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Abstract

The chalcone derivatives, commonly found in plant-derived compounds, are widely used in pharmaceutical and optical
activities. In this study, the (E)-1-phenyl-3-(p-tolyl)prop-2-en-1-one (1P3P20) molecule is synthesized and characterized
by experimental and theoretical spectroscopic (FT-IR, UV—Vis, and NMR) techniques. The theoretical calculations of the
1P3P20 molecule are calculated using Density Functional Theory (DFT) with the B3ALYP/6-311 4+ 4 G(d,p) basis set. The
research explores molecular vibrational modes, chemical characteristics, and electronic behavior, including potential energy
surfaces, geometry optimization, and vibrational frequencies. Theoretical findings are compared to experimental data, espe-
cially concerning the compound’s chemical properties. The study also investigated frontier molecular orbitals (FMO) and
electron—hole excitations across a range of solvents, including DMSO, chloroform, water, and methanol. Furthermore, the
analysis of natural bond orbitals (NBO), molecular electrostatic potential (MEP), and Fukui functions (f +, f-, f0) enhanced
the understanding of the electronic structure. The optical activity of the title molecule is investigated through nonlinear optical
(NLO) parameters. Molecular docking simulations using AutoDock software demonstrated substantial binding interactions
between the 1P3P20 compound and an antiviral protein, with a binding energy of —7.56 kcal/mol.
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Introduction

Natural sources continue to be a primary source of inspiration
for the development of novel chemical entities with promising
optical and medicinal properties. This research focuses on the
chalcone derivative (E)—1-phenyl-3-(p-tolyl)prop-2-en-1-one,
which features a ketone functional group and a three-carbon
side chain. The compound’s specific “(E)” configuration,
which denotes the unique orientation of the phenyl and p-tolyl
groups around the conjugated double bond, has drawn atten-
tion due to its potential pharmacological implications, par-
ticularly in the field of antiviral activity. To gain an expanded
understanding of the compound, a thorough review of recent
literature is essential.

Chalcones, belonging to the flavonoid family, are widely
recognized for their characteristic o,p-unsaturated carbonyl
group, which is common in many plant species. The stability
and low redox potential of chalcones arise from the extended
conjugation between the electrophilic o,p-unsaturated car-
bonyl center and the aromatic rings. These compounds exhibit
diverse pharmacological activities, including anti-inflamma-
tory, antiprotozoal, antiviral, anti-leishmanial, antidepressant,
anticancer, antimalarial, anticonvulsant, anti-diabetic, and anti-
oxidant. This broad spectrum of biological activities makes
chalcones highly relevant to medicinal chemistry, emphasizing
the need for further theoretical and experimental investigation.

Recent research has explored a variety of chal-
cone derivatives. Takaki and Ashburn (2022) analyzed
“(E)—3-[4-(1H-Imidazol-1-yl)phenyl]—1-(3-chloro-4-
fluorophenyl)prop-2-en-1-one,” shedding light on its
distinctive molecular features [1]. Similarly, Bailey and
Ashburn (2021) focused on “(E)—3-[4-(1H-Imidazol-1-yl)
phenyl]—1-(4-methylphenyl)prop-2-en-1-one,” offering
insights into its molecular structure [2]. Koh (2022) pro-
vided a crystallographic study of “(E)—1-(2-Hydroxy-
4,6-dimethoxyphenyl)—3-(naphthalen-1-yl)prop-2-en-1-
one,” advancing the understanding of its crystal lattice [3].
Rasool et al. (2022) examined two chalcone derivatives,
“(E)—3-(4-ethoxyphenyl)—1-(2-(trifluoromethyl)phenyl)
prop-2-en-1-one” and “(E)—3-(naphthalen-2-yl)—1-(2-
(trifluoromethyl)phenyl)prop-2-en-1-one,” investigating
their potential applications in DNA binding, urease inhi-
bition, and nonlinear optical behavior [4]. Aldaghri (2021)
contributed to the literature by analyzing the spectral and
molecular characteristics of “(E)—1-(4-chlorophenyl)—3-
(4-(dimethylamino)phenyl)prop-2-en-1-one” in Materials

[5]. Zou et al. (2018) discussed the synthesis and optimiza-
tion of “(E)—3-(dimethylamino)—1-(1H-indol-3-yl)prop-
2-en-1-one” [6], while Sadgir et al. (2020) synthesized
and characterized “(2E)—3-(2,6-dichlorophenyl)—1-(4-
methoxyphenyl)-prop-2-en-1-one,” offering valuable X-ray
diffraction, DFT, and antimicrobial data in SN Applied
Sciences [7]. Finally, Borul and Agarkar (2020) explored
the synthesis and drug-likeness of “(E)—3-substituted phe-
nyl-1-piperidino-2-propen-1-one cinnamamide,” evaluat-
ing its pharmaceutical potential [8].

Due to its great accuracy in predicting molecular prop-
erties, researchers have been adopting quantum chemical
calculations progressively in recent years. One such com-
mon approach is Density Functional Theory (DFT) with
the 6-311+ + G(d,p) basis set [9-13]. The present study
is the detailed spectroscopic analysis of the (E)—1-phenyl-
3-(p-tolyl)prop-2-en-1-one (1P3P20) molecule. Addition-
ally, DFT calculations are performed, incorporating Fron-
tier Molecular Orbital (FMO) and Natural Bond Orbital
(NBO) analysis for elucidating the electronic characteris-
tics. Intramolecular interactions of the 1P3P20 molecule
are performed by the Hirshfeld surface analysis. Further-
more, the in silico antiviral potential of the 1P3P20 mol-
ecule is evaluated through molecular docking simulations.
This research aims to provide critical perceptions of the
composite’s properties and its potent applications in anti-
viral drug development.

Materials and methods

Synthesis of (E)—1-phenyl-3-(p-tolyl)
prop-2-en-1-one (1P3P20)

The synthesis of (E)—1-phenyl-3-(p-tolyl)prop-2-en-1-one
(1P3P20) was initiated by dissolving 0.01 mol of acetophe-
none and 0.01 mol of 4-methylbenzaldehyde in 100 mL of
ethanol. To this solution, 20 mL of a 10% potassium hydrox-
ide (KOH) solution (0.02 mol) was added dropwise while
stirring the mixture at room temperature for 12 h. Following
this, the mixture was poured onto crushed ice and acidified
with dilute HCl in a 1:1 ratio. The resultant was separated by
filtration. The crude product was then cleansed via recrystal-
lization by means of acetic acid. The result in compound’s
purity has been confirmed using thin-layer chromatography
(TLC). The synthesis procedure is represented in Fig. 1.

Fig. 1 The synthesis of (E)—1- o _CH, cH,
phenyl-3-(p-tolyl)prop-2-en- P! o L | KOH [ ) l ~ [ i |
1-one ([L oHe (")
EtOH
Acetophenone  4-Methyl benzaldehyde (E)-1-phenyl-3-(p-tolylprop-2-en-1-one
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Instrumentation details

FT-IR spectroscopy was performed at 4000-400 cm™! for
the title compound. Bruker instruments were utilized to col-
lect 1H and 13 C NMR spectra at 400 MHz. FT-IR and
NMR spectra were acquired at the Science Instrumentation
Facility (SIF) at VIT University in Vellore, India.

Computational methods

The molecular system was extensively analyzed using Gauss-
ian 09 W software, applying the B3LYP/6-311G + +(d,p)
level of theory [14]. This approach involved optimizing the
molecular geometry to determine the most stable conforma-
tion, followed by a detailed investigation of its vibrational
characteristics and chemical properties. GaussView was
employed to visualize the molecular structure. In addition
to these structural and vibrational studies, theoretical NMR
spectra were also computed. To further understand the
electron distribution, a topological analysis was performed
using the Multiwfn software [15]. The UV-visible spectrum
was calculated with TD-DFT, taking into account solvation
effects. Finally, the AutoDock [16] software was employed
to explore the molecular biological potential of the 1P3P20
molecule.

Results and discussion
Geometrical optimization and stable conformations

The stable conformation of the 1P3P20 molecule is inves-
tigated by potential energy scan (PES) analyses. The two
torsion angles (SC1=04-C1-C5-C10, SC2=04-C1-C2-C3)
are rotated 360 degrees (10 steps, and each step is rotated
36 degrees). The most stable energy of 1P3P20 is obtained
at—0.033693 Hartree for torsion angles SC1 at—43.37661°
and SC2 at—0.100330°, as shown in Figs. 2 and 3. The
optimal structural parameters of the 1P3P20 molecule are
summarized in Table S1. The 1P3P20 molecule has 17
C-C bond lengths, 14 C-H bond lengths, and one O-C bond
length. M. Edward et al. [17] provided the experimental
X-ray diffraction (XRD) data for this molecule. A compari-
son of experimental and computational results (exp./cal.)
demonstrates strong agreement, particularly for key bond
lengths such as the C1-C2 single bond (1.474/1.486 A),
C1=04 double bond (1.224/1.227 A), and C2=C3 double
bond (1.326/1.346 A). In the solid state, the molecular pack-
ing is dominated by weak C-H—O and C-H—-r interactions,
as shown in Fig. 3. These interactions, with distances greater
than 2.54 A, highlight the consistency between the gas-phase
computational results and the experimental solid-state struc-
ture. It should be noted that Gaussian calculations are more

suited to isolated molecules in the gas phase. Furthermore,
bond angles such as C2-C1-04, C6-C7-C8, and C6-C7-H21
show excellent correlation between observed and calculated
parameters, further supporting the accuracy of the computa-
tional model, as listed in Table S1.

Spectral analysis

A detailed spectral analysis was conducted to elucidate the
functional groups within the 1P3P20 molecule. With a
molecular structure comprising 31 atoms, 1P3P20 exhibits
87 significant vibrational modes. The calculated unscaled
vibrational frequencies are scaled using a scaling factor of
0.961 [18]. The potential energy distribution (PED) analysis
has been employed to assign the vibrational modes [19].
Table S2 presents a thorough overview of the theoretical and
experimental frequencies, together with their assignments,
and Fig. S1 shows graphical comparisons of the experimen-
tal and theoretical FT-IR spectra.

CH and CH3 vibrations

The C-H stretching vibrations of aromatic compounds usu-
ally exhibit in the region 31003000 cm™" [20, 21]. How-
ever, interpreting the C-H vibrations in the IR spectra can
be complex due to the influence of different substituents and
their arrangements. In this study, C-H stretching vibrations
(Mode nos: 1-10) were identified at various frequencies.
The experimental FT-IR spectrum exhibited peaks at 3240
and 3034 cm™!, while the theoretical predictions were at
3042, 3036, 3033, 3017, 3015, 3004, 2999, 2993, 2992, and
2986 cm™'. The PED analysis indicated that the stretching
C-H modes of 1P3P20 are primarily pure, with contribu-
tions close to 100%.

The 1P3P20 molecule contains a CH3 group, which con-
tributes 12 normal modes of vibration such as three bend-
ing modes, two asymmetric stretching modes (asymd), two
symmetric stretching modes (symd), two rocking modes,
and one torsional mode among the nine modes that char-
acterize the vibrations within the CH3 group. The C-CH3
bonds’ bending and stretching vibrations are described by
each of the remaining modes. Generally, the CH3 asym-
metrical stretching presented at 2980 cm™' region with
symmetric stretching near the same region [22, 23]. Due to
the asymmetric CH3 stretching vibrations, FT-IR spectra
exhibit peaks at 2968 and 2927 cm™', and the theoretically
calculated values are at 2928 and 2907 cm™! (mode num-
bers 11 and 12). The CH3 symmetric stretching vibration
is computed at 2860 cm~! (mode number 13). Deforma-
tion modes of the CH3 group in methyl-substituted benzene
derivatives are typically found between 14651440 cm™!
(asymmetric) and 1390-1370 cm™! (symmetric) [24].
For this molecule, the asymmetric deformation vibrations
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Fig. 2 Potential energy surface scan of 1P3P20

occur between 1415 and 1406 cm™' (mode numbers 23 and
24). The symmetric deformation vibration is calculated at
1318 cm™! (mode number 27), which is in excellent accord-
ance with the recorded value of 1317 cm™". Additionally,
the CH3 group undergoes rocking vibrations, typically in
the 1070-1010 cm™! range [25]. The CH3 rocking mode
calculated at 1002 cm™! (mode number 43) matches well
with values reported in the literature. The CH3 torsional
vibration, which occurs at low wavenumbers, is predicted
at 165 cm™! (mode number 79), consistent with expected
values for CH3 torsion.

@ Springer

C-C stretching vibrations

In general, the C—C stretching vibrations occur in the
region 1625-1430 cm™! [26, 27]. The experimental FT-IR
spectrum of 1P3P20 molecule is noted at 1643, 1427 cm™!
and calculated at 1646, 1557, 1548, 1526, 1514, 1393,
and 1364 cm™! are clearly assigned to the aromatic C—C
stretching vibrations.
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Fig.3 Optimized geometric structure of 1P3P20

C=0O0vibrations

The C =0 carbonyl bond is formed by the overlap of pi-
orbitals between the carbon (C) and oxygen (O) atoms.
Usually, the C=0 bond appears in the 1800—1500 region
[28, 29]. In this study, the C=O stretching vibration was
recorded at 1597 cm~! and theoretically computed at
1598 cm™! in the FT-IR spectrum. Additionally, the in-
plane deformation of the CCO bond is predicted at 711 and
548 cm™!, while the out-of-plane deformation is calculated
at 642 cm™!. The theoretical and recorded correlation graph
(R*>=0.999) of the 1P3P20 molecule is shown in Fig. S2.

NMR spectral analysis

The nuclear magnetic resonance (NMR) is attracting much
attention for organic molecules to identify the carbon and
hydrogen atoms. In the present study, the '3C and '"H NMR
spectra of synthesized 1P3P20 molecule are recorded and
calculated using DMSO solvent. The '3C and 'H NMR
chemical shifting values of 1P3P20 molecule are tabulated
in Table S3, and spectra are displayed in Figs. S3 and S4.
Theoretical chemical shifts are calculated using the B3LYP
method with the GIAO approach, showing strong consist-
ency with the experimental '*C NMR data. In general, the
13 C NMR chemical shifts are observed at above 100 ppm
[30].

The highest chemical shift is found at CI
(197.3(exp)/197.4 ppm (theo)), influenced by the electron-
egative oxygen atom of O4, while the methyl group carbon
(C17) shows a shift at 43.82/43.91 ppm. The carbonyl carbon
(C1) shows excellent consistency, with measured and calcu-
lated values of 197.34 and 197.45 ppm, respectively. Alkene

H28
~H18 < H27
C16
c2 . c15
E— ~_H29
f c14 =
X c11
- ~_H30
Vi c13 ~.H31
H25 - ~_H26

carbons C2 and C3 appear at 136.53(exp)/137.75 ppm
(theo) and 189.16(exp)/182.01 ppm (theo). Aromatic car-
bons C5-C16 mostly fall between 128 and 140 ppm, with
minimal deviations. The para substituted aromatic carbon
(C14) is more downfield at 154.36 ppm(exe)/157.92 ppm(t
heo), while the methyl carbon (C17) appears at 44.82 ppm
(exe)/43.91 ppm (theo).

The H18-H20 protons observed at 7.8—8.0 ppm and cal-
culated at 8.78-8.99 ppm. Aromatic protons H21-H28 gen-
erally differ by less than 0.3 ppm, except H28, which shows
a larger offset of about 1.8 ppm. The p-tolyl methyl protons
(H29) are closely matched at 2.39 vs. 2.45 ppm, and alkyl
protons H30 and H31 appear at roughly 1.675 ppm in both
cases. Overall, the computational method reproduces *C
shifts with high precision (within 0.1-2 ppm).

Electronic properties: UV-visible spectral analysis

UV-Vis spectroscopy carefully examined the electronic
properties of 1P3P20 to explore its electronic transitions.
The UV-Vis spectrum was recorded in DMSO solvent and
computed in gas phase and solvent phase (DMSO, ethanol).
The absorption wavelengths, energies, oscillator strengths,
and band gap values are calculated using the time-dependent
Density Functional Theory (TD-DFT) [31] and the data are
tabulated in Table 1. The comparison of experimental and
theoretical absorption spectra of the 1P3P20 molecule is
obtained in Fig. S5. The absorption maximum of 1P3P20
molecule is recorded for DMSO solvent was found at
316 nm, and the theoretically calculated values are 324 nm
(gas), 343 nm (DMSO), and 342 nm (ethanol), while band
gap energies were recorded at 3.9339 eV (DMSO) and the-
oretically obtained values are 3.8378 eV (gas), 3.6204 eV
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Table 1 Experimental computed electronic transition states of 1P3P20 with TD-DFT method

Solvent Experimental Band gap (eV) Energy (cm™!) Wave- Band gap(ev)V Osc. Strength Major contribs
length
(nm)
Gas 26,033 384 3.2362 0.0067 H-1->LUMO (90%)
30,872 324 3.8378 0.7062 HOMO->LUMO (95%)
34,708 288 4.3145 0.0106 H-3->LUMO (13%), H-2->LUMO
(81%)
DMSO 27,470 364 3.4148 0.0648 H-4->LUMO (13%), H-1->LUMO
(72%)
316 3.9339 29,124 343 3.6204 0.7616 HOMO->LUMO (89%)
33,550 298 4.1707 0.0151 H-2->LUMO (92%)
Ethanol 27,433 365 3.4102 0.0543 H-4->LUMO (13%), H-1->LUMO
(74%)
29,226 342 3.6331 0.7615 HOMO->LUMO (90%)
33,603 298 4.1772 0.0147 H-2->LUMO (92%)

(DMSO), and 3.6331 eV (ethanol). The HOMO-LUMO
electronic transitions are observed for the 1P3P20 molecule
at 95% in the gas phase, 89% in DMSO, and 90% in ethanol
solvent, and n — m* transitions are observed for the present
investigations.

Frontier molecular orbital (FMO) analysis

The FMO analysis plays a vital role in understanding the
chemical stability and reactivities of organic molecules
[32-37]. Here, the molecular orbitals of the title com-
pound were examined in three different environments: gas
phase, DMSO, and ethanol solvents. The HOMO-LUMO
energy transition of the 1P3P20 compound is exhibited

Fig.4 HOMO-LUMO diagram
of title molecule using gas,

DMSO, and ethanol solvents LUMO GAS

g“.’

v

4.0170eV

HOMO GAS

@ Springer

in Fig. 4. The band gap energy and their parameters of the
HOMO and the LUMO were calculated and reported in
Table 2. Table 2 shows the following results:

Gas phase: HOMO = - 6.4769
LUMO = —2.3407 eV, band gap=4.1362 eV.

DMSO: HOMO = —6.5351 eV, LUMO = —2.5222 ¢V,
band gap=4.0129 eV.

Ethanol: HOMO = —6.5319 eV, LUMO = —-2.5149 ¢V,
band gap=4.0170 eV.

The small variations in the band gap across these dif-
ferent solvents suggest that IP3P20 exhibits consistent
electronic properties of the surrounding medium. These
low band gap values suggest that it may possess bioactive
properties.

eV,

LUMO DMSO

9.
v
H

J

LUMO ETHANOL

‘J

4.0129 eV 4.1361 eV
W 40
J ‘!
W 98T
J
HOMO DMSO

HOMO ETHANOL
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Table 2 Calculated energy values at various solvents

Properties Solvents
Ethanol DMSO Gas

HOMO (eV) —-6.5319 —6.5351 -6.4769
LUMO (eV) —-2.5149 —2.5222 —2.3407
Ionization potential 6.5319 6.5351 6.4769
Electron affinity 2.5149 2.5222 2.3407
Energy gap (eV) 4.0170 4.0129 4.1362
Electronegativity 4.5234 4.5287 4.4088
Chemical potential —4.5234 —4.5287 —4.4088
Chemical hardness 2.0085 2.0065 2.0681
Chemical softness 0.2489 0.2492 0.2418
Electrophilicity index 5.0936 5.1107 4.6994

Molecular electrostatic potential (MEP) analysis

Molecular electrostatic potential (MEP) is an important
parameter for investigating molecular electrostatic proper-
ties and identifying reactive regions that may interact with
between bonds [38—41]. In the present study, the MEP map
of 1P3P20 molecule is elucidated different environment
in gas and liquid phases (DMSO and ethanol) as shown in

Fig. 5. The molecular reactivity’s are identified for color
grading technique such as red color indicating the nega-
tive potential and blue color indicating the positive poten-
tial. The oxygen atom (O4) in the molecule has a highly
negative electrostatic potential, shown in red on the MEP.
This suggests that O4 is likely to interact with positively
charged regions, such as hydrogen atoms in amino acids,
of its electron-rich nature. The region around the O4-C1
bond exhibits a positive charge (blue), indicating an elec-
tropositive area that could interact with electron-donating
species. Furthermore, molecular electrostatic potential is
observed between ranges from—5.771 x 1072 t0 5.771 x 1072
a.u (gas),—7.094x107% to 7.094x 107> a.u (DMSO)
and—7.050%x 107 to 7.050 x 10~% a.u (ethanol). These val-
ues are clearly indicated that the DMSO solvent is more
reactive compare to gas and ethanol solvent.

Fukui function analysis

The Fukui function describes the chemical reactivity of indi-
vidual atoms within a molecule in relation to electrophilic
and nucleophilic attacks [42, 43]. In this study, the Fukui
function and dual descriptors are calculated using Mulliken
population analysis (MPA) [44] as shown in Table S4. The

27.094¢2 NE— — - 7.094¢2

DMSO

-7.050¢-2 m—

ETHANOL

-5.771¢? m—

Fig.5 MEP map of 1P3P20 molecule using different solvents (gas, DMSO, and ethanol)
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dual descriptors are very useful to simply understand the
chemical reactivities; the positive values indicate nucleo-
philic attack, while a negative value suggests a region that is
more likely to undergo electrophilic attack. Table S4 shows
the electrophilic regions: C7 (—0.0273), C11 (—0.0347), and
C14 (- 0.0360) atoms exhibit higher susceptibility to nucle-
ophilic attacks, and the nucleophilic regions: C1 (0.0638),
04 (0.0293), and C8 (0.0360) atoms are more prone to elec-
trophilic attack. These results indicate that 1P3P20 is more
likely to undergo nucleophilic attack at positions C7, C11,
and C14, while positions C1, O4, and C8 are more reac-
tive to electrophilic attack. This data has significance for
forecasting how 1P3P20 would behave chemically through
various reactions.

Charge-transfer and electron-hole dynamics

Electron—hole analyses are utilized to determine elec-
tron distributions in organic compounds [45]. The charge
transfer of 1P3P20 is characterized by three excited states
in three distinct solvents, as illustrated in Table 3, while
Fig. 6 depicts the electron (green) and hole (blue) distribu-
tions throughout these transitions. In particular, the three
excited states in all solvents have the following properties:
D-index values suggesting significant hole-electron interac-
tions. R-index values indicate a large geographic difference
between the electron and hole centroids. T-index values indi-
cate significant charge transfer (CT) excitation. The least
excitation energy is observed in DMSO solvent (3.406(1),
3.611(1I), 4.160(II1)) compared to gas and ethanol solvent.

Electron density analysis: LOL and ELF

In this research study, two extensive computational tech-
niques were used to conduct a thorough investigation in
order to obtain a better understanding of the electron density
distribution within the 1P3P20 molecule: Electron Locali-
zation Function (ELF) [46] and Localization Orbital Loca-
tor (LOL) [47]. These analyses were accomplished with the

Table 3 Charge transfer and electron—hole

Multiwfn 3.8 analyzer, utilizing the data extracted from the
Gaussian file (.fchk) output. The resulting ELF and LOL
maps, shown in Figs. 7 and 8, display color-coded gradients
to represent electron density: magenta signifies regions of
high electron concentration, while red specifies lower con-
centration. Hydrogen atoms in magenta reflect high elec-
tron localization typical of non-bonding regions. Carbon
and oxygen atoms are highlighted with blue and green cir-
cles, showing their electron density delocalization, which
suggests bonding interactions. Magenta and blue regions
surrounding carbon, chlorine, and nitrogen atoms indicate
strong electron localization, which correlates with the con-
centration of electron density in their respective orbitals.
This information is invaluable for understanding the com-
pound’s chemical behavior, potential reactivity, and interac-
tions with other molecules, offering significant insights into
its stability and bioactivity.

Nonlinear optical effects

Nonlinear optical (NLO) properties are of significant impor-
tance in modern technology, particularly in laser applica-
tions and related fields [48—51]. The NLO characteristics
of 1P3P20 were investigated in solvents, including the gas
phase, DMSO, and ethanol. The computed values for key
NLO parameters are presented in Table 4. In the gas phase,
the calculated values for 1P3P20 are: dipole moment 1.8999
D, polarizability 8.00267 x 102 esu, and first-order hyper-
polarizability 19.500x 107" esu. In DMSO, the values are:
dipole moment 1.74693 D, polarizability 1.01915 x 1023
esu, and first-order hyperpolarizability 4.0573 x 107° esu.
In ethanol, the values are: dipole moment 2.1190 D, polar-
izability 1.1921 x 10-?* esu, and first-order hyperpolariz-
ability 5.9893 x 107° esu. When these values are compared
to the typical threshold values used for NLO materials,
such as urea, which has a first-order hyperpolarizability
of 0.372x 1073 esu, the first-order hyperpolarizability of
1P3P20 is approximately nine times superior, demonstrating

Parameter DMSO Ethanol Gas
I I I I II I I II I

Excitation energy 3.406 3.611 4.160 3.228 3.828 4.303 3412 3.803 4311
H index 2.558 3.011 2.637 2.339 2.890 2.490 2.339 2.991 2.556
D index 1.393 2.029 3.481 1.875 2.147 3.868 1.576 2.165 3.490
Ar index 2.1928 2.4742 3.5226 2.0356 2.1469 3.4993 1.9885 2.5141 3.5713
t index —0.452 —0.595 1.380 0.177 —0.360 2.004 -0.113 —-0.424 1.457
sm index 0.2467 0.4031 0.2135 0.2012 0.4096 0.1215 0.2187 0.3973 0.2139
sr index 0.5035 0.6877 0.5229 0.4370 0.6785 0.3560 0.4687 0.6875 0.5276
Coulomb attraction energy 5.3568 4.9270 4.1003 49126 4.6128 3.7111 5.5747 4.7888 4.2466
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EXCITED STATE

ETHANOL

Fig.6 Electron (green)-Hole (blue) distribution analysis for the GAS, DMSO, and ethanol solvents for the title compound

its significant NLO potential and making it a promising can-
didate for use in future NLO technologies.

NBO analysis

The NBO analysis of 1P3P20 was conducted using Gauss-
ian 09 in conjunction with NBO 3.1, employing DFT/
B3LYP methods [52]. The focus was on understanding
secondary interactions within the molecule, and molecu-
lar interactions (donor—acceptor) were assessed using the
second-order Fock-matrix approach [53, 54]. The significant
hyper-conjugative intramolecular interactions are observed

at the C—C bond, and the anti-bonding in the ring structure
is shown in Table 5. Furthermore, extensive delocalization
of m-electrons was observed in the C11-C12 bond, extending
to the anti-bonding orbitals n*(C2-C3), n*(C13-C14), and
n*(C15-C16). These delocalizations resulted in stabiliza-
tion energies of 23.48, 20.14, and 21.03 kJ/mol, respectively.
Additionally, the sigma system also exhibited significant
donor—acceptor interactions. For instance, [C2-C3] — (C1-
C2), (C3-Cl11), (C11-C12), and [C11-C12] — (C3-C11),
(C11-C16), (C12-C13) interactions, as detailed in Table 5,
contributed to the overall electronic structure. The lone pair
LP(2)O4 participated in interactions with ¢*(C1-C2) and

@ Springer
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Fig.7 ELF plot of title molecule using gas, DMSO, and ethanol solvents

o*(C1-C5), yielding stabilization energies of 15.19 and
16.95 kJ/mol. These insights into the hyperconjugative and
donor—acceptor interactions highlight the complex electronic
structure of 1P3P20, enhancing our understanding of its
stability and reactivity.

Temperature-dependent effects

Temperature is a critical factor influencing chemical reactiv-
ity, thermodynamic properties, and pharmacodynamics, with
a deep impact on the stability and behavior of compounds
across varying temperature ranges. To explore the thermo-
dynamic characteristics of the 1P3P20 molecule obtained
using Density Functional Theory (DFT) methods with Perl
scripts [55]. As shown in Table 6, the entropy values for
1P3P20 are 349.58 J/mol-K in the gas phase, 330.98 J/
mol-K in DMSO, and 331.08 J/mol-K in ethanol. The heat
capacity at 100 K for each solvent is recorded as 94.34 J/
mol-K for the gas phase, 90.52 J/mol-K for DMSO, and
90.57 J/mol-K for ethanol, demonstrating an increase with

@ Springer

rising temperature, as illustrated in Fig. S6. A comparison
between DMSO and ethanol reveals a slight variation in their
thermodynamic characteristics, indicating that both solvents
exhibit similar properties.

Drug likeness and ADME prediction

In the realm of pharmaceutical research, evaluating the
drug-likeness of a compound is a crucial step in deter-
mining its therapeutic potential. To assess the likelihood
of a compound’s effectiveness, several established criteria
are used, including Lipinski’s Rule of Five, the MDDR-
like principle, Veber’s rules, the Ghose filter, the CMC-
50 standard, the blood—brain barrier (BBB) criterion, and
the quantitative estimate of drug-likeness (QED) princi-
ple [56]. These criteria serve as indicators for determining
how well a compound, like 1P3P20, interacts with biologi-
cal targets, particularly in inhibiting fungal growth. Key
ADME (absorption, distribution, metabolism, and excre-
tion) properties of 1P3P20 and its derivatives have been



Structural Chemistry

1.000 1.000
6832
‘ 0900 0900
.55 L 0.800 0800
- 0700 0700
&Ml
0600 0.600
0.00 ¥ 0500 0500
> 77 0.400 0400
0.300 -0.300
-5.55 0200 0200
-8.32 0.100 0.100
0.000 0.000
1432 -955 -477 000 477 955 1432 -1432 -955 -477 000 477 955 143
Length unit: Bohr Length unit: Bohr
DMSO ETHANOL
1.000
0.900
0.800
y @8 N, | 0.700
C2x €16 (C1s H29 0.600
AZANL 1 0500
i €12 613 " / 0.400
H25 =" g6 0.300
0.200
- 0.100
' 0.000
14.32 955 477 000 477 955 14.32
Length unit: Bohr
GAS
Fig.8 LOL plot of title molecule using gas, DMSO, and ethanol solvents
Table 4 Dipole moment, polarizability, first-order hyperpolarizability (ftot) components of values
Parameters GAS DMSO ETHANOL Parameters GAS DMSO ETHANOL
ux 0.4731 0.8590 1.0395 Pxxx —1243.9653 —4476.9028 —6474.2892
uy 1.8400 1.4896 1.8093 Pxxy —1076.6230 —1798.9607 —2711.8122
uz 0.0000 0.3081 0.3694 Bxyy —638.4688 114.1267 157.9818
u (D) 1.8999 1.7469 2.1191 Byyy —200.7521 -7.1113 —-76.9787
axx 294.8453 367.9967 440.8961 Pzxx 0.2078 —321.3522 —527.5580
axy 53.2371 0.0089 3.0325 Bxyz —0.1599 1.4386 1.6475
ayy 222.5900 221.6784 273.1062 Pzyy -0.1232 —62.6077 —23.8053
axz —0.0002 —6.5392 —2.7421 Pxzz —10.1992 29.5414 —35.4847
ayz —0.0007 —17.4908 —11.5504 Byzz 48.3681 28.5902 60.3045
azz 94.7863 69.9124 150.2344 Pzzz —0.0944 38.0770 28.9543
a(a.u) 204.0738 219.8625 288.0789 ftot (a.u) 2256.6611 4696.3816 6932.7348
Aa (a.u) 539.9910 687.6866 804.3853 Btot (e.s.u)  19.5000x1073  4.0573x1073°  5.9893x 107
o, (e.5.0) 3.0243x1072  3.2583x1073  4.2693x107>
« (e.s.u) 8.0026 x 103 1.0191x 1072 1.1921x1073
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Table 5 Second order

. . Donor Type ED/e Acceptor Type  ED/e 2E(2) > EG)-E() CFI)
perturbation theory analysis of (Kj mol™!) (a.u) (a.u)
Fock matrix in NBO basis i i

C2-C3 c 19713 Cl1-C2 o* 0.0453  3.08 1.35 0.058
C3-Cl11 c* 0.0348  6.75 1.37 0.086
Cl1-C12  o* 0.0350  3.62 1.36 0.063
C3-Cl11 c 1.9636  C2-C3 c* 0.0186  5.75 1.37 0.08
Cl1-C12  o* 0.0350  6.64 1.36 0.085
Cl11-Cl16  o* 0.0407  6.85 1.36 0.086
C3-H19 c 1.7809  C10-H24  o* 0.1937 197.99 1.31 0.458
C3-H19 o* 02035  22.14 1.31 0.153
Cl1-Cl6  o* 0.0407 55 1.06 0.072
C5-C6 c 1.9628  CI1-C5 c* 0.0636  6.68 1.34 0.085
C5-C10 o* 0.0311 8.16 1.38 0.095
Co-C7 o* 0.0190  4.26 1.39 0.069
C10-H24 o 1.7742  C3-H19 o* 0.2035  208.69 1.3 0.468
C3-C11 o* 0.0348  3.73 1.06 0.059
C10-H24  o* 0.1937  24.11 1.3 0.159
Cl1-C12 o© 1.9610 C3-Cl1 c* 0.0348  7.01 1.37 0.088
Cl11-C16  o* 0.0407  7.39 1.36 0.09
C12-C13 c* 0.0197  5.53 1.38 0.078
C2-C3 T 1.7904  C1-04 Tt 0.2556  31.55 0.32 0.09
Cl1-Cl12  m* 0.3972 18.68 0.32 0.073
C5-C10 Tt 0.3879 1.2 0.33 0.018
C1-04 T 1.9290 C2-C3 * 0.1518  9.49 04 0.056
C5-C10 * 0.3879  8.68 0.41 0.058
C6-C7 b 1.6383  C5-C10 * 0.3879  22.67 0.31 0.075
C8-C9 w* 03269  24.02 0.31 0.077
C8-C9 T 1.6446  C6-C7 ¥ 0.2902 19.63 0.32 0.072
C5-C10 ¥ 03879 2224 0.31 0.075
Cll-Cl12 = 1.6058  C2-C3 ¥ 0.1518  23.48 0.31 0.081
C13-C14  =&* 0.3387  20.14 0.32 0.072
C15-C16  =m* 0.2851  21.03 0.31 0.074
C13-Cl4 = 1.6303 C11-C12  =* 03972 232 0.32 0.077
C15-C16  m* 0.2851 19.38 0.31 0.071
C17-H30 o 19787 C13-C14  =* 03387  3.17 0.55 0.041
Cl14-C15  m* 0.0287 2 1.17 0.043
C17-H31 c 1.9788  C13-C14  =n* 03387  3.17 0.55 0.041
04 LP(1) 1.9804 Cl1-C2 c* 0.0453 1.47 1.3 0.039
C1-C5 c* 0.0636 1.51 1.29 0.04
04 LP(2) 1.9210 Ci1-C2 o* 0.0453 15.19 0.87 0.104
C1-C5 c* 0.0636 16.95 0.87 0.109
C1-04 * 02556  Co-C7 * 0.2902 1.66 0.01 0.008
C13-C14  &* 03387 C17-H30  o* 0.0081 1.66 0.32 0.049
C17-H31  o* 0.0081 1.66 0.32 0.049

2 E® means energy of hyperconjugative interaction (stabilization energy)
® 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

analyzed, with a focus on parameters viz., hydrogen bond  surface area (TPSA), gastrointestinal absorption, BBB per-
acceptors (HBA), hydrogen bond donors (HBD), molar  meability, and bioavailability and the reported values are
refractivity, skin permeability (log kp), topological polar ~ mentioned in Table 7. For a compound to be considered
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Table 6. Ther mo.dynamic T(K) Entropy S (J/mol K) Heat capacity Cp (J/mol K) Enthalpy H (kJ/mol)
properties at various
temperatures Gas DMSO Ethanol Gas DMSO Ethanol Gas DMSO Ethanol
100 349.584 330.983 331.081 94342 90.524  90.571 6.666 6.225 6.229
200 433249 410242 410364 156.998 146.081 146.106 19.093 17.976  17.983
298.15 509.593 480.483 480.613 231.536 211.807 211.819 38.103 35456  35.466
300 511.03  481.798 481928 23298  213.125 213.137 38.533  35.849  35.859
400 588.53 552914 553.046 308.157 284.344 284.345 65.653  60.741 60.751
500 664.463 623.508 623.639 372.772 349.23  349.221 99.802 92.498  92.507
600 737253  692.179 692308 425442 404.02  404.007 139.806 130.246 130.254
700 806.155 75797  758.097 468.152 449292 449277 184.558 172.984 172.991
800 871.03  820.49  820.614 503.203 486.799 486.784 233.181 219.845 219.851
900 932.034 879.692 879.814 532.375 518.185 518.171 285.003 270.14  270.144
1000 989.432  935.699 935.82 556.935 544.714 544702 339.503 323.321 323.324
Table 7 Drug likeness parameters of 1P3P20 1.0328 to0 2.5529 A, shape index: —0.9774 to 0.977, and
- curvedness: —3.8896 to 0.1674. Color-coded surfaces
Descriptors Values are indicated, with red for short-range contacts, blue for
Num. H-bond acceptors(HBA) 1 long-range interactions, and white for van der Waals sep-
Num. H-bond donors (HBD) 0 arations to explain the molecular interactions. Figure 9
Molar Refractivity 71.21 shows a 2D fingerprint analysis to investigate these inter-
TPSA 17.07 A2 actions. The crystal’s primary intermolecular interactions
Lipinski Yes; 0 violation ~ were H-H (50%), O-H/H-O (14.7%), H-C/C-H (30.8%),
Bioavailability Score 0.55 0O-C/C- (0.6%), and C—C (3.4%). These results match the
miLogP 426 Hirshfeld surface’s donor—acceptor zones, validating the

drug-like, it should exhibit HBD and HBA values under 10,
a TPSA value below 140, and a molar refractivity between
40 and 130. The values for 1P3P20 fall within these ideal
ranges, indicating its potential as a promising pharmaceuti-
cal candidate. Additionally, 1P3P20 shows favorable char-
acteristics in terms of skin permeability, gastrointestinal
absorption, BBB penetration, and bioavailability when
compared to known antifungal agents. This makes it a
strong candidate for further investigation as a pharmaceu-
tical lead. A comparison with existing derivatives reveals
that 1P3P20 not only meets the drug-likeness criteria but
also demonstrates significant antifungal and antiviral activ-
ity. This highlights its potential as an effective treatment,
advancing its role in the development of novel antifungal
therapies and driving further research in pharmaceutical
applications.

Analysis of Hirshfeld surfaces and energy
frameworks

The intramolecular interactions of 1P3P20 molecule are
evaluated using Hirshfeld Surface Analysis (HAS) as
shown in Figs. S7(A-E). The parameter values include:
Dnorm: —0.1599 to — 1.3286, di: 1.0319 to 2.5537 10\, de:

single crystal report [17]. Crystal stabilization energy,
including electrostatic and dispersion energies, was also
examined. Figure 9 shows these energies as blue and
green cylinders. The dispersion energy is crucial for sta-
bilizing the structure, as seen in Fig. S8(a) with the inter-
action of the yellow 1P3P20 molecule and its neighbors
within a 3.8 A radius. Fig. S8(b) shows energy contribu-
tions in red, green, and blue cylinders for electrostatic,
dispersion, and total energies. This research shows that
dispersion interactions dominate 1P3P20 Chalcone crys-
tal structure stabilization.

Molecular docking

Molecular docking illustrates the biological potential of
the investigated molecule and explains how small mol-
ecules interact with protein targets [57, 58, 59]. In this
study, the antiviral and antifungal activity of 1P3P20 is
investigated, and 6W97 (inflammation) and 2RFX (antivi-
ral) proteins are obtained from the Protein Data Bank. We
assessed the biological activity of the 1P3P20 molecule
using the Passonline server [60]. The number of interact-
ing residues, bond lengths, and docking energies (in kcal/
mol) are summarized in Table 8. The 3D and 2D pro-
tein—ligand (6W97 and 2RFX) interactions are displayed
in Figs. 10 and 11. The 6W97 receptor is observed to have
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Fig.9 2D-Finger print plot of 1P3P20 molecule

Table 8 Molecular docking with ligand and 4ZRT target protein

06 08 10 12 14 16 18 2D 22 24

Protein (PDB ID)  Bonded residues  No. of Bond distance  Estimated inhibi-  Binding Intermolecular Referencoe
hydrogen tion constant (um) energy (kcal/  energy (kcal/mol) RMSD(A)
bond mol)
6WIL LEU A:9 2 1.88 84.66 -17.56 —5.81 70.96
GLY A:8 28

2RFX TYR A:68 2 3.13 163.72 -7.17 -5.36 55.527
LYS A:125 3.14

the least binding energy of the 1P3P20 molecule at — 7.56 Conclusion

kcal/mol. In contrast, the interaction with 2RFX results
in a slightly higher binding energy of — 7.17 kcal/mol.
Overall, the lowest binding energies suggest the 1P3P20
molecule has promising antiviral and anti-inflammatory
activities.

@ Springer

The chalcone derivative of the 1P3P20 molecule is suc-
cessfully synthesized and characterized using FT-IR, NMR,
and UV-Vis spectroscopic techniques. The most stable
structure of the 1P3P20 molecule was identified using
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Fig. 10 3D and 2D molecular docking diagram of title molecule with 6W9L protein

PES analyses. This stable molecular structure is applied
to calculate the entire theoretical investigation. The energy
transition was evaluated in different phases (gas, DMSO,
and ethanol) for ground to first excited states using UV-Vis
and HOMO-LUMO analyses. The least band gap energy
is observed at 3.6 to 4.0 eV. The chemical reactivity of the
title molecule is evaluated using MEP and Fukui function

analyses; both studies provide well-consistent results of
electrophilic and nucleophilic natures. Particularly, the O4
atom is observed to have negative potential with the 1P3P20
molecule. The Natural Bond Orbital (NBO) analysis reveals
the highest stabilization energy related to the interaction
between LP2(04) with 6*(C1-C2) and 6*(C1-C5) bonds,
which contributes significantly to the compound’s unique
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Fig. 11 3D and 2D molecular docking diagram of title molecule with 2RFX protein

properties. Nonlinear optical (NLO) properties were also
examined, and the first-order hyperpolarizability of the title
molecule is nine times more than the standard material of
urea. The thermal stability of 1P3P20 was evaluated at vari-
ous temperatures through DFT, providing a clearer picture
of its chemical stability under different conditions. In the

@ Springer

pharmaceutical context, the compound was assessed for
drug-likeness and ADMET parameters. The antiviral and
antifungal activity of the 1P3P20 molecule is investigated
using molecular docking investigations. The strong binding
interaction is observed with antiviral protein 6W9L, with
the least binding energy of — 7.56 kcal/mol.
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