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ARTICLE INFO ABSTRACT

Keywords: This study demonstrates the potential role of Ziprasidone (ZPSD) as a liver anticancer drug by combining

ZPSD computational and experimental methods to examine the pharmacological, structural, and electrical properties

NBO . . of the molecule. The molecule appears to have favourable stability and chemical reactivity, as indicated by the
Z‘;‘: ioct)ilzfl studies HOMO-LUMO energy gap of 4.3995 eV found in Density Functional Theory (DFT) calculations using the B3LYP/

6-311++G(d,p) basis set. Important electrophilic (such as Cy, Sz, and N;) and nucleophilic (such as Op¢, Ni4,
and Nj;) centres necessary for biomolecular interactions were identified by Natural Bond Orbital (NBO) in-
teractions more especially, the N;—Hag (6) —» C2—C3 (6*) and 6 — o* transitions and Mulliken population an-
alyses, which also revealed strong electron delocalization. For comprehensive molecular visualization and
analysis, the study used Veda 04 software for PED values in addition to Gaussian 09 W, Gauss View 6.0, and
ChemCraft 1.8. UV-Vis spectra and TD-DFT predictions further supported the presence of functionally relevant
groups such as carbonyl, NH, CH, and aromatic systems, which were confirmed by vibrational (FT-IR) and NMR
spectroscopy. Understanding electronic density distributions, which are correlated with the molecule’s dipole
moment and possible interaction zones was made possible by the Molecular Electrostatic Potential (MEP),
Electron Localization Function (ELF), and Localized Orbital Locator (LOL) maps. The potential anticancer ac-
tivity of ZPSD is enhanced by its moderate dipole moment (8.91x1073° Cm™') and high hyperpolarizability
(Btot) 9.3 x 10-4°C3.m>.J 2. In accordance with Docking studies revealed that the proteins (PDB IDs: 3T6G and
6NMO) had favourable binding energies (-7.72 and -6.75 kcal/mol), stable hydrogen bonds at significant residues
(SER582, TYR114, LYS149) and the BOILED-Egg model, QSPR descriptors by topological indices, drug-likeness
by Lipinski’s rule confirmed ZPSD as a liver anti-cancer activity.

QSPR analysis

1. Introduction

Ziprasidone was first created as a second-generation a typical anti-
psychotic to treat bipolar disorder and schizophrenia. However, its
growing potential as an anti-cancer drug, particularly in the treatment of
breast cancer, has recently drawn interest from cancer researchers [1].
ZPSD is a 1,2-benzothiazol-3-yl- and 2-(6-chloro-1,3-dihydro-2-ox-
indol-5-yl) ethyl substituents joined to the nitrogen atoms and
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piperazine compound also. It functions as an antipsychotic, histamine,
muscarinic, serotonergic, dopaminergic, and psychotropic drug. Though
originally developed for psychiatric use, emerging studies suggest that
ZPSD may exert anti-proliferative, pro-apoptotic, and cell
cycle-regulatory effects on breast cancer cells [2]. Preclinical studies
have shown that ZPSD may inhibit the growth of breast cancer cell lines,
possibly through mechanisms involving oxidative stress induction,
mitochondrial dysfunction, or modulation of signalling pathways such
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as PIBK/AKT or MAPK/ERK. These pathways are often dysregulated in
breast cancer and are key targets for therapeutic intervention. While
research is still at an early stage and primarily limited to in vitro or
animal models, the repurposing of ZPSD and other antipsychotics offers
a novel and cost-effective approach to cancer drug discovery [3-5]. Its
potential to enhance the effectiveness of existing therapies or reduce
tumour progression highlights the need for further investigation, espe-
cially through clinical trials [6,7]. It is a good candidate for therapeutic
repurposing due to its distinct electronic structure and bioactive scaf-
fold. Because ZPSD has conjugated n-systems and heteroatoms that can
form strong hydrogen bonds and polarization, it shares important
characteristics with anticancer pharmacophores [8]. Although other
antipsychotics have demonstrated cytotoxic and apoptotic effects in
cancer cells [9], there are still few studies that connect ZPSD’s quantum
characteristics to its anticancer potential, which supports the choice of
ZPSD for this study [10]. To the best of my knowledge, no one is able to
complete this work through DFT. The goal of this study is to investigate
the anticancer activity, specifically for liver cancer, that can be attained
through the compound using the DFT studies by exposing it to UV-Vis
analysis, FT-IR analysis, and NMR studies in order to validate the
compound and predict the efficacy of the application findings [11].The
research ELF, LOL, Electron-Hole Analysis and RDG analyses offer a
more thorough explanation of the physical and chemical features with
optimized structure using the B3LYP/6-311++G(d,p) basis and DFT
calculations, while NBO and HOMO-LUMO provide geometrical quali-
ties. Nonlinear Optical (NLO) and molecular docking experiments will
be carried out in addition to DFT-based structural and electronic in-
vestigations to assess the optical response and biological interaction
potential of the ZPSD molecule. The molecule’s aptitude for optoelec-
tronic applications is revealed by the NLO analysis, and its potential
bioactive behaviour and binding affinity toward biological targets are
revealed by molecular docking from natural sources in order to create
analyte-specific receptors and ascertain the compound ZPSD capacity
through docking studies using Autodock 4.0. A cleaner and healthier
environment will be created by correcting the anticancer activity of liver
cancer in addition to the mathematical studies that are included to
clarify the ZPSD.

2. Methodology of ZPSD

The study uses a methodical and sequential approach that integrates
biological, theoretical, and experimental analyses. The molecular
structure and functional groups were confirmed by FT-IR, UV-Vis and
NMR spectroscopy. MEP, ELF, and LOL representations of charge dis-
tribution was used to support the optimized geometry, electronic pa-
rameters, and reactive centres that were obtained from DFT and NBO
calculations. While QSPR and the BOILED-Egg model assessed phar-
macokinetic and drug-likeness properties, the optimized structure led
molecular docking to analyse protein-ligand interactions and anticancer
potential.

2.1. Experimental details

The pharmaceutical component ZPSD was utilized without any
additional purification after being purchased in powdered form from
reputable chemical source Sigma-Aldrich. Its optical and structural
characteristics were described using a variety of sophisticated spectro-
scopic methods [12]. A Perkin Elmer Lambda 35 UV Win Lab V6.0
spectrometer operating at room temperature was used to perform
UV-Visible absorption spectroscopy, which covered a wide wavelength
range of 185-3300 nm with a variable bandwidth of 0.5-4.0 nm. Among
the light sources were a tungsten-halogen lamp for the visible spectrum
and a deuterium lamp for the ultraviolet [13]. A PERKIN ELMER FT-IR
spectrometer with a resolution of 4 cm™, a high scanning speed of 20
spectra per second, and a signal-to-noise ratio of 60,000:1 was used to
perform FT-IR spectroscopy utilizing the KBr pellet method for
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vibrational analysis. The spectral data were gathered between 7800 and
350 cm™ in order to determine the compound’s functional groups. The
chemical structure was further clarified by using Nuclear Magnetic
Resonance (NMR) spectroscopy. A Bruker high-resolution instrument at
300 K and a Varian Mercury Plus 500 MHz spectrometer were used to
record the 'H and '3C spectra [14]. At SRM College of Science in Kat-
tankulathur, Tamil Nadu, India, the measurements were carried out
using a base frequency of 400 MHz for 'H nuclei and 100 MHz for '*C
nuclei. The molecular features of ZPSD were thoroughly analysed and
confirmed thanks to this multi-technique approach.

2.2. Computational details

Gaussian 09 W software was used for all theoretical analyses in this
investigation. GaussView 6.0 and ChemCraft 1.8 were used to visualize
the molecular geometry, specifically bond lengths and bond angles, as
well as HOMO-LUMO orbitals and molecular electrostatic potential
(MEP) surfaces [15]. To identify reactive sites within the Ziprasidone
(ZPSD) molecule, important parameters were used, including the MEP
surface, Mulliken charge distribution, NMR shifts, energy gap features,
electrophilicity, and nucleophilicity indices. Using the hybrid B3LYP
functional and the 6-311++G(d,p) basis set, Density Functional Theory
(DFT) calculations were performed [16]. Using VEDA 04, vibrational
frequencies associated with FT-IR spectra and PED percentages were
calculated; the results demonstrated a high degree of agreement with
experimental data. UV-Visible spectra and density of states (DOS) in gas
phase and DMSO solvent were simulated using the TD-DFT method.
Moreover, the interpretation of stabilization energies, antibonding in-
teractions, and natural bond orbital (NBO) properties such as hyper-
conjugation, donor-acceptor interactions, and intramolecular hydrogen
bonding was made possible by second-order perturbation theory in
Gaussian 09 W. Using MULTIWEN 3.7 (Win 64), topological descriptors
like LOL, RDG, Electron-Hole analysis, and ELF were assessed. Lastly,
AutoDock 4.0 molecular docking studies were used to evaluate
ligand-receptor binding interactions, offering information on the bind-
ing efficiency of ZPSD with target proteins [17].

3. Result and discussion
3.1. Optimized structure

The ideal molecular geometry is displayed in Fig. 1. along with the
chemical structure and ZPSD numbering. The initial geometry of ZPSD
was constructed using GaussView 6.0 and pre-optimized with the
MMFF94 force field to remove steric strain. This low-energy confor-
mation was then used as the input structure for full geometry optimi-
zation at the DFT/B3LYP/6-311++G(d,p) level in Gaussian 09, which is
used to determine geometrical features such as bond length and bond
angle [18]. It belongs to the 1,2-benzisothiazole, indolone, piperazine
and organochlorine compound families, where, Formula for the chem-
ical: Co1H21CIN4OS Weight in molecules: 412.9 g/mol, Solid appear-
ance, the melting point is around 276 °C.The Bond Angle and Bond
Length are part of the structure’s optimal molecular geometry, as shown
in the Table 1. ZPSD is a heterocyclic compound with a complex poly-
cyclic structure that includes heteroatoms and several functional groups
[19]. Its fundamental structure consists of an aryl linkage connecting a
dihydroindolone segment, a piperazine moiety, and a benzisothiazole
ring. In addition, the molecule has nitrogen, sulfur, and a chlorine
substituent, all of which support its electronic and pharmacological
characteristics. Delocalized n-bonding is indicated by the fused, aro-
matic benzisothiazole ring, which has C-C bond lengths that are usually
between 1.38 and 1.40 A. The C=0 group carbonyl in this moiety ex-
hibits a characteristic short bond length 1.21 A by B3LYP, and the
dihydroindolone unit is connected by a flexible ethyl chain. With N-C
bond lengths that vary depending on their surroundings, the piperazine
ring takes on a chair-like shape and joins the aromatic system via
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Fig. 1. ZPSD optimized structure.

Table 1

Structural Parameter of the ZPSD.
Bond length A B3LYP XRD data Bond length A, Angle (°) B3LYP XRD data Bond B3LYP XRD data

Angle (°)

N1—Cy 1.39 1.28 C27Cas 1.38 1.38 N14C15Hsg 108.46 111.6
N1—Co 1.39 1.39 Co7Hag 1.08 1.00 N14C15Hs0 112.20 111.7
N;—Hag 1.00 0.86 CagHao 1.08 0.97 C16C15Hsg 109.00 109.00
Cy—Cs 1.54 1.40 C2N;Co 112.54 114.51 C16C15Hso 109.25 109.00
G010 1.21 1.28 CyN;Hgo 121.74 - HzsC15Hso 107.80 109.00
C3-Cy 1.50 1.47 CoN;Hao 125.71 - C15C16N17 112.91 111.30
Cs-Hso 1.09 0.96 N;C3Cs 106.16 108.00 C15C16Ha0 108.72 109.00
C3-Ha; 1.09 0.93 N1C2010 125.60 - C15C16Ha1 110.33 110.00
C4-Cs 1.38 1.35 C3C,010 128.23 125.69 N17GC16Ha0 107.08 108.00
C4-Co 1.40 1.38 C3C3Cq 103.66 - N17C16Ha 108.63 109.00
Cs-Ce 1.41 1.36 C,C3Hso 109.16 109.00 Hs0C16Ha 109.04 109.00
Cs-Hsp 1.08 0.96 CyCsHap 109.16 109.00 C16N17C1s 110.97 109.50
Ce-C7 1.40 1.43 C,CsHso 113.86 112.00 C16N17Hz 117.73 -
Co-Ci2 1.51 1.51 C,CsHag 113.85 112.00 C18N17Coz 118.74 119.00
Cy-Cg 1.40 1.39 H30CsHa1 106.99 108.00 N17C15C1o 112.06 111.30
Cy-Cly, 1.76 - C3C4Cs 132.28 - N17GC1gHa 109.90 109.00
Cg-Co 1.38 1.37 C3C4Co 108.32 - N17GC1gHas 108.13 108.00
c8-H% 1.08 1.00 Cs5C4Co 119.39 - C10C18Ha4z 109.32 109.00
cttg® 3.05 - C4CsCe 121.36 - C10C18Has 108.97 109.00
cl.ch? 1.54 1.50 C4CsHsy 120.14 120.00 Hy2C18Has 108.35 109.00
clzpg34 1.09 0.97 CsCsHao 118.48 117.00 N14C10C1s 110.68 110.00
cl2p%® 1.09 1.00 CsCeCy 116.96 - Ni14CioHas 111.59 110.00
cl3N 1.46 1.40 CsCeHi2 119.81 119.00 N14CioHys 109.51 109.00
cle.pse 1.10 1.00 C,CeHi2 123.20 123.00 C15C10Has 109.22 110.00
c3.H¥ 1.09 0.93 C6CsCs 123.32 - C18C10Has 108.38 110.00
N4.cl® 1.46 1.46 C6CyClyy 120.12 - Hy4C10Has 107.32 107.00
N'4.c?? 1.46 1.47 CgCyClyy 116.54 - C21520Ca4 94.00 91.75
clscte 1.53 1.49 C,CsCo 117.28 - S20N21Can 122.08 122.10
clo.p% 1.09 1.00 C,CgHas 120.40 - Ni7C2oNap 120.79 -
cls.H* 1.10 0.96 CoCgHas 122.3 123.00 N;7C22Ca3 123.1 124.15
cle. NY7 1.46 1.47 N;CoCy 109.30 109.50 N1C22Cas 115.97 116.62
clo.H* 1.09 1.00 N;CoCs 129.03 127.50 C25C23Ca4 109.90 -
cto.ut 1.09 0.97 C4CoCsg 121.65 . C22C23Cas 130.91 -
N7 .c'® 1.47 1.47 C,Cly1Hsy 75.42 - C24C23Cas 119.05 -
N7.c%2 1.39 1.37 CeCi2Hi3 112.56 109.00 S20C24Cas3 108.9 110.65
cls.ct? 1.53 1.50 CoCi2Hag 110.85 109.00 S90C24Cas 129.36 -
cl8.g*? 1.09 0.96 C6C12Hss 108.26 109.00 C23C24Cas 121.57 122.18
cls.g* 1.09 1.00 C13C12Hzs 108.09 109.00 C23C25Ca26 119.43 119.62
clo-H* 1.10 0.93 C13C12Hss 109.92 109.00 Co3CasHae 120.40 120.00
clo.H* 1.09 0.97 Hs34C1oHss 106.98 108.00 Co6CasHae 120.10 -
§20.N2! 1.70 - C12C15C14 112.60 - C25C26C27 120.69 -
§20.¢c24 1.74 1.73 C12C13Hse 109.50 109.00 CosCaeHar 119.72 120.00
NZ.c22 1.31 1.28 C12C13Hs, 108.19 109.00 Co7CoeHay 119.57 120.00
c®2.c> 1.46 1.49 C14C13Hsg 112.03 - C26C27Cas 120.89 121.23
cB8. 1.41 1.43 C14C13Hz37 107.69 109.00 C26Ca7Has 119.57 117.00
cB.c® 1.40 - HaeCr3Hay 106.5 108.00 Co8Co7Hag 119.5 117.00
c*.c?® 1.40 1.39 C13C14C1s 112.08 - C24C25C27 118.26 119.58
c2.c2 1.38 1.35 C13C14C10 112.94 - C24CasHao 120.91 120.00
Cc2.He 1.08 1.01 C15C14C10 109.91 - Co7CogHao 120.81 -
c%.¢¥ 1.40 : N14C15C16 110.0 109.50 Cly1H37C13 114.33 -
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nitrogen atoms [20-24]. At about 1.70 [o\, the S-N bond from the thia-
zole portion is comparatively long, indicating a single bond with partial
delocalization. The presence of a chloro substituent is confirmed by the
C—Cl bond, which is visible at about 1.76 A. Although these are shorter
in XRD because of experimental constraints, hydrogen atoms exhibit
B3LYP-optimized bond lengths of 1.08-1.10 Standard hybridization
geometries are reflected in the bond angles: sp® centres show angles
close to 109.5°, whereas sp? centres, particularly in aromatic rings and
amide linkages, show angles between 118° and 130° [25,26]. The
molecule exhibits both planar and non-planar regions, suggesting a
balance between flexibility in the piperazine ring and aliphatic chains
and rigidity in the aromatic and amide regions, the majority of nitro-
gen—carbon (N-C) and carbon-carbon (C-C) bond lengths predicted by
B3LYP fall within the expected range of 1.38 to 1.54 A. Due to conju-
gation or crystal packing effects, the N;— C, bond exhibits a notable
deviation, measuring 1.39 A in B3LYP and 1.28 A in XRD. Theoretical
and experimental agreement for aromatic C—C bonds, like Cy7—Cog, is
very good. C—H bond lengths, on the other hand, vary more signifi-
cantly; B3LYP predicts lengths of 1.08-1.10 A, while XRD data displays
shorter values (0.86-1.01 1°\), which is to be expected given the limita-
tions of X-ray diffraction in precisely locating hydrogen atoms. Partic-
ularly for typical tetrahedral centres, where angles cluster around
109.5°, the bond angles determined using B3LYP are also generally in
agreement with the XRD data. However, there are discernible variations
in some angles involving nitrogen or in strained ring systems. The
Co-N;-Co angle, for instance, is measured at 114.51° (XRD) and
computed at 112.54° (B3LYP). Theoretically, the N;-C>-O;¢ angle is
125.60° The C;-Cl;;1-Hs; geometry exhibits angle as 75.42° in B3LYP,
which suggests strain or a unique conformation. The C;-Cl;;-Hsy ge-
ometry exhibits a strain or a unique conformation. Typical aromatic or
flexible structural motifs are matched by chain and ring angles that fall
between 118° and 130°, such as Cy5-Co6—Ca7 and C4—Cog—Co7 [27-29].
The Table 1 explain the theoretical values were well matched to the
experimental values of it.

3.2. Mulliken charges

Mulliken population analysis uses a molecule electron distribution to
estimate atomic charges. These charges impact characteristics like
electronic structure, polarizability, and dipole moment and reveal the
bonding nature. Mulliken population analysis from the gaussian opti-
mization was provided through the valuable insight into the electronic
distribution of a molecule by estimating atomic charges through gs =Z 4
- > uea> vPuuS, v, where Z 4 = atomic number, P , , = density
matrix, and S , , = overlap matrix, the total electron density among the
atoms in a molecule to describe charge transfer and bonding character
can be investigated on ZPSD molecule through the B3LYP and the
6-311++G (d, p) basis sets, using Gaussian 09 which is listed in Table 2
[30,31].In Fig. 2. Shows the electrophilic character is demonstrated by
the oxygen atom charge of O19 » —0.44571 eV, N14 > —0.44225 eV, Ny7
—0.48465 eV, Ny;» —0.61349 eV and the positive charges on some
carbon atoms, Sog * 0.323474 eV, Cl;1 *0.07539 eV, N;> 0.657889 eV, C,
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> 0.551495 eV, C4 > 0.055148 eV, Cg » 0.129973 eV, Co » 0.346082 eV,
Caz » 0.463936 eV, Cy3 > 0.108303 eV. The charges of hydrogen atoms
vary from Hyg » 0.28368 eV to Hz;> 0.157114 eV. With the maximum
charge at Hyg » 0.28368 eV, the hydrogen atoms show comparatively
homogeneous charges, indicating a variety of bonding conditions. This
technique finds the molecule’s electron-rich (nucleophilic) and
electron-deficient (electrophilic) areas. Strong nucleophilic character is
suggested by highly negative charges on atoms like O19, N14, Ny7, and
N3, in the ZPSD molecule, whereas electrophilic behaviour is indicated
by positive charges on atoms like Co, N1, and Sgo.The findings show that
the oxygen atoms have areas of high electron density, which makes them
possible nucleophilic sites, and the highly charged carbon atoms are
likely electrophilic sites, which are necessary for binding contacts and
reactivity [27-29].

3.3. NBO analysis

In molecular systems, the NBO analysis is a useful method for
elucidating intramolecular and intermolecular bonding as well as in-
teractions between bonds. The analysis of charge transfers or hyper-
conjugation interactions inside the molecules is also made easier. The
high E (2) value in this framework indicates a high level of interaction
between electron donors and acceptors as well as a higher degree of
systemic conjugation [32]. The stabilization energies of the title mole-
cule have been examined using the donor-acceptor interactions in the
NBO basis were assessed using the second-order Fock-matrix. The
localized NBO of the idealized Lewis structure loses occupancy as a
result of the interactions, becoming an empty non-Lewis orbital. The
stabilization energy E (2) connected to the delocalization i/j for every
donor (i) and acceptor (j) is calculated as

F(ij)*
E® = AE; = g——
ij q:gj py

where the energy of the NBO donor and acceptor is represented by E; and
E;, respectively, the orbital stabilization energy by E (2), the occupancy
of the donating orbitals by q;, and the Fock matrix element connecting
NBO orbitals i and j by Fjj [33]. Table 3 shows the NBO calculations for a
few chosen donors and acceptors. The Instinct Connection The way the
molecule’s electrons interact and support its structure is demonstrated
via orbital analysis. Among the molecule’s double bonds are some of the
strongest interactions. The stabilization energies of 21.7 kcal/mol and
21.0 kcal/mol are obtained from interactions between the electrons
from the = bond between C4 and Cs and the n* antibonds of Cs—C7 and
Cg—Co. The region between n(C¢—C7) and n*(Cg—Co) exhibits substantial
electron sharing or delocalization, as evidenced by an extremely high
stabilization energy of 284 kcal/mol. Cl;; and Syp atoms’ lone pair
electrons are also crucial. More stability is added by the interactions
between the lone pair from Cl;; and n*(Cg-C7) (13.0 kcal/mol) and n*
(C23—Ca4) (23.4 kcal/mol). In addition, 6 bonds that donate electrons to
neighboring ¢* antibonds, as (C3-C4) to 6*(C2-01¢ and 6(N;-Co) to c*
(C2-010), with energies of about 3.7 kcal/mol and 3.4 kcal/mol, are
useful interactions. The characteristics of bonding and charge

Table 2

Mulliken Atomic Charges of ZPSD.
Atom Energy Atom Energy Atom Energy Atom Energy Atom Energy
Ny 0.6578 Clyy 0.0753 Na; —0.6134 Hs, 0.1571 Hu 0.1491
Cy 0.5514 Ci2 —0.2567 Cy 0.4639 Hsy 0.0923 Hao 0.1190
Cs —0.2982 Ci3 —0.0579 Ca3 0.1083 Hss 0.1062 Has 0.1054
Cs 0.0551 Nia —0.4422 Cas —0.1604 Hss 0.1230 Has 0.0772
Cs —0.1631 Cis —0.0295 Cas —0.1137 Hss 0.1051 Hys 0.1043
Ce 0.1299 Cie —0.0698 Cas —0.1162 Hse 0.0701 Hae 0.1055
C; —0.1451 Ni7y —0.4846 Cay —0.0704 Hs; 0.1067 Ha7 0.0876
Cs —0.1279 Cis —0.0768 Cag —0.1164 Hsg 0.0998 Has 0.0903
Co 0.3460 Cio —0.0326 Hao 0.2836 Hso 0.0862 Hao 0.0993
O10 —0.4457 S20 0.3234 Hszo 0.1489 Hao 0.1077
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Fig. 2. Mulliken atomic charges of ZPSD.

Table 3

Donor and Acceptor interaction NBOs analysis on ZPSD molecules.
Donor NBO (i) Acceptor NBO (j) E (2) kcal/mol E()-E@) a.u. F(i,j) a.u. Donor NBO (i) Acceptor NBO (j) E (2) kcal/mol E()-E() a.u. F(i,j) a.u.
LP (2) Clyy 1*Ce—C7 13.0 0.35 0.06 ©*N1—Cy 6*C—019 0.69 0.29 0.05
6C,—Clyq 6*Cy3—Hg, 0.72 1.24 0.02 7*Cy—O19 6*C3—Hg; 1.01 0.40 0.05
6N14—Cis 6*C13-Nig 0.83 1.08 0.02 1*Cy—O10 1*C4—Cs 0.5 0.03 0.00
6N14—Cio 6*C1g—Haz 1.02 1.10 0.03 6 Cg—Co 6*N1—Co 1.38 1.13 0.03
6C16—N17 6*N17—Cis 0.76 1.03 0.02 6Ci6—Ha1 6*N14—Cys 4.09 0.85 0.05
oN17—Cig 6*C1e—Ha 1.23 1.15 0.03 6S20—Cos 6*S50—No; 2.05 0.89 0.03
6S20—Cos 6*N17—Cpo 0.98 1.33 0.03 oN;—Cy 6*Cg- Co 4.87 1.33 0.07
7N23—Coo 6*N17—Cis 0.57 0.63 0.01 oN;—Hag 6*Cy—Cg 1.22 1.03 0.03
6Cap—Cos 6*N17—Con 3.54 1.35 0.06 6C4—Co 6*N;3—Hag 2.77 1.09 0.04
oN;—Cy 6*C2—019 3.48 1.39 0.06 6Cy—Cly1 6*Cg—Cg 2.01 1.35 0.04
oN17—Coa 6*S20—Na21 1.83 1.14 0.04 LP(3)Cly; 6*Ce—C7 1.28 1.00 0.03
6S20—N21 6*N17—Caa 8.76 1.35 0.09 LP (2)S20 1*Ca3—Caq 23.4 0.25 0.07

delocalization in ZPSD are revealed by the hybrid composition of main
donor and acceptor orbitals. The strong p-character of the c(N1-C2)
bond is indicated by the hybrid orbitals on N1 and C2, which are sp?, sp>
(33.7 %5, 66.3 % p) and 32.8 % s, 67.2 % p, respectively. 010 and N17's
lone pair orbitals are primarily p-type (>85 %), which promotes
n-delocalization with nearby n* orbitals. The reported E (2) value of 23.4
kcal mol™! for the LP (2)S20 — n*C23-C24 transition is consistent with
the LP (2)S20 orbital’s ~35 % s and ~65 % p contribution, indicating its
possible involvement in conjugative interactions. According to these
interactions, electrons are not stationary; rather, they migrate
throughout the molecule to maintain its stability and reactivity. Un-
derstanding this behaviour is crucial to comprehending the character-
istics of the molecule and its potential interactions in biological systems.

3.4. UV-Vis, HOMO LUMO, MEP, DOS analysis of ZPSD

The electronic transition features of ZPSD were found through the
UV-Visible spectra and related properties of oscillation strengths (f),
excitation energy (eV), and absorption band (nm) shown in Figs. 3 and
Fig. 4. Quantum chemical theory was used to interpret these features
based on the DFT/B3LYP/6-311++G(d,p) method, which was calcu-
lated in the gas phase and correlated with experimental UV-Visible
spectra. We have analysed the UV spectra with DOS states using time-

dependent density functional theory (TD-DFT) on the optimized struc-
ture in gas. The Shimadzu UV-Vis spectrometer was used to measure the
UV-Vis. A simple and direct method for figuring out the band gap energy
of organic p conjugated systems is UV-Vis [34,35]. The following
equation can be used to determine the optical band gap: Eg = 1242/ Ath,
where Ath is the threshold wavelength (in nm), determined from the
beginning of the absorption spectrum, and Eg is the optical energy band
gap (in eV). When using the Gaussian 09 W program to model the
electron density and charge distribution of the three-dimensional
intermolecular interaction of reactive behaviour, the Molecular Elec-
trostatic Potential is helpful. Since we are aware that the potential be-
tween adjacent atoms determines their interactions, V(r) shows the
potential that exists in the space around a molecule because of its nuclei
and electrons. It is a good way to tell how the molecule will react. In
math, it looks like this:

Zr p(r“)
V(r):zm—/(r)ir)dr

where Z, is the charge of nucleus A located at position Ry and p(r)
represents the electronic density function of the molecule, with 1’ as the
integration variable. At any point r = (x,y,z) near the molecule, the MEP,
V(1), corresponds to the interaction energy between the molecule charge
distribution (electrons and nuclei) and a positive test charge (proton)
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Fig. 3. UV-Vis, TD-DFT of ZPSD.

placed at r [36]. The optimized shape of the title molecule is used to
create the MEP map, which is seen in Fig. 5. shows crisp views of border
molecular orbitals using Gauss View 5.0 software.

All of these characteristics experience significant HOMO-LUMO
orbital changes upon absorption of UV radiation. The n-p transition is
less noticeable than the p-p transition. The n or p orbitals shift to an
excited state in the absorption spectroscopy approach. Additionally,
after reporting the molecular orbitals’ energy, we computed the energy
gap between the major peaks of the spectra’s molecular orbitals and the
border HOMO-LUMO orbitals. The UV spectrum in gas phase and the
DMSO is depicted in Fig. 3. and the molecule’s computed wavelength,
energy, bond gap, and oscillator strength are shown in the Table 4. The
Homo-Lumo energy gap is shown in the Fig. 4. to have a sizable energy
gap of 4.3995 eV, with Homo-Lumo values of —5.4194 eV and —1.0198
eV. using Koopman’s theorem the compound’s stability is validated by
its chemical hardness, which in this investigation is —3.4640 eV. An
electrophilicity index maximum range of 2.3560 eV, which indicates
biological activity, is confirmed by the observation [37]. The ZPSD
chemical is non-toxic, as indicated by its low softness value of 0.4545
ev 'l

Its electronic stability is further reinforced by its ionization potential
of 5.4194 eV and electron affinity of 1.0198 eV. Moderate reactivity is
suggested by electronegativity 3.2196 eV and electrophilicity 3.6588
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eV, with a greater electron-donating capacity ®— = 1.0212 eV than
electron-accepting capacity ®+ = 1.0212 eV. The computed chemical
reactivity descriptors are listed in Table 5. These properties indicate that
ZPSD is a molecule with biological action [38]. The UV-Vis spectrum of
ZPSD shows bands corresponding to intramolecular electronic transi-
tions, primarily —n* within the aromatic rings and n—x* involving the
carbonyl and nitrogen lone pairs. HOMO orbitals are mainly localized on
the electron-rich aromatic and benzisothiazole regions, while LUMO
orbitals are concentrated on the electron-deficient carbonyl and dihy-
droindolone moieties, indicating intramolecular charge transfer. The
HOMO-LUMO gap reflects moderate electronic excitation energy, sup-
porting the observed UV transitions and highlighting key regions of
electron density redistribution in the molecule. The UV-Vis at the gas
phase with the 3 states denote the energy gap values which is similar to
the both theoretical and experimental energy gap values as for wave-
length respect to the 283.27 nm / 4.3995 eV, 306.67 nm /4.0429 eV.
The calculated UV-Vis absorption at 324.37 nm was scaled using a
factor of 0.999 to match the experimental value of 324 nm. Applying this
factor to other calculated peaks gives scaled values of 282.99, 281.76,
354.69, 306.36, and 291.76 nm, improving agreement with experi-
mental observations.

According to the MEP surface contour map, which Key characteris-
tics of the electrostatic landscape of ZPSD are revealed by the electron
rich red region to blue region. which ranges from -5.698 x 107 to
+5.698 x 1072 atomic units. Potential sites for electrophilic attack and
hydrogen bond acceptance are indicated by the concentrated electron-
rich regions (red) surrounding the carbonyl oxygen atom (O1¢) and ni-
trogen atoms, which is ability to interact with biomolecular targets like
DNA, kinases, or apoptotic regulators is suggested by heteroatoms [39].
Particularly close to hydrogen atoms on nitrogen atoms (N1, Ny4, Ni7,
Ny1) with electronegativity associated with the electron rich red region,
electron-deficient regions (blue) indicate probable hydrogen bond do-
nors and nucleophilic interaction sites. Meanwhile, the chlorine atom
(Cly1) is moderately positive, contributing a range from neutral to
slightly positive potential. The aromatic and hydrophobic portions of the
molecule are separated by neutral to moderately polar (green to yellow)
positive regions of sulfur atom (Syg), which aid in receptor binding via
van der Waals and hydrophobic interactions. where the electron density
is lower in the title molecule, as shown in Mulliken table [37,38].
Similar to other heterocyclic compounds with similar pharmacophores,
these interactions may cause apoptosis or interfere with the signalling
pathways of cancer cells.

3.5. FT-IR and vibrational assignment

The DFT-B3LYP functional with the 6-311++G(d,p) basis set was
used to conduct the vibrational analysis of ZPSD. With 49 atoms, the
optimized molecule, which roughly corresponds to the Cz point group,
produces 141 normal vibrational modes (3N-6). To verify the optimized
structure, the computed frequencies were scaled and compared to the
experimental FT-IR spectra Figs. 6a. and Fig. 6b The most important
vibrations were observed from the Table 6 as CH, CC, OC, CCO, HCCC,
HCC, HCH, and HCCO, HCO, HCOC, CCCC, CCC, OCO, OCOC, OCCC,
which summarizes the corresponding theoretical and experimental
wavenumbers as well as potential energy distribution (PED) data also
[39,40].

ZPSD’s FT-IR spectrum shows distinctive absorption bands that are
dispersed throughout three main regions and each of which corresponds
to a distinct molecular vibration. Strong N-H and C-H stretching vi-
brations are seen in the high-frequency range (3000-3700 cm™). The
presence of amine or amide functionalities is confirmed by the experi-
mental band close to 3414 cm™ and the theoretical UNH mode at 3657
cm™. The coexistence of aromatic and aliphatic hydrogen environments
is indicated by the aromatic and aliphatic C-H stretching vibrations
(0CH), which appear between 3221 and 2931 cm™ in close agreement
with theoretical predictions. Different C=0 and C—C/C—=N stretching
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Fig. 5. MEP map surface on ZPSD.

modes are visible in the mid-frequency region (1500-1800 cm™) at 1849
ecm™! and 1679-1551 cm™, respectively. The presence of a carbonyl
group is confirmed by the strong C—=O absorption, and the conjugated
heteroaromatic framework of ZPSD is confirmed by the C—=C and C=N
bands. Skeletal deformations within the aromatic core are reflected in
complex in-plane bending (8) and torsional (t) vibrations like SHCH,
SHCC, THCCC, and tHNCC in the fingerprint region (1500-500 cm™).

The presence of halogen and sulphur substitutions in the molecule is
confirmed by additional bands at about 698 cm™ and 413 cm™, which
correspond to C-Cl and S-C stretching vibrations, respectively. The
B3LYP/6-311++G(d,p) calculated vibrational frequencies were scaled
using a factor of 0.967 to improve agreement with experimental FT-IR as
the 3657 cm™! NH stretch scales to 3537 cm™, 3198 cm™' CH stretches
scale to 3091 cm™, 1634 cm™ CC stretch scales to 1580 cm™, and 1499
cm™ HCH+CC mode scales to 1449 cm™, showing better correlation
with experimental values.

The optimized geometry and proper orientation of the functional
groups in ZPSD are confirmed by the high correlation between experi-
mental and theoretical frequencies. PED analysis validates the vibra-
tional assignments by showing significant contributions from CH, CC,
OC, and HCCO coordinates. The structure of the molecule includes
conjugated aromatic and heteroaromatic moieties (piperazine and
indole) with Cl, O, and N substitutions that improve molecular stability,
polarity, and n—r stacking. In line with its possible anticancer activity,
the presence of hydrogen-bond donor (NH) and acceptor (O, Cl) sites
facilitates biomolecular recognition. Overall, there is a strong
experimental-theoretical correlation in the vibrational profile, which
validates the compound’s structural soundness and range of functions
[39,40].
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Table 4

TDDFT for the ZPSD.
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Solvents States B3LYP/6-311G(d,p) Major & Minor
Absorption band A (nm) Band gap (eV) Oscillation Energy Contributions
9 Energy ( %)
Strength (cm™)

Gas Phase s1 324.37 nm 3.8223 eV 0.0634 30,828 HOMO->LUMO (96 %)

S2 283.27 nm 4.3769 eV 0.0011 35,302 HOMO->L + 1 (96 %), H-1->L + 1 (2 %)

S3 282.04 nm 4.3960 eV 0.0054 35,456 H-1->LUMO (84 %), H-2->LUMO (12 %), HOMO->L + 3 (2 %)
DMSO s1 355.04 nm 3.4921 eV 0.0927 28,165 HOMO->LUMO (96 %), HOMO->L + 2 (2 %)

S2 306.67 nm 4.0429 eV 0.0000 32,608 HOMO->L + 1 (100 %)

S3 292.05 nm 4.2454 eV 0.0906 34,241 HOMO->L + 2 (91 %), H-6->LUMO (2 %)

Experimental => 324 nm.

Table 5

Chemical stability & reactivity on ZPSD.

Electronic Properties Values eV Electronic Properties Values eV
Enomo —5.4194 Chemical hardness () —3.4640 eV
eV
Erumo —1.0198 Chemical softness () 0.4545
ev ev?!
AE 4.3995 eV Electrophilicity Index (o) 2.3560eV
Ionization potential 5.4194 eV Nucleophilicity Index 0.1366
ap) ev!
Electron affinity (EA) 1.0198 eV Electron donor power (@) 4.0212 eV
Electronegativity(y) 3.2196 eV Electron acceptor power 1.0212 eV
(C]
Chemical potential (1) —3.2196 ANmax (eV) —1.7221 eV
eV

3.6. Topological analysis

3.6.1. ELF and LOL analysis

Electron localization in atomic and molecular systems is evaluated
using the electron localization function. ELF and LOL aid in determining
the location with the highest electron density. The gradient increases
when the localized orbitals overlap. These topological properties were
visualized using the Multiwfn program, and the color maps confirmed
the presence of bonding and non-bonding electrons. The ELF map spans
from 0.0 to 1.0 and is color-coded blue to red, whereas the LOL map
ranges from 0.0 to 0.8.

According to the interpretation of the ELF and LOL maps Fig. 7.,
location with red and yellow colouring near 1.0 suggest a high amount
of electron localization. These zones are commonly found around lone
pairs, bonded pairs, or n-electrons particularly near atoms like nitrogen
(N), oxygen (0), and halogens like chlorine (CL), and fluorine (F). These
locations indicate strong covalent bonding or the localization of lone

pairs. The blue and dark blue regions (with lower values, near to 0)
represent electron-deficient areas, which corresponds to non-bonding
spaces such as interatomic gaps, where electrons are seldom localized
and are commonly found between the inner and valence shell of atoms.
The white region in the LOL map indicates a high amount of electron
localization. This might be due to strong bonding contacts, a lone pair,
an electron-rich location or an orbital overlap. This region indicates that
electron density surpasses the colour scale’s maximum threshold of 0.8
[41,42].

3.6.2. Reduced density gradient of ZPSD

To investigate the various types of non-covalent interactions be-
tween molecules and as a crucial instrument for comprehending
research on chemical reactivity. RDG analysis is a visual method that
makes covalent interactions more complex. Figs. 8a and Fig. 8b show the
color-filled RDG map and scatter map of the compound RDG, which
were produced using the software analyser VMD 1.9.2 and Multiwfn 3.7.
The nature and distribution of weak intermolecular forces that affect the
studied molecule’s biological activity and binding potential are revealed
by the analysis of its Reduced Density Gradient (RDG) and Non-Covalent
Interaction (NCI) [43,44]. Different interaction types are indicated by
distinct regions in the RDG vs. sign(A2) p plot. Strong attractive in-
teractions like hydrogen bonding and electrostatic attractions are indi-
cated by the blue region, which corresponds to sign(X2) p values that
range from roughly —0.035 to -0.020 a.u. These are essential for keeping
protein-ligand complexes stable while docking. The weak van der Waals
forces shown by the green region, which is centred close to 0.00 a.u.,
improve surface complementarity and molecular stability in a binding
pocket even though they are small on their own. Although steric
repulsion is indicated by the red region, which has sign(A2)p values
greater than 0.015 a.u., the comparatively sparse appearance of these
regions implies that the molecule has a favourable steric profile with
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little internal strain.

This analysis is further supported by the 3D NCI isosurface visuali-
zation, which shows hydrogen bonding potential between polar func-
tional groups and significant van der Waals interactions indicated by
green patches scattered throughout the molecular structure. The mole-
cule’s capacity to firmly fit into target protein active sites is improved by
these carefully placed interactions. Stable binding orientations are
supported by the low number of red isosurfaces, which confirms that
steric clashes are minimal. The compound’s ability to form potent and
targeted non-covalent interactions, which are essential for high-affinity
docking is confirmed by the combined RDG and NCI results. Given its
balanced profile of attractive and dispersive forces and low steric hin-
drance, these results strongly imply that the molecule is well-suited for
interaction with biological receptors and could be a promising lead
compound in drug discovery [45,46].

3.7. NMR analysis

Nuclear magnetic resonance (NMR) is a strong analytical technology
used in physics, chemistry, biology, and medicine to examine molecular
dynamics and structure. The GIAO technique’s projected chemical shifts
for the ZPSD of 13C and 1H NMR are displayed in the Table 8. Because
NMR reveals the groupings of hydrogen and carbon, it is useful for
detecting organic compounds [47]. To make the predictions, the
B3LYP/6-311++G (d,p) approach was used through the Table 7 and
Fig. 9. The NMR data provided-both theoretical and experimental
chemical shifts for carbon (**C) and hydrogen (*H) demonstrate strong
structural agreement and confirm the integrity of the predicted mole-
cule, which is a complex heterocyclic compound likely designed for
biological or anticancer activity. Shifts between 27.49 and 55.72 ppm
are observed in the aliphatic carbon atoms (Cg, C3, C12-C32), which is
consistent with sp® carbons joined to nitrogen atoms or in saturated ring
systems such as piperazine or other N-containing heterocycles. Proper
substitution and ring strain predictions are confirmed by the small dif-
ferences between theoretical and experimental values, which are usually
<1 ppm. Likewise, protons H30-H49 exhibit slight deshielding from
electron-withdrawing effects (Cl, amide, etc.) and resonate in the
2.07-4.75 ppm range, which is typical for protons next to nitrogen or
halogen atoms. Interestingly, C22 (55.72 ppm) and H45 (4.14 ppm)
correspond to a methylene group that is probably next to an amide ni-
trogen or heteroatom, resulting in a downfield shift and deshielding.
Shifts between 124.62 and 153.62 ppm are seen in the aromatic carbons
(C4—Cag), which are in good agreement with conjugated aromatic sys-
tems and heterocycles such as pyridine, thiazole, or benzene. Within the
heteroaromatic ring system, Co4 (145.84 ppm) and Cy7 (153.62 ppm) are

most likely C=N or C—=C carbons [48].

A highly deshielded environment, possibly a carbonyl or conjugated
imine, is seen in Cg (163.64 ppm), which is suggestive of a reactive
pharmacophore like an amide or thiazolidinone. A hydrogen-bond
donor (NH) group, which is essential for intermolecular interactions
with biological targets, is represented by the downfield proton Hs;
(10.53 ppm). Reliable structure modeling is demonstrated by experi-
mental values that closely match theoretical prediction.

This region’s protons, Hag to Hue (7.05 to 9.29 ppm), are in the usual
aromatic range; downfield shifts suggest conjugated n-systems or sub-
stituents that withdraw electrons. Particularly deshielded are H4z (9.97
ppm) and Hye (8.18 ppm), for instance, indicating closeness to electro-
negative atoms or involvement in n-x stacking or hydrogen bonding. The
molecule’s structural integrity is confirmed by the close correspondence
between the experimental and theoretical *C and 'H NMR chemical
shifts. Deshielding patterns, particularly in the aromatic and hetero-
aromatic regions, support the presence of electron-withdrawing groups
(Cl, C=0, N, S) and a conjugated, planar system that can form hydrogen
bonds and stack n-=n, which are crucial properties for binding to bio-
molecular targets in cancer treatment. The compound’s potential as a
lead compound for the development of anticancer drugs is supported by
its NMR profile, which shows a well-distributed electronic environment,
functional diversity, and structural stability [49].

3.8. Electron-Hole analysis

The nature of the electronic excitations and the behaviour of charge
transfer are better understood by examining the electron-hole analysis
for the three excited states in the gas phase listed in Table 8. State I have
the lowest excitation energy (5.612 eV), and the electron and hole stay
close to one another in a localized excitation, as indicated by the H index
(1.942 /o\) and D index (0.223 ;\). The tiny separation points to an intra-
fragment n—x transition with a low level of charge transfer. Although the
electron and hole are on opposite sides of the molecular center, the
overall strength of the interaction is maintained because of their close
proximity, as indicated by the negative t index (—1.107 [o\). In State II,
the H index dramatically increases to 3.824 A and the excitation energy
rises to 6.691 eV, indicating a moderate charge transfer character. The
excitation involves movement of electronic density over a longer range,
possibly between different parts of the molecule (donor to acceptor), as
indicated by the D index (1.156 A), which shows a noticeable increase in
electron-hole separation. Although the electron and hole are still on
opposite sides, the increased distance indicates a partial delocalization
or semi-local charge transfer, as indicated by the increasingly negative t
index (—1.375 A). With the highest excitation energy (6.951 eV), State
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Table 6

Vibrational Assignment of ZPSD.
Mode No. B3LYP (cm™) Experimental (cm™) Vibrational PED ( %) IR Intensity (km/mol) Raman

Assignment Activity (A*/amu)

1 3657 3414 uNH 100 58.1642 177.9202
2 3221 - vCH 100 1.9432 97.0627
3 3218 - vCH 83 10.852 197.039
4 3207 - uCH 95 24.3676 167.801
5 3198 3196 vCH 90 7.1208 116.2181
6 3186 3190 vCH 92 0.8723 64.7856
7 3180 - vCH 100 10.1337 65.8097
8 3146 - vCH 91 7.8321 59.3789
9 3144 - vCH 90 15.4396 67.4606
10 3118 - vCH 89 13.4905 28.869
11 3103 - vCH 100 2.3397 89.1282
12 3087 - vCH 83 29.417 38.9795
13 3082 - vCH 87 46.463 176.4545
14 3073 3070 vCH 86 38.0617 89.7016
15 3066 - vCH 100 7.1534 174.3236
16 3061 - vCH 80 15.4379 63.3826
17 3049 - vCH 79 48.2488 114.8081
18 3042 - vCH 79 19.9116 43.3101
19 2969 vCH 93 36.1359 58.2515
20 2931 2932 vCH 92 58.1294 48.9315
21 2916 vCH 93 33.5091 24.1365
22 1849 vOC 87 622.1589 27.633
23 1679 vCC 63 109.3243 124.2484
24 1646 uCC 47 16.3865 15.8939
25 1634 1631 vCC 62 22.3144 14.8611
26 1617 1627 vCC 62 18.9512 28.1792
27 1551 1560 uCC 31 173.3826 59.5073
28 1551 1560 ONC 10 157.4216 14.3232
29 1526 - SHCC 12 7.6756 15.9071
30 1524 - SHCH 70 3.8625 12.1148
31 1510 - SHCH 78 5.1862 16.5267
32 1505 - SHCH 73 5.3095 21.5347
33 1499 1493 SHCH 84 8.4739 5.6644
34 1499 1493 uCC 14 2.2994 13.3027
35 1498 - SHCH 75 13.0889 13.0566
36 1491 1493 SHCH 26 9.9541 11.1236
37 1469 1473 SHCH 12 96.3499 27.8168
38 1469 1473 vCC 14 3.9215 28.4474
39 1439 - SHCC+ vCC 27+12 36.6712 22.0089
40 1467 1460 vCC 10 54.6618 89.6579
41 1480 - SHCH 69 28.5239 52.454
42 1449 - SHCH 74 6.1662 11.5175
43 1432 - vCC 17 11.7591 43.7931
44 1410 - vCC 10 12.2409 4.8237
45 1413 - vCC 40 2.6951 30.3044
46 1411 - SHCN 32 7.9306 2.089
47 1410 - SHNC 33 45.606 10.338
48 1389 - SHCC 41 45.4988 39.3319
49 1372 - vCC+ SHCC 77+10 95.6415 20.6112
50 1370 1290 SHCC 50 7.6457 3.1984
51 1349 - SHCC 38 4.2792 12.9434
52 1342 - SHNC 26 44.8726 2.0094
53 1336 1246 SHNC 27 13.0086 15.0449
54 1322 - SHNC 27 18.3532 9.9003
55 1312 - SHNC 29 27.4338 1.2621
56 1304 1203 SHNC 28 40.8994 36.3361
57 1312 - SHCC 10 7.8743 4.4962
58 1297 - SHCC 32 22,1322 12.5292
59 1290 - SHCC+ SHCH 10+34 13.619 4.6409
60 1269 - SHNC 48 39.3723 6.243
61 1262 - uCC 39 27.1785 6.7077
62 1249 - SHCC 33 13.5368 5.0778
63 1234 - SHNC 49 4.4757 2.9553
64 1230 - SHNC 44 45.6931 14.1696
65 1200 1083 vCC 30 6.1869 12.3771
66 1194 - SHCC 43 0.3834 6.3593
67 1188 - vCC 14 6.1863 6.5001
68 1181 - vCC 19 100.0683 1.59
69 1170 - ONC 27 8.2767 5.92
70 1160 - SHCC 84 7.8971 0.18
71 1151 - vCC 10 4.1558 18.15
72 1151 - uCIC 21 11.9078 4.16
73 1143 1000 vCC 44 6.2512 23.91

(continued on next page)
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Table 6 (continued)

Journal of Molecular Structure 1354 (2026) 144847

Mode No. B3LYP (cm™) Experimental (cm™) Vibrational PED ( %) IR Intensity (km/mol) Raman
Assignment Activity (A%/amu)

74 1113 - vCC 24 43.3488 15.71
75 1082 972 SHCN 50 43.1414 6.80
76 1076 SHCC 41 32.5897 3.66
77 1052 947 SHCC 12 61.2957 1.35
78 1052 947 vCC 48 0.0803 0.18
79 1051 - vCC 18 6.3631 0.65
80 1044 - uCC 29 0.9409 0.56
81 1033 - SHCN 42 6.2749 2.60
82 1009 - vCC 27 13.6297 1.18
83 1002 - uCC 43 1.4496 1.45
84 990 - THCCH 94 10.6463 0.72
85 969 835 SHCC 15 0.3805 3.08
86 954 - THCCC 86 11.6367 14.23
87 946 - uCC 44 17.5136 211
88 912 - vCC 31 0.4887 3.32
89 969 - SHCC 13 5.5064 14.53
90 969 - THNCC 21 11.2502 1.94
91 882 - vCC 32 4.3823 2.03
92 867 - vCC 62 19.3231 2.65
93 853 - THCCC 83 2.0775 4.54
94 852 - THCNC 38 6.515 8.52
95 820 - vCC 0 25.8093 2.92
96 791 - ONC 2 0.6371 4.47
97 787 - SHCC 34 7.676 15.04
98 781 - THCCC 73 9.2075 2.81
99 763 773 uCC 29 3.5593 5.64
100 758 - SHCC 38 12.2776 2.73
101 747 743 THCCC 60 6.1636 0.56
102 728 736 THNCC 51 4.8683 3.99
103 722 - vSC 11 11.3238 5.18
104 722 - SHCC 25 48.4598 0.93
105 698 - uCIC 14 21.8308 3.89
106 686 - SHNC 53 7.2097 4.70
107 659 - THNCC 50 6.1341 4.60
108 630 - SHCC 42 2.3514 3.05
109 592 - SHCC 48 3.7159 1.46
110 571 - THNCC 12 2.681 1.59
111 565 - SHNC 32 66.8174 3.08
112 532 - SHNC 16 1.0028 3.06
113 513 - 8CNC+ THCCC 22434 4.7097 0.36
114 507 - 8CNC+ THCCC 12+17 3.2477 1.79
115 489 - SHCC 43 0.1815 1.00
116 438 - 8CCO 15 1.0958 3.98
117 444 - SHCC 10 3.9865 3.23
118 413 - vSC 14 2.9499 1.56
119 404 - THNCO 25 1.729 2.12

& -bending, v- stretching, § -scissoring, t-twisting, p- rocking, o- wagging,.

III has unique properties. A highly delocalized charge transfer excitation
is indicated by the exceptionally high D index (7.249 A) and the highest
Ar index (4.579) among the three states, while the H index (2.599 A) is
marginally lower than in State I It’s interesting to note that the t index
changes to a large, positive value (+4.994 A), indicating that the elec-
tron and hole are on the same side of the molecule but are separated by a
large amount of space. This arrangement is typical of long-range intra-
molecular charge transfer, which is frequently observed in optoelec-
tronic systems where efficient electron-hole separation is crucial. In
general, the evolution from State I to State III demonstrates a shift from a
localized excitation to progressively more robust charge transfer
behaviour, with important ramifications for the photophysical and
electronic properties of the molecule is shown in the Figs. 10a. and
Fig. 10b [50,51].

3.9. NLO properties

DFT-based hyperpolarizability and polarizability calculations were
used to examine the synthetic molecule’s nonlinear optical character-
istics. From the Table 9, average polarizability () that was calculated
was: atot = —1.8740x1072% esu. The anisotropy of polarizability (Aa),

11

which represents the directional dependency of the polarizability tensor,
was as follows: o tot = —1.8740x10 2%esu. Ax = 6.3411x10 *3esu.
A0=6.3411x10"2 esu. The first hyperpolarizability (Bt.t) of the mole-
cule was: tot = 302.47 a.u.= 2.6131x10730 esuy, f tot = 302.47 a.u. =
2.6131x1072C esu, which is substantially greater than 7 % that of urea,
the conventional reference molecule (B ~ 0.3728 x 107° esu) [52]. This
suggests that second-order nonlinear optical applications, like
electro-optic modulation and second harmonic generation (SHG), have a
lot of promise. Calculating the total dipole moment was done as follows:
ptot = 2.67 Debye Moderate molecular polarity is suggested by Debye.

The pxxx is dominant and negative, indicating a strong NLO
response along the x-axis. fxzz and fzxx are positive and relatively
large, suggesting significant delocalization and conjugation along mixed
axes. Other components like fzzz and pxyz are smaller but contribute to
the overall NLO behaviour. The individual tensor components such as
pxxx = —342.18, pxzz = 47.32, and Pzxx = 64.07 further indicate a
strong directional charge flow along the molecular axis, enhancing n-n
stacking and hydrogen bonding potential, which are essential for anti-
cancer activity through DNA intercalation or kinase inhibition. The
anisotropy of polarizability (Aa) is notably high (427.87 a.u., 6.3411 x
1072 esu), confirming an uneven electronic cloud distribution that
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Fig. 7. ELF and LOL analysis of ZPSD.

Fig. 8a. Van der Waals, Steric effect with Hydrogen bonding of ZPSD.
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Table 7
NMR Analysis of ZPSD.
Atom  Theoretical Experimental Atom  Theoretical Experimental
Chemical chemical shift Chemical chemical shift
Shift in ppm  in ppm Shift in ppm  in ppm

C18 27.49 27.65 H48 2.07 2.39
C19 36.42 35.93 H39 2.65 2.50
C3 38.42 39.49 H34 2.75 2.51
C12 38.70 39.99 H44 3.88 3.14
C16 39.76 40.16 H47 3.60 3.15
C15 39.93 40.50 H49 3.23 3.38
C13 46.87 47.28 H30 3.53 3.50
Cc2 50.31 51.45 H38 3.68 3.73
Cc22 55.25 55.72 H45 4.75 4.14
Cc7 111.70 110.50 H43 7.05 6.89
Cc8 124.62 125.30 H31 7.13 7.30
Cc9 126.39 126.17 H41 7.30 7.46
c23 127.69 126.74 H36 7.46 7.49
C5 128.83 127.74 H33 7.72 7.59
C4 128.66 127.44 H40 8.05 7.60
C25 129.56 128.03 H29 8.13 7.62
Cc28 130.63 129.67 H32 8.62 8.12
C26 132.68 132.16 H35 8.68 8.16
C24 145.84 145.58 H46 8.98 8.18
c27 153.01 153.62 H42 9.29 9.97
Cc6 163.27 163.64 H37 10.40 10.53

facilitates selective binding with asymmetric biological targets like
enzyme active sites or receptor pockets and the SI unit values for the ftot
=9.3x 107 Cm37% Aa =7.06x1°7%% Cm?v~!; | (D) =8.91x10-30
cm™! [53,54].

3.10. Druglikness

This prediction informs users about the medicine’s effectiveness and
whether or not the ligand under investigation possesses characteristics
that are typical of an oral active agent.

This prediction is based Lipinski’s rule of five with ZPSD total polar
surface area, number of hydrogen donors, hydrogen acceptors, and
rotatable bonds are all provided by the SwissADME predictor shown in
the Table 10. Based on the SwissADME computed data, all of the syn-
thesized compounds in this study have zero breaches of Lipinski’s rule of
five. Chemicals may therefore be appropriate for studies on their anti-
bacterial, antioxidant, and anticancer qualities. It may become more
drug-like and effective if its structure is altered by adding polar groups
or shortening the chain [55]. The image depicts a BOILED-Egg model,
commonly used in computational drug discovery to evaluate the ab-
sorption and brain penetration potential of small molecules. The y-axis
plot denotes lipophilicity (WLOGP), and the x-axis shows the Topolog-
ical Polar Surface Area (TPSA) shown in Fig. 11.

The yellow region represents the area where molecules are predicted
to have high gastrointestinal absorption (HIA), while the white region
suggests potential blood-brain barrier (BBB) penetration. The blue dot
within the yellow region but outside the white region indicates that the
compound is likely to be well absorbed in the gastrointestinal tract but
unlikely to penetrate the blood-brain barrier. This suggests the molecule
is a good candidate for oral administration but may not be effective for
central nervous system targets. The image illustrates the pH-dependent
microspecies distribution and molecular structures of certain derivatives
with potential anticancer properties. The predominant form at physio-
logical pH (~7.4) is represented by the red curve in the microspecies
distribution graph, indicating that this protonation state is the most
significant for biological activity. The three molecules have a common
scaffold that is probably based on indole or a related heterocyclic sys-
tem, which is known to have anticancer properties like inducing
apoptosis, inhibiting enzymes, or intercalating DNA. Chlorine atoms
may improve cellular permeability and lipophilicity, whereas rings
containing nitrogen may make it easier to bind with biological targets
via ionic or hydrogen bonding processes. The red icons beneath each
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Table 8
Electron-Hole Analysis of ZPSD.
Solvent  State  Excitation H index D index Ar t index
energy E (eV) A A) index A)
Gas 1 5.612 1.942 0.223 4.347 1.107
I 6.691 3.824 1.156 3.415 1.375
juts 6.951 2.599 7.249 4.579 4.994

structure indicate favourable drug-like properties, such as hydrogen
bond donors/acceptors and moderate lipophilicity, supporting good
bioavailability and cell membrane penetration. Furthermore, the com-
pounds may continue to function in both neutral and acidic environ-
ments, including the acidic microenvironment of tumours, given their
capacity to exist in various ionization states based on pH. All things
considered, the physicochemical and structural properties of these de-
rivatives are in good agreement with those of typical anticancer agents
[56].

Fig. 10a. Electron-Hole of ZPSD.

3.11. Docking and ramachandra plot
Molecular docking was performed in this investigation using the
Autodock 4.0 program, which predicts interactions between small

compounds and a target protein’s binding site and offers insights into

13
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Fig. 10b. Hole-electron overlap matrix heatmap of ZPSD.

basic biological phenomena. Molecular docking studies against two
pertinent protein targets, 3T6G and 6NMO, have demonstrated through
Figs. 12a and 12b along with Table 11, the majority of residues 95 %
occupy preferred a-helix and p-sheet regions, as indicated by the Ram-
achandran plot of 6NMO, guaranteeing a stable backbone and precise
binding site geometry. A tiny fraction 8 % is in allowed loop or turn
regions, which offer flexibility that can help with ligand
accommodation.

Similar to this, 3T6G exhibits a dependable structure with flexible
loops for ligand binding, with the majority of its residues 92 % in fav-
oured regions, 7 % in allowed flexible regions. Both proteins are
appropriate for molecular docking with ziprasidone because they have
flexible binding site regions and structurally sound backbones overall.
These proteins are frequently linked to pathways related to cancer,
including enzymatic targets involved in tumour progression, signal
transduction, and cell cycle regulation [57]. At a bond distance of 2.0 10\,
ZPSD established a single hydrogen bond with SER582 (O---NH) for the
3T6G complex. This bond had an estimated inhibition constant of 16.91
uM and a binding energy of —-6.75 kcal mol! exhibited a corresponding
intermolecular energy (—7.7 kcal/mol) and ligand efficiency (—0.23),
hydrogen-bonding and van der Waals forces (—7.27 kcal/mol) with an
electrostatic contribution (—0.44 kcal/mol). The ligand was stabilized
inside the binding pocket by hydrophobic interactions with the residues
of THR199, LEU198, PRO202, THR200, ALA65, ASN67, GLN92, HIS64,
TRP5, and HIS4 [58,59].The 6NMO protein, on the other hand, showed
two hydrogen bonds with TYR114 (H---OH) and LYS149 (O---HZ2) at
bond distances of 2.0 A and 2.2 A, respectively. Hydrophobic in-
teractions with the residues of PRO579, PRO580, THR584, LEU581,
HIS588, MET525, GLY575, LYS576, and GLY577 further stabilized the
active pocket. Stronger ligand-receptor interaction was indicated by this
complex lower inhibition constant (2.18 uM) and effective binding en-
ergy (—7.72 kcal mol™) indicating enhanced binding affinity and higher
inhibitory potency. The ligand efficiency (-0.28) and intermolecular
energy (-8.92 kcal/mol) values reflect Stronger non-covalent in-
teractions and stabilization of the ligand-protein complex, further sup-
ported by an improved hydrogen-bonding, van der Waals forces and

Journal of Molecular Structure 1354 (2026) 144847

with the 6NMO target in an efficient manner and be a promising lead
compound for anti-liver cancer activity.

3.12. Mathematical aspects of compound

The different degree-based topological indices that have been
computed to aid in the comprehension of molecular physical charac-
teristics and chemical reactivity are highlighted in this section. Drug
molecules are represented as molecular graphs in theoretical chemistry,
with atoms standing in for vertices and bonds for edges show in the
Fig. 13. Edge partition data was used to derive topological descriptors
for the compound under study. A set of vertices (V(G)) that represent
atoms and a set of edges (E(G)) that represent bonds make up the mo-
lecular graph [62]. The total number of edges and vertices in the mo-
lecular graph determines its size and order, respectively. The number of
bonds attached to a specific atom is indicated by the degree of each
vertex, which is represented as d(u) and d(v). The molecular structure is
analysed in this work using a variety of degree-based topological
indices, as shown in Fig. 13 [63].

Definition 1. Trinajestic and Gutman created the first and second
Zagreb indices, M1 (G) and M2(G) [64-66]

M1(G) = ) (du+dv)

uveE(G)

and

M2(G) = Y (dudv)

UVEE(G)
Definition 2. Harmonic index H(G) is [64-66] commuted as
2

UVEE(G)du +dv

H(G) =

Definition 3.
following way

explains the hyper Zagreb index [64-66] in the

HM(G) = ) (du+ dv)*

uveE(G)

Table 10
Lipinski’s values of ZPSD.

Descriptor Value

Molecular Weight 412.94 g/mol

desolvation energy (-8.66 kcal/mol). The electrostatic component ]A"gp . 2'50
(-0.26 kcal/mol) contributed to good interaction stability [60,61]. The D:;;prsors 1
6NMO-ZPSD complex ultimately showed higher binding affinity and Surface Area 76.71° A
inhibitory potential than 3T6G-ZPSD, indicating that ZPSD interact
Table 9
NLO Properties of ZPSD.
Hyper Polarizabilities Calculations
pxxx —342.179 XX —216.022 px 0.6803
pxxy —42.093 oxy —23.9144 by 2.492
pPxyy —0.326 ayy —172.996 pz —0.6803
Byyy 10.397 oaxz 12.7249 1 (D) 2.6712
pzxx 64.074 ayz —2.5766 1 (D) 8.91x1073°Cm™!
pxyz —32.545 ozz 9.6701
Bzyy —13.814 o (a.w) —126.449
pxzz 47.324 o (e.s.11) —1.8740E"%
Byzz 0.4343 Aa (a.u) 427.8716
pzzz 7.87 A (e.s.u) 6.3411E%
ptot (a.u) 302.470 Ax C-m2V~! 7.06x10°%%
ptot (e.s.u) 2.6131E%°

ptot C>m>.J 2 9.3 x 107%
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Table 11
Binding energy of ZPSD.

Protein Bonded No. of. H bond Bond distance Estimated Inhibition Constant Binding energy RMSD Amino acids Hydrophobic interaction
residues &) (pm) (kcal/mol) (A)

3T6G SER 582 (O... NH) 1 2.0 16.91 —6.75 91.44 THR- 199 LEU-198
LEU- 198 PRO-202
THR-200
ALA-65
ASN-67
GLN-92
HIS-64
TRP-5
HIS-4
6NMO TYR 114 (H... OH) 2 2.0 218 -7.72 13.88 PRO - 580 LEU-581
LYS 149 2.2 PRO - 579 THR-584
(0... HZ2) THR - 584 PRO-579
HIS-588
MET-525
HIS-588
GLY-575
LYS-576
GLY-577

Definition 4. The Forgotten index F(G) [60-62] is described as

FG) = > [(dw?|+](dv)]

uveE(G)

Definition 5. The following one provides the Reciprocal Randic
Index RR(G) [64-66] in its entirety.

RR(G) = Y Vduxdv

uveE(G)

Definition 6. As cited in [64-66], the Randic index RA(G) is shown

below.
RA(G) = Z 1/#
e du x dv
Fig. 13. QSPR Analytical Value of ZPSD. Definition 7. The Sum Connectivity S(G) [64-66], which is shown
by
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3 1
A du + dv

uveE

S(G) =

Definition 8. geometric-arithmetic (GA) index [64-66] is inter-
preted as

GA(G) = )

uveE(G)

2vdu x dv

du + dv

Definition 9. Atom Bond Connectivity Index ABC (G) [64-66] is
given below

[du + dv — 2
ABC(G) = Z du x dv

uveE(G)

These degree-based topological indices were found using the edge
partition approaches that we acquired using the hydrogen depletion of
ZPSD (Fig. 13).

Theorem. If G is the molecular graph of ZPSD molecules, then the many
degree-based topological indices of G are mentioned below [64-66].

M1(ZPSD) = 122, M2(ZPSD) = 139, H(ZPSD) = 10.1, HM(ZPSD) = 895,
F(ZPSD) = 211, RR(ZPSD) = 139, RA(ZPSD) = 0.89, S(ZPSD) = 1.8,
GA(ZPSD) = 4.6, ABC(ZPSD) = 2.85.

Proof. Assume that G is the ZPSD graph and that E(i,j) is the class of
edges that link vertices of degree i to degree j. From the Fig. 13 observe
that |E 1,3l =2, |E 2}2' =7, |E 2}3' =35, |E 3}2' =5, |E 3,3 = 5. (Table 12)

i) The following is the outcome of applying Definition 1:

M1(ZPSD) = 2(1 +3) + 7(2+2) + 5(2+3) + 5(3+2)
+5(3+3)
=122

and

M2(ZPSD) = 2(1 x 3) + 7(2x 2) + 5(2 x 3) + 5(3x 2)
+5(3x3)
=139

ii) The following is the outcome of applying Definition 2:

Table 12
Physical and Math Comparative Of ZPSD.

S. Physical and Chemical Physical and Mathematical QSPR
No Properties Chemical Properties Analytical Value.
Values
1 B tot, p (D) 2.6131E%; ABC(ZPSD) = 3

2.67126939

2 Melting Point 206-215 °C F(ZPSD) = 211
3 C8 NMR shift 124 M1 (ZPSD) =122
4 Ac (e.s.u) 6.3411E" % H (ZPSD)=10.1
5 Erumo 1.0 RA(ZPSD) = 1
7 Ar index, Binding energy 4.579; 6.0,7.0 GA(ZPSD) =5

(kcal/mol)
6 LogP; Bond distance 3.50, 2.0;2.2, 2.18 S(ZPSD) = 2

(A) from docking;
Estimated Inhibition
Constant (pm)
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2 2 2 2
H(ZPSD) =2 x 12 +5x 5 5 +5x 5 2+ 5x 27545
2
“3+3
=101

iii) The following is the outcome of applying Definition 3:
HM(ZPSD) = 2x(1 4+ 3)*> + 7(2 4 2)*> + 5(2 + 3)> + 5(3 + 2)°
+5(3+3)°
=895

iv) The result of using Definition 4 is as follows:
F(ZPSD) = 2[1% 4 3%] +5[2% +2%] + 15[22 +3%] + 2[3% + 27
+2 [32 + 32]
=211

v) The result of using Definition 5 is as follows:

RR(ZPSD) = 2v1 x 3+ 7v2 x 2 +5V2 x 3+ 2V3 x 2
+2v3x3
=139

vi) The result of using Definition 6 is as follows:

1 1 1 1
RA(ZPSD)72><\/1X3+7><\/2X2+5\/2X3+5\/3X2

+5x

3x3
=0.89

vii) The following is the outcome of applying Definition 7:

2
1 1 1 1
S(ZPSD) = 2 x E+7><\/%+<5>< ﬁ> +5% /15
=18

viii) The following is the outcome of applying Definition 8:

NW) y (wm) s <2\/m>

GA(ZPSD) = 2(

1+3 242 2+3
5(2V3x2\ . (2V3x3
3+2 3+3
=46

ix) The following is the outcome of applying Definition 9:

1+3-2 2+2-2 2+3-2
ABC(ZPSD):Z\/ 1x3 7\/ 2% 2 +5\/ 23
3+2 -2 \/3+3—2
+5\/ 3x2 +5 3x3
=285

The Table 10 shows, the structural descriptors were investi-
gated an electronic responsiveness and binding potential, as
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shown by the QSPR correlation analysis, which shows that higher
ABC, H, and GA values are directly proportional to both p_tot and
docking affinity (R2 = 0.87). By connecting ZPSD’s physico-
chemical properties to its bioactivity and optoelectronic behav-
iour, this robust statistical relationship creates a logical structure
property activity correlation (SPAC). Bond distance (1°\) from
docking, Estimated Inhibition Constant (um) of ZPSD exhibited
anticancer properties, which is a promising molecule with both
bioactive and nonlinear optical potential because the mathe-
matical QSPR indices (ABC, F, M1, H, RA, S, GA) together offer a
consistent and quantitative framework that links electronic
structure, spectroscopic observables and biological interaction
tendencies [64-66].

4. Conclusion

As a result of its unique electronic structure, conjugated n-systems,
and heteroatoms that improve charge-transfer and hydrogen bonding of
ZPSD exhibits great promise for therapeutic repurposing against liver
cancer. While B3LYP/6-311++G(d,p) basis set of DFT and TD-DFT
studies validated optimized geometry range of Bond length as 1.38 to
1.54 A, Typical aromatic or flexible Bond angle are matched by chain
and ring angles that fall between 118° and 130°, such as Cgs5-C26-Cay
and Cp4—Cpg—Cay, stability, and close agreement between theoretical and
experimental energy gaps, spectroscopic analyses (FT-IR, UV-Vis, NMR)
confirmed its structural integrity and its key functional groups such as
amide, aromatic, and heteroaromatic moieties, which contribute to n—n
stacking and hydrogen bonding interactions for bioactivity. Both elec-
trophilic (C, S, Cl) and nucleophilic (O, N) reactive sites were found
using Mulliken, MEP analyses, and intramolecular charge delocalization
that contributes to molecular stability was validated through the lone
pair from Clyj; and n%(Ce—C7) (13.0 kcal/mol) and m*(Cy3-Co4) (23.4
kcal/mol) by NBO results. Receptor adaptability was supported by
strong electron delocalization and van der Waals interactions found in
topological analyses (ELF, LOL, and RDG). strong Charge transfer of
State III exhibited the Large electron-hole separation enhances the
ability to interfere with the high ROS potential which is selectively
potent in biomolecular targets. photodynamic killing of cancer cells.
SwissADME results indicated that ZPSD obeys Lipinski’s rule of five,
ensuring drug-likeness, while the boiled egg model reveals the chlorine
substituent enhances lipophilicity and cellular permeability. and high
anisotropic polarizability (Ao = 427.87 a.u., 6.3411 x 107 esu,
7.06x107%%¢.m2.v~1) and favourable QSPR indices (ABC, F, M1, H, RA,
S, GA) correlations show efficient bioactive behaviour. The ZPSD-6NMO
complex demonstrated a greater binding affinity (-7.72 kcal/mol)
through TYR114 and LYS149 interactions, according to molecular
docking, indicating stable and specific binding within the liver cancer
receptor site. Together, these findings highlight ZPSD’s potent elec-
tronic, structural, and pharmacokinetic properties as a prospective lead
molecule for liver anticancer drug.
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