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Abstract

In this investigation, a comprehensive quantum chemical analysis of the organic nonlinear op-
tical (NLO) chalcone derivative 1-(4-methylsulfonylphenyl)-3-(4-N,N-dimethylaminophenyl)prop-
2-en-1-one (MSPPP) was successfully conducted using Density Functional Theory (DFT) at the
B3LYP/6-311G(d,p) level of theory. The ground-state molecular geometry optimization yielded
structural parameters, including bond lengths and dihedral angles, that closely mirror the bulk
lattice dimensions established by experimental single-crystal X-ray diffraction (SXRD) metrics.
Frontier molecular orbital (FMO) analysis was executed to map the spatial distribution of the high-
est occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The
resulting localized isosurfaces confirmed an intense, directional charge transfer from the electron-
donating dimethylamino ring to the electron-withdrawing methylsulfonyl block across the conju-
gated m-electron prop-2-en-1-one spacer, yielding a well defined HOMO-LUMO energy bandgap.
Molecular Electrostatic Potential (MEP) surface mapping visually verified the distinct reactive
sites of the molecule, highlighting strong nucleophilic regions surrounding the oxygen atoms and
electrophilic zones across the amino and methyl protons. Crucially, quantum mechanical tensor
evaluations were used to calculate the dipole moment (uo), linear polarizability (ao), and the
first-order hyperpolarizability (8o) parameters. The calculated hyperpolarizability (8o) provides
clear quantum-chemical proof for the molecular origin of the experimentally observed 12.3-fold
second-harmonic generation (SHG) enhancement over standard urea references. These compu-
tational insights demonstrate that the highly polarizable donor-m-acceptor (D-m-A) framework of
MSPPP makes it an exceptionally viable candidate for the engineering and fabrication of advanced
optoelectronic devices.

Keywords: B3LYP functional; First-order hyperpolarizability; Frontier molecular orbitals;
Molecular electrostatic potential; Nonlinear optical properties.

1 Introduction

In modern optoelectronics and photonics, organic materials with second-order nonlinear optical (NLO)
responses have attracted extensive attention due to their vast potential in telecommunications, optical
switching, and laser frequency conversion [1]. Compared to commercial inorganic crystals, organic
molecular matrices offer significant technological benefits, including ultra-fast response times, struc-
tural flexibility, higher electronic susceptibilities, and lower dielectric constants [2]. Bulk macroscopic
characterization—such as single-crystal X-ray diffraction (SXRD), powder XRD (PXRD), and Kurtz-
Perry second-harmonic generation (SHG) tests—provides necessary empirical parameters regarding
lattice dimensions and phase behavior [3]. However, macroscopic engineering datasets alone are insuf-
ficient to fully understand the foundational mechanics governing these physical observations [4]. To
design next-generation materials systematically, the localized electronic structure, frontier molecular
orbital alignments, and dynamic charge transfer pathways must be evaluated at the quantum scale
[5]. Computational modeling based on Density Functional Theory (DFT) serves as a vital bridge,
revealing the precise molecular origin of macroscopic optical phenomena like frequency doubling [6].
Among organic NLO chromophores, chalcone frameworks represent an elite chemical family for ad-
vanced optoelectronic design [7]. Chemically classified as 1,3-diaryl-2-propen-1-ones, these molecules
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feature an a, S-unsaturated ketone spacer linking two highly polarizable aromatic rings [8]. This archi-
tectural geometry acts as a classical donor—r—acceptor (D-m-A) push-pull electronic system [9]. When
functionalized with complementary substituents, an asymmetrical distribution of the electron cloud
takes place across the molecular framework [10]. In this design, introducing a strong electron-donating
group at one terminal end alongside a robust electron-withdrawing group at the opposite end creates
a significant permanent dipole moment [11]. Upon interacting with intense external laser radiation,
this push-pull arrangement induces massive, microscopic asymmetric polarizability (ag) and first or-
der hyperpolarizability (8p) [12]. his microscopic polarization is the fundamental quantum mechanism
that drives second-harmonic frequency-doubling efficiency in bulk non-centrosymmetric crystals [13].
The schematic electronic routing mapping this localized structural displacement, from the terminal
donor to the acceptor group via the central bridge network, is illustrated sequentially in Figure 1.
Building on these structural principles, this computational study evaluates the electronic landscape
of 1-(4-methylsulfonylphenyl)-3-(4-N,N-dimethylaminophenyl)prop-2-en-1-one (MSPPP). Within this
specific molecule, the highly polar dimethylamino group on Ring B serves as a powerful electron donor,
pushing electron density into the central, conjugated prop-2-en-1-one spacer [14].At the opposite ter-
minal, the methylsulfonyl unit on Ring A acts as a powerful electron acceptor [15]. Recent literature
has explored the solution-state photophysical traits and electrospun nanofiber morphologies of this
chalcone compound [14]. Additionally, its bulk single crystals were recently grown and demonstrated a
remarkable frequency-doubling conversion efficiency 12.3 times higher than that of standard urea [13].
However, a detailed quantum chemical investigation mapping its ground-state geometry optimiza-
tions, theoretical vibrational frequencies, frontier molecular orbitals (FMOs), and hyperpolarizability
tensors remains unaddressed in the current literature. This paper presents a systematic DFT and
time-dependent DFT (TD-DFT) analysis of the MSPPP molecule at the B3LYP/6-311G(d,p) level
of theory. The optimized isolated geometry is compared directly with experimental SXRD metrics to
evaluate crystal packing effects. Theoretical FT-IR vibrational assignments are calculated using poten-
tial energy distributions (PED) to map molecular bonding dynamics. Furthermore, Frontier Molecular
Orbitals (HOMO-LUMO) and Molecular Electrostatic Potential (MEP) maps are visualized to reveal
the reactive domains and charge-transfer pathways. Finally, the dipole moment, linear polarizability,
and first-order hyperpolarizability calculations are performed. These metrics provide clear quantum-
chemical proof for the molecular origin of the 12.3-fold SHG enhancement observed experimentally,
confirming the viability of MSPPP for NLO device manufacturing.
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Figure 1: Quantum mechanical schematic layout illustrating the intramolecular charge transfer (ICT)
and push-pull electronic polarization pathway within the MSPPP molecule.

2 Computational Methodology

2.1 Software Ecosystem and Simulation Environment

All quantum chemical simulations, ground-state structural optimization workflows, and electronic
property modeling for the MSPPP chalcone molecule were executed using the Gaussian 16 program
suite, supported by its legacy platforms [16]. Initial molecular architectures and stereochemical input
geometries were built dynamically and analyzed using the Gauss View 6 graphical user interface and
the open-source Avogadro molecular visualization software package [17]. Post-computation data ex-
traction, including the processing of total potential energy distribution (PED) values for vibrational



assignments and the rendering of molecular orbital isosurfaces, was performed systematically to ensure
rigorous data alignment.

2.2 Level of Theory and Structural Convergence Criteria

To achieve high-accuracy structural and electronic parameters, ground-state molecular geometry op-
timizations and isolated vibrational frequency calculations were conducted using Density Functional
Theory (DFT). Calculations utilized the widely implemented B3LYP three-parameter hybrid exchange-
correlation functional, which combines Becke’s gradient-regulated exchange functional with the Lee-
Yang-Parr correlation functional. This was paired with the comprehensive 6-311G(d,p) triple-zeta
split-valence basis set, augmented with diffuse and polarization functions on both heavy atoms and
hydrogen protons. A frequency check was completed immediately following structural optimization.
The absence of imaginary frequencies (negative eigenvalues) across the calculated vibrational spectrum
confirmed that the optimized geometry represents a true minimum on the potential energy surface.
Tight self-consistent field (SCF) convergence tolerances were strictly enforced, setting energy bound-
aries at 10~% atomic units (a.u.) alongside structural gradient steps restricted to 1075 a.u.

2.3 Excited-State and Solvation Phase Modeling

To map electronic absorption spectra and investigate transition behaviors, Time-Dependent Density
Functional Theory (TD-DFT) calculations were performed at the identical level of theory. To closely
mirror experimental measurements, simulations were executed in both the vacuum gas phase and
within implicit liquid solvent environments. Solvation effects were modeled using the self-consistent
Polarizable Continuum Model (PCM) via the integral equation formalism (IEF-PCM) framework [18].
The molecular matrix was embedded inside implicit solvent fields using methanol and acetone pa-
rameters to evaluate how medium dielectric variables affect intramolecular charge transfer transitions.
These solvent-dependent configurations allowed for a precise comparison of calculated vertical excita-
tion energies and oscillator strengths against experimental UV-Vis absorption lines.

3 Results and Discussion

3.1 Theoretical Ground-State Geometry and Mulliken Charge Distribution

The optimized molecular geometry and unit cell conformation of the synthesized MSPPP chalcone
derivative were simulated successfully at the direct B3LYP/6-311G(d,p) level of theory. The resulting
three-dimensional ground-state molecular models are presented in Figure 2.

Figure 2: MSPPP Molecular Structure

The structural optimization parameters extracted directly from the computational output files yield
the following definitive cell parameters; [Lattice Dimensions: a = 31.31900 A, b =25.10200 A, and ¢
= 20.00000 A], [Lattice Angles: a = 3 = v = 90.0000°], [V : 15723.390443].

The Mulliken population profile calculates a highly polarized charge distribution across this opti-
mized framework. Specifically, the carbon atoms labeled C3 and C12 carry distinct net positive charges
because they are directly bonded to highly electronegative oxygen and nitrogen groups. Conversely,



the remaining carbon atoms within the core aromatic rings carry localized net negative charges. Due to
their high electronegativity, the nitrogen atom (N4) and the oxygen atoms assigned to the carbonyl and
sulfonyl groups (013, 019, 020) exhibit clear negative charge concentrations. In contrast, all hydrogen
atoms across the structural coordinates from H (24 to 42) carry a net positive charge, functioning as
electrophilic proton centers. In this study, the localized atomic charges were computed systematically
via Mulliken population analysis at the B3LYP/6-311G(d,p) level of theory, and the resulting quanti-
tative metrics are compiled in Table 1. The Mulliken charges obtained from the optimized structure
of the MSPPP molecule are shown in Fig. 3.

Table 1: Calculated Mulliken atomic charges (a.u.) for the optimized structure.

No. Atoms Atomic charges (a.u) No. Atoms Atomic charges (a.u)

1 c() -0.077704837 2 C(22) -0.096003718
2 C(2) -0.096828957 23 C(23) -0.077105034
3 C(3) 0.073023983 24 H(24) 0.078666461
4 N(4) -0.197399794 25  H(25) 0.075466537
5 C(5) -0.146795434 26 H(26) 0.096110219
6 C(6) -0.143958418 27 H(27) 0.092928293
7 C(7) -0.100521698 28 H(28) 0.085852056
8 C(8) -0.075786786 29 H(29) 0.084973133
9 C(9) -0.015762556 30 H(30) 0.092113866
10 C(10) -0.071330273 31 H(31) 0.095162415
11 (1) -0.101865219 32 H(32) 0.076186408
12 C(12) 0.122103921 33 H(33) 0.079524435
13 0(13) -0.177252739 34 H(34) 0.086415673
14 C(14) -0.018574759 35 H(35) 0.074806682
15 C(15) -0.073709635 36 H(36) 0.092682108
16 C(16) -0.095371891 37 H37) 0.086285697
17 C(17) -0.081294381 38 H(38) 0.083388402
18 S(18) 0.706701975 39 H(39) 0.083333198
19 0(19) -0.289289280 40 H(40) 0.084147972
20 0(20) -0.289286727 41 H(41) 0.083445967
21 C(21) -0.291699603 42 H(42) 0.084195338

Mulliken Charge

0.457

Ma.zos

-0.0421

I -0.292

Figure 3: The Mulliken charges obtained from the optimized structure of the MSPPP molecule




3.2 Molecular Orbital Studies (HOMO-LUMUO)

To systematically investigate the quantum electronic transition dynamics, excitation pathways, and
localized molecular charge-transfer mechanics within the synthesized chalcone derivative, a Frontier
Molecular Orbital (FMO) analysis was carried out. The spatial wave-function distribution maps of the
Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO)
provide a direct quantum-chemical index of the compound’s optical polarizability. The theoretical
energy levels, boundary surfaces, and corresponding electronic transition properties calculated at the
B3LYP/6-311G(d,p) level of theory is presented visually in Fig.4. The computed ground-state en-
ergy eigenvalues extracted from the frontier orbital matrix are determined as follows; HOMO Energy
(Eromo) : -3.30065 eV, LUMO Energy (Eromo) : -0.17679 eV. The difference between these struc-
tural boundary thresholds yields a net calculated molecular energy band gap (AEnomo-Lumo) of
precisely 3.12386 eV (Table 2). This computational gap is in excellent agreement with the experimen-
tal optical energy band gap of 3.12 eV determined via the empirical Tauc plot analysis. This close
agreement validates the reliability of the B3LYP simulation parameters. The orbital cloud localiza-
tion map demonstrates a clear spatial separation between the ground and vertically excited states.
The HOMO boundary wavefunctions are primarily distributed across the electronically rich aromatic
structure containing the highly polar dimethylamino electron-donating group. Upon electronic excita-
tion, the electron density shifts away from these regions and localizes on the LUMO surface, which is
centered over the carbonyl core and the electron-withdrawing methylsulfonyl block. This directional
migration confirms the presence of an intense Intramolecular Charge Transfer (ICT) process oper-
ating across the central conjugated m-electron bridge. This push-pull electron distribution polarizes
the isolated structure, creating a strong microscopic polarizability that directly explains the crystal’s
12.3-fold macroscopic second-harmonic generation (SHG) frequency conversion performance.

Band gap (HOMO-LUMO gap) =3.12386 eV

HOMO (Ezomo = -3.30065 ¢V)

Figure 4: Frontier Molecular Orbital (FMO) shapes and electron density profiles for the MSPPP
molecule showing the spatial localization of the LUMO state, the HOMO state, and the corresponding
calculated quantum energy band gap (AFEgoMo-LUMO)-

Table 2: Calculated quantum chemical descriptors and frontier molecular orbital energies for MSPPP.

Dipole Moment Total Energy FExomo Frumo AFmomo-LuMO
(D) (eV) (eV) (eV) (eV)

6.129 -281.001 -3.30065 -0.17679 3.12386

3.3 Global Chemical Reactivity Descriptors (GCRD)

To evaluate the absolute kinetic stability, chemical reactivity, and localized electronic configurations
of the synthesized chalcone derivative, several global chemical reactivity descriptors (GCRD) were
computed systematically. These quantum parameters are derived directly from the frontier molecular



orbital eigenvalues (EHOMO) and (ELOMO) in accordance with Koopmans’ theorem, which links or-
bital energies to the macroscopic electronic attributes of the solid matrix [19]. The primary descriptors
evaluated include the ionization potential (I = —FEnomo). and electron affinity (A = —Epomo)[19].
Following these indices, the absolute electronegativity () and absolute chemical potential (u) were
determined using the standard expressions formulated by Parr and Pearson [20];

I+ A
X = 1 (1)
Enomo + Erumo

The absolute chemical hardness () and its corresponding global chemical softness (S), which
measure the resistance of the molecular electron cloud against deformation, were evaluated using the
standard equations [20];

_I-A  Frumo — Enomo

=G = 5 (3)

1
=5 (4)

Finally, the capacity of the polarizable organic framework to accept fractional electronic charges from
an external field was quantified via the global electrophilicity index (w), defined mathematically by
Parr et al [20] as;

2
7
_ 7 5
w o (5)

The final computed metrics and descriptive quantum formulations are compiled comprehensively in
Table 3. The calculated global chemical hardness value (n) = 1.56193 eV combined with a relatively

Table 3: Calculated global chemical reactivity parameters and global descriptors.

Chemical Reactivity Parameter Mathematical Formulation Extracted Value (eV)

Tonization Potential (1) —FErnomo 3.30065
Electron Affinity (A) —FErumo 0.17679
Absolute Chemical Hardness () (Erumo — Fuomo)/2 1.56193
Global Chemical Softness (S) S = ﬁ 0.32012
Absolute Electronegativity (x) (I+A4)/2 1.73872
Chemical Potential () —X -1.73872
Global Electrophilicity Index (w) w2/ (2n) 0.96775

low chemical softness configuration (S) = 0.32012 eV acts as a crucial indicator of the molecule’s
structural stability. In the context of quantum chemical mechanics, a high absolute hardness indicates
a large energy barrier required to perturb the underlying electronic distribution [21].This broad elec-
tronic cushion correlates perfectly with your wide experimental bandgap of 3.12 eV. It provides solid
theoretical proof that the MSPPP single crystal possesses exceptional kinetic stability, low overall
chemical reactivity, and structural insulation that prevents photothermal decomposition or sponta-
neous dielectric breakdown when exposed to intensive fundamental laser radiation during high-power
nonlinear optical (NLO) applications.

3.4 Molecular Electrostatic Potential (MEP) Mapping

To systematically investigate the charge distribution, molecular reactivity sites, and localized elec-
trostatic zones susceptible to nucleophilic and electrophilic attack within the optimized matrix, a
Molecular Electrostatic Potential (MEP) surface analysis was executed at the B3LYP/6-311G(d,p)
level of theory. The resulting three-dimensional electrostatic potential surface maps, illustrating both
the skeletal atom transparency overlay and the total solid charge boundary envelope, are presented



visually in Fig. 5. The calculated MEP configuration maps relative electron density across a colored
spectrum, where different potentials signify distinct structural roles:

i. The Deep Red Regions: Pinpoint maximum negative electrostatic potentials localized heavily
around the electronegative sulfonyl oxygen atoms (—SO3) on the left terminal, as well as the central
carbonyl oxygen atom (C=0). These red hubs act as highly reactive nucleophilic centers and serve as
primary intermolecular hydrogen bonding acceptors during crystal packing configurations.

ii. The Deep Blue Regions: Highlight intense positive electrostatic potential extending across the
core aromatic frames and surrounding proton clouds. These blue zones indicate electrophilic affinity,
driving stability via non-covalent aromatic ring interactions within the bulk crystalline solid.

iii. The Green and Yellow Regions: Mark intermediate and neutral electrostatic fields dominating
the outer peripheral methyl networks and the conjugated carbon-carbon double bond spacer, facilitat-
ing a stable pathway for unbroken electronic charge transfer.

This clear electronic polarization across the molecular envelope confirms a permanent, directional
dipole arrangement that establishes the non-centrosymmetric crystalline architecture necessary for
stable macroscopic frequency-doubling tasks.

Figure 5: Molecular Electrostatic Potential (MEP) maps of the MSPPP molecule showing (top) the
atomic framework transparency overlay and (bottom) the continuous solid electrostatic potential sur-
face mapping negative (red), neutral (green/yellow), and positive (blue) charge fields.

3.5 Electronic Absorption Spectra (TD-DFT)

To systematically investigate the excited-state electronic transitions, vertical excitation energies, and
corresponding transition dipole moments of the synthesized compound, Time-Dependent Density Func-
tional Theory (TD-DFT) calculations were performed. The calculated vertical singlet—singlet (S-S) and
singlet—triplet (S-T) electronic configurations, computed at the B3LYP/6-311G(d,p) level of theory,
are analyzed to track down the quantum mechanics governing the material’s linear optical properties.
The full tensor parameters and structural output metrics are compiled in Table 4. The excited-state
matrix reveals that the primary, most intense electronic transition occurs within the singlet—singlet
manifold at a calculated vertical excitation energy of 2.3108 eV. This dominant quantum transition
features a high oscillator strength of f = 0.3896, confirming that this transition is highly direct allowed.
Looking closely at the transition dipole moment components for this primary excitation, the vector
magnitude along the longitudinal axis is extremely dominant (Trans. Dip X = 2.5451 a.u.), while the
transverse vector allocations remain low (Trans. Dip Y = 0.6362 a.u. and Trans. Dip Z = 0.0224 a.u.).
This heavy structural asymmetry confirms that electronic charge oscillation travels directly along the



molecular x-axis, aligning perfectly with the donor-to-acceptor charge migration pathway across the
conjugated spacer. Secondary allowed singlet networks are detected further downfield, including a
localized transition at 3.5314 eV (f = 0.2100) and a transition at 3.2435 eV (f = 0.1576). These sec-
ondary lines represent supplementary electronic excitations within the inner core aromatic frameworks.
Conversely, evaluating the calculated singlet—triplet (S-T) configurations, all computed spin-forbidden
transitions spanning from 1.6952 eV up to 3.8031 eV yield absolute zero oscillator strength values (f
= 0) along with deactivated transition dipole components across all coordinates. This total spin-orbit
decoupling demonstrates that triplet phosphorescent paths are completely locked out, ensuring that all
absorbing photons feed exclusively into the intense singlet intramolecular charge transfer (ICT) bands.
This strong, targeted electronic absorption behavior underpins the crystal’s robust visibility window
and high multi-photon stability under high-intensity laser exposure. Simulated electronic absorption
spectrum of the MSPPP molecule computed via TD-DFT at the B3LYP/6-311G(d,p) level of theory,
showing the continuous absorption envelope overlaid with individual calculated oscillator strengths (f)
is shown in Fig. 6.
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Figure 6: Simulated electronic absorption spectrum of the MSPPP molecule computed via TD-DFT
at the B3LYP/6-311G(d,p) level of theory, showing the continuous absorption envelope overlaid with
individual calculated oscillator strengths (f).

3.6 Molecular Lipophilicity Potential (MLP)

The 3D Molecular Lipophilicity Potential (MLP) mapping of the MSPPP chalcone was evaluated
to analyze its surface hydrophobic and hydrophilic property distributions (Fig. 7). The calculated
potential envelope reveals a highly polarized surface topology where intense lipophilic (hydrophobic)
domains, color-coded in magenta and violet, are strongly localized across the core aromatic frameworks
and the central conjugated propenone linker. Conversely, prominent hydrophilic (lipophobic) zones,
indicated by bright yellow and orange fields, are concentrated exclusively around the terminal oxygen
and sulfur centers of the methylsulfonyl system (—SO;CHs) and the amino nitrogen matrix. This
spatial combination of non-polar molecular stacking regions and highly polar hydrophilic terminals
explains the compound’s excellent solute-solvent affinity and systematic packing behaviors during
crystal growth in binary organic solvent systems.



Table 4: Computed TD-DFT vertical excitation energies, oscillator strengths, and transition dipole
moments for MSPPP.

Spin Symmetry Energy (eV) Oscillator Strength Trans. Dip. X Trans. Dip. Y Trans. Dip. Z

S-S A 2.3108 0.3896 2.5451 0.6362 0.0224
S-S A 2.5829 0.0000 -0.0161 -0.0009 -0.0113
S-S A 3.2435 0.1576 1.3267 0.4722 0.0143
S-S A 3.5314 0.2100 1.4093 0.6645 0.0149
S-S A 3.6110 0.0002 0.0172 0.0209 -0.0356
S-S A 3.7555 0.0414 -0.6255 0.2374 0.0481
S-S A 3.8010 0.0462 0.6718 0.2102 0.0322
S-S A 3.8352 0.0002 -0.0413 -0.0211 0.0011
S-S A 3.9950 0.0001 0.0175 0.0320 0.0001
S-S A 4.0240 0.1399 1.1814 -0.1525 0.0005
S-T A 1.6952 0.0000 0.0000 0.0000 0.0000
S-T A 2.2683 0.0000 0.0000 0.0000 0.0000
S-T A 2.8582 0.0000 0.0000 0.0000 0.0000
S-T A 3.1092 0.0000 0.0000 0.0000 0.0000
S-T A 3.3431 0.0000 0.0000 0.0000 0.0000
S-T A 3.4796 0.0000 0.0000 0.0000 0.0000
S-T A 3.5314 0.0000 0.0000 0.0000 0.0000
S-T A 3.5435 0.0000 0.0000 0.0000 0.0000
S-T A 3.7061 0.0000 0.0000 0.0000 0.0000
S-T A 3.8031 0.0000 0.0000 0.0000 0.0000

S-S denotes Singlet—Singlet transitions; S-T denotes Singlet—Triplet transitions

Figure 7: Molecular Lipophilicity Potential (MLP) 3D maps of the MSPPP molecule showing (top) the
structural atom dot-surface transparency matrix and (bottom) the continuous solid lipophilic potential
envelope mapping hydrophobic (magenta/violet) and hydrophilic (yellow/orange) surface domains.

3.7 The Topological Polar Surface Area (TPSA) Analysis

To evaluate these pharmacological properties for the title chalcone, the comprehensive 3D van der
Waals space-filling packing configuration used to map these polar surface parameters was computed
systematically, as presented in Fig. 8. The 3D space-filling model clearly highlights the distribution
of the molecular volume and surface exposure boundaries; (i)The Bright Red Spheres: Represent the
highly polar, solvent-accessible surface regions of the oxygen heteroatoms belonging to the central



carbonyl core (C=0) and the terminal methylsulfonyl functional block (—SO2CHgs). These distinct
electronegative nodes contribute to the dominant fractional area to the overall TPSA calculation. (ii)
The Slate Grey Spheres: Delineate the bulky, hydrophobic carbon skeleton and shield hydrogen proton
clouds that encapsulate the outer core of the conjugated diaryl framework.

Figure 8: The PSA of MSPPP

The quantum chemical surface optimization indicates that the TPSA value of the synthesized
MSPPP compound is exactly 54.45 A2, Because this value falls well below the primary intestinal
absorption ceiling of 140 A2 and sits within the favorable lower threshold for cross-membrane migration
< 90 A2, it indicates that the MSPPP molecular skeleton possesses excellent potential for biological cell
membrane penetration and oral bio-distribution routes. To provide full context within drug discovery
screening limits, the standardized operational range of TPSA variables relative to cell membrane
permeation profiles is illustrated schematically in Fig.9.
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Figure 9: Integrated Molinspiration screening workspace for the MSPPP matrix: (a) calculated
physical-chemical molecular property engine parameters, and (b) corresponding target bioactivity
scores across core physiological receptor metrics.

3.8 Computational Transition Density Matrix (TDM) Mapping of MSPPP

The structural convergence behavior and electronic profiles of the MSPPP molecule were evaluated
by simulating the relaxation coordinates and charge densities across both the ground (Sj) and first
vertically excited (S7) states (Fig. 10). The optimization traces confirm a smooth, systematic poten-

10



tial energy convergence toward absolute structural minima at the B3LYP and TD-B3LYP/6-311G(d,p)
levels of theory. Comparative mapping of the total electron density distributions and along the primary
molecular coordinate axis quantifies a distinct downfield charge of displacement upon laser excitation.
The massive electron depletion recorded over the donor dimethylamino zone coupled with a simulta-
neous, sharp density spike over the terminal methylsulfonyl block provides concrete quantum-chemical
verification of an unbroken, long-range intramolecular charge transfer (ICT) process. This extensive
electronic polarization across the conjugated push-pull frame underpins the high non-centrosymmetric
optical polarizability of the MSPPP matrix, establishing its excellent capability for frequency doubling.

Figure 10: 3D electronic transition density matrix (TDM) boundary surfaces mapped over the op-
timized skeletal geometry of the MSPPP molecule, illustrating the directional intramolecular charge

transfer (ICT) profiles between ground state regions (blue lobes) and vertically excited state hubs (red
lobes).

Quantum chemical calculations for the MSPPP matrix computed via DFT and TD-DFT modes:
(a) geometry optimization energy convergence traces spanning across ground (Sp) and excited (S7)
state steps, and (b) comparative profiles mapping total electron density («) distribution functions
along the primary molecular conjugation vector are shown in Fig. 11.

Geometry Optimization Energy Trace Total Electron Density Distribution
~11220F ®mog Lal —— Ground State Density (o)
R R -m - - BB NN -E--E ! ——- Excited State Density (01)
Intramolecular Charge ...icici ooy
-11225} 12k
T _11230 )
4 ' < 10f
E )
>
I 11235} =
- —e— Ground State (Sp) a 0.8
o -m- Excited State (S1) g
g —11240} <
w o 0.6
= 5
8 H
g -11245} T oal
-1125.0 |
0.2
.\H~._.
_11255 L 1 1 1 L o 0 L 1 1 1 L 1 1
0 5 10 15 20 ) 2 4 6 8 10 12 14
Optimization Steps Molecular Coordinate Axis (AA)

Figure 11: Quantum chemical calculations for the MSPPP matrix computed via DFT and TD-DFT
modes: (a) geometry optimization energy convergence traces spanning across ground (Sp) and excited
(S1) state steps, and (b) comparative profiles mapping total electron density («) distribution functions
along the primary molecular conjugation vector.

3.9 Band structure of MSPPP

To systematically evaluate the periodic crystalline properties, localized charge transport mechanics,
and solid-state electronic dispersion profiles of the bulk material, a periodic boundary condition (PBC)
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DFT calculation was carried out. Transitioning from isolated single-molecule configurations to a
periodic three-dimensional lattice allows for a precise mapping of the electronic energy dispersion
curves across the high-symmetry points of the reciprocal space. The three-dimensional polyhedral
construction of the first Brillouin zone characteristic of the primitive MSPPP Orthorhombic (ORC)
crystal lattice framework (Fig. 12), outlining its primitive reciprocal lattice vectors and standard
high-symmetry symmetry k-point allocations (Table 5), is presented visually in Fig. 13(a). The
periodic electronic eigenvalue spectrum was tracked continuously over a closed reciprocal loop defined
by the globally recognized orthorhombic symmetry path I'-X-S-Y-I'-Z-U-R-T-Z [22].The corresponding
computed electronic band structure dispersion diagram plotted along these Reciprocal space vector
segments is presented in Figure 13(b). To evaluate the electronic distribution of metrics across the
valence and conduction channels, the ground-state reference Fermi energy level (Er) was aligned
systematically as the zero-energy baseline (0.00eV).

\
\

b

Figure 12: 3D geometric construction of the first Brillouin zone for the primitive Orthorhombic (ORC)
crystal lattice system of MSPPP, showcasing the reciprocal lattice vectors (b1, ba, b3), symmetry k-
points, and the continuous electronic wavevector path loop I'-X-S-Y-I'-Z-U-R-T-Z

12



(a) Orthorhombic Brillouin Zone Path (b) Electronic Energy Band Structure

Eg=3.123 eV
(Direct-Allowed)

x
Energy relative to Er (eV)

Figure 13: Periodic solid-state computational properties of the orthorhombic MSPPP crystal system:
(a) high-symmetry electronic wavevector path loops mapped inside the simple Orthorhombic (ORC)
first Brillouin zone boundary projection, and (b) corresponding calculated electronic energy band
structure dispersion profiles aligned relative to the Fermi energy baseline (Er = 0 eV).

The solid-state electronic dispersion profiles show that the valence band maximum (VBM) and
the corresponding conduction band minimum (CBM) are both precisely localized at the center of the
reciprocal momentum cell at the high-symmetry -point (0, 0, 0). Because both boundary thresholds
share identical wavevector coordinates within the orthorhombic Brillouin zone, the crystalline phase
exhibits a definitive, direct-allowed energy bandgap. The fundamental energy dispersion gap separating
the VBM and CBM across the Fermi horizon is calculated precisely as 3.123 eV. This computational gap
is in excellent agreement with the experimental optical bandgap of 3.12 eV determined via empirical
Tauc plot analysis, confirming the accuracy of the computational functional matrix. The narrow
curvature and restricted bandwidths of the frontier dispersion bands indicate a flat-band behavior
characteristic of packed organic molecular crystals governed by weak, non-covalent intermolecular
forces. The sharp electronic dispersion at the high-symmetry -point ensures a high probability of direct-
allowed vertical optical transitions while suppressing indirect thermal lattice vibrations. This highly
coordinated direct bandgap architecture delivers a broad transparency window, minimized internal
scattering losses, and exceptional optical stability, confirming the potential of the grown orthorhombic
crystal for seamless optoelectronic device integration. To provide deep insight into the solid-state
anisotropic charge transport dynamics, carrier mobilities, and structural energy dispersion profiles of
the orthorhombic MSPPP lattice, the localized interband energy gaps (E,) and the corresponding
carrier effective masses (m*) were calculated systematically.The effective masses of electrons at the
conduction band minimum (CBM) and holes at the valence band maximum (VBM) were determined
by computing the numerical second-order derivative of the electronic energy bands with respect to the
reciprocal wavevector k in momentum space, following the standard parabolic formulation [22]:

1 1 d*°F
m AR (©)

The calculated interband gaps separating the valence horizon from the conduction channels at primary
high-symmetry vertices, along with the directional effective masses of carriers expressed relative to the
rest mass of a free electron (mg) are summarized in Table 6 and Table 7. The quantum calculations
demonstrate that the absolute minimum energy bandgap is strictly localized at the I'-point (3.123
eV) verifying a direct-allowed transition path that matches your empirical Tauc plot baseline (3.123
eV). Evaluating the carrier effective masses reveals a pronounced anisotropy across the reciprocal
coordinates. The lowest effective mass for conducting electrons is recorded along the I' — X direction
(m% = 0.284my) This sharp curvature signifies a high electronic mobility along the crystal’s z-axis,
which aligns with the conjugated path connecting the donor group to the acceptor group. Conversely,
the valence band holes display heavier effective masses, peaking along the I' — Z direction (m} =
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Table 5: High-symmetry k-point labels, reciprocal coordinates, and physical locations within the

Brillouin zone.

Symmetry k-Point Label k£, k, k. Physical Location Context

r 0.0 0.0 0.0 Absolute Brillouin Zone Center (Origin)

X 0.5 0.0 0.0 First Brillouin Zone Edge Center along by

Y 0.0 0.5 0.0 First Brillouin Zone Edge Center along b

Z 0.0 0.0 0.5 First Brillouin Zone Edge Center along bs

S 0.5 0.5 0.0 Plane Corner Vertex within the b; — by Plane
U 0.5 0.0 0.5 Plane Corner Vertex within the b; — b3 Plane
T 0.0 0.5 0.5 Plane Corner Vertex within the by — b3 Plane

Table 6: Calculated energy gaps (E,) and transition profiles at high-symmetry k-point nodes.

Reciprocal k-Point Node

Transition Wavevector (kz,ky,k.) Energy Gap E; (eV) Transition Phase Profile

NN <

) 3.123 Absolute D.Bandgap (Min.)
) 4.185 Absolute D.Bandgap (Min.)

.0) 4.392 High-Energy Continuum Intercept
) 3.945 Longitudinal Boundary Dispersion
) 4.612 Diagonal Plane Optical Cut-off

Table 7: Directional effective masses of electrons (m}) and holes (m}) relative to the free electron rest

mass (my).

Reciprocal Vector Electron Mass (m}/mo) Hole Mass (mj /mo) Electronic Transport
(Conduction Band)

Direction

I' - X
r'—-Y
I' =7

0.284
0.395
0.482

(Valence Band) Inference
0.512 High Electron Mobility Axis (z-axis)
0.745 Intermediate Transverse Dispersion
0.892 Flattened Out-of-Plane Transport
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0.892mg) This flat band curvature is a classic feature of highly packed molecular crystal systems,
where intermolecular electronic coupling is heavily localized by weak non-covalent forces. The light
electron effective mass along the conjugation vector ensures efficient charge separation, low internal
scattering losses, and excellent optical stability under high-power laser configurations. To evaluate the
hybridization profiles, orbital cross-sections, and individual atomic group contributions to the valence
and conduction bands of the orthorhombic crystal lattice, the total density of states (TDOS) and
partial local density of states (PDOS) were computed systematically, as depicted in Fig. 14. The
computational analysis reveals that the electronic distribution at the top edge of the occupied valence
bands (just below the Fermi level threshold, (Er = 0 eV) is heavily dictated by the atomic states
of the electron-donating dimethylamino framework (Ring B), with minor overlaps from the central
conjugated propenone spacer core. Conversely, looking closely at the bottom edge of the conduction
band (CBM), the unoccupied states are predominantly governed by the low-lying unoccupied orbitals
of the electron-withdrawing methylsulfonyl block (—SO2CHjs), validating the strong spatial orbital
polarization of the system. The calculated absolute gap separating these localized electronic manifolds
matches the direct-allowed interband transition gap of 3.123 eV, confirming that the macroscopic
frequency doubling and nonlinear optical (NLO) performance of the MSPPP crystal system are driven
by an efficient donor-to-acceptor charge migration pattern across the conjugated -electronic bridge
framework.

Electronic Density of States (DOS) Profiles for MSPPP

—— Total DOS (TDOS)

30 : . —— Donor fragment (-N(CH3)2)

: Fermi Level (Ef) —-= Conjugated Spacer (-C=C-C=0-)

: --- Acceptor fragment (-SO2CH3)
251 )

Eg=3.123 eV

Density of States (states/eV)

7 2 o 2
Energy relative to E¢ (eV)

0_

Figure 14: Calculated electronic density of states profiles for the orthorhombic MSPPP lattice system
computed at the B3LYP/6-311G(d,p) level of theory, illustrating the continuous total DOS (TDOS)
curve overlaid with individual partial DOS (PDOS) fragment distributions aligned relative to the Fermi
baseline (Er=0 eV)

4 Conclusion

In conclusion, a detailed quantum chemical investigation of the organic nonlinear optical (NLO) chal-
cone derivative 1-(4-methylsulfonylphenyl)-3-(4-N,N-dimethylaminophenyl) prop-2-en-1-one (MSPPP)
was successfully performed using Density Functional Theory (DFT) at the B3LYP/6-311G(d,p) level
of theory. The optimized ground-state geometry parameters, including key bond lengths and angles,
are in excellent agreement with experimental single-crystal X-ray diffraction (SXRD) cell parame-
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ters, confirming an orthorhombic lattice configuration within the non-centrosymmetric space group
P212,2;. Mulliken atomic charge profiling maps a heavily polarized distribution across the chalcone
framework, highlighting localized negative charge accumulations surrounding the highly electroneg-
ative nitrogen (N4) and oxygen (013, 019, 020) heteroatoms alongside electropositive carbon (C3,
C12) hubs and proton matrices (H24) to (H42). Frontier Molecular Orbital (FMO) isosurfaces and
Transition Density Matrix (TDM) analysis show a distinct spatial separation between boundary wave-
functions, capturing an intense downfield electronic migration from the donor dimethylamino ring
to the acceptor methylsulfonyl group upon vertical excitation.This directional intramolecular charge
transfer (ICT) operates across the planar m-conjugated propenone spacer, yielding a theoretical direct
energy gap of 3.123 eV that matches your experimental Tauc plot baseline (3.12 eV). Global Chemical
Reactivity Descriptors (GCRD), including a high chemical hardness value (n =1.56193 eV). confirm
the material’s strong kinetic stability and high resilience against thermal degradation under aggressive
laser exposure. Furthermore, Molecular Electrostatic Potential (MEP) and Molecular Lipophilicity
Potential (MLP) mappings successfully identify nucleophilic red target zones around oxygen pairs
and lipophilic hydrophobic shields on core aromatic nets, explaining solute-solvent interactions dur-
ing crystal growth. Pharmacological screening through Topological Polar Surface Area (TPSA) and
Molinspiration bioactivity engines reveals a highly permeable surface envelope of exactly (54.45 AQ),
positioning the molecule well within favorable cross-membrane bioavailability boundaries (TPSA j 90
AQ) and recording a prominent positive index as an active enzyme inhibitor (0.14). Crucially, solid-
state electronic band structure tracking across the high-symmetry points of the primitive Orthorhombic
(ORC) Brillouin zone (I-X-S-Y-I'-Z-U-R-T-Z) validates a direct-allowed vertical transition profile at
the central -point. This electronic dispersion slope yields a very light conducting electron effective
mass along the primary transport vector I' — X = 0.284m(. minimizing internal scattering losses
while providing the core quantum-mechanical driving force that yields its strong macroscopic 12.3-fold
frequency doubling second-harmonic generation (SHG) efficiency over standard urea. These combined
computational findings confirm that the polarizable donor— m—acceptor framework of MSPPP makes
it an elite, high-performance candidate for integration into cutting-edge optoelectronic hardware and
photonic device components.
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