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A B S T R A C T

This study demonstrates the potential role of Ziprasidone (ZPSD) as a liver anticancer drug by combining 
computational and experimental methods to examine the pharmacological, structural, and electrical properties 
of the molecule. The molecule appears to have favourable stability and chemical reactivity, as indicated by the 
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 C2, S20, and N1) and nucleophilic (such as O10, N14, 
and N21) centres necessary for biomolecular interactions were identified by Natural Bond Orbital (NBO) in
teractions more especially, the N1–H29 (σ) → C2–C3 (σ*) and σ → σ* 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 (8.91×10− 30 Cm− 1) and high hyperpolarizability 
(βtot) 9.3 × 10− 40C3⋅m3⋅J− 2. In accordance with Docking studies revealed that the proteins (PDB IDs: 3T6G and 
6NM0) 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.

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 

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 

* Corresponding author.
E-mail address: rajesh.ncc5coy@gmail.com (P. Rajesh). 

Contents lists available at ScienceDirect

Journal of Molecular Structure

journal homepage: www.elsevier.com/locate/molstr

https://doi.org/10.1016/j.molstruc.2025.144847
Received 13 August 2025; Received in revised form 8 November 2025; Accepted 22 November 2025  

Journal of Molecular Structure 1354 (2026) 144847 

Available online 23 November 2025 
0022-2860/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:rajesh.ncc5coy@gmail.com
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2025.144847
https://doi.org/10.1016/j.molstruc.2025.144847


as PI3K/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 π-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⁻¹, 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 

vibrational analysis. The spectral data were gathered between 7800 and 
350 cm⁻¹ 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 ¹H and ¹³C 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 ¹H nuclei and 100 MHz for ¹³C 
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 MULTIWFN 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: C21H21ClN4OS 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 π-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 Å. The C––O group carbonyl in this moiety ex
hibits a characteristic short bond length 1.21 Å 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 

S. Kayashrini et al.                                                                                                                                                                                                                             Journal of Molecular Structure 1354 (2026) 144847 

2 



Fig. 1. ZPSD optimized structure.

Table 1 
Structural Parameter of the ZPSD.

Bond length Å B3LYP XRD data Bond length Å, Angle (◦) B3LYP XRD data Bond 
Angle (◦)

B3LYP XRD data

N1–C2 1.39 1.28 C27C28 1.38 1.38 N14C15H38 108.46 111.6
N1–C9 1.39 1.39 C27H48 1.08 1.00 N14C15H39 112.20 111.7
N1–H29 1.00 0.86 C28H49 1.08 0.97 C16C15H38 109.00 109.00
C2–C3 1.54 1.40 C2N1C9 112.54 114.51 C16C15H39 109.25 109.00
C2–O10 1.21 1.28 C2N1H29 121.74 - H38C15H39 107.80 109.00
C3-C4 1.50 1.47 C9N1H29 125.71 - C15C16N17 112.91 111.30
C3-H30 1.09 0.96 N1C2C3 106.16 108.00 C15C16H40 108.72 109.00
C3-H31 1.09 0.93 N1C2O10 125.60 - C15C16H41 110.33 110.00
C4-C5 1.38 1.35 C3C2O10 128.23 125.69 N17C16H40 107.08 108.00
C4-C9 1.40 1.38 C2C3C4 103.66 - N17C16H41 108.63 109.00
C5-C6 1.41 1.36 C2C3H30 109.16 109.00 H40C16H41 109.04 109.00
C5-H32 1.08 0.96 C2C3H31 109.16 109.00 C16N17C18 110.97 109.50
C6-C7 1.40 1.43 C2C3H30 113.86 112.00 C16N17H22 117.73 -
C9-C12 1.51 1.51 C2C3H30 113.85 112.00 C18N17C22 118.74 119.00
C7-C8 1.40 1.39 H30C3H31 106.99 108.00 N17C18C19 112.06 111.30
C7-Cl11 1.76 - C3C4C5 132.28 - N17C18H42 109.90 109.00
C8-C9 1.38 1.37 C3C4C9 108.32 - N17C18H43 108.13 108.00
C8-H33 1.08 1.00 C5C4C9 119.39 - C19C18H42 109.32 109.00
Cl11-H37 3.05 - C4C5C6 121.36 - C19C18H43 108.97 109.00
C12-C13 1.54 1.50 C4C5H32 120.14 120.00 H42C18H43 108.35 109.00
C12-H34 1.09 0.97 C6C5H32 118.48 117.00 N14C19C18 110.68 110.00
C12-H35 1.09 1.00 C5C6C7 116.96 - N14C19H44 111.59 110.00
C13-N14 1.46 1.40 C5C6H12 119.81 119.00 N14C19H45 109.51 109.00
C13-H36 1.10 1.00 C7C6H12 123.20 123.00 C18C19H44 109.22 110.00
C13-H37 1.09 0.93 C6C7C8 123.32 - C18C19H45 108.38 110.00
N14-C15 1.46 1.46 C6C7Cl11 120.12 - H44C19H45 107.32 107.00
N14-C19 1.46 1.47 C8C7Cl11 116.54 - C21S20C24 94.00 91.75
C15-C16 1.53 1.49 C7C8C9 117.28 - S20N21C22 122.08 122.10
C15-H38 1.09 1.00 C7C8H33 120.40 - N17C22N21 120.79 -
C15-H39 1.10 0.96 C9C8H33 122.3 123.00 N17C22C23 123.1 124.15
C16- N17 1.46 1.47 N1C9C4 109.30 109.50 N21C22C23 115.97 116.62
C16-H40 1.09 1.00 N1C9C8 129.03 127.50 C22C23C24 109.90 -
C16-H41 1.09 0.97 C4C9C8 121.65 - C22C23C25 130.91 -
N17 -C18 1.47 1.47 C7Cl11H37 75.42 - C24C23C25 119.05 -
N17-C22 1.39 1.37 C6C12H13 112.56 109.00 S20C24C23 108.9 110.65
C18-C19 1.53 1.50 C6C12H34 110.85 109.00 S20C24C28 129.36 -
C18-H42 1.09 0.96 C6C12H35 108.26 109.00 C23C24C28 121.57 122.18
C18-H43 1.09 1.00 C13C12H34 108.09 109.00 C23C25C26 119.43 119.62
C19-H44 1.10 0.93 C13C12H35 109.92 109.00 C23C25H46 120.40 120.00
C19-H45 1.09 0.97 H34C12H35 106.98 108.00 C26C25H46 120.10 -
S20-N21 1.70 - C12C13C14 112.60 - C25C26C27 120.69 -
S20-C24 1.74 1.73 C12C13H36 109.50 109.00 C25C26H47 119.72 120.00
N21-C22 1.31 1.28 C12C13H37 108.19 109.00 C27C26H47 119.57 120.00
C22-C23 1.46 1.49 C14C13H36 112.03 - C26C27C28 120.89 121.23
C23-C24 1.41 1.43 C14C13H37 107.69 109.00 C26C27H48 119.57 117.00
C23-C25 1.40 - H36C13H37 106.5 108.00 C28C27H48 119.5 117.00
C24-C28 1.40 1.39 C13C14C15 112.08 - C24C28C27 118.26 119.58
C25-C26 1.38 1.35 C13C14C19 112.94 - C24C28H49 120.91 120.00
C25-H46 1.08 1.01 C15C14C19 109.91 - C27C28H49 120.81 -
C26-C27 1.40 - N14C15C16 110.0 109.50 Cl11H37C13 114.33 -
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nitrogen atoms [20–24]. At about 1.70 Å, 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 Å. 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: sp³ centres show angles 
close to 109.5◦, whereas sp² 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 Å. Due to conju
gation or crystal packing effects, the N1– C2 bond exhibits a notable 
deviation, measuring 1.39 Å in B3LYP and 1.28 Å in XRD. Theoretical 
and experimental agreement for aromatic C–C bonds, like C27–C28, is 
very good. C–H bond lengths, on the other hand, vary more signifi
cantly; B3LYP predicts lengths of 1.08–1.10 Å, while XRD data displays 
shorter values (0.86–1.01 Å), 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 
C2–N1–C9 angle, for instance, is measured at 114.51◦ (XRD) and 
computed at 112.54◦ (B3LYP). Theoretically, the N1–C2–O10 angle is 
125.60◦ The C7–Cl11–H37 geometry exhibits angle as 75.42◦ in B3LYP, 
which suggests strain or a unique conformation. The C7–Cl11–H37 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 C25–C26–C27 and C24–C28–C27 [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 qA = Z A 
−
∑

μ ∈ A 
∑

ν P μ ν S μ ν, where Z A = atomic number, P μ ν = density 
matrix, and S μ ν = 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 O10 ‣ − 0.44571 eV, N14 ‣ − 0.44225 eV, N17 ‣ 
− 0.48465 eV, N21‣ − 0.61349 eV and the positive charges on some 
carbon atoms, S20 ‣ 0.323474 eV, Cl11 ‣0.07539 eV, N1‣ 0.657889 eV, C2 

‣ 0.551495 eV, C4 ‣ 0.055148 eV, C6 ‣ 0.129973 eV, C9 ‣ 0.346082 eV, 
C22 ‣ 0.463936 eV, C23 ‣ 0.108303 eV. The charges of hydrogen atoms 
vary from H29 ‣ 0.28368 eV to H31‣ 0.157114 eV. With the maximum 
charge at H29 ‣ 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 O10, N14, N17, and 
N21 in the ZPSD molecule, whereas electrophilic behaviour is indicated 
by positive charges on atoms like C2, N1, and S20.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 

E(2) = ΔEij = qi
F(i, j)2

εj − εi 

where the energy of the NBO donor and acceptor is represented by Ei and 
Ej, respectively, the orbital stabilization energy by E (2), the occupancy 
of the donating orbitals by qi, and the Fock matrix element connecting 
NBO orbitals i and j by Fi,j [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 π bond between C4 and C5 and the π* antibonds of C6–C7 and 
C8–C9. The region between π(C6–C7) and π*(C8–C9) exhibits substantial 
electron sharing or delocalization, as evidenced by an extremely high 
stabilization energy of 284 kcal/mol. Cl11 and S20 atoms’ lone pair 
electrons are also crucial. More stability is added by the interactions 
between the lone pair from Cl11 and π*(C6–C7) (13.0 kcal/mol) and π* 
(C23–C24) (23.4 kcal/mol). In addition, σ bonds that donate electrons to 
neighboring σ* antibonds, as (C3–C4) to σ*(C2–O10 and σ(N1–C9) to σ* 
(C2–O10), 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

N1 0.6578 Cl11 0.0753 N21 − 0.6134 H31 0.1571 H41 0.1491
C2 0.5514 C12 − 0.2567 C2 0.4639 H32 0.0923 H42 0.1190
C3 − 0.2982 C13 − 0.0579 C23 0.1083 H33 0.1062 H43 0.1054
C4 0.0551 N14 − 0.4422 C24 − 0.1604 H34 0.1230 H44 0.0772
C5 − 0.1631 C15 − 0.0295 C25 − 0.1137 H35 0.1051 H45 0.1043
C6 0.1299 C16 − 0.0698 C26 − 0.1162 H36 0.0701 H46 0.1055
C7 − 0.1451 N17 − 0.4846 C27 − 0.0704 H37 0.1067 H47 0.0876
C8 − 0.1279 C18 − 0.0768 C28 − 0.1164 H38 0.0998 H48 0.0903
C9 0.3460 C19 − 0.0326 H29 0.2836 H39 0.0862 H49 0.0993
O10 − 0.4457 S20 0.3234 H30 0.1489 H40 0.1077 ​ ​
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delocalization in ZPSD are revealed by the hybrid composition of main 
donor and acceptor orbitals. The strong p-character of the σ(N1–C2) 
bond is indicated by the hybrid orbitals on N1 and C2, which are sp¹, sp² 
(33.7 % s, 66.3 % p) and 32.8 % s, 67.2 % p, respectively. O10 and N17′s 
lone pair orbitals are primarily p-type (>85 %), which promotes 
π-delocalization with nearby π* orbitals. The reported E (2) value of 23.4 
kcal mol⁻¹ for the LP (2)S20 → π*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/ λth, 
where λth 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: 

V(r) =
∑ ZR

RA − r
−

∫ ρ(r,)
(r, − r)

dr 

where ZA is the charge of nucleus A located at position RA and ρ(r′) 
represents the electronic density function of the molecule, with r′ as the 
integration variable. At any point r = (x,y,z) near the molecule, the MEP, 
V(r), corresponds to the interaction energy between the molecule charge 
distribution (electrons and nuclei) and a positive test charge (proton) 

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(j)-E(i) a.u. F(i,j) a.u. Donor NBO (i) Acceptor NBO (j) E (2) kcal/mol E(j)-E(i) a.u. F(i,j) a.u.

LP (2) Cl11 π*C6–C7 13.0 0.35 0.06 π*N1–C2 σ*C2–O10 0.69 0.29 0.05
σC7–Cl11 σ*C13–H37 0.72 1.24 0.02 π*C2–O10 σ*C3–H31 1.01 0.40 0.05
σN14–C15 σ*C13–N14 0.83 1.08 0.02 π*C2–O10 π*C4–C5 0.5 0.03 0.00
σN14–C19 σ*C18–H42 1.02 1.10 0.03 σ C8–C9 σ*N1–C9 1.38 1.13 0.03
σC16–N17 σ*N17–C18 0.76 1.03 0.02 σC16–H41 σ*N14–C15 4.09 0.85 0.05
σN17–C18 σ*C16–H41 1.23 1.15 0.03 σS20–C24 σ*S20–N21 2.05 0.89 0.03
σS20–C24 σ*N17–C22 0.98 1.33 0.03 σN1–C2 σ*C8- C9 4.87 1.33 0.07
πN21–C22 σ*N17–C18 0.57 0.63 0.01 σN1–H29 σ*C2–C3 1.22 1.03 0.03
σC22–C23 σ*N17–C22 3.54 1.35 0.06 σC4–C9 σ*N1–H29 2.77 1.09 0.04
σN1–C9 σ*C2–O10 3.48 1.39 0.06 σC7–Cl11 σ*C8–C9 2.01 1.35 0.04
σN17–C22 σ*S20–N21 1.83 1.14 0.04 LP(3)Cl11 σ*C6–C7 1.28 1.00 0.03
σS20–N21 σ*N17–C22 8.76 1.35 0.09 LP (2)S20 π*C23–C24 23.4 0.25 0.07

S. Kayashrini et al.                                                                                                                                                                                                                             Journal of Molecular Structure 1354 (2026) 144847 

5 



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− 1.

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 

eV, with a greater electron-donating capacity ω− = 1.0212 eV than 
electron-accepting capacity ω+ = 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 π→π* within the aromatic rings and n→π* 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 × 10⁻² to 
+5.698 × 10⁻² 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 (O10) 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, N14, N17, 
N21) 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 
(Cl11) 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 (S20), 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 C₂ 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⁻¹). The 
presence of amine or amide functionalities is confirmed by the experi
mental band close to 3414 cm⁻¹ and the theoretical ʋNH mode at 3657 
cm⁻¹. The coexistence of aromatic and aliphatic hydrogen environments 
is indicated by the aromatic and aliphatic C–H stretching vibrations 
(ʋCH), which appear between 3221 and 2931 cm⁻¹ in close agreement 
with theoretical predictions. Different C––O and C––C/C––N stretching 

Fig. 3. UV–Vis, TD-DFT of ZPSD.
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modes are visible in the mid-frequency region (1500–1800 cm⁻¹) at 1849 
cm⁻¹ and 1679–1551 cm⁻¹, 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 (δ) and torsional (τ) vibrations like δHCH, 
δHCC, τHCCC, and τHNCC in the fingerprint region (1500–500 cm⁻¹). 

The presence of halogen and sulphur substitutions in the molecule is 
confirmed by additional bands at about 698 cm⁻¹ and 413 cm⁻¹, 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⁻¹ NH stretch scales to 3537 cm⁻¹, 3198 cm⁻¹ CH stretches 
scale to 3091 cm⁻¹, 1634 cm⁻¹ CC stretch scales to 1580 cm⁻¹, and 1499 
cm⁻¹ HCH+CC mode scales to 1449 cm⁻¹, 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 π–π 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].

Fig. 4. EHOMO-ELUMO of ZPSD with solvents.

Fig. 5. MEP map surface on ZPSD.
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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 π-electrons particularly near atoms like nitrogen 
(N), oxygen (O), 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(λ₂) ρ plot. Strong attractive in
teractions like hydrogen bonding and electrostatic attractions are indi
cated by the blue region, which corresponds to sign(λ₂) ρ 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(λ₂)ρ values 
greater than 0.015 a.u., the comparatively sparse appearance of these 
regions implies that the molecule has a favourable steric profile with 

Table 4 
TDDFT for the ZPSD.

Solvents States B3LYP/6–311G(d,p) Major & Minor 
Contributions 
Energy ( %)Absorption band λ (nm) Band gap (eV) Oscillation 

Strength
Energy 
(cm− 1)

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

EHOMO − 5.4194 
eV

Chemical hardness (ɳ) − 3.4640 eV

ELUMO − 1.0198 
eV

Chemical softness (σ) 0.4545 
eV− 1

ΔE 4.3995 eV Electrophilicity Index (ω) 2.3560eV
Ionization potential 

(IP)
5.4194 eV Nucleophilicity Index 0.1366 

eV− 1

Electron affinity (EA) 1.0198 eV Electron donor power (ω− ) 4.0212 eV
Electronegativity(χ) 3.2196 eV Electron acceptor power 

(ω+)
1.0212 eV

Chemical potential (μ) − 3.2196 
eV

ΔNmax (eV) − 1.7221 eV

Fig. 6a. Theoretical Vibrational Assignment of ZPSD.
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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 (¹³C) and hydrogen (¹H) 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 (C2, C3, C12–C22), which is 
consistent with sp³ 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–C28), which are in good agreement with conjugated aromatic sys
tems and heterocycles such as pyridine, thiazole, or benzene. Within the 
heteroaromatic ring system, C24 (145.84 ppm) and C27 (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 C6 (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 H37 
(10.53 ppm). Reliable structure modeling is demonstrated by experi
mental values that closely match theoretical prediction.

This region’s protons, H29 to H46 (7.05 to 9.29 ppm), are in the usual 
aromatic range; downfield shifts suggest conjugated π-systems or sub
stituents that withdraw electrons. Particularly deshielded are H42 (9.97 
ppm) and H46 (8.18 ppm), for instance, indicating closeness to electro
negative atoms or involvement in π-π stacking or hydrogen bonding. The 
molecule’s structural integrity is confirmed by the close correspondence 
between the experimental and theoretical ¹³C and ¹H NMR chemical 
shifts. Deshielding patterns, particularly in the aromatic and hetero
aromatic regions, support the presence of electron-withdrawing groups 
(Cl, C––O, N, S) and a conjugated, planar system that can form hydrogen 
bonds and stack π–π, 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 Å) and D index (0.223 Å). The tiny separation points to an intra- 
fragment π–π 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 Å). In State II, 
the H index dramatically increases to 3.824 Å 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 Å), 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 Å). With the highest excitation energy (6.951 eV), State 

Fig. 6b. Experimental FT-IR of ZPSD.
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Table 6 
Vibrational Assignment of ZPSD.

Mode No. B3LYP (cm⁻¹) Experimental (cm⁻¹) Vibrational 
Assignment

PED ( %) IR Intensity (km/mol) Raman 
Activity (Å⁴/amu)

1 3657 3414 ʋNH 100 58.1642 177.9202
2 3221 - ʋCH 100 1.9432 97.0627
3 3218 - ʋCH 83 10.852 197.039
4 3207 - ʋCH 95 24.3676 167.801
5 3198 3196 ʋCH 90 7.1208 116.2181
6 3186 3190 ʋCH 92 0.8723 64.7856
7 3180 - ʋCH 100 10.1337 65.8097
8 3146 - ʋCH 91 7.8321 59.3789
9 3144 - ʋCH 90 15.4396 67.4606
10 3118 - ʋCH 89 13.4905 28.869
11 3103 - ʋCH 100 2.3397 89.1282
12 3087 - ʋCH 83 29.417 38.9795
13 3082 - ʋCH 87 46.463 176.4545
14 3073 3070 ʋCH 86 38.0617 89.7016
15 3066 - ʋCH 100 7.1534 174.3236
16 3061 - ʋCH 80 15.4379 63.3826
17 3049 - ʋCH 79 48.2488 114.8081
18 3042 - ʋCH 79 19.9116 43.3101
19 2969 ​ ʋCH 93 36.1359 58.2515
20 2931 2932 ʋCH 92 58.1294 48.9315
21 2916 ​ ʋCH 93 33.5091 24.1365
22 1849 ​ ʋOC 87 622.1589 27.633
23 1679 ​ ʋCC 63 109.3243 124.2484
24 1646 ​ ʋCC 47 16.3865 15.8939
25 1634 1631 ʋCC 62 22.3144 14.8611
26 1617 1627 ʋCC 62 18.9512 28.1792
27 1551 1560 ʋCC 31 173.3826 59.5073
28 1551 1560 ʋNC 10 157.4216 14.3232
29 1526 - δHCC 12 7.6756 15.9071
30 1524 - δHCH 70 3.8625 12.1148
31 1510 - δHCH 78 5.1862 16.5267
32 1505 - δHCH 73 5.3095 21.5347
33 1499 1493 δHCH 84 8.4739 5.6644
34 1499 1493 ʋCC 14 2.2994 13.3027
35 1498 - δHCH 75 13.0889 13.0566
36 1491 1493 δHCH 26 9.9541 11.1236
37 1469 1473 δHCH 12 96.3499 27.8168
38 1469 1473 ʋCC 14 3.9215 28.4474
39 1439 - δHCC+ ʋCC 27+12 36.6712 22.0089
40 1467 1460 ʋCC 10 54.6618 89.6579
41 1480 - δHCH 69 28.5239 52.454
42 1449 - δHCH 74 6.1662 11.5175
43 1432 - ʋCC 17 11.7591 43.7931
44 1410 - ʋCC 10 12.2409 4.8237
45 1413 - ʋCC 40 2.6951 30.3044
46 1411 - δHCN 32 7.9306 2.089
47 1410 - δHNC 33 45.606 10.338
48 1389 - δHCC 41 45.4988 39.3319
49 1372 - ʋCC+ δHCC 77+10 95.6415 20.6112
50 1370 1290 δHCC 50 7.6457 3.1984
51 1349 - δHCC 38 4.2792 12.9434
52 1342 - δHNC 26 44.8726 2.0094
53 1336 1246 δHNC 27 13.0086 15.0449
54 1322 - δHNC 27 18.3532 9.9003
55 1312 - δHNC 29 27.4338 1.2621
56 1304 1203 δHNC 28 40.8994 36.3361
57 1312 - δHCC 10 7.8743 4.4962
58 1297 - δHCC 32 22.1322 12.5292
59 1290 - δHCC+ δHCH 10+34 13.619 4.6409
60 1269 - δHNC 48 39.3723 6.243
61 1262 - ʋCC 39 27.1785 6.7077
62 1249 - δHCC 33 13.5368 5.0778
63 1234 - δHNC 49 4.4757 2.9553
64 1230 - δHNC 44 45.6931 14.1696
65 1200 1083 ʋCC 30 6.1869 12.3771
66 1194 - δHCC 43 0.3834 6.3593
67 1188 - ʋCC 14 6.1863 6.5001
68 1181 - ʋCC 19 100.0683 1.59
69 1170 - ʋNC 27 8.2767 5.92
70 1160 - δHCC 84 7.8971 0.18
71 1151 - ʋCC 10 4.1558 18.15
72 1151 - ʋClC 21 11.9078 4.16
73 1143 1000 ʋCC 44 6.2512 23.91

(continued on next page)
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III has unique properties. A highly delocalized charge transfer excitation 
is indicated by the exceptionally high D index (7.249 Å) and the highest 
Δr index (4.579) among the three states, while the H index (2.599 Å) is 
marginally lower than in State II. It’s interesting to note that the t index 
changes to a large, positive value (+4.994 Å), 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: αtot = − 1.8740×10− 23 esu. The anisotropy of polarizability (Δ⍺), 

which represents the directional dependency of the polarizability tensor, 
was as follows: α tot = − 1.8740×10− 23esu. Δα = 6.3411×10− 23esu. 
Δα=6.3411×10− 23 esu. The first hyperpolarizability (βₜₒₜ) of the mole
cule was: βtot = 302.47 a.u.= 2.6131×10− 30 esu, β tot = 302.47 a.u. =
2.6131×10− 30 esu, which is substantially greater than 7 % that of urea, 
the conventional reference molecule (β ≈ 0.3728 × 10⁻³⁰ 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: 
μtot = 2.67 Debye Moderate molecular polarity is suggested by Debye.

The βxxx is dominant and negative, indicating a strong NLO 
response along the x-axis. βxzz and βzxx are positive and relatively 
large, suggesting significant delocalization and conjugation along mixed 
axes. Other components like βzzz and βxyz are smaller but contribute to 
the overall NLO behaviour. The individual tensor components such as 
βxxx = − 342.18, βxzz = 47.32, and βzxx = 64.07 further indicate a 
strong directional charge flow along the molecular axis, enhancing π–π 
stacking and hydrogen bonding potential, which are essential for anti
cancer activity through DNA intercalation or kinase inhibition. The 
anisotropy of polarizability (Δα) is notably high (427.87 a.u., 6.3411 ×
10⁻²³ esu), confirming an uneven electronic cloud distribution that 

Table 6 (continued )

Mode No. B3LYP (cm⁻¹) Experimental (cm⁻¹) Vibrational 
Assignment 

PED ( %) IR Intensity (km/mol) Raman 
Activity (Å⁴/amu)

74 1113 - ʋCC 24 43.3488 15.71
75 1082 972 δHCN 50 43.1414 6.80
76 1076 ​ δHCC 41 32.5897 3.66
77 1052 947 δHCC 12 61.2957 1.35
78 1052 947 ʋCC 48 0.0803 0.18
79 1051 - ʋCC 18 6.3631 0.65
80 1044 - ʋCC 29 0.9409 0.56
81 1033 - δHCN 42 6.2749 2.60
82 1009 - ʋCC 27 13.6297 1.18
83 1002 - ʋCC 43 1.4496 1.45
84 990 - τHCCH 94 10.6463 0.72
85 969 835 δHCC 15 0.3805 3.08
86 954 - τHCCC 86 11.6367 14.23
87 946 - ʋCC 44 17.5136 2.11
88 912 - ʋCC 31 0.4887 3.32
89 969 - δHCC 13 5.5064 14.53
90 969 - τHNCC 21 11.2502 1.94
91 882 - ʋCC 32 4.3823 2.03
92 867 - ʋCC 62 19.3231 2.65
93 853 - τHCCC 83 2.0775 4.54
94 852 - τHCNC 38 6.515 8.52
95 820 - ʋCC 0 25.8093 2.92
96 791 - ʋNC 2 0.6371 4.47
97 787 - δHCC 34 7.676 15.04
98 781 - τHCCC 73 9.2075 2.81
99 763 773 ʋCC 29 3.5593 5.64
100 758 - δHCC 38 12.2776 2.73
101 747 743 τHCCC 60 6.1636 0.56
102 728 736 τHNCC 51 4.8683 3.99
103 722 - ʋSC 11 11.3238 5.18
104 722 - δHCC 25 48.4598 0.93
105 698 - ʋClC 14 21.8308 3.89
106 686 - δHNC 53 7.2097 4.70
107 659 - τHNCC 50 6.1341 4.60
108 630 - δHCC 42 2.3514 3.05
109 592 - δHCC 48 3.7159 1.46
110 571 - τHNCC 12 2.681 1.59
111 565 - δHNC 32 66.8174 3.08
112 532 - δHNC 16 1.0028 3.06
113 513 - δCNC+ τHCCC 22+34 4.7097 0.36
114 507 - δCNC+ τHCCC 12+17 3.2477 1.79
115 489 - δHCC 43 0.1815 1.00
116 438 - δCCO 15 1.0958 3.98
117 444 - δHCC 10 3.9865 3.23
118 413 - ʋSC 14 2.9499 1.56
119 404 - τHNCO 25 1.729 2.12

δ -bending, υ- stretching, β -scissoring, t-twisting, ρ- rocking, ω- wagging,.
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facilitates selective binding with asymmetric biological targets like 
enzyme active sites or receptor pockets and the SI unit values for the βtot 
= 9.3 × 10− 40 C3m3J− 2; Δα =7.06×10− 63 Cm2V− 1; μ (D) =8.91×10− 30 
Cm− 1 [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 

Fig. 7. ELF and LOL analysis of ZPSD.

Fig. 8a. Van der Waals, Steric effect with Hydrogen bonding of ZPSD.

Fig. 8b. Sign (λ2) ρ plot of ZPSD.

Table 7 
NMR Analysis of ZPSD.

Atom Theoretical 
Chemical 
Shift in ppm

Experimental 
chemical shift 
in ppm

Atom Theoretical 
Chemical 
Shift in ppm

Experimental 
chemical shift 
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
C2 50.31 51.45 H38 3.68 3.73
C22 55.25 55.72 H45 4.75 4.14
C7 111.70 110.50 H43 7.05 6.89
C8 124.62 125.30 H31 7.13 7.30
C9 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
C28 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
C6 163.27 163.64 H37 10.40 10.53
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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].

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 

Fig. 9. NMR of H1 and C13 of ZPSD.

Table 8 
Electron-Hole Analysis of ZPSD.

Solvent State Excitation 
energy E (eV)

H index 
(Ǻ)

D index 
(Ǻ)

Δr 
index

t index 
(Ǻ)

Gas I 5.612 1.942 0.223 4.347 1.107
II 6.691 3.824 1.156 3.415 1.375
III 6.951 2.599 7.249 4.579 4.994

Fig. 10a. Electron-Hole of ZPSD.
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basic biological phenomena. Molecular docking studies against two 
pertinent protein targets, 3T6G and 6NM0, have demonstrated through 
Figs. 12a and 12b along with Table 11, the majority of residues 95 % 
occupy preferred α-helix and β-sheet regions, as indicated by the Ram
achandran plot of 6NM0, 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 Å, 
ZPSD established a single hydrogen bond with SER582 (O⋅⋅⋅NH) for the 
3T6G complex. This bond had an estimated inhibition constant of 16.91 
µM and a binding energy of –6.75 kcal mol⁻¹ 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 6NM0 protein, on the other hand, showed 
two hydrogen bonds with TYR114 (H⋅⋅⋅OH) and LYS149 (O⋅⋅⋅HZ2) at 
bond distances of 2.0 Å and 2.2 Å, 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 µM) and effective binding en
ergy (− 7.72 kcal mol⁻¹) 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 
desolvation energy (–8.66 kcal/mol). The electrostatic component 
(–0.26 kcal/mol) contributed to good interaction stability [60,61]. The 
6NM0–ZPSD complex ultimately showed higher binding affinity and 
inhibitory potential than 3T6G–ZPSD, indicating that ZPSD interact 

with the 6NM0 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) =
∑

uv∈E(G)
(du+ dv)

and 

M2(G) =
∑

UV∈E(G)
(du.dv)

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

H(G) =
∑

UV∈E(G)

2
du + dv 

Definition 3. explains the hyper Zagreb index [64–66] in the 
following way 

HM(G) =
∑

uv∈E(G)
(du + dv)2 

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

Table 9 
NLO Properties of ZPSD.

Hyper Polarizabilities Calculations

βxxx − 342.179 αxx − 216.022 μ x 0.6803
βxxy − 42.093 αxy − 23.9144 μ y 2.492
βxyy − 0.326 αyy − 172.996 μ z − 0.6803
βyyy 10.397 αxz 12.7249 μ (D) 2.6712
βzxx 64.074 αyz − 2.5766 μ (D) 8.91×10− 30Cm− 1

βxyz − 32.545 αzz 9.6701
βzyy − 13.814 α (a.u) − 126.449
βxzz 47.324 α (e.s.u) − 1.8740E− 23

βyzz 0.4343 Δα (a.u) 427.8716
βzzz 7.87 Δα (e.s.u) 6.3411E− 23

βtot (a.u) 302.470 Δα C⋅m2⋅V− 1 7.06×10− 63

βtot (e.s.u) 2.6131E− 30 ​ ​
βtot C3⋅m3⋅J− 2 9.3 × 10− 40 ​ ​

Table 10 
Lipinski’s values of ZPSD.

Descriptor Value

Molecular Weight 412.94 g/mol
LogP 3.50
Acceptors 3
Donors 1
Surface Area 76.71◦ A
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Fig. 11. BOILED-Egg Model of ZPSD.

Fig. 12.a. Molecular Docking of ZPSD.
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Definition 4. The Forgotten index F(G) [60–62] is described as 

F(G) =
∑

uv∈E(G)

[
(du)2⃒⃒+

⃒
⃒(dv)2]

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

RR(G) =
∑

uv∈E(G)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
du × dv

√

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

RA(G) =
∑

uv∈E(G)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

du × dv

√

Definition 7. The Sum Connectivity S(G) [64–66], which is shown 
by 

Fig. 12b. Ramachandran plot of protein.

Table 11 
Binding energy of ZPSD.

Protein Bonded 
residues

No. of. H bond Bond distance 
(Å)

Estimated Inhibition Constant 
(μm)

Binding energy 
(kcal/mol)

RMSD 
(Å)

Amino acids Hydrophobic interaction

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

6NM0 TYR 114 (H… OH) 
LYS 149 
(O… HZ2)

2 2.0 
2.2

2.18 − 7.72 13.88 PRO - 580 
PRO - 579 
THR - 584

LEU-581 
THR-584 
PRO-579 
HIS-588 
MET-525 
HIS-588 
GLY-575 
LYS-576 
GLY-577

Fig. 13. QSPR Analytical Value of ZPSD.
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S(G) =
∑

uv∈E(G)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

du + dv

√

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

GA(G) =
∑

uv∈E(G)

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
du × dv

√

du + dv 

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

ABC(G) =
∑

uv∈E(G)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
du + dv − 2

du × dv

√

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 1,3| = 2, |E 2,2| = 7, |E 2,3| = 5, |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(1×3) + 7(2×2) + 5(2×3) + 5(3×2)

+ 5(3×3)

= 139 

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

H(ZPSD) = 2 ×
2

1 + 3
+ 5 ×

2
2 + 2

+ 5 ×
2

2 + 3
+ 5 ×

2
3 + 2

+ 5

×
2

3 + 3
= 10.1 

iii) The following is the outcome of applying Definition 3: 

HM(ZPSD) = 2 x(1 + 3)2
+ 7(2 + 2)2

+ 5(2 + 3)2
+ 5(3 + 2)2

+ 5(3 + 3)2

= 895 

iv) The result of using Definition 4 is as follows: 

F(ZPSD) = 2
[
12 +32]+ 5

[
22 +22]+ 15

[
22 +32]+ 2

[
32 +22]

+ 2
[
32 +32]

= 211 

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

RR(ZPSD) = 2
̅̅̅̅̅̅̅̅̅̅̅̅
1 × 3

√
+ 7

̅̅̅̅̅̅̅̅̅̅̅̅
2 × 2

√
+ 5

̅̅̅̅̅̅̅̅̅̅̅̅
2 × 3

√
+ 2

̅̅̅̅̅̅̅̅̅̅̅̅
3 × 2

√

+ 2
̅̅̅̅̅̅̅̅̅̅̅̅
3 × 3

√

= 139 

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

RA(ZPSD) = 2 ×

̅̅̅̅̅̅̅̅̅̅̅̅
1

1 × 3

√

+ 7 ×

̅̅̅̅̅̅̅̅̅̅̅̅
1

2 × 2

√

+ 5
̅̅̅̅̅̅̅̅̅̅̅̅

1
2 × 3

√

+ 5
̅̅̅̅̅̅̅̅̅̅̅̅

1
3 × 2

√

+ 5 ×

̅̅̅̅̅̅̅̅̅̅̅̅
1

3 × 3

√

= 0.89 

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

S(ZPSD) = 2 ×

̅̅̅̅̅̅
1
10

√

+ 7 ×

̅̅̅
1
8

√

+

(

5 ×

̅̅̅̅̅̅
1
13

√ )2

+ 5 ×

̅̅̅̅̅̅
1
18

√

= 1.8 

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

GA(ZPSD) = 2
(

2
̅̅̅̅̅̅̅̅̅̅̅̅
1 × 3

√

1 + 3

)

+ 7

(
2
̅̅̅̅̅̅̅̅̅̅̅̅
2 × 2

√

2 + 2

)

+ 5
(

2
̅̅̅̅̅̅̅̅̅̅̅̅
2 × 3

√

2 + 3

)

+ 5
(

2
̅̅̅̅̅̅̅̅̅̅̅̅
3 × 2

√

3 + 2

)

+ 5
(

2
̅̅̅̅̅̅̅̅̅̅̅̅
3 × 3

√

3 + 3

)

= 4.6 

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

ABC(ZPSD) = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 3 − 2

1 × 3

√

+ 7
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 + 2 − 2

2 × 2

√

+ 5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 + 3 − 2

2 × 3

√

+ 5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3 + 2 − 2

3 × 2

√

+ 5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3 + 3 − 2

3 × 3

√

= 2.85 

The Table 10 shows, the structural descriptors were investi
gated an electronic responsiveness and binding potential, as 

Table 12 
Physical and Math Comparative Of ZPSD.

S. 
No

Physical and Chemical 
Properties

Physical and 
Chemical Properties 
Values

Mathematical QSPR 
Analytical Value.

1 β tot, μ (D) 2.6131E− 30; 
2.67126939

ABC(ZPSD) = 3

2 Melting Point 206–215 ◦C F(ZPSD) = 211
3 C8 NMR shift 124 M1 (ZPSD) =122
4 Δα (e.s.u) 6.3411E− 23 H (ZPSD)=10.1
5 ELumo 1.0 RA(ZPSD) = 1
7 Δr index, Binding energy 

(kcal/mol)
4.579; 6.0,7.0 GA(ZPSD) = 5

6 LogP; Bond distance 
(Å) from docking; 
Estimated Inhibition 
Constant (μm)

3.50, 2.0;2.2, 2.18 S(ZPSD) = 2
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shown by the QSPR correlation analysis, which shows that higher 
ABC, H, and GA values are directly proportional to both β_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 (Å) from 
docking, Estimated Inhibition Constant (μm) 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 π-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 Å, Typical aromatic or flexible Bond angle are matched by chain 
and ring angles that fall between 118◦ and 130◦, such as C25–C26–C27 
and C24–C28–C27, 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 π–π 
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 Cl11 and π*(C6–C7) (13.0 kcal/mol) and π*(C23–C24) (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 (Δα = 427.87 a.u., 6.3411 × 10⁻²³ esu, 
7.06×10− 63C⋅m2⋅V− 1) and favourable QSPR indices (ABC, F, M₁, H, RA, 
S, GA) correlations show efficient bioactive behaviour. The ZPSD–6NM0 
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.

CRediT authorship contribution statement

S. Kayashrini: Writing – original draft, Formal analysis, Data cura
tion. P. Rajesh: Writing – original draft, Supervision, Software. M. 
Kesavan: Methodology. A. Kala: Writing – review & editing, Valida
tion. M. Pavithra: Data curation.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.molstruc.2025.144847.

Data availability

Data will be made available on request.

References

[1] A. Martínez, I.A. Ibarra, R. Vargas, A quantum chemical approach representing a 
new perspective concerning agonist and antagonist drugs in the context of 
schizophrenia and Parkinson’s disease, PLoS. One 14 (12) (2019) e0224691, 
https://doi.org/10.1371/journal.pone.0224691.

[2] M.A. Mancano, Ziprosidone-induced transient agranulocytosis; delayed onset of 
cardiac adverse effects with fingolimod; telmisartan-induced myotoxicity; severe 
dilated cardiomyopathy induced by adalimumab and ustekinumab, Hosp. Pharm. 
50 (10) (2015) 855–858, https://doi.org/10.1310/hpj5010-855.

[3] P. Wright, A. Alex, F. Pullen, Predicting collision-induced dissociation spectra: semi 
empirical calculations as a rapid and effective tool in software-aided mass spectral 
interpretation, Rapid Commun. Mass Spectrom. 28 (10) (2014) 1127–1143, 
https://doi.org/10.1002/rcm.6870.

[4] P.U. Preetha, M. Suresh, Structure property modeling of physicochemical 
properties of antipsychotic drugs via topological descriptors, multigraph modeling 
with the specific treatment of heteroatoms and chemometric methods, IAENG Int. 
J. Appl. Math. 54 (11) (2024) 2388–2403. Retrieved from, https://www.proquest. 
com/scholarly-journals/structure-property-modeling-physicochemical/docvie 
w/3156613531/se-2.
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[58] E. Díaz-Cervantes, A. Islas-Jácome, A. Renteria-Gomez, J. Robles, R. Gámez- 
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