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An investigation into the structural, electronic and reactive properties of a substituted piperidine scaffold were conducted using density
functional theory (DFT) at the B3LYP/6-31 G(d) level of theory. Molecular geometry optimization established a stable equilibrium
structure. Frontier molecular orbital (FMO) analysis suggested a HOMO-LUMO energy gap of 5.6665 eV, consistent with high kinetic
stability. Molecular electrostatic potential (MEP) mapping and Mulliken charge analysis identified the oxygen atoms as the principal
nucleophilic centers, while the hydroxyl hydrogen bears a pronounced electrophilic character. Natural bond orbital (NBO) and non-
covalent interaction (NCI) analyses quantified pronounced hyperconjugative stabilization and a complex network of hydrogen bonding
interactions, particularly across the hydrazone linkage, which exhibited a Mayer bond order of 1.6852. The first-order hyper-polarizability
was calculated as 1.044 x 10-%° esu, approximately 2.8-fold higher than that of urea, supporting the potential of the molecule for nonlinear
optical (NLO) applications. Thermodynamic parameters exhibited strong temperature dependence, while STM and ALIE surface analyses
identified the nitrogen-rich core as an electronically active region. Molecular docking against the 1BP1 protein yielded a binding energy
of -6.4 kcal/mol, with hydrogen-bonding interactions involving VAL A:433 and PRO A:430. These computational findings support the

relevance of the molecular scaffold for further investigation in medicinal chemistry and optoelectronic applications.
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INTRODUCTION

Semicarbazones constitute an important class of nitrogen
containing compounds employed as reactive intermediates/
precursors in diverse chemical transformations [1-10]. Their
donor-rich frameworks provide versatile coordination sites,
enabling their use as effective ligands [11-14]. Piperidin-4-
one semicarbazones are particularly relevant owing to the
reactivity of the keto-derived carbonyl group. Conventional
catalytic reduction of piperidone semicarbazones has been
reported [6-8], whereas electrochemical studies of N-substi-
tuted piperidin-4-one semicarbazones remain limited [12-15].
The present study focuses on (E)-4-(2-(amino(hydroxy)-
methyl)hydrazono)-3-ethyl-2,6-diphenylpiperidin-1-ol [6,7],
a scaffold incorporating a substituted piperidine ring, hydra-
zone linkage and hydroxyl containing side chain.

Piperidin-4-one derivatives possess remarkable antifungal
[16] and antibacterial activities [8,17,18]. Semicarbazone

functionalized piperidines provide multiple nitrogen and
oxygen donor sites capable of hydrogen bonding and metal
coordination. Related semicarbazones have been investigated
for antioxidant, antitubercular and antimicrobial properties [19],
while their donor atoms have enabled chemosensing applica-
tions toward transition-metal ions such as nickel [20]. These
characteristics provide a basis for examining the present scaff-
old from biological and molecular electronic perspectives.
The investigated molecule combines a 2,6-diphenylpip-
eridin-1-ol core with a nitrogen-rich hydrazone and amino-
(hydroxy)methyl functionality. The phenyl groups contribute
structural rigidity, whereas the hydrazone, hydroxyl and amino
groups provide multiple donor and acceptor sites. This arrange-
ment permits evaluation of electronic delocalization, charge
distribution, hydrogen-bonding interactions and nonlinear
optical (NLO) response. These functional groups may further
serve as recognition sites during protein binding, linking the
electronic and biological characteristics of the molecule.
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Density functional theory (DFT) provides an efficient
framework for predicting molecular geometries and electr-
onic properties with substantially lower computational cost
than conventional wave-function methods [21,22]. DFT calcu-
lations were used to optimize the molecular structure and
evaluate its electronic properties. Frontier molecular orbitals,
molecular electrostatic potential and Mulliken charges were
examined to characterize charge distribution and reactive
sites. Natural bond orbital (NBO) and non-covalent inter-
action (NCI) analyses were applied to assess hyperconjugative
stabilization and weak interactions, while Mayer bond orders
provided insight into the hydrazone bonding character. First-
order hyperpolarizability was calculated to assess the NLO
response. Thermodynamic parameters, scanning tunneling
microscopy (STM) and average local ionization energy (ALIE)
surfaces were evaluated to describe molecular behaviour and
electronically active regions. Molecular docking with the
1BP1 protein was performed to assess binding affinity and
identify key residue interactions. This integrated analysis
establishes relationships between molecular structure, electr-
onic stability, NLO response and protein-binding character-
istics of the title compound.

antimicrobial protein that interacts with bacterial lipopoly-
saccharides and contributes to membrane disruption. However,
the rationale for selecting 1BP1 should be supported by a
specific predicted activity or literature evidence linking the
title compound to BPI.

Preparation of protein: The 1BP1 structure was prep-
ared by removing crystallographic water molecules and non-
essential heteroatoms, followed by addition of hydrogen atoms,
correction of structural deficiencies, charge assignment and
energy minimization. The stereochemical quality of the
structure was evaluated using a Ramachandran plot generated
with PROCHECK/SAVES, with 85.1% of residues located
in the most favoured regions [36]. However, this value is only
moderate and should be discussed rather than presented as
definitive evidence of protein suitability. The prepared struct-
ure was subsequently used for docking studies.

Preparation of ligand: The title compound was initially
drawn using ChemSketch and converted into a three-dimen-
sional structure using Avogadro. The geometry was optimized
using the MMFF94 force field with the steepest-descent algo-
rithm to minimize steric strain and obtain a stable conforma-
tion. The optimized structure was then exported in PDB format.

COMPUTATIONAL DETAILS

RESULTS AND DISCUSSION

The molecular structure was initially sketched in
Chemsketch [23] to obtain the 2D representation, which was
subsequently imported into Avogadro [24] for 3D coordinate
generation and preliminary geometry optimization. The resul-
ting structure was saved in .pdb format and utilized for high-
level electronic structure calculations using the Gaussian 16W
[25] software package. The B3LYP/6-31 G(d) bas set [26,27]
was utilized to run the jobs in the gaseous phase. To ensure
the stability of the optimized geometries, frequency calcula-
tions were performed at the same level of theory. The absence
of imaginary frequencies confirmed that the structures repre-
sented true local minima on the potential energy surface. Visual
inspection of the Gaussian 16W output and molecular orbitals
was conducted using GaussView 06, while GaussSum 3.0 [28]
was employed to monitor the convergence of the energy
minimization and confirm full optimization. Detailed wave-
function analysis, was carried out using Multiwfn 3.8 [29].
Furthermore, the visualization of electron density and various
isosurfaces was rendered using VMD 1.9.7 [30]. For the biol-
ogical study, molecular docking simulations were executed
using PyRx [31], while the Discovery Studio Visualizer [32]
was utilized for comprehensive pre-docking preparation and
post-docking analysis of the protein-ligand interactions.
Colour NCI plots are obtained from Atomistica online tool
[33-35]. The temperature dependence of entropy (S), constant
volume heat capacity (Cv) and constant-pressure heat capacity
(Cp) was evaluated using the Shermo program.

Docking analysis

Selection of protein: The target protein was selected
based on the biological activity predicted using the Way2-
Drug PASS online tool. Human bactericidal/permeability-
increasing protein (BPI; PDB ID: 1BP1) was retrieved from
the RCSB Protein Data Bank for molecular docking. BPI is an

Electronic structure analysis: The molecular structure
C20H26N4O2 was optimized using the DFT/B3LYP method
with the 6-31G(d) basis set. The compound is a derivative of
3-ethyl-1-hydroxy-2,6-diphenylpiperidin-4-one. Fig. 1 presents
the optimized molecular structure together with its structural,
electronic and energetic characteristics. The 2D (Fig. 1a) and
optimized 3D (Fig. 1b) structures depict the substituted pip-
eridine core, phenyl rings and hydroxy-containing hydrazone
framework. The density of states (DOS) profile (Fig. 1c)
displays the distribution of occupied and virtual molecular
orbitals, with an energy separation between these states that
provides insight into the electronic stability and reactivity of
the molecule. The energy convergence profile (Fig. 1d) exhibits
a pronounced decrease in total energy during the initial opti-
mization steps, followed by stabilization near the fifth step.
The optimization profile (Fig. 1e) approaches the target
convergence criterion over the subsequent steps, confirming
attainment of a stable optimized geometry. The optimized
structure was subsequently used for the electronic and spectro-
scopic calculations. The atom numbering scheme is provided
in Table-1, while the corresponding XYZ coordinates of the
optimized structure are listed in Table-2.

Mulliken charge analysis: Mulliken population analysis
is a commonly used approach for estimating partial atomic
charges by partitioning the molecular electron density among
individual atoms. Within the linear combination of atomic
orbitals (LCAO) framework, the electron population associated
with each atomic center and the overlap regions is used to
obtain the net atomic charge. Such charge distribution provides
insight into molecular polarity, chemical reactivity, hydrogen
bonding propensity and electrostatic interactions [37]. The
calculated Mulliken charges for all 52 atoms are listed in
Table-3 and their graphical distribution is shown in Fig. 2. The
calculated values exhibit substantial variation in the electro-
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TABLE-1
ATOM LIST OF THE OPTIMIZED MOLECULE
1 C 14 C 27 H 40 H
2 C ills) C 28 H 41 H
3 C 16 C 29 H 42 H
4 N 17 C 30 H 43 H
5 C 18 C 31 H 44 H
6 C 19 C 32 H 45 H
7 (0} 20 N 33 H 46 H
8 C 21 N 34 H 47 H
9 C 22 C 35 H 48 H
10 C 23 (0] 36 H 49 H
11 C 24 N 37 H 50 H
12 C 25 C 38 H 51 H
13 C 26 C 39 H 52 H

static environment of the molecule. The most negative charges
occur at the heteroatomic centers 24N (-0.7139 a.u.), 230
(-0.6294 a.u.) and 70 (-0.5079 a.u.). These electron-rich sites
can participate in hydrogen-bond acceptance and other electro-
static interactions. The largest positive charges are associated
with 32H (0.4069 a.u.) and 45H (0.4028 a.u.), followed by
22C (0.3770 a.u.). The positive character of the hydrogen atoms

is consistent with their bonding to electronegative nitrogen or
oxygen centers, which can facilitate their participation as
hydrogen-bond donor sites.

The carbon atoms display charge variations governed by
their local bonding environments. Carbons within the phenyl
rings and alkyl chains generally possess relatively small nega-
tive charges, as observed for 13C (-0.1249 a.u.). Carbon centers
influenced directly by neighbouring heteroatoms exhibit
higher positive character; 3C carries a charge of 0.3132 a.u. This
redistribution of electron density contributes to the molecular
polarization and dipole character. The hydrazone and hydroxy!l
containing regions possess pronounced charge separation and
represent the principal electronically active sites for intermole-
cular interactions. Since the Mulliken charges were calculated
from the optimized geometry, the obtained charge distri-
bution corresponds to the energy-minimized molecular structure
established through the convergence profiles in Fig. 1d-e.

Frontier orbital analysis: The calculated HOMO and
LUMO energies of the title compound are -5.9468 and -0.2803
eV, respectively, giving a HOMO-LUMO energy gap (AE)
of 5.6665 eV. The relatively large energy separation is assoc-
iated with high kinetic stability and a lower tendency toward
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TABLE-2
XYZ COORDINATES OF THE OPTIMIZED TITLED MOLECULE
Coordinates Coordinates
Atom Atom
X Y Z X Y Z
© -1.20393 1.53686 -0.18943 H -1.67859 1.36405 0.78232
© 0.30549 1.80083 0.08710 H 0.39987 2.85633 0.36708
© -1.38109 0.30121 -1.05768 H -0.81411 0.95191 -3.00283
N 1.00166 1.74067 -1.21879 H -0.63017 -0.78438 -2.74496
© -0.49490 0.19288 -2.27562 H 1.47245 0.73129 -2.92359
© 0.99550 0.46628 -1.97179 H 2.37411 3.00020 -1.58889
(0] 2.35807 2.19242 -1.04894 H -0.64386 -0.51670 1.39720
© 0.89365 1.00567 1.26122 H 2.55741 2.35749 1.45272
C 0.27927 -0.12645 1.81408 H 0.33834 -1.64939 3.33075
© 2.07225 1.47749 1.86160 H 3.54657 1.21277 3.40469
C© 0.83459 -0.77368 2.92026 H 2.44280 -0.80701 4.35811
C© 2.63160 0.82852 2.96071 H 3.67953 0.20847 -1.85176
C© 2.01332 -0.30257 3.49636 H 0.10054 -1.96857 -0.89305
C 1.78871 -0.72484 -1.42064 H 5.04508 -1.70556 -1.09395
C© 3.19133 -0.68420 -1.47532 H 1.45456 -3.87544 -0.15118
C© 1.18149 -1.89396 -0.94207 H 3.93955 -3.76572 -0.23525
© 3.96058 -1.76384 -1.04489 H -3.44784 0.33001 0.46457
© 1.95010 -2.98013 -0.51810 H -4.88239 -1.20801 -0.76217
© 3.34197 -2.91946 -0.56435 H -3.00107 -2.66261 -0.90430
N -2.24686 -0.63083 -0.87444 H -4.38801 -1.93388 2.00448
N -3.09444 -0.59380 0.21779 H -5.79958 -2.06194 1.17533
© -4.21201 -1.53314 0.05322 H -2.84649 2.44531 -1.28427
(0] -3.69706 -2.81096 -0.23601 H -1.26895 3.11505 -1.67519
N -4.95653 -1.50120 1.27663 H -2.82381 3.60046 0.94835
© -1.89293 2.76694 -0.84413 H -2.64870 4.75515 -0.38201
© -2.16338 3.91789 0.13202 H -1.24159 4.30144 0.58364
TABLE-3
MULLIKEN CHARGE OF THE TITLED MOLECULE
Atom Charge (a.u.) Atom Charge (a.u.) Atom Charge (a.u.) Atom Charge (a.u.)
1C -0.1734 14C 0.1651 27H 0.1475 40H 0.1231
2C -0.0525 15C -0.1639 28H 0.1420 41H 0.1255
3C 0.3132 16C -0.1851 29H 0.1593 42H 0.1236
4N -0.2405 17C -0.1297 30H 0.1659 43H 0.3184
5C -0.3360 18C -0.1333 31H 0.1411 44H 0.1147
6C -0.0483 19C -0.1256 32H 0.4069 45H 0.4028
70 -0.5079 20N -0.3509 33H 0.1601 46H 0.3098
8C 0.1609 21N -0.4387 34H 0.1310 47H 0.3122
9C -0.1879 22C 0.3770 35H 0.1257 48H 0.1374
10C -0.1620 230 -0.6294 36H 0.1232 49H 0.1541
11C -0.1367 24N -0.7139 37H 0.1236 50H 0.1467
12C -0.1307 25C -0.2652 38H 0.1315 51H 0.1498
13C -0.1249 26C -0.4522 39H 0.1434 52H 0.1533
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Fig. 2. Mulliken charge of the titled molecule

electronic excitation. Such an electronic configuration is
consistent with the stable molecular framework obtained from
geometry optimization. The calculated HOMO and LUMO
energies, energy gap and associated global reactivity para-
meters are listed in Table-4, while their spatial distributions
are shown in Fig. 3.

The HOMO is predominantly localized over the hydra-
zone linkage and central piperidine region, with appreciable
electron density around the nitrogen-containing framework.
These regions represent the electron-rich portion of the mole-
cule and may participate in interactions involving electron
donation. The LUMO is distributed mainly over the aromatic
phenyl rings, providing electron-accepting regions within the
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TABLE-4
HOMO-LUMO AND OTHER DERIVED REACTIVE
PARAMETERS OF THE TITLED MOLECULE

Parameter Charge (eV)
Exomo -5.9468
ELumo -0.2803
Energy gap (AE) 5.6665
lonization potential (1) 5.9468
Electron affinity (A) 0.2803
Electronegativity () 3.1136
Chemical potential (p) -3.1136
Chemical hardness (n) 2.8332
Chemical softness (S) (eV 1) 0.3530
Electrophilicity index (o) 1.7109
Electron accepting capability (o*) 0.5082
Electron donating capability (o) 3.6217
Net electrophilicity (Ao®) -3.1135
Global softness (s) (eV?) 0.1765
AEBack donation -0.7083
Nucleophilicity index (N) (eV) 0.5845
Additional electronic charge (ANmax) 1.0990
Optical softness (co) (V™) 0.1765

HOMO = -5.9468 eV

Fig. 3. HOMO-LUMO of titled molecule

molecular framework. The spatial separation between the
frontier orbitals provides useful information on the preferred
sites for charge-transfer interactions. The FMO distribution
is consistent with the Mulliken charge analysis, in which the
heteroatom-rich regions carry substantial negative charge.
The combined orbital and charge distributions provide a mole-

cular level description of the donor and acceptor characteris-
tics of the title compound.

The global reactivity descriptors provide further quantita-
tive information on the electronic behaviour of the molecule.
The calculated chemical hardness (n) of 2.8332 eV and global
softness (o) of 0.3530 eV are characteristic of a relatively
hard molecular system. The sizeable hardness value is consis-
tent with the calculated HOMO-LUMO separation and
supports the high kinetic stability of the optimized structure.
The electrophilicity index (w) is 1.7109 eV, representing the
tendency of the molecule to accept electronic charge. The
electron donating power of 3.6217 eV is considerably higher
than the electron-accepting power of 0.5082 eV, assigning a
stronger electron-donor character to the molecule. This pro-
perty is particularly relevant to the hydrazone and oxygen
containing regions, where the calculated charge distribution
identifies electron-rich centres.

The chemical potential (w) of -3.1136 eV provides further
insight into the electronic stability of the system. Its negative
value is associated with a favourable electron distribution
within the optimized molecular structure. The calculated
optical softness of 0.1765 eV provides an additional para-
meter for assessing the response of the molecular electron
cloud to an external electric field. When considered alongside
the frontier orbital energies and electronic distribution, this
parameter supports further investigation of the compound’s
nonlinear optical (NLO) response and spectroscopic behaviour.

The optimization profiles presented in Fig. 1d-e establish
the converged, energy-minimized geometry used for the FMO
calculations. The FMO descriptors, orbital distributions and
charge characteristics provide mutually consistent informa-
tion on the electronic structure of the title compound. These
results establish the hydrazone/piperidine region as an impor-
tant electron-rich domain and the phenyl-containing region as
a principal electron-accepting domain, providing a structural
basis for interpreting its subsequent NLO and molecular doc-
king properties.

Molecular electrostatic potential (MEP) analysis: The
MEP surface of the title compound was calculated at the same
DFT/basis-set level used for geometry optimization and is
shown in Fig. 4. MEP analysis provides a three-dimensional
representation of the electrostatic environment surrounding a
molecule and is useful for locating regions involved in hydrogen

Fig. 4. MEP for the titled molecule
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bonding, electrophilic-, nucleophilic-interactions and mole-
cular recognition [38]. The calculated potential spans from
-5.579 x 1072 to +5.579 x 1072 a.u., with the colour scale
distinguishing electron-rich and electron-deficient regions.
The MEP distribution complements the Mulliken charge and
FMO analyses by correlating atomic charge characteristics
with their spatial manifestation on the molecular surface.

The most negative potential regions occur around the
oxygen atoms, particularly 230 and 70, which appear as deep
red zones on the MEP surface. These regions correspond to
the electron-rich centres identified from the Mulliken popu-
lation analysis and can participate in hydrogen-bond accept-
ance and other electrostatic interactions. The Mulliken charges
of 230 (-0.6294 a.u.) and 70 (-0.5079 a.u.) support their
pronounced electron-rich character. Nitrogen atom 24N, with
the most negative Mulliken charge in the molecule (-0.7139
a.u.), belongs to another electron-rich region associated with
the hydrazone framework. Its local MEP environment supports
the role of the nitrogen-rich moiety in charge-dependent mole-
cular interactions.

A distinct positive potential is observed around hydrogen
atom 32H, which is attached to oxygen atom 70. This region
appears blue on the MEP surface and corresponds to the
positive Mulliken charge of +0.4069 a.u. The O7-H32 group
consequently represents a strongly polarized site with H-bond
donor character. The spatial coincidence between the positive
MEP region and the calculated atomic charge provides a
consistent description of the hydroxyl group as an important
site for intermolecular hydrogen bonding. Such polarization
can contribute to molecular recognition through interactions
with electronegative residues in biological targets.

The aromatic phenyl rings and ethyl substituent are predo-
minantly covered by green to yellow-green regions, corres-
ponding to relatively moderate electrostatic potentials. The
phenyl rings retain a comparatively nonpolar character asso-
ciated with delocalized m-electron density, while the ethyl
group contributes little to the extreme positive or negative
regions of the MEP surface. Carbon atoms located near electro-
negative heteroatoms display greater positive character. In
particular, 22C (+0.3770 a.u.) and 3C (+0.3132 a.u.) are
associated with regions of enhanced positive potential near
the functional groups. Their charge distribution can be related
to the inductive influence of neighbouring nitrogen and oxygen
atoms.

The MEP surface establishes a clear correspondence
between the calculated atomic charges and the spatial dis-
tribution of electrostatic potential. The red regions centred on
230 and 70, the electron-rich nitrogen containing region
around 24N, and the blue region associated with O7-H32
define the principal polar sites of the molecule. These features
complement the FMO results, where the hydrazone and piper-
idine regions contribute substantially to the HOMO distribu-
tion. The MEP characteristics were obtained from the opti-
mized, energy-minimized geometry established through the
convergence profiles in Fig. 1d-e, providing a consistent
structural basis for interpreting the molecule’s reactive sites
and intermolecular interactions.

Non-linear optical analysis: The NLO properties of the
title molecule were evaluated using the B3LYP/6-31G(d)

level of theory and the calculated dipole moment, polariza-
bility and first-order hyperpolarizability values are presented
and discussed. The values are shown in Table-5. The desired
parameters are calculated by the following equations:

T TR TR T @)

Oy + Otyy + a,,
O('total = 3 (2)

Ao = (3)

N3

(azz _chx)2 + 6(q>2<y +(x>2<z +a§z)

1 \/(ocxx —ocyy)2 + (ocyy —oczz)2 +

Bro = yBL +B; +B: (4)

where
BX :BXXX+BXW+BXZZ
By = Byyy + Bxxy + Byzz
[32 =BZZZ +BXXZ +BWZ
3 (Bxxx +Bxyy +szz)2 +(Byyy +Bxxy +Byzz)2 +
Bvec = g P (5)
(BZZZ + BXXZ + Bxyz)
2
DR = —B = )
BZXX
TABLE-5
NLO DETAILS FOR THE TITLED MOLECULE
. Static first order hyper-
DIl () polarizability (a.u.)
Lix -0.1181487 Brocx -23.308067
Ly 1.0161707 PBrxy 9.8001287
Uz -0.4183185 Bxyy -7.4822386
u (Debye) 1.096 Byyy -17.3622797
Static polarizability (a.u.) Bxxz -81.1106672
Olixx 267.5424874 Bxyz -6.4765077
Oxy 9.4310386 Byyz -53.2328183
Oyy 234.4745206 PBxzz 39.0674575
Oxz 6.0899464 Byzz 7.3140386
ayz 30.2655566 Bzzz 13.7838435
Ozz 193.7697515 Brot (a.u.) 120.8436
aot (a.U.) 231.9281 Brot (€.5.U) 1.044 x 102
autot (€SU) 34.367x 107 Bvec(a.u.) 72.5062
Ao (a.u.) 65.41 DR -3.8619
Aa (.5.U) 9.692 x 10 | B(HRs) (a.u.) 46.81
B(HRs) (esu)  0.404 x 10°%°

The computational analysis of the target molecule reveals
a total dipole moment of 1.096 Debye, primarily driven by
the y-axis component (1.016 D). The linear polarizability
(ouot) Was calculated at 34.367 x 102 esu, while the first-order
hyperpolarizability (Bvec) reached 1.044 x 10-° esu. The cal-
culated NLO response is strongly influenced by the 3 tensor
component (-120.56 a.u.), which represents a pronounced
longitudinal electronic response along the hydrazone-linked
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framework. The depolarization ratio (DR) of -3.8619 is associ-
ated with an anisotropic electronic environment and provides
further insight into the direction-dependent polarization resp-
onse of the molecule.

When compared to the standard NLO reference material,
Urea (Burea = 0.3728 x10-% esu), the target molecule exhibits
a hyperpolarizability value approximately 2.8 times higher.
This superior NLO response is attributed to the extended
n-conjugation and the presence of electronegative hetero-
atoms (nitrogen & oxygen), which promote stronger intramole-
cular charge transfer compared to the smaller urea molecule.
Consequently, the high Bwc and B(HRS) values categorize this
organic framework as a promising candidate for the develop-
ment of high-performance nonlinear optical materials and
frequency-doubling devices.

While the calculated first-order hyperpolarizability (Btot
1.044 x 107% esu) is compared with the standard reference
urea (2.8 times higher), its practical significance lies in over-
coming the classic nonlinearity-transparency trade-off inherent
in organic NLO materials. Highly optimized, extended n-conju-
gated D—n—A chromophores frequently exhibit larger PBiot
values, but they typically suffer from narrow energy gaps,
intense absorption in the visible region and poor thermal/
kinetic stability. In contrast, the title compound exhibits a
remarkably wide HOMO-LUMO gap of 5.6665 eV, ensuring
excellent deep-UV/Visible optical transparency and high
chemical stability. The structural integration of the rigid 2,6-
diphenylpiperidin-1-ol core with the flexible hydrazone link-
age effectively induces localized asymmetric charge transfer
without severely compromising the optical bandgap. Therefore,
this molecule serves as a highly efficient, high-transparency
NLO candidate suitable for optoelectronic applications where
both frequency conversion efficiency and high laser-induced
damage thresholds are simultaneously required.

Fukui function analysis: Electron population differences
obtained from natural population analysis (NPA) or Mulliken
population analysis (MPA) for the neutral, anionic and cationic
states can be used to quantitatively rank atomic sites accor-
ding to their relative chemical reactivity and selectivity.

The individual atomic charges calculated by NPA and
MPA have been used to determine Fukui function. Fukui
function is a local reactivity descriptor defined as [39,40]:

f(r)= (a‘;—(l\r)lm = [%JN 8

which may be approximated as follows due to the disconti-
nuities in the above derivatives.

15 (@) —(b)
1.0

1.0

0.5 i 05 |

f°(F)=pp.(F)—py (F) for nucleophilic attack ~ (9)
£7(F)=py (r)—py. (F) for electrophilic attack  (10)
°(F)=(pua (F) —pua (F))/ 2 for radical attack (11)

Eqn. 12 provides the dual descriptor Af(r), which is defined
as the difference between the nucleophilic and electrophilic
Fukui function [41]:

Af(r) = [f* -] (12)

Fukui function analysis using natural population analysis
(NPA) and Mulliken population analysis (MPA) was perfor-
med to identify the preferred reactive sites within the 52-atom
molecular framework (Table-6). The NPA results show appre-
ciable Fukui indices at the nitrogen centres associated with
the hydrazone and amine functionalities. Among these, 21N
(0.2298 a.u.) and 4N (0.1874 a.u.) possess prominent values,
identifying them as important sites for nucleophilic attack.
Carbon atoms 1C (0.2531 a.u.) and 16C (0.1593 a.u.) exhibit
notable values and may undergo significant electron-density
redistribution during chemical interactions. The corresponding
plots in Fig. 5a-b illustrate the changes in electron populations
among the anionic, neutral and cationic states.

Hydrogen atom 32H exhibits an NPA Fukui index of
0.0788 a.u. and represents a reactive site within the hydroxyl-
containing region. Its Fukui response is consistent with the
positive electrostatic potential observed around this hydrogen
in the MEP analysis, supporting its possible involvement in
hydrogen-bond donation and proton-transfer interactions.
The MPA results follow a similar trend, although differences
in numerical values arise from the two population-analysis
schemes. A localized contribution from 46H (0.0191 a.u.) is
observed in the MPA data.

The analysis identifies 24N as an important site for
electrophilic attack. The NPA calculations assign a relatively
high Fukui response to 24N across the anionic, neutral and
cationic states (Fig. 6). The MPA results provide the same
qualitative assignment, with 24N retaining a high Fukui value
across these charge states. The agreement between NPA and
MPA supports the assignment of the nitrogen-rich hydrazone
region as a principal reactive domain. These findings comple-
ment the Mulliken charge and MEP results, with the nitrogen
containing core representing a major site for chemical inter-
actions and selected carbon and hydrogen atoms contributing
to secondary reactive regions.

The Fukui indices calculated using NPA and MPA provide
a quantitative assessment of the preferred reactive sites in the
anionic, neutral and cationic states of the molecule. For the

20 B Anion B Anion
: \ ¥ Neutral -1.5 ¥ Neutral
‘gg | W Cation 20 M Cation
3.5 2.5 A

Fig. 5. (a) NPA, (b) MPA and (c) Af(r) values obtained for the titled molecule
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TABLE-6
NPA AND MPA VALUES ALONG WITH A(f) VALUES FOR THE TITLED MOLECULE
NPA (a.u.) MPA (a.u.)

Atom . - - -
Anion Neutral Cation Af(r) Anion Neutral Cation
1C 0.0937 0.1693 0.3468 0.2531 -0.1546 -0.1734 -0.1956
2C -0.1054 -0.1377 -0.3415 -0.2361 -0.0471 -0.0525 -0.0789
3C 0.2691 0.2676 0.2260 -0.0431 0.2718 0.3132 0.3492
4N -0.1916 -0.2098 -0.0042 0.1874 -0.2378 -0.2405 -0.1521
5C -0.2107 -0.2383 -0.1265 0.0842 -0.3132 -0.3360 -0.3580
6C 0.0172 0.0503 -0.0316 -0.0488 -0.0419 -0.0483 -0.0817
70 -0.3620 -0.3781 -0.3493 0.0127 -0.5100 -0.5079 -0.4557
8C 0.2252 0.1653 0.2016 -0.0236 0.1521 0.1609 0.1681
9C -0.2959 -0.1959 -0.2015 0.0944 -0.1844 -0.1879 -0.1776
10C -0.2341 -0.1555 -0.1292 0.1049 -0.1796 -0.1620 -0.1570
11C -0.0858 -0.1056 -0.0996 -0.0138 -0.1481 -0.1367 -0.1295
12C -0.0912 -0.1031 -0.1171 -0.0259 -0.1266 -0.1307 -0.1265
13C -0.1880 -0.1181 -0.0700 0.118 -0.1465 -0.1249 -0.1152
14C 0.1802 0.1179 0.0847 -0.0955 0.1595 0.1651 0.1703
15C -0.2165 -0.1407 -0.1025 0.114 -0.1810 -0.1639 -0.1618
16C -0.3267 -0.2270 -0.1674 0.1593 -0.1828 -0.1851 -0.1819
17C -0.0542 -0.0733 -0.1006 -0.0464 -0.1257 -0.1297 -0.1264
18C -0.0356 -0.0678 -0.0962 -0.0606 -0.1446 -0.1333 -0.1290
19C -0.2502 -0.1637 -0.1011 0.1491 -0.1474 -0.1256 -0.1182
20N -0.5289 -0.4072 -0.3884 0.1405 -0.4221 -0.3509 -0.3132
21N -0.3203 -0.2878 -0.0905 0.2298 -0.4387 -0.4387 -0.3664
22C 0.5214 0.4729 0.3985 -0.1229 0.3908 0.3770 0.3492
230 -0.5999 -0.5709 -0.5302 0.0697 -0.6482 -0.6294 -0.5972
24N -1.0115 -0.9933 -0.9678 0.0437 -0.7168 -0.7139 -0.7045
25C 0.2727 0.1953 0.0775 -0.1952 -0.2513 -0.2652 -0.2767
26C -0.2916 -0.3014 -0.3018 -0.0102 -0.4448 -0.4522 -0.4593
27H -0.0686 -0.0588 -0.0540 0.0146 0.1225 0.1475 0.1727
28H 0.0365 0.0985 0.1577 0.1212 0.0931 0.1420 0.1858
29H 0.0297 0.0820 0.0855 0.0558 0.1056 0.1593 0.2061
30H 0.0561 0.0786 0.0964 0.0403 0.1316 0.1659 0.2095
31H 0.0254 0.0753 0.1149 0.0895 0.0833 0.1411 0.1920
32H 0.3213 0.3622 0.4001 0.0788 0.3811 0.4069 0.4404
33H 0.1715 0.1386 0.1317 -0.0398 0.1552 0.1601 0.1435
34H 0.0877 0.1079 0.1269 0.0392 0.0901 0.1310 0.1544
35H 0.0783 0.1106 0.1330 0.0547 0.0814 0.1257 0.1585
36H 0.0774 0.1086 0.1401 0.0627 0.0729 0.1232 0.1641
37H 0.0766 0.1085 0.1319 0.0553 0.0671 0.1236 0.1669
38H 0.0753 0.0942 0.1059 0.0306 0.0914 0.1315 0.1513
39H 0.1943 0.1758 0.1500 -0.0443 0.1354 0.1434 0.1375
40H 0.0703 0.1027 0.1354 0.0651 0.0732 0.1231 0.1617
41H 0.0710 0.1047 0.1304 0.0594 0.0808 0.1255 0.1564
42H 0.0917 0.1188 0.1372 0.0455 0.0675 0.1236 0.1638
43H 0.2858 0.2977 0.2790 -0.0068 0.2860 0.3184 0.3585
44H 0.0114 0.0470 0.1035 0.0921 0.0780 0.1147 0.1750
45H 0.3542 0.3516 0.3599 0.0057 0.3970 0.4028 0.4147
46H 0.3792 0.3857 0.3983 0.0191 0.3000 0.3098 0.3281
47H 0.3847 0.4090 0.4393 0.0546 0.2855 0.3122 0.3455
48H -0.0589 -0.0271 0.0079 0.0668 0.1162 0.1374 0.1603
49H -0.0829 -0.0483 -0.0028 0.0801 0.1351 0.1541 0.1637
50H 0.0525 0.0677 0.0823 0.0298 0.1310 0.1467 0.1640
51H 0.0362 0.0745 0.1118 0.0756 0.1141 0.1498 0.1860
52H 0.0638 0.0707 0.0798 0.0160 0.1440 0.1533 0.1654




Vol. 38, No. 9 (2026)

Computational Studies of the Structural, Electronic and NLO Properties of Substituted Piperidine Scaffold 2379

Fig. 6. MEP images for the cationic, neutral and anionic species of the titled molecule

anion, the NPA-based electrophilic attack sequence is 24N >
230 > 20N > 70 > 16C > 21N, while the nucleophilic attack
sequence is 22C > 47H > 46H > 45H > 32H. For the neutral
molecule, the corresponding sequences are 24N > 230 > 20N >
70 > 26C for electrophilic attack and 22C > 47H > 46H >
32H > 45H for nucleophilic attack. In the cationic state, the
electrophilic attack preference follows 24N > 230 > 20N >
70 > 2C > 26C, whereas the nucleophilic attack sequence is
47N > 32H > 22C > 46H > 45H > 1C. The recurrent position
of 24N and 230 among the principal electrophilic-attack sites
identifies the nitrogen- and oxygen-rich regions as important
electron-accepting interaction centres.

The MPA results provide comparable trends with some
changes in the relative ranking of individual atoms. For the
anion, electrophilic attack follows 24N > 230 > 70, while
nucleophilic attack follows 45H > 22C > 32H > 46H. For the
neutral species, the electrophilic sequence is 24N > 230 > 70 >
26C > 21N, and the nucleophilic sequence is 32H > 45H >
22C > 43H > 3C > 47H > 46H. For the cation, electrophilic
attack follows 24N > 230 > 26C > 70, whereas nucleophilic
attack follows 32H > 45H > 43H > 22C > 3C > 47H > 46H.
The repeated occurrence of 24N as the highest-ranked electro-
philic site across the charge states provides a consistent assign-
ment of this nitrogen centre as a chemically active region.

Natural bond orbital (NBO) analysis: For the target
organic molecule, NBO analysis is essential for identifying
the specific resonance transitions that govern its stability and
reactivity. The analysis focuses on the delocalization of
electrons within the aromatic phenyl rings and the critical
hydrazone-piperidine linkage, where nitrogen lone pairs typi-
cally participate in strong hyperconjugative interactions with
adjacent antibonding orbitals. These interactions not only
stabilize the molecular framework but also directly influence
the electronic properties observed in the HOMO-LUMO gap
and the NLO response. By examining the occupancy and
energy of these natural orbitals, researchers can pinpoint the
exact origin of the molecule’s chemical behaviour and its
potential for specific biological or synthetic interactions. For
this molecule, NBO is investigated at the same level of the
theory and reported in Table-7.

The molecule is stabilized with the transition of stabili-
zation energy of 6.00 kcal/mol from the donor system of o
(C3-C5) to ™ (N20-N21). Similarly, The NBO analysis reveals
several significant donor—acceptor interactions contributing

to the electronic stabilization of the molecule. The acceptor
orbital o* (C22-N24) receives 4.14 kcal/mol from the donor
orbital 6(023-H45). Pronounced n—m* delocalization occurs
between the aromatic systems, with stabilization energies of
20.50 and 20.53 kcal/mol for n(C10-C12)—n*(C11-C13)
and n(C15-C17)—n*(C18-C19), respectively. The lone-pair
orbitals contribute substantially to the stabilization of the
molecular framework. The interaction LP(1) N20—oc*(C1-C3)
has a stabilization energy of 12.28 kcal/mol, while LP(1)
N24—o*(C22-023) contributes 13.27 kcal/mol. The oxygen
lone pair, LP(2) 023, participates in two charge-transfer inter-
actions with o*(N21-C22) and c*(C22-H44), with stabili-
zation energies of 7.53 and 7.24 kcal/mol, respectively. A
stronger interaction is observed for LP(1) N21—c*(C3-N20),
with a stabilization energy of 19.44 kcal/mol. A hydrogen
bond associated interaction is identified between LP(1) N20
and the antibonding orbital c*(023-H45), with a stabilization
energy of 4.60 kcal/mol. These donor—acceptor interactions,
spanning c—c*, t—n* and lone-pair-mediated charge trans-
fer, contribute to the electronic stabilization and delocaliza-
tion of the molecular framework.

Non-covalent interaction (NCI) analysis: For the titled
molecule under investigation, NCI interactions were studied
under the same basis set with the help of Multiwfn 3.8 tool.
The outcome was generated and reproduced in Fig. 7. It is
defined as follows:

1 |[Vp@)
2(31[2)1/3 p(r)4/3

The provided NCI analysis reveals a complex network
of non-covalent interactions within the molecular system,
visualized through both the scatter plot (a) and the spatial iso-
surfaces (b):

e Strong attractive interactions (hydrogen bonding): The
RDG-sign(A.)p scatter plot exhibits distinct blue spikes
extending toward the baseline (RDG ~ 0) within the nega-
tive sign(A2)p region (-0.04 to -0.02 a.u.), characteristic of
attractive non-covalent interactions [41]. These features
correspond to the hydrogen-bonding interactions identified
in the molecular structure and appear as blue to cyan regions
in the three-dimensional NCI surface. The presence of
these attractive interactions contributes to the stabilization
of the optimized molecular conformation.

RDG(r) = (13)
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TABLE-7
SECOND-ORDER PERTURBATION THEORY ANALYSIS OF THE
FOCK MATRIX IN THE NBO BASIS FOR THE TITLED MOLECULE

Type Donor_ ED/e Type Accept_or ED/e E(2) E(j)-E(i) F(i.j)
NBO (i) (a.u.) NBO(j) (a.u.) (kcal/mol) (a.u.) (a.u.)

c C3-C5 1.9719 c* N20-N21 0.0232 6.00 0.99 0.069

T C8-C9 1.6591 i C10-C12 0.3185 20.20 0.28 0.068

T C8-C9 1.6591 i C11-C13 0.3304 20.34 0.28 0.067

T C10-C12 1.6673 * C8-C9 0.3465 19.74 0.28 0.067

T C10-C12 1.6673 * C11-C13 0.3304 20.50 0.28 0.068

T C11-C13 1.6673 * C8-C9 0.3465 20.25 0.29 0.068

T C11-C13 1.6673 * C10-C12 0.3185 19.78 0.28 0.067

T C14-C16 1.6589 * C15-C17 0.3180 20.14 0.28 0.068

T C14-C16 1.6589 * C18-C19 0.3312 20.42 0.28 0.068

T C15-C17 1.6673 * C14-C16 0.3462 19.81 0.28 0.067

T C15-C17 1.6673 * C18-C19 0.3312 20.53 0.28 0.068

T C18-C19 1.6679 * C14-C16 0.3462 20.21 0.29 0.068

T C18-C19 1.6679 * C15-C17 0.3180 19.75 0.28 0.067

o C22-N24 1.9902 c* 023-H45 0.0229 1.36 1.19 0.036
o 023-H45 1.9830 c* N21-C22 0.0574 1.07 1.03 0.030
c 023-H45 1.9830 c* C22-N24 0.0309 4.14 1.08 0.060
LP(1) N4 1.9191 c* C2-C8 0.0420 8.18 0.73 0.070
LP(1) N4 1.9191 c* C6-C14 0.0438 8.31 0.73 0.070
LP(1) N20 1.9120 c* C1-C3 0.0444 12.28 0.78 0.088
LP(1) N20 1.9120 c* 023-H45 0.0229 4.60 0.81 0.056
LP(1) N21 1.8401 Pl C3-N20 0.1791 19.44 0.34 0.073
LP(2) 023 1.94655 c* N21-C22 0.0574 7.53 0.62 0.061
LP(2) 023 1.94655 c* C22-H44 0.0500 7.24 0.73 0.065
LP(1) N24 1.9275 c* C22-023 0.0670 13.27 0.62 0.081

E(2) is the energy of hyper conjugative interaction (stabilization energy).

E(j)-E(i) is the energy difference between donor and acceptor i and j NBO orbitals.
F(i,j) is the Fock matrix element between i and j NBO orbitals.

ED/e is the electron density of donor and acceptor NBO orbitals.

LP(n)A is a valence lone pair orbital (n) on A atom.
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Fig. 7. () The NCI (b) iso-surface images of the titled molecule
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¢ Van der Waals interactions: The central green region of
the scatter plot, where sign(2)p is close to zero, represents
weak van der Waals forces [41]. In the 3D isosurface map,
these are visible as broad, green-coloured ‘sheets’ located
between various functional groups and aromatic rings,
suggesting a high degree of dispersive stabilization across
the molecular framework.

e Steric repulsion: On the right side of scatter plot (positive
sign(A2)p values), the red spikes signify strong steric repul-
sion [41]. These correlate with the red/orange blobs located
in the center of the ring systems and crowded regions in the
3D plot, highlighting the ‘steric strain’ or cage effects
inherent in the cyclic parts of the structure.

Aromaticity analysis: Aromaticity was evaluated for
the two phenyl rings using established aromaticity indices
based on structural and electronic parameters [42-45]. The
calculated aromaticity descriptors are shown in Table-8. Both
phenyl rings exhibit pronounced aromatic character, with
HOMA values of 0.971580 (ring 1) and 0.971750 (ring 2),
which are close to the ideal value of 1. The Bird indices of
96.637421 and 96.692061 further support their high aroma-
ticity, while the low PDI and FLU values (~0.001) indicate

minimal disruption of aromatic electron delocalization by the
substituents.

Shaded surface map with a projection of localized
orbital locator (LOL) analysis: The localized orbital locator
(LOL) was employed to visualize electron localization and
distinguish regions associated with covalent bonds, lone pairs
and electron delocalization within the molecule [46]. High
LOL values correspond to strongly localized electron regions,
while lower values represent higher electron delocalization:

LoL(r) =~ (14)
1+ (1)

LOL analysis was performed using Multiwfn 3.8 and the
corresponding surface maps are shown in Fig. 8. The colour-
coded maps show pronounced electron localization around
the covalent bonds of the aromatic rings and piperidine core,
while distinct high-localization regions occur around the
nitrogen and oxygen atoms due to their lone-pair electrons.
The side-chain view displays localized electron density along
the ethyl bonds, with comparatively diffuse regions around
the hydrogen atoms. These LOL distributions are obtained
from the optimized, energy-minimized molecular geometry

TABLE-8
VARIOUS AROMATICITIES FOR THE TITLED MOLECULE
Phenyl ring PDI FLU PLR HOMA BIRD
A 0.099612 0.001097 0.607333 0.971580 96.637421
B 0.099645 0.001077 0.607847 0.971750 96.692061

Semicarbazone view

. . . R <20
Side chain view 00y,

Fig. 8. Shaded surface map with a projection of LOL for the titled molecule
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and provide a spatial representation of the ground-state
electron localization within the molecule.

Laplacian electron density and Mayer bond order: The
Laplacian of electron density (V2p(r)) provides information on
regions of electron-density concentration and depletion within
a molecule, with negative and positive values associated with
charge concentration and depletion, respectively [47]. Mayer
bond order (MBO) offers a quantitative measure of bond
strength and electron sharing derived from the molecular density
matrix [48]. These descriptors were calculated using Multiwfn
3.8 to examine the bonding characteristics and electronic distri-
bution of the title compound. The MBO values are listed in
Table-9, while the Laplacian electron-density distribution is
shown in Fig. 9.
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Fig. 9. Laplacian electron density for the titled molecule

The Laplacian map displays pronounced electron-density
concentration around the heteroatom-rich regions, particularly
023, N20 and N21. The MBO values provide quantitative sup-
port for the bonding characteristics of the molecular framework.
The phenyl rings exhibit MBO values ranging from 1.4208 for
14C-15C to 1.4560 for 18C-19C, consistent with delocalized
aromatic bonding. The hydrazone linkage, represented by the
3C-20N bond, has a comparatively high MBO of 1.6852, supp-

orting substantial multiple-bond character. In contrast, the
22C-24N (1.0738) and 21N-22C (0.9010) bonds possess
values consistent with predominantly single-bond character.

The O7-H32 and 023-H45 bonds have MBO values of
0.7848 and 0.7362, respectively, consistent with their polar
covalent character and potential involvement in hydrogen-bond
interactions. The Laplacian and MBO results provide comple-
mentary information on electron-density distribution and bond
character within the molecule. These calculations were perfor-
med using the optimized geometry obtained after convergence
of the energy and optimization profiles (Fig. 1d—€) providing a
consistent structural basis for the bonding analysis

Scanning tunneling microscopy (STM) analysis: STM
enables atomic-scale surface imaging through quantum tunn-
eling between a conducting tip and sample, while also provi-
ding topographic and local electronic-state information (LDOS)
[49,50]. This property is studied for the tested molecule with
the help of Multiwfn 3.8 software. The simulated STM images
for the title molecule are shown in Fig. 10.
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Fig. 10. STM image for the molecule under investigation

o

To visualize the spatial distribution of the FMOs and
simulate the local electronic topography of the title comp-
ound, STM simulations were performed using the Tersoff-

TABLE-9
MAYER BOND ORDER DETAILS FOR THE OPTIMIZED TITLED MOLECULE
Atom set MBO Atom set MBO Atom set MBO Atom set MBO
1C-2C 0.9457 5C-30H 0.9216 13C-37H 0.9304 21N-22C 0.9010
1C-3C 0.9728 6C-14C 0.9435 14C-15C 1.4208 21N-43H 0.8036
1C-25C 0.9688 6C-31H 0.9211 14C-16C 1.4398 22C-230 0.9896
1C-27H 0.9051 70-32H 0.7848 15C-17C 1.4423 22C-24N 1.0738
2C-4N 0.9193 8C-9C 1.4338 15C-38H 0.9158 22C-44H 0.9204
2C-8C 0.9373 8C-10C 1.4215 16C-18C 1.4318 230-45H 0.7362
2C-28H 0.9109 9C-11C 1.4348 16C-39H 0.9055 24N-46H 0.8458
3C-5C 1.0001 9C-33H 0.9014 17C-19C 1.4412 24N-47H 0.8537
3C-20N 1.6852 10C-12C 1.4422 17C-40H 0.9303 25C-26C 1.0132
3C-21N 0.0829 10C-34H 0.9159 18C-19C 1.4560 25C-48H 0.9385
4N-6C 0.9225 11C-13C 1.4551 18C-41H 0.9296 25C-49H 0.9267
4N-70 0.9136 11C-35H 0.9296 19C-42H 0.9305 26C-50H 0.9503
5C-6C 0.9599 12C-13C 1.4413 20N-21N 1.0085 26C-51H 0.9490
5C-29H 0.9180 12C-36H 0.9302 20N-45H 0.0678 26C-52H 0.9438
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Hamann approximation. Although the computational model
considers the isolated molecule in the gas phase without an
underlying metallic substrate, the simulated STM profiles
provide a useful theoretical reference. Constant-current images
at different bias voltages offer a clear spatial representation of
the nucleophilic and electrophilic regions. The bright features
in the simulated topographs represent regions of enhanced
electron density associated with the HOMO and LUMO,
highlighting the distinct electronic contrast between the rigid,
electron-rich 2,6-diphenylpiperidin-1-ol core and the highly
polarizable hydrazone linkage. This spatial distribution reveals
the anisotropic electronic character of molecule, which may
influence its optical and biological properties.

Effect of temperature on entropy (S), constant volume
heat capacity (Cv) and constant-pressure heat capacity (Cp):
Thermodynamic parameters, including entropy (S), isochoric
heat capacity (Cy) and isobaric heat capacity (Cp), were
calculated using the Shermo program [51] and the results are
shown in Table-10. These parameters are temperature depen-
dent; with increasing temperature, enhanced excitation of vibra-
tional, rotational and translational modes increase molecular
disorder and entropy. Similarly, the increasing accessibility of
energy levels enhances the capacity of molecule to absorb and
store thermal energy, resulting in higher heat-capacity values.

S = 65.3340 + 0.3322 T — 5.0595 &5 T2 (0.9999)
Cv=-1.8184 +0.3322 T — 1.5232 ¢4 T2 (0.9992)
Cr=0.16858 + 0.3804 T — -1.5232 ¢4 T2 (0.9992)

TABLE-10

EFFECT OF TEMPERATURE ON
S, Cv AND Cp FOR THE TITLED MOLECULE

Temperature Cv Cp
?K) S (cal/mol/K)  caimolik)  (calimol/K)
100 99.147 37511 39.498
200 129,600 65.501 67.488
300 150,257 96.059 98.046
400 189.162 126.037 128.024
500 218.662 151.905 153.892
600 247.067 173.063 175.050
700 274.042 190.281 192268
800 299,502 204.474 206.461
900 323.493 216.351 218.338
1000 346.108 226.410 228.397

Polynomial fitting was employed to describe the temp-
erature dependence of the thermodynamic parameters and
predict their behaviour over a broad temperature range. These
correlations provide insights into the thermal characteristics
and energy profile of the substituted organic framework. The
data show a consistent increase in entropy (S), heat capacity
at constant volume (Cv) and heat capacity at constant pressure
(Cp) from 100 to 1000 K. Entropy increases from 99.147 to
346.108 cal mol™* K1, while Cy and Cp increase from appro-
ximately 37-39 to 226-228 cal mol* K. This behaviour
arises from the progressive population of vibrational, rotat-
ional and translational states with increasing temperature.

The temperature dependence is well described by poly-
nomial fits, with R? values of 0.9999 for entropy and 0.9992
for heat capacities. The entropy follows the relation S =

65.3340 + 0.3322T — 5.0595 x 10-° T2. These strong correla-
tions demonstrate the reliability of the calculated thermo-
dynamic trends over the investigated temperature range. How-
ever, the polynomial fits themselves should not be considered
evidence of molecular geometry optimization or structural
stability; these aspects are established independently through
the geometry optimization and energy-convergence results
(Fig. 1d-e).

Average local ionization energy (ALIE) analysis:
Average local ionization energy (ALIE) is a useful quantum
chemical descriptor for identifying regions with weakly bound
electrons and potential sites for electrophilic attack [52].
Lower ALIE values correspond to regions where electron
removal is energetically more favourable, providing insights
into molecular reactivity. Unlike global descriptors, ALIE
offers a three-dimensional representation of the spatial distri-
bution of electron-binding strength, particularly around lone
pairs and m-electron systems. For the title molecule, ALIE
analysis was performed using Multiwfn 3.8 and the resulting
colour-coded surface map is shown in Fig. 11 and the follow-
ing observations were made:

Fig. 11. ALIE for the titled molecule

Electrophilic attack sites (red/blue points): The surf-
ace exhibits distinct red and blue regions corresponding to
localized variations in ionization energy. The most prominent
low-ALIE regions are concentrated around the oxygen atoms
023 and O7 and the nitrogen centers N24, N21 and N20.
These features are associated with the lone pairs of the hetero-
atoms, identifying these sites as regions of enhanced suscep-
tibility toward electrophilic attack.

Aromatic z-system reactivity: The phenyl rings (C13,
C12, C19, C17, etc.) exhibit a yellowish-green surface, corres-
ponding to moderate ALIE values. This suggests that the delo-
calized m-electron systems may serve as secondary sites for
electrophilic aromatic substitution.

Structural correlation: The ALIE map is consistent with
the 3D molecular structure, showing that the highest reacti-
vity is localized around the hydrazone linkage and hydroxyl
groups, while the aromatic framework contributes to the elec-
tronic stabilization. The optimized ground-state geometry
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further supports the reliability of the ALIE analysis. Together
with the MEP surface, the ALIE results identify the hetero-
atom rich regions as dominant nucleophilic sites, which may
facilitate hydrogen-bonding interactions with the 1BP1 rece-
ptor observed in the docking study.

Docking studies: The prepared 1BP1 protein and energy
minimized ligand were subjected to molecular docking using
PyRx. The title compound showed a docking score of -6.4
kcal mol?, with the docking details and interaction profile
presented in Table-11, respectively.

TABLE-11
HYDROGEN BONDING STYLE AND BOND
DISTANCE BETWEEN THE DONOR AND ACCEPTORS

Name of Name of the Hydrogen bond
the atom amino acid distance (A)
H PRO A: 430 2.14
() VAL A: 433 2.05
H VAL A: 433 2.67
H ASN A: 373 2.58
H THR A: 429 2.35

The ligand occupied the binding pocket through
hydrogen-bonding and close-contact interactions with key
amino acid residues (Fig. 12). Five hydrogen bonds were
observed in the docked complex. VAL A:433 formed two
hydrogen bonds at 2.05 and 2.67 A, while PRO A:430, THR
A:429, and ASN A:373 formed interactions at 2.14, 2.35 and
2.58 A, respectively. The short bond distances support favour-
able ligand—protein interactions within the binding site. The
nitrogen and oxygen atoms of the piperidine-hydrazone frame-
work participate in hydrogen bonding, while the aromatic and
hydrophobic portions of the molecule occupy complemen-
tary non-polar regions of the pocket.

Molecular docking with human bactericidal/permeability
increasing protein (BPI; PDB ID: 1BP1) was carried out to
assess the possible biological relevance of the synthesized
compound. BPI is involved in host defence against Gram-

negative bacteria through its interaction with bacterial lipo-
polysaccharides. The docking score of -6.4 kcal mol! repre-
sents a moderate predicted binding affinity for the selected
protein. This computational value should not be interpreted as
direct evidence of experimental binding affinity or biological
activity.

The hydrogen-bonding network involving VAL A:433, PRO
A:430, THR A:429, and ASN A:373 provides a plausible
basis for ligand stabilization within the 1BP1 binding pocket.
The heteroatom-rich piperidine—hydrazone framework may
contribute to the observed protein-ligand interactions. The
molecular dynamics simulations, binding free-energy calcul-
ations and experimental biological assays would be required
to establish the stability and biological significance of the
predicted complex.

Conclusion

The present investigation provides a detailed quantum-
chemical characterization of the hydrazone-linked piperidine
derivative using DFT calculations and molecular docking
analysis. The optimized structure was found to be energetic-
cally stable, while the calculated HOMO-LUMO energy gap
of 5.6665 eV suggests relatively high kinetic stability and low
chemical reactivity. NBO and NCI analyses further support the
stabilization of the molecular framework through significant
hyperconjugative interactions and intermolecular/intramole-
cular noncovalent interactions, particularly hydrogen bonding.
The calculated nonlinear optical (NLO) parameters reveal a
hyperpolarizability approximately three times higher than
that of urea, suggesting potential for further investigation in
photonic and optoelectronic applications. Molecular docking
against the 1BP1 protein yielded a binding affinity of -6.4
kcal/mol, indicating a favourable interaction between the com-
pound and the target binding site. These computational find-
ings support further experimental investigation of the comp-
ound including its synthesis, physico-chemical characteri-
zation and biological evaluation.

4.92
PRO
A:426 5.10
235
THR 214
FU 7 . PRO
: 264 A430
. 258 B
ASN Vi
A:373 4]
VAL
A:433

Interactions
Conventional hydrogen bond
M Unfavourable donor-donor

Pi-Alkyl

Fig. 12. Docking pattern between the titled molecule and the protein 1BP1
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