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ABSTRACT

The photophysical properties of the iodinated coumarin derivative 4-(3-lodo-phenoxymethyl)-6-methyl-chromen-2-

one [4(31P)6MC] has been studied using computational methods, using Gaussian 16W software in Density functional
theory (DFT) with the B3LYP/3-21G level. The physical and chemical properties of 4(3IP)6MC have been studied.
We have estimated the dipole moment, to identify the molecular stability frontier molecular orbitals (FMO), and

the molecular electrostatic potential (MEP) investigates the coumarin molecule preferred locations for electrophilic
and nucleophilic attacks. The distribution of Mulliken atomic charges has been performed. The nonlinear optical
properties (NLO) have been calculated: dipole moment, polarizability, and first-order hyperpolarizabilities. The

intermolecular interactions identified with natural bonding orbital (NBO) have been studied, and the temperature

dependency of the thermodynamic characteristics has been analyzed. This iodinated coumarin derivative has

advanced optical and imaging applications.

KEYWORDS: Density Function Theory (DFT), Dipole Moment, Frontier Molecular Orbitals (FMO), Molecular
Electrostatic Potential (MEP), Nonlinear Optical Properties (NLO).

Introduction

Heterocyclic oxygen-containing coumarin
derivatives are widely found in numerous
natural products. They exhibit a broad spectrum
of biological activities, including antibacterial,
antimalarial, anticancer, anti-HIV, analgesic,
antioxidant, and anti-inflammatory effects [1-2].
Inrecent decades, cancer has emerged as one of the
leading causes of mortality worldwide and remains
a complex, life-threatening disease affecting
multiple organs of the human body. Coumarin
derivatives readily interact with various enzymes
and biological receptors, which makes them
promising candidates for therapeutic applications.
Their structural versatility allows them to serve as
potential pharmacologically active agents.

In contemporary research, considerable
attention has been directed toward investigating

The incorporation of iodine into the molecular
framework is particularly significant due to its
distinctive photophysical characteristics, such as
high polarizability and its ability to participate in
specific molecular interactions. lodine substitution
can influence biological activity and has been
reported to modulate interactions with targets
such as cannabinoid receptors, thereby affecting
diverse biological pathways [3-4]. In the present
study, a iodinated 4-aryloxymethyl coumarin
derivative, 4-(3-lodo-phenoxymethyl)-6-methyl-
chromen-2-one [4(3IP)6MC], was synthesized
[5]. The theoretical computational photophysical
properties was investigated using Gaussian 16W
software, employing the DFT/B3LYP in the 3-21G
base set. The dipole moment, Mulliken atomic
charges, Fortier molecular orbital (HOMO-LUMO)
energies, the molecular electrostatic potential
map (MEP), natural bond orbital (NBO), nonlinear
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analyzed with the optimized geometry using
density functional theory.

Materials and Methods

The iodine-based coumarin derivative,
4-(3-lodo-phenoxymethyl)-6-methyl-chromen-
2-one [4(31P)6MC], was synthesized by following
the method outlined in reference [5]. Its
molecular structure is presented in Fig. 1. For
theoretical computational study, Gaussian 16W
software supports simulations ranging from
small molecules to complex macromolecules with
different methods such as Hartree-Fock (HF), semi-
empirical, and Density functional theory (DFT).
Among all methods, the DFT/B3LYP method with
a 3-21G basis set, particularly the most efficient
for the geometry of the iodinated coumarin
derivative molecule, was used. In the gas phase,
the optimization was carried out. The improved
geometry has been utilized for the subsequent
computations [6-10].
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Fig. 1: Structure of 4(31P)6MC

Results and Discussion
3.1 Optimized Structure of 4(31P)6MC

The molecular geometry of 4(3IP)6MC
was optimized using the Gaussian 16W software,
employing the DFT/B3LYP in the 3-21G base set
[10]. The optimized structure, along with the
vector of the dipole moment, is illustrated in Fig. 2.
The computational ground-state dipole moment is
found to be 6.47 D for 4(3IP)6MC.

Fig. 2: Optimized structure with dipole
moment vector of 4(3IP)6MC
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3.2 Frontier Molecular Orbital (FMO)

Frontier molecular orbital energies were
employed to assess the reactivity, stability, and
interaction characteristics ofthe compounds. These
are HOMO, the highest occupied molecular orbital,
which acts as an electron donor and has a strong
nucleophile and LUMO, the lowest unoccupied
molecular orbital, which acts as an electron
acceptor and has a pronounced electrophilic
character. The behavior of a pair of electrons
within a molecule is described through HOMO
and LUMO energies with ionization potential (Z)
and electron affinity (E). The parameters of global
reactivity descriptors such as electronegativity
(=(Z+E)/2), chemical potential (p=-(Z+E)/2),
chemical hardness (= (Z-E)/2), chemical softness
( = 1/2), and electrophilicity index (= p2/2).
The energy band gap between HOMO and LUMO
orbitals serves as molecular stability. The larger
the band gap, the greater the stability and the
lower the chemical reactivity, whereas a smaller
gap enhances reactivity and facilitates electron
transfer. The frontier molecular orbital (FMO)
surfaces of HOMO and LUMO are depicted in Fig.
3 for 4(3IP)6MC computed in the vacuum phase.
Based on HOMO-LUMO energy, the ionization
potential and electron affinity are (-0.2338 eV) and
(-0.0741 eV). The chemical softness (6.2617 eV),
electronegativity (0.1539), and chemical potential
(-0.1539) reveal a more uneven electron density
distribution and a greater tendency for electrons
to escape from the equilibrium system. The
electrophilicity (0.1484) index further clarifies
that the electron-accepting capability exhibits
stronger ICT characteristics, and the molecule
is more stabilized in an excited state. The FMO
parameters of molecule in vacuum phase are given
in Table 1[11-13].

, ®

& g LUMO

Calculated Values:
ELUMO =-0.0741 eV
AE =-0.1597 eV
EHOMO =-0.2338 ¢V
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HOMO

Fig. 3: HOMO and LUMO surfaces of 4(3IP)6MC

Table 1. Calculated energy values of global
reactivity descriptors of 4(3IP)6MC

Coumarin molecule 4(3IP)6MC
EHOMO in eV -0.2338
ELUMO ineV -0.0741
A E-Energy gap in eV 0.1597
Z-lonization potential in eV 0.2338
E-Electron affinity in eV 0.0741
x -Electro negativity in eV 0.1539
i- Chemical potential in eV -0.1539
I1- Chemical hardness in eV 0.0798
o-Chemical softness in eV-1 6.2617
w-Electrophilicity in eV 0.1484

3.3 Molecular Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP)
maps and their contours of 4(3IP)6MC were
visualized in Figs. 4(a) and (b). The distribution
of charges is depicted with various colors. The
strong blue nucleophile region on the donor
indicates the most positive electrostatic potential,
which is prone to electrophilic attack. The strong
red electrophilic region of acceptor shows the
most negative electrostatic potential, favouring
nucleophilic attack. The electrostatic potential for
4(3IP)6MC falls between -6.455 a.u. (dark red)
and +6.455 a.u. (dark blue) . The oxygen atom
bound to the carbon atom is the primary location
of the negative electrostatic potential, indicating
that this site is most vulnerable to electrophilic
assault. On the other hand, the hydrogen (H)
and iodine (I) atoms bonded to the benzene ring
exhibit positive electrostatic potential, which is
advantageous for nucleophilic attack. The order
of increasing potential values is red < orange <
yellow < green < blue. Colors are used to depict the
change in electrostatic potential. Strong potential
gradients and high polarity are indicated by closely
spaced contours in an MEP contour map, while low
polarity and less reactive areas are indicated by
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widely spread contours.

(b) MEP Contour map of 4(31P)6MC)
3.4 Mulliken Atomic Charges

Mulliken  population analysis reveals
pronounced charge distribution within the
molecular framework of 4(31P)6MC. Using DFT/
B3LYP/3-21G level in the gas phase, the value of
atomic charges are studied and are given in Table
2. From optimized geometry, from charges of
atoms, the chemical composition of the molecule
is predicted. In atomic charge distribution, the
molecule consists of iodine, carbon, hydrogen,
and oxygen atoms. Hydrogen atoms are positive
due to electron sharing with neighbouring atoms.
The oxygen atoms 025, 026, and 033 exhibit
substantial negative charges (-0.472 to -0.527),
indicating strong electron-donating capability.
Notably, C27 carries a remarkably high negative
charge (-0.779), reflecting significant resonance-
assisted electron accumulation. In contrast, the
carbonyl carbon (C12) shows a large positive
charge (+0.614), confirming its strong electron-
accepting nature. The iodine substituent also
displays positive polarization (+0.291), suggesting
an inductive electron-withdrawing effect. This
distinct donor-m-acceptor arrangement promotes
intramolecular charge transfer across the
conjugated backbone. The data is visually shown in
Fig. 5, offering a clear view of charge distribution
patterns across solvents [13].
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Table 2. Mulliken atomic charges of 4(315)6MC

Atom Gas Phase | Atom Gas Phase
1C -0.1764 18 C -0.1533
2 C -0.1709 19 C -0.1852
3C 0.2337 20 H 0.2457
4 C 0.0280 21 H 0.2324
5C -0.2407 22 H 0.2161
6 C -0.0855 23 H 0.2127
7 H 0.2035 24 1 0.2918
8 H 0.2238 250 -0.4724
9 C -0.0828 26 0 -0.5272
10 H 0.1774 27 C -0.7794
11 C -0.2690 28 C -0.3240
12 C 0.6146 29 H 0.2953
13 H 0.2514 30 H 0.3032
14 C -0.2134 31 H 0.3329
15 C 0.2392 32 H 0.3205
16 C -0.1770 330 -0.4961
17 C -0.3997 34 H 0.3306
B c s PHASE

Mulliken Charges

Fig. 5: Mulliken atomic Charge distribution of

4(3IP)6MC
3.5 Natural Bond Orbital (NBO)
For intra- and intermolecular bond

interactions in molecular systems, NBO analysis
is an essential tool. To evaluate the donor and
acceptor relationships in the NBO study, a second-
order Fock matrix was used. This represents
perturbation energy used to find bonding and
antibonding interactions caused by second-order
disturbance. For every donor (i) and acceptor
(j), the stabilization energy E(2) related to
delocalization terms i and j is given by Eq.(1).

(Fij)?
EQ2) = 4Ej; = qi ——
(Ej-Ej)
where qi represents the donor orbital
population. Ei and Ej are the diagonal elements, and
Fij represents the off-diagonal Fock matrix element
of NBOs.Instabilization energy E(2), thereare c and
T, two types of acceptors and donors, respectively.
The higher the second-order stabilization energy
E(2) value, the more interaction between electron
donors and acceptors and the larger the amount of
conjugation of the complete structure. Employing
the DFT/B3LYP in the 3-21G base set to compute
the NBO calculations.

The NBO second-order perturbation
analysis reveals pronounced m — m* interactions
within the conjugated framework of the molecule
4(3IP)6MC. The most significant interactions
of coumarin derivative among all interactions
are represented in Table 3. The most significant
stabilization energies are observed for m(C9-C11)
- m*(C12-025) (23.44 kcal/mol), m(C1-C2) —

Table 3. Second order perturbation analyses of Fock matrix in NBO basis of 4(3IP)6MC

Donor (i) Occupancy | Acceptor(j) Occupancy | E2(j) (Kj/mol)a | E(j)-E(i) (a.u)b F(ij) (a.u)c
m(C1-C2) 1.701 m*C3-C4) 0.446 21.36 0.26 0.070
m(C1-C2) 1.701 m* (C5-C6) 0.313 18.43 0.28 0.065
m(C3-C4) 1.611 m* (C5-C6) 0.313 18.19 0.29 0.063
o ((C9-C11) 1.975 0*(C4-C9) 0.031 4.33 1.25 0.066
m(C9-C11) 1.819 m* (C12-025) [ 0.015 23.44 0.28 0.075
m(C12-025) 1.996 m* (C12-025) | 0.295 1.06 0.36 0.019
o ((C14-C15) |1.980 o*((C15-C16) | 0.026 4.46 1.29 0.068
m(C14-C15) 1.667 m* (C18-C19) | 0.330 21.15 0.29 0.070
m(C15-C16) 1.968 m* (C17-124) |0.031 3.99 0.75 0.049
m (C16-C17) |[1.712 m* (C14-C15) | 0.400 19.60 0.28 0.068
m (C18-C19) |[1.971 m* (C17-124) |[0.031 4.28 0.73 0.050
m(C18-C19) 1.679 m* (C14-C15) |0.400 18.52 0.26 0.064
m(C18-C19) 1.679 m*C16-C17) 0.371 21.69 0.26 0.068
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m*(C3-C4) (21.36 kcal/mol), and m(C18-C19)
- m*(C16-C17) (21.69 kcal/mol), indicating
strong electron delocalization across the aromatic
and carbonyl moieties. These high stabilization
energies confirm the presence of extended
conjugation and efficient intramolecular charge
transfer (ICT) from the electron-rich aromatic
system toward the electron-deficient carbonyl
group. The interaction involving the carbonyl
m*(C=0) orbital demonstrates its crucial role
as an electron acceptor, stabilizing the excited
state and contributing to the bathochromic shift
observed experimentally. Moderate interactions
involving the C-I bond suggest minor halogen-
assisted delocalization effects. These NBO results
strongly support the extended m-conjugation
and charge transfer character responsible for the
photophysical behavior of the molecule [14].

3.6 Non-linear Optical (NLO) Properties

The materials respond nonlinearly to the
charge distribution polarization induced by the
interaction of a substance with electromagnetic
radiation. The non-linear properties have a
vital role in the area of optical modulation in
telecommunication, dynamic image processing,
signal processing, and optical interconnections.
The responsibility for NLO features is the
delocalization of electrons in organic molecules,
which increases polarizability and causes their
mean initial hyperpolarization to increase.
The NLO properties response of an isolated
molecule subjected to an external electric field is
characterized by its electric dipole moment (u),
polarizability (a), and first- and second-order
hyperpolarizabilities (B and y) [14-15]. The
Taylor series expansion provides the total dipole
moment ($\mu_{tot}$), the static polarizability
($\alpha_0$), the anisotropy of polarizabilities ($\
Delta\alpha$), and the static hyperpolarizability
of first-order ($\beta_0$), which are extracted
and presented in Eqgs. (2) to (5). The correlations
between molecular structure, dipole moment,
polarizability, and first-order hyperpolarizability
of 4(3IP)6MC.

w=HE a2, 0]

@ = [“xx‘*'“;y*‘“zz] 3

s \/[an—any+[ayy—az;]2+[au—axx]2+6a§z @

Bo= \/ [ﬁxxx + ﬁxyy i+ ﬁ)czz]2 + [ﬁjyu_/ * f\”_’J.‘.(T 22 ﬁy'z:]z o+ [ﬁzzz + Boxx + ﬂzyy]z 5)

The nonlinear optical (NLO) parameters of
4(31P)6MC were computed using the optimized
geometry obtained at the DFT/B3LYP/3-21G base
set, and results are summarized in Table 4. The key
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results include a dipole moment (utot) of 6.471D
for 4(31P)6MC, which exceeds the value of the
standard NLO reference urea (3.9 D). The molecular
polarizability (a0) for 4(31P)6MCis 29.317 x 10724
esu, whereas for urea: 3.749 x 10~ 24esu. The first-
order hyperpolarizability (0) for 4(3IP)6MC is
1.84 x 10730esu, and urea has 0.3728 x 10~30esu.
A comparative analysis with urea, the molecule
exhibits significantly enhanced NLO responses.
Polarizability and hyperpolarizability values of
4(3IP)6MC indicate a strong response to external
electric fields, highlighting its potential as an
efficient nonlinear optical material for advanced
imaging applications [16-19].

Table 4. NLO properties of 4(3IP)6MC

11 Electric | « Po- B | Firstorder
Dipole lariz- hyper po-
Moment abilty larizabilty
(Debye) (10- (10-30)
24) esu
esu
Ux -5.667 axx | 28.207 | Bxxx |-0.521
ThY -1.245 axy | 10.166 | Byxx | 0.420
Uz -2.864 ayy | 39.108 | Bxyy |-0.251
ptot | 6.471 axz | 40.716 | Byyy | 0.216
ayz [ 0.681 | Bzxx |-0.145
azz | 20.637 | Bxyz |-0.158
a0 |29.317 | Bzyy | 1.562
Aa | 72.330 | Bxzz |-0.469
Byzz |0.125
Bzzz |-0.292
B 1.84
3.7 Thermodynamic Properties
The temperature-dependent

thermodynamic parameters reveal a continuous
increase in heat capacity, entropy, and thermal
energy with rising temperature [17-19]. The
results are tabulated in Table 5. The rapid increase
in heat capacity atlower temperatures is attributed
to the progressive activation of vibrational modes.
The monotonic rise in entropy indicates enhanced
molecular flexibility and an increased population
of vibrational states at elevated temperatures. The
nature of thermodynamic properties is shown in
Fig. 6. It shows the thermal energy and entropy
of the 4(3IP)6MC molecule are the same at the
temperature of 375K. These results suggest that
at higher temperatures, non-radioactive decay
pathways become more favorable, which may
contribute to fluorescence quenching in the
studied molecule.
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Table 5. Thermodynamic properties of
4(3IP)6MC by DFT/B3LYP/3-21G method.

T(K) CV (Cal S (Cal mol- E-Thermal

mol-1k-1) 1k-1) (Kcal mol-1)

100 31.04 99.36 153.10

200 50.81 128.29 157.18

300 |71.58 153.61 163.30

400 91.36 177.54 171.46

500 108.22 200.24 181.47

600 121.98 221.59 193.06

700 |133.15 241.57 205.78

800 142.27 260.23 219.56

900 149.75 277.67 234.18

1000 | 155.93 293.99 249.47
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Fig.6: ThermodynamicProperties of4(31P)6MC
Conclusions

In the present work, the photophysical
properties of 4(3IP)6MC were studied using a
quantum computational study with the DFT/
B3LYP/3-21G method of Gaussian 16. In FMO,
the HOMO-LUMO molecular chemical potential,
hardness, softness, and electrophilicity were
calculated. The reduced energy gap supports
stronger ICT characteristics, and the molecule
is more stabilized in an excited state. Mulliken
atomic charge analysis shows pronounced charge
polarization within the molecular framework. In
MEDP, the oxygen atom bound to the carbon is most
vulnerable to electrophilic assault. The hydrogen
(H) and iodine (I) atoms bonded to the benzene
ring in nucleophilic attack. The NBO results
strongly support the extended m-conjugation.
The molecule exhibits significantly enhanced
polarizability and hyperpolarizability responses of
NLO. The temperature-dependent thermodynamic
parameters reveal a continuous increase in heat
capacity, entropy, and thermal energy with rising
temperature. This analyzed and computed data
for iodinated coumarin derivative has advanced
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optical and imaging medical applications.
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