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Abstract: Density Functional Theory calculations at the B3LYP/6-311++G(d,p) level were performed to ex-
plore the structural, electronic, vibrational, and thermodynamic properties of Herniarin. The opti-
mized geometry confirms molecular polarity and shows good agreement with experimental data for
coumarin derivatives. Vibrational analysis verified the characteristic stretching and bending modes,
while non-covalent interaction and Reduced Density Gradient analyses indicated weak van der Waals
interactions without hydrogen bonding. Electron localization analyses revealed pronounced local-
ization around heteroatoms and delocalization within the aromatic framework. Frontier molecular
orbital and density of states analysis demonstrated a moderate energy gap, suggesting chemical sta-
bility. Reactivity descriptors indicated balanced stability and reactivity, and electrostatic potential
maps identified oxygen and hydrogen atoms as the primary reactive sites. Thermodynamic proper-
ties exhibited systematic temperature dependence with strong correlations, confirming the thermal
stability and predictable behavior of the molecule.

Keywords: Herniarin • Density functional theory • Optimized molecular structure • Vibrational analysis •
Electronic properties • Thermodynamic properties
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I. Introduction

Herniarin is a naturally occurring methoxy-substituted coumarin, also described as a methylated

derivative of umbelliferone [1]. Coumarin, a colorless benzopyrone phytochemical, is widely distributed

in fruits, leafy vegetables, and herbs [2, 3] and exhibits diverse pharmacological properties, including

anti-inflammatory, anticoagulant, antioxidant, antimicrobial, and antitumor effects. Herniarin is a planar

molecule with the IUPAC name 7-methoxychromen-2-one and molecular formula C10H8O3 [4]. It was first

∗ Corresponding Author: krishnarai135@gmail.com
† Corresponding Author: madhav.ghimire@cdp.tu.edu.np
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isolated from Herniaria species [1] and later identified in Equisetum debile Roxb. [5], Lavandula officinalis

[6], and several plant families such as Caryophyllaceae, Gramineae, Labiatae, Leguminosae, Moraceae,

Rosaceae, Rutaceae, Solanaceae, and Compositae [7]. Structurally, herniarin contains ten carbon atoms:

nine sp2-hybridized carbons forming the aromatic chromen-2-one ring and one methoxy carbon (C1),

while the carbonyl carbon (C12) belongs to the α-pyrone moiety [5, 6]. Previous computational studies

on related methoxycoumarins have demonstrated the effectiveness of Density Functional Theory (DFT) in

elucidating structural, electronic, and spectroscopic properties. For instance, DFT analyses of 7-methoxy-

4-bromomethyl coumarin reported geometrical parameters consistent with related coumarins, shorter C-O

bond lengths due to benzene-α-pyrone fusion, and HOMO-LUMO electron density localized mainly on

the parent ring and methoxy group [8]. Studies on 3-acetyl-methoxycoumarin further revealed charge

transfer from carbon to oxygen atoms, increasing the double-bond character of the carbonyl group [9],

while studies on 7-methoxycoumarin reveal, the benzene ring in 7-methoxycoumarin retains aromaticity

similar to benzene and methoxybenzene, while the fused α-pyrone ring shows mild aromatic character

from π-electron and oxygen lone-pair delocalization [10].

Despite extensive investigations of coumarins, herniarin has not been systematically studied using

DFT with respect to its optimized geometry, vibrational characteristics, electronic structure, and ther-

modynamic properties, particularly at the B3LYP/6-311++G(d,p) level combined with GaussSum 3.0.2

and Moltran software. Addressing this gap is important because the structural and electronic features of

herniarin are expected to influence its reactivity, spectroscopic behavior, and potential pharmacological

or toxicological applications. In this work, comprehensive DFT calculations are performed to determine

the optimized geometry, vibrational frequencies, and non-covalent interactions of herniarin using Reduced

Density Gradient (RDG) analysis. The electronic structure is further examined through HOMO-LUMO

analysis, Density of States (DOS), global reactivity descriptors, Molecular Electrostatic Potential (MEP),

Electrostatic Potential (ESP) surfaces, Electron Localization Function (ELF), and Localized Orbital Lo-

cator (LOL). Mulliken atomic charges, electron density distribution, and thermodynamic properties are

also evaluated, providing a theoretical foundation for spectroscopic identification, reactivity prediction,

and potential applications in pharmacology and materials science.

II. Computational Methodology and Theoretical Details

Herniarin’s calculations were performed using Gaussian 09W with the DFT/B3LYP method and the

6-311++G(d,p) basis set [11] and GaussView software [12] was used to visualize the molecular structures.

The optimized structural parameters were used for vibrational frequency calculations to characterize the

vibrational modes, along with analyses of HOMO-LUMO, global reactivity parameters, MEP, ESP, ED

and Mulliken charges. The DOS spectrum was observed with the help of the GaussSum 3.0 program [13].

65



DFT study of Herniarin properties

Iso-surface maps of NCI-RDG, ELF and LOL were generated using Multiwfn software version 3.8 [14] and

Visual Molecular Dynamics (VMD) version 1.9.4a53 and gnuplot 6.0 software [15]. The thermodynamic

parameters were obtained from the Moltran Program [16].

This study employed the RDG scatter plot and corresponding isosurface to depict and analyze

non-covalent interactions. The RDG analysis is derived based on the following mathematical expression

[17],

RDG(r) =
1

2(3π2)
1
3

|∇ρ(r)|
ρ(r)

4
3

(1)

Where,∇ρ(r) represents the gradient of the electron density ρ(r) at a given point within the molecule

structure.

Topological analysis encompassing Electron Localization Function (ELF) calculation is obtained by

the following equation [18],

ELF =
1

1 +
(

D
Dh

)2 (2)

With D = 1
2

∑
i |φi|2 − 1

8
|∇ρ|2

ρ and Dh = 3
10

(
3π2

) 2
3 ρ

5
3 , where D stands for excess kinetic energy

and Dh represents its corresponding reference value.

The LOL analysis is determined using the Schmider and Becke formulation [19] and this LOL

function is given by

LOL(r) =
τ(r)

1 + τ(r)
(3)

Where τ(r) represents a dimensionless variable and defined by

τ(r) =
g0(r)

g(r)
=

D0(r)
1
2

∑
i ηi |∇φi(r)|2

(4)

Here, g(r) denotes the electron kinetic energy, ϕi refers to the Hartree-Fock orbitals, and D◦(r)

represents the value for a spin-polarized system.

Likewise, global reactivity parameters, including electron affinity (A), ionization potential (I), elec-

tronegativity (χ), chemical hardness (η), chemical potential (µ), chemical softness (S), and electrophilicity

index (ω), were calculated from HOMO-LUMO energies using Koopmans’ theorem [20, 21] such that:

I = −EHOMO (5)

A = −ELUMO (6)
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Where I and A are the ionization potential and electron affinity, respectively.

Similarly, the hardness (η) of the molecule is defined as

η =
I −A

2
(7)

The chemical potential (µ) is

µ = −I +A

2
(8)

The chemical softness is the reciprocal of the chemical hardness

S =
1

η
(9)

The electronegativity (χ) of the molecule is given by the equation

χ =
I +A

2
(10)

The Electrophilicity index (ω) is obtained as

ω =
µ2

2η
(11)

III. Result and Discussions

Geometrical Optimization

Figure 1. Optimized molecular structure with numbering atoms of Herniarin molecule.
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Fig. 1 shows the optimized structure of Herniarin (C10H8O3) molecule using DFT at the B3LYP/6-

311++G (d, p) basis set, with atomic numbering and symbols. The optimized energy for this molecule

is -16645.48 eV. In this calculation, it revealed that the dipole moment of molecule is 6.57 Debye.

Bond length, Bond angle and Dihedral angle

The calculated bond lengths range from 1.08 to 1.45 Å. The C-C bond lengths fall between 1.35

and 1.45 Å, in good agreement with experimental values of 1.36-1.39 Å, while all C-H bond lengths

are approximately 1.08 Å, close to the experimental value of 1.07 Å[8, 22]. The O15-C12 bond length is

1.20 Å, consistent with reported values for comparable coumarin compounds. The ring C-O bond lengths

(C12-O16 at 1.40 Å and C3-O16 at 1.36 Å) are shortened due to fusion of the benzene and α-pyrone rings

[8]. The C11-C12 is the longest bond length (1.45 Å) and deviates +0.17 Å from the average (1.28 Å),

indicating a significantly elongated bond, which may be due to weaker bonding, steric effects, or partial

single-bond character. Whereas the C6-H10, C2-H7, C18-H21, C11-H14, C8-H13, C5-H9 bonds are the

shortest bond length (1.08 Å), which deviates -0.20 Å from the average, indicating a strongly contracted

bond, typically associated with higher bond order (e.g., double-bond character) or stronger orbital overlap.

The C-C-C bond angles within the ring range from 117.47◦ to 121.64◦, compared with experimental

values of 118.48◦-121.16◦. The C-C-O ring bond angles lie between 115.99◦ and 126.47◦, comparable to

experimental values of 16.96◦-122.09◦ [22]. The C12-O16-C3 bond angle is 122.91◦, while C-C-H bond

angles range from 115.64◦ to 122.77◦, and the average H-C-H angle is 109.49◦. Most dihedral angles

fall within ±179-180◦, indicating an almost fully planar molecular geometry. This planarity promotes

π-electron delocalization across the aromatic system, consistent with the observed HOMO distribution

and enhanced conjugation stability. For detailed numerical data, Table S1 summarizes the bond lengths,

bond angles, and dihedral angles of the molecule in the supplementary material.

Vibrational analysis

Fig. 2 displays the infrared (IR) spectra of the title molecule that is captured over the range of

0-3500 cm−1. The y-axis on the infrared graph shows the proportion of light transmitted, while the x-

axis shows the wavenumber. The spectrum reveals a variety of vibrational modes, which occur due to

the interaction between the material and infrared light specifically because the frequency and wavelength

of IR radiation correspond to molecular vibrations [23–25]. The molecule consists of 21 atoms and 57

(3N -6) modes of vibrations. Different major modes of vibrations seen in the molecule are 20 stretching

(valence bond vibrations) including symmetrical vibrations, 19 bending (deformation vibrations), and 18

torsion including out-plane vibrations.
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Figure 2. FT-IR-spectra of Herniarin using the DFT method.

C-H Vibrations

The C-H stretching vibrations are observed at 3012.53, 3075.08, 3142.18, and 3216.35 cm−1. The

C-H in-plane rocking and scissoring modes appear at 1537.03, 1430.31, and 1262.58 cm−1, and at 1503.20

and 1493.57 cm−1, respectively. The out-of-plane twisting and wagging vibrations are observed at 799.00

and 840.61 cm−1, and at 940.39 and 997.26 cm−1, respectively. All calculated C-H vibrational frequencies

fall within the characteristic ranges reported for coumarin derivatives, with stretching modes occurring

at 3100-3000 cm−1 and out-of-plane modes in the 1000-700 cm−1 region [8, 26].

C-C and C=C Vibrations

The C=C stretching vibrations typically occur in the range of 1650-1400 cm−1, while C-C stretching

vibrations are expected between 1420 - 1350 cm−1 [8, 22]. In the FTIR spectrum of the title molecule,

these vibrations are observed at 1658.27, 1652.46, 1579.95, and 1364.63 cm−1, confirming good agreement

with standard values.

C=O Vibrations

The carbonyl (C=O) stretching vibration is generally observed in the 1780-1643 cm−1 region [9, 26].

For the title molecule, this vibration appears at 1803.62 cm−1, which is close to the reported range for

coumarin derivatives.
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C-O Vibrations

C-O stretching vibrations are expected in the 1300-934 cm−1 region [8, 27]. The corresponding

vibrations for the title molecule are observed at 1315.14, 1052.94, and 884.71 cm−1, indicating consistency

with standard vibrational assignments.

Aromatic C=C Ring Vibrations

Aromatic C=C ring stretching vibrations typically appear in the 1625-1400 cm−1 range [22]. The

observed frequencies at 1364.63, 1579.95, 1652.46, and 1658.37 cm−1 fall within or close to this region,

confirming the presence of conjugated aromatic ring vibrations.

Non-covalent interaction (NCI) - Reduced density gradient (RDG) analysis

The NCIs are examined through the scatter plot of the Reduced Density Gradient (RDG) versus

sign(λ2ρ), where λ2 is the second eigenvalue of the electron density Hessian matrix. This plot provides

crucial insights into the nature and strength of non-covalent interactions across different regions of the

molecule. The RDG iso-surface map and scatter graph’s red zone (ρ(r)>0) together with red spikes

signifies high level of steric repulsion between the atoms, green zone represents weak Van der Waals

interactions observed around smaller sign(λ2ρ) values and the spikes in the green region imply that the

atoms in the molecule have weak Van der Waals interactions. The blue region (ρ(r)<0) together with

the spikes represents strong attractive hydrogen bonding or electrostatic interactions [17, 28].

Figure 3. (a) RDG scatter plots and (b) Non-covalent interactions (NCI) plot of Herniarin molecule.

Fig. 3(a) presents the RDG iso-surface analysis, and it has been observed that there is strong

involvement of steric repulsions (red spike), and van der Waals interactions (green spike) within the

molecule [28, 29]. However, the absence of blue spikes indicates that there are no hydrogen bonding

interactions. Fig. 3(b) represents the NCI analysis of the title molecule in which the red color disk/spindle
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indicates the strong repulsive interaction (steric interaction) in middle of the aromatic rings together with

red colour half disk in the region of O17, C1 and C18. The green colour half disk scattered around the

molecule show the weak Van der Waals interaction which is due H10, H19, H20 and C18 atoms in the

molecule. The absence of blue disk/spindle/blocks suggests no H-bond interaction between the atoms of

the molecule.

Electron localization function (ELF) and Localized orbital locator (LOL)

Figure 4. Electron Localization Function (a) Colored filled map, (b) Contour map, (c) Relief map with the 3D
projection of shaded surface map depicting an electronic environment.

The ELF maps provide a clear picture of electron localization in Herniarin. In the filled color map

(Fig. 4a), highly localized electron regions appear in red, particularly around the oxygen atom and the

C-H bonding regions, reflecting concentrated bonding and lone-pair electron density. In contrast, the

blue regions around the aromatic ring indicate electron delocalization within the π-system [30]. The con-
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tour representation (Fig. 4b) further highlights these features, with densely packed contour lines around

heteroatoms and C-H bonds confirming strong localization, while more diffuse patterns across the ring

correspond to delocalized electrons [31]. The 3D relief projection (Fig. 4c) shows localization peaks near

electronegative atoms and bonding regions, consistent with the filled and contour maps [32]. Together,

these plots indicate that Herniarin possesses a localized electron environment around heteroatoms and

σ-bonds, while maintaining delocalized π-electron character across the aromatic framework.

Figure 5. Localized orbital locator (a) colored filled map, (b) contour map, (c) 3D projection of shaded surface
map depicting an electronic environment.

The LOL plots display a localization pattern similar to the ELF analysis. In the filled map (Fig.

5a), high localization appears as intense red/white regions centered on hydrogen atoms and along covalent
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bonds, marking strong bonding interactions. The red regions between C-C atoms correspond to bond

critical points, while blue zones across the ring indicate inner electron density with minimal localization

[33]. In the contour map (Fig. 5b), the carbonyl group generates reduced localization around the C=O

bond, whereas tightly spaced contours around C-H regions confirm strong localized electron density.

The 3D shaded surface (Fig. 5c) shows pronounced peaks at hydrogen atoms and in bonding regions,

illustrating high LOL values consistent with strong electron localization [34]. Lower regions on the surface

correspond to delocalized regions across the aromatic ring [34, 35].

Frontier orbitals analysis

Figure 6. HOMO-LUMO orbitals of Herniarin.

The Highest Occupied Molecular Orbital (HOMO) represents the nucleophilic region, acting as

an electron donor, whereas the Lowest Unoccupied Molecular Orbital (LUMO) corresponds to the elec-

trophilic region and functions as an electron acceptor. The energy difference between these two orbitals,

known as the HOMO-LUMO energy gap, is an important parameter for assessing molecular stability, re-

activity and electronic transitions [36]. A smaller HOMO-LUMO gap generally indicates lower stability

and higher chemical reactivity, while a larger energy gap implies greater stability and reduced reactivity

[37]. According to Frontier Molecular Orbital (FMO) theory, transition states arise from interactions

between the HOMO and LUMO of the reacting species, and a lower energy gap facilitates electronic

transitions, whereas a higher gap suppresses them [38]. Fig. 6, illustrates the frontier molecular orbitals

of the molecule. The HOMO and LUMO energies are calculated to be -6.46 eV and -2.08 eV, respectively,

resulting in an energy gap (∆E = EHOMO - ELUMO) of 4.38 eV. This relatively wide energy gap indicates

good chemical stability and comparatively low reactivity.
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Density of states (DOS)

Fig. 7, represents the density of states (DOS) spectrum of the herniarin molecule, generated using

the GaussSum 3.0 program [13]. The DOS provides essential insight into the electronic structure and

overall electrical characteristics of the molecule. It highlights the contribution of electrons to the valence

and conduction bands and is used to describe electronic excitation from the ground state to the lowest

unoccupied energy band [39]. DOS analysis facilitates visualization of energy band formation and electron

occupation. Positive DOS values indicate bonding interactions, negative values correspond to antibonding

interactions, and zero values represent the absence of bonding interactions [40, 41]. In Fig. 7, the green-

colored energy region represents the occupied (filled) donor orbitals, while the red-colored energy region

corresponds to the virtual (unfilled) acceptor orbitals. The figure also shows that the herniarin molecule

has an energy gap of 4.30 eV, which closely agrees with the 4.37 eV value obtained from the HOMO-

LUMO analysis.

Figure 7. Density of states (DOS) spectrum of Herniarin molecule.

Global reactivity parameters

This study provides a variety of chemical reactivity parameters and information on the molecular

structure’s stability, aimed at enhancing our understanding of the properties of herniarin. The global

reactivity indices considered in this study include electron ionization potential (I), electron affinity (A),

chemical hardness (η), chemical potential (µ), chemical softness (S), electronegativity (χ), and elec-

trophilicity index (ω), all of which are calculated here using Koopmans’ theorem [20, 21]. The values for

Ionization Potential (I = −EHOMO) and Electron Affinity (A = −ELUMO) are found to be 6.46 eV and

2.08 eV, respectively, for herniarin. The energy required to remove an electron from a gaseous atom is
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known as ionization energy (I), whereas the energy released when an electron is added to a neutral atom

or molecule to generate a negative ion in the gaseous state is known as electron affinity (A) [42, 43].

The chemical hardness (η) is found to be 2.19 eV, reflecting the molecule’s stability and resistance to

variations in electron density. The calculated chemical potential (µ = −4.27 eV) represents the sub-

stance’s potential energy, and a more negative value denotes a greater tendency to release energy or react

[42]. The inverse of the global hardness is chemical softness, which indicates how readily a molecule can

gain or lose an electron [24]. The calculated chemical softness (S = 0.45 eV−1) reflects the molecule’s

polarizability and ability to facilitate electron transfer. The calculated electronegativity (χ = 4.27 eV)

represents the tendency of an atom to attract electrons within a chemical bond. The molecule’s ability

to accept electrons in chemical processes is indicated by its electrophilicity index (ω), which is found to

be 4.16 eV [43].

Molecular electrostatic potential (MEP), Electrostatic potential (ESP), and
Electron density (ED)

Fig. 8(a) shows the distribution of the molecular electrostatic potential (MEP), ranging from

−6.185 × 10−2 a.u. (red) to 6.185 × 10−2 a.u. (blue). This plot provides an overview of the relative

polarity of the title molecule and relates the values to electron density. The MEP at a given point

around a molecule represents the net electrostatic effect produced by the combined charge distribution of

its electrons and nuclei at that location [44]. Areas with a negative electrostatic potential are represented

by red and yellow, whereas areas with a positive electrostatic potential are shown in blue [45]. In Fig.

8(a), the red region, representing negative electrostatic potential (electron-rich areas), is located mainly

around O15, with a light-yellow gradient around O16 and O17, attributable to their lone pairs of electrons

[45], indicating that O15, O16, and O17 of herniarin have higher energy levels. CH3, H7, H9, H10, H13,

and H14 comprise the majority of the light blue region, which represents positive electrostatic potential

(electron-deficient areas) of herniarin. This indicates that the hydrogens in this region are at a lower

energy level and are thus more susceptible to nucleophilic attack, making it an electron-acceptor region.

Fig. 8(b) shows the electrostatic potential mapped onto the molecular surface, emphasizing reactive

sites and charge distribution, ranging from −1.284 × 10−2 a.u. (red, indicating electrophilic regions) to

1.284 × 10−2 a.u. (blue, indicating nucleophilic regions). Negative electrostatic potential is observed

in the red area around O15 and the light-yellow gradient surrounding O16 and O17, suggesting that

oxygen’s high electronegativity pulls electron density to create a negative zone [46], whereas the rest of

the surface exhibits a localized positive potential, indicating regions susceptible to nucleophilic attack. An

electron density surface map, often combined with electrostatic potential visualization, provides detailed

information on the molecule’s size, shape, charge distribution, and reactive regions. As shown in Fig.

8(c), the map depicts a uniform charge distribution and indicates the probability of electron presence at

75



DFT study of Herniarin properties

specific locations within the molecule.

Figure 8. (a) Molecular electrostatic potential (b) Electrostatic potential, and (c) Electron density of Herniarin.

Mulliken atomic charge

Figure 9. Histogram of Mulliken charges distribution of Herniarin molecule.

Mulliken atomic charge is a method for determining partial charges on atoms in a molecule by

partitioning electron density according to the principles of Mulliken population analysis. Atoms receive

charges based on the distribution of their electrons. Mulliken charges facilitate quantum calculations by

influencing molecular characteristics, including electronic structure, polarizability, and dipole moment

[47]. Fig. 9, shows a histogram of the Mulliken charge distribution for each atom of the title molecule. It

is observed that all hydrogen atoms are positively charged, and all oxygen atoms are negatively charged.

For the carbon atoms, C1, C2, C3, C5, C8, C11, and C18 possess negative charge distributions, whereas

C4, C6, and C12 show positive charge distributions. Among them, it is clear that C4 and C3 have the

highest positive and negative charges, respectively.
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Thermodynamic Analysis

Thermodynamic properties are examined through thermodynamic parameters and they include heat

capacity at constant volume (Cv), heat capacity at constant pressure (Cp), internal energy (U), enthalpy

(H) and entropy (S), and Gibbs free energy (G). The significant changes in its structure are observed

corresponding to variations in temperature using Moltran program [16]. The parameters characterize the

direction and state of a chemical process [33]. The partition function and Boltzmann distributions are

used to estimate the thermodynamic properties [48]. In this study, the standard thermodynamic prop-

erties: enthalpy (Ho
m), entropy (So

m) and heat capacity (Co
p,m) of title molecule at temperature range of

50-500 K have been investigated and shown in Fig. 10. A quadratic polynomial fitting was used instead

of linear or cubic models to describe the temperature dependence of thermodynamic functions, as it

provides a precise representation of the system’s free energy, particularly capturing explicit anharmonic

effects, such as phonon-phonon interactions and the coupling of phonons with other excitation mecha-

nisms at elevated temperatures [49]. The quadratic equations from (12) to (14) have been obtained from

the second-order polynomial fit between the thermodynamic quantities (dependent variable) and the

temperature (independent variable). The coefficients in the provided equations are primarily empirical

fitting parameters chosen to best model the data.

Ho
m = 416.90082 + 0.02264T + 2.5913× 10−4T 2 (12)

So
m = 206.79517 + 0.83989T − 3.81673× 10−4T 2 (13)

Co
p,m = 22.16545 + 0.53634T − 5.07897× 10−5T 2 (14)

The values of R2 corresponding to quadratic relations are 0.9999, 0.99704 and 0.9993 for Ho
m,

So
m, and Co

p,m respectively and these values are greater than 0.99, which indicates that they are highly

correlated.

From Fig. 10, it was observed that the heat capacity increases as the temperature rises, indicat-

ing the activation of molecular degrees of freedom. On the other hand, the thermal energy content is

indicated by the enthalpy and its rise reflects the accumulation of internal energy arising from increased

molecular motion and vibrational excitation at elevated temperatures. But, as the temperature rises,

the randomness of the system also increases. So, the entropy of the system decreases. The calculated

thermodynamic parameters provide key benchmarks in the material design and offer valuable informa-

tion regarding the thermal stability and energetic characteristics of the molecule, which is important for

spectroscopic analysis, reaction thermodynamics, and potential pharmaceutical uses where stability at

varying temperatures is essential.
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Figure 10. Correlation graph of enthalpy, entropy and heat capacity at constant pressure with varying tempera-
ture.

IV. Conclusions

This study investigates the equilibrium structure, vibrational spectra, electronic, and thermody-

namic properties of herniarin using DFT at the B3LYP level with the 6-311++G(d,p) basis set. The

molecule was found to be stable at a minimum energy of −16,645.48 eV (−611.71 Hartree). Calcu-

lated bond lengths, bond angles, and dihedral angles closely match experimental values. Vibrational

modes corresponding to C-C, C-H, C-O, and C=O bonds exhibit strong agreement with standard in-

frared spectroscopy data. RDG analysis, along with ELF and LOL analyses, was performed to visualize

bonding patterns, electron delocalization, and pairing tendencies, providing insights into spatial distri-

bution and electron density localization, which are critical for understanding molecular behavior. The

HOMO-LUMO gap was calculated to be 4.38 eV, consistent with the DOS results. Key global reac-

tivity descriptors—including hardness (2.19 eV), chemical potential (−4.27 eV), softness (0.45 eV−1),

electronegativity (4.27 eV), and electrophilicity index (4.16 eV) were also determined. MEP and ESP

surface analyses identified electron-rich regions near the oxygen atom (O16) and electron-deficient ar-

eas around hydrogen atoms, with the oxygen site exhibiting the most negative potential and the CH3

group the highest positive potential. Mulliken charge analysis revealed that hydrogen atoms bear positive

charges, while oxygen atoms carry negative charges, with C4 and C3 showing the highest positive and neg-

ative charges, respectively. Quadratic polynomial fitting was applied to model the relationships between

enthalpy, heat capacity, entropy, and temperature, yielding R2 values of 0.9999, 0.99704, and 0.9993

78



D. Thapa, K. B. Rai, B. Pandey, M. P. Ghimire

for H, S, and Cp,m, respectively, indicating a high degree of correlation. Overall, this work provides

comprehensive data on herniarin’s structural, electronic, vibrational, and thermodynamic characteristics,

offering a valuable foundation for research in drug development, toxicity assessment, metabolic studies,

and educational applications in biological and computational chemistry. These findings support future

advancements in medicine, healthcare, and related fields.
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