crystal structure, Hirshfeld surface analysis of N4CB4CBSH has been discussed in detail [19]. The
compound is crystallized in triclinic crystal system with PIspace group possessing one molecule in the
asymmetric unit with the unit cell parameters of a = 5.9306(6) &, b = 9.477(1) A, ¢ = 13.040(2) A, a =

98.822(9)°, 3 =96.046(9)°,y=92.416(9)°, V=718.94(15) A3andz=2 (Figure 1). The configuration of the
molecule about the C=N bond and the various intermolecular hydrogen bond interactions are confirmed.
In the present study, we report the frontier molecular orbital (FMO) analysis, first-order molecular
hyperpolarizability, Mulliken charge population analysis and MEP of the title compound using DFT studies
in order to explore structural properties of the compound further.

Figure 1: The asymmetric unit of the title compound N4CB4CBSH
EXPERIMENTAL
Synthesis of N4CB4CBSH and Instrumentation for spectral characterization
Synthesis of the title compound, N4CB4CBSH (Figure 2) has been described in our paper [20]. The
compound is characterized by FT-IR spectroscopy recorded in KBr pellets on a Shimadzu FT-IR 157
spectrometer in the frequency range 400 - 4000 cm-1. The NMR spectrum of the compound was measured
on a BRUKER AVANCE II 400MHz FT NMR spectrometer. The spectrum was recorded in DMSO with

tetramethylsilane (Me4Si) as internal standard. Computational studies were done using the GAUSSIAN 09
software using the DFT.

ci

Figure 2: Chemical structure of (E)-N'-(4-chlorobenzylidene)-4-chlorobenzenesulfonohydrazide,
N4CB4CBSH

September - October 2025 RJPBCS 16(5) Page No. 76



' f ‘ ISSN: 0975-8585

RESULTS AND DISCUSSION
Fourier transform infrared (FT-IR) spectrum

The characteristic vibrational bands observed in the FT-IR spectrum of N4CB4CBSH are shown in
Figure 3. The S=0 asymmetric and symmetric stretching vibrations are observed at 1327.0 and 1168.9 cm-
1, respectively. The C=N stretching vibration is observed at 1583.6 cm! and the N-H stretching vibration at
3180.6 cmL. Table 1 lists various modes of vibrations in the molecule and their respective vibrational
frequencies.
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Figure 3: Experimental FT-IR spectrum of N4CB4CBSH.

Table 1: Different modes of vibrations and their vibrational frequencies in N4CB4CBSH.

Mode of vibration Vibrational frequency
(cm™)
N-H (asym str) 3180.6 s
C-H (Ar sym str) 3099.6 w
C-H (imine str) 2922.2w
C=N(str) 1573.6 m
C=C (Ar in plane str) 1473.6 m
S=0 (asym) 1347.8 s
S=0 (sym) 11689 s
C-H (Ar in plane bend) 1085.9 w
S-N (sym str) 958.6 w
C-S (str) 819.8 m
C-Cl (str) 754.2 s

s = strong, m = medium, w = weak
Nuclear magnetic Resonance (1H and 13C NMR) spectra
The 'H NMR spectrum of N4CB4CBSH is shown in Figure 4. 1H NMR (400 MHz, DMSO-ds): 6 = 7.32 (d, 2H, ]

= 8.4Hz, Ar-H), 7.52 (dd, 4H, Ar-H, ] = 8.76 and 2.56 Hz), 7.87 - 7.92 (m, 3H; 2 Ar-H & 1 =C-H) and 11.50 (s,
1H, N-H).
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Figure 4: Experimental 'H NMR spectrum of N4CB4CBSH
The 13C NMR spectrum of N4CB4CBSH is shown in Figure 5.

1I3CNMR (100 MHz, DMSO-d6): 6 = 128.38,129.42, 130.73, 132.06, 134.96, 137.47, 138.39, 139.32, 145.66.
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Figure 5: Experimental 13C NMR spectrum of N4CB4CBSH

Computational results
Frontier Molecular Orbital Energy Analysis

The electronic spectrum of N4CB4CBSH was calculated by CIS method using the B3LYP density
functional in the gas phase. The representative spectrum is given in Figure 6. The strong and the sharp band
at 215.66 nm (Amax) with the oscillator strength of 0.7106 corresponds to m—m* transitions in the molecule.
HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital) and the band
gap energy in N4CB4CBSH molecule has been calculated by B3LYP/6-311(d,p) method. The HOMO and
LUMO indicate the ability of a molecule to donate and accept the electrons, respectively [21]. The electronic

September - October 2025 RJPBCS 16(5) Page No. 78



' f | ISSN: 0975-8585

structure of the molecules is characterized by the HOMO-LUMO gap energy. Itis the index of both electrical
conductivity and chemical reactivity [22].
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Figure 6: Simulated electronic spectrum of N4CB4CBSH

Figure 7 shows HOMO-LUMO plot and their band gap energy of 4.851 eV, confirms the stable
structure of the molecule. The positive and negative values of the wave function is represented by the red
and green colours, respectively. HOMO and LUMO energy values of a molecule can be used to calculate
various other molecular properties. Electronegativity is the power of an atom of a compound to attract the
electrons towards it. The electronegativity and electronic chemical potential can be calculated by the values
of electron affinity and ionisation energy as, y = [({ + A)/2] and p = -1/ 2(I+A), respectively. HOMO-LUMO
energy gap is directly related to the hardness of a molecule and it reflects the stability of the molecule [23].
The global hardness, n = 1/ 2(1- A). Electrophilic power of the molecule; Electrophilicity index, w can be
calculated from the values of chemical potential and global hardness as w = p2/2n. Chemical Softness, S =
1/ 2n is the measure of chemical reactivity of the molecule. The magnitude of various properties of the
molecule as shown in Table 2, are highly significant in predicting the biological activities.
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Elumo = -2.0626 eV
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Ey= 4.85 eV

Enomo = -6.9141 eV

Figure 7: The frontier molecular orbital diagram of N4CB4CBSH
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Table 2: Calculated energy values of N4CB4CBSH by B3LYP/6-311G method.

Molecular energy Values (eV)
Enomo -6.914
ELumo -2.063
HOMO-LUMO energy gap 4.851
Ionization potential, / 6.914
Electron affinity, A 2.063
Electronegativity, x 4.488
Chemical potential, u -4.488
Chemical Hardness, n 2.428
Chemical Softness, S 0.206
Electrophilicity index, w 4.152
overall energy balance, AE -4.852

Non-Linear Optical (NLO) properties

Due to the electron delocalization in the m-1* orbitals of the organic compounds, they are expected
show comparatively good optical properties. The calculated values for the first order hyperpolarizability
(B) and the dipole moment (p) of N4ACB4CBSH are given in Table 3.

Using the x, y, z components, the total dipole moment o and total first order hyperpolarizability
Btot can be calculated as:

= (b + py? + pe?)1/2 (1)
and
wor = (Bx? + By? + B2)1/2 (2)
where,
Bx = Brxx+ Pryy + Przz (3)
By = Byyy + Brxy + Byzz (4)
Bz=Burzz + Puxx + Bayy (5)
Table 3: The calculated First-order molecular hyperpolarizability and Dipole moment of
N4CB4CBSH
First-order molecular hyperpolarizability, 8 (10 3%e.s.u)
Boxx -517.08329
Bxxy -84.48012
Bxyy 7.52428
Byyy -211.85366
Bxxz 111.58313
Bxyz 66.98014
Byyz 18.81626
Bxzz -17.65045
Byzz 24.02673
Bzzz 90.25945
Btot (10 3%e.s.u) 5.4691
Dipole moment, p (D)
x 0.52709
Ny 1.36329
Iz 1.47937
Htot 5.2860

The calculated first-order molecular hyperpolarizability () and dipole moment (u) of the
specimen are, 54691 X 10 30 e.s.u (~ 20 times that of urea) and 5.2860 D, respectively. It is interesting to
observe that the strong inter- and intramolecular hydrogen bondings enhance the hyperpolarizability
leading to micro level nonlinearity. It is clear from the Table 3 that the delocalization of electron cloud is
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more along x direction because of its large contribution to $tot. The non-zero value of dipole moment and
high value of § of N4CB4CBSH indicates that it as an effective NLO material.

Mulliken charge population analysis

As the atomic charges affect the electronic structure and the dipole moments of the molecules, the
calculation of Mulliken atomic charges has become an important implication of quantum mechanical
calculation to the chemical system [24]. The computed Mulliken atomic charges of all the atoms present in
N4CB4CBSH are shown in Table 4. The result shows that, two oxygen atoms attached to a sulphur atom,
two nitrogen atoms and all the carbon atoms show negative charges, representing the electron
withdrawing nature which indicates their facile interaction with receptors sites positively charged parts.
i.e., these are the sites for electrophilic attack in the molecule. The two chlorine atoms (C11 and C12), a
sulphur atom and all the hydrogen atoms with positive charges are the nucleophilic attack sites.

Table 4: Mulliken atomic charges of all the atoms present in N4ACB4CBSH

Atom Mulliken Charge (eV)
C1 -0.342067
c2 -0.044685
H1 0.213931
C3 -0.024399
H2 0.221298
C4 -0.364700
C5 -0.023595
H3 0.224986
Cé6 -0.053790
H4 0.237356
Cc7 -0.059171
H5 0.180550
C8 -0.059533
C9 -0.088133
H6 0.217150
C10 -0.057130
H7 0.216099
C11 -0.350909
C12 -0.052765
H8 0.213588
C13 -0.168519
H9 0.197823
N1 -0.642477
H10 0.358735
N1 -0.077088
01 -0.611251
02 -0.576353
Cl1 0.020355
Cl2 0.001024
S1 1.293671

The magnitude of negative charge on the carbon atoms vary significantly. The charge on N1 is more
negative than the N2. The most negative charge containing Nitrogen atom (N1) attached to a hydrogen
atom implies the favourable site for H-bond formation. Among the chlorine atoms, the Cl1 is more positive
than Cl2. These also indicate the probable site for hydrogen bond interactions (non-classical). These
expectations for the hydrogen bond interactions in the molecule are clearly manifested in the crystal
packing of the compound obtained by the X-ray diffraction studies. N1-H1---:01, C4-Cl1---Cg2 and C11-
Cl2---Cgl (Cgl and Cg2 are the centroids of rings C1-C6 and C8-C13, respectively) having the symmetry
codes: -x+1; -y+1; -z, x+1, y-1, z and -x, -y+1, -z+1, respectively. From the hydrogen bond geometry data,
the variation of hydrogen bond length (bond lengths of 3.41 (1) and 3.65 (1) A, involving Cl1 and CI2,
respectively) for the two non-classical interactions, indicates that there is a change in the magnitude of the
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positive charges on two Cl atoms and this observation in turn is well supported by the Mulliken charge
population analysis. A plot for Mulliken charge distribution on N4CB4CBSH is shown in Figure 8.

Figure 8: Plot of Mulliken atomic charge distribution for N4CB4CBSH

Mulliken charge population analysis can also be extended to support the data obtained from the
Hirshfeld surface analysis of the molecule. The Hirshfeld surfaces mapped over dnorm, predicts the hydrogen
bonding interactions. The bright red spots at the N-H and Oxygen atoms indicate the formation of strong
hydrogen bond (N-H---O with H---O bong length of 2.07 (2) A). Whereas, the weak interactions involving
the chlorine atoms are indicated as light-red spots around the position of chlorine atoms in the molecule.

Molecular electrostatic potential

MEP is mapped over the stabilized geometry of the title compound, N4CB4CBSH. The electrostatic
potential plays an important role in the discussion of the compounds chemical reactivity by identifying the
sites of electrophilic and nucleophilic attack, the hydrogen bonding interactions and also the site of metallic
bonding in the molecules [25].

1552 N = 505

Figure 9: MEP plot of N4CB4CBSH.

The negative electrostatic potential region due to the lone pair of electrons and m-electrons is
indicated by the red and yellow colour and these regions indicate the site of electrophilic reactivity. Positive
electrostatic potential region where the nuclear charge density is incompletely shielded is represented by
the blue colour and these regions indicate the sites of nucleophilic attack. The MEP plot depicting the
relative polarity of the molecule is given in Figure 9. From the figure it is observed that the most electron
rich sites of the molecular energy plot have been contributed by the oxygen atoms (most negative region)
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of SOz group and the nitrogen atom (least negative region) of NH group. The region around H atoms
attached nitrogen atom and azomethine carbon atom show highest positive potential sites (dark blue
colour) followed by the two chlorine atoms (light blue colour).

CONCLUSION

The HOMO and LUMO energies were calculated and the HOMO-LUMO gap energy was found to be
4.851 eV, indicating good charge transfer within the molecule. Simulated UV-Visible spectral analysis
revealed that the molecule has Amax at 215.66 nm. The charges on atoms changed depending on their
polarizability in the molecule and hence Mulliken charge population analysis gives an insight into the
possibilities of hydrogen bonding interactions. The calculated MEP indicated the preferential sites of
chemical reactivity in the molecule. From the MEP surface, it would be predicted that at the oxygen atoms,
an electrophilic attack occurs preferentially, followed by the nitrogen atom of NH group. Whereas, the
nucleophilic attack would preferentially occur at the hydrogen atoms of NH group followed by the
hydrogen atom of azomethine moiety. The calculated NLO property, namely the first-order
hyperpolarizability () value of the molecule indicates the molecule to be a good NLO material with
potential for future studies.
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