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Abstract: Density functional theory (DFT) calculations were performed to investigate the structural, elec-
tronic, spectroscopic, and thermodynamic properties of the Cucurbitine molecule. All computations
were carried out using the B3LYP functional with the 6-311++G(d,p) basis set implemented in the
Gaussian 09 package. Geometry optimization confirmed that the molecule attains a stable minimum-
energy configuration with a total energy of −12425.81 eV. The obtained HOMO–LUMO energy gap
of 6.094 eV indicates high chemical stability and a hard molecular nature, which is further supported
by the density of states (DOS) spectrum, exhibiting a comparable energy gap of 6.089 eV. Global
reactivity descriptors were evaluated, yielding a chemical hardness of 3.047 eV, electronegativity of
3.354 eV, chemical potential of −3.354 eV, softness of 0.329 eV−1, and an electrophilicity index of
2.051 eV. These descriptors provide insight into the molecule’s stability, polarizability, and electron-
accepting ability. Molecular electrostatic potential (MEP), electrostatic potential (ESP), and electron
density analyses were performed to elucidate the charge distribution and reactive regions within the
molecule. Mulliken charge analysis revealed significant charge localization, with the C3 atom carry-
ing the highest positive charge and the C4 atom exhibiting the highest negative charge. Vibrational
analysis identified the characteristic vibrational modes corresponding to C–C, C–H, C–O, C=O, C–N,
O–H, and N–H bonds, showing good agreement with standard reference values. Thermodynamic pa-
rameters, including heat capacity, internal energy, enthalpy, and entropy, were found to increase with
temperature, whereas the Gibbs free energy decreased, reflecting the thermal stability and energetic
behavior of the Cucurbitine molecule.
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A DFT investigation of Curcubitine

I. Introduction

Cucurbitine (C5H10N2O2) is a naturally occurring non-proteinogenic α-amino acid primarily found

in the seeds of Cucurbitaceae plants, including pumpkins. Its IUPAC name is (3R)-3-Aminopyrrolidine-

3-carboxylic acid, where the (3R) designation refers to the chiral configuration at the third carbon of the

pyrrolidine ring. The molecule contains an amino group (−NH2) and a carboxylic acid group (−COOH)

attached to the same carbon, along with a five-membered pyrrolidine ring. It was first identified in 1961

by Sun et al. in Cucurbita moschata seeds, and they investigated its biological activities and potential

therapeutic applications [1]. Seeds of Cucurbitaceae plants have traditionally been used to treat bladder

and prostate disorders, while Cucurbitine itself has been employed as an anti-allergen in pharmaceutical

and cosmetic products [2]. Biochemical studies have revealed the structural and functional properties

of Cucurbitine and related compounds, such as cucurbitacins, which exhibit antibacterial, antioxidant,

and anticancer activities, highlighting their importance in oxidative stress regulation and disease man-

agement [3, 4]. Analytical techniques, including High-Performance Liquid Chromatography (HPLC),

High-Resolution Mass Spectrometry (HRMS), Quadrupole Time-of-Flight Mass Spectrometry (QTOF-

MS/MS), and ultrasonic extraction, have been employed to isolate, separate, and identify Cucurbitine,

supporting its potential application as a bioactive compound in medicine and cosmetics [5–7]. Owing

to its zwitterionic nature and reactive functional groups, Cucurbitine also exhibits promising applica-

tions in biomolecular design and molecular interaction studies [8]. Modification of its functional groups

can significantly alter its physicochemical properties. For instance, substitution at the amino (−NH2) or

carboxylic acid (−COOH) groups may influence the highest occupied molecular orbital (HOMO)–lowest

unoccupied molecular orbital (LUMO) energy gap, chemical reactivity, and molecular stability, whereas

structural modifications of the pyrrolidine ring may affect charge distribution and intermolecular binding

behavior [9]. Consequently, Cucurbitine derivatives may exhibit enhanced biological or chemical activ-

ity [10]. Therefore, further computational and experimental investigations, including density functional

theory (DFT) calculations and molecular interaction analyses, are essential to explore their potential

applications in drug design and advanced functional materials [11].

Despite these previous studies, a comprehensive and integrated theoretical investigation based on

density functional theory (DFT), correlating the electronic structure, topological characteristics, non-

covalent interactions, and intermolecular interactions of the Cucurbitine molecule, remains lacking. Fur-

thermore, its detailed molecular structure, electronic properties, vibrational characteristics, and thermo-

dynamic behavior have not been systematically explored, despite its considerable biological and phar-

maceutical significance. The present study addresses this gap by providing a comprehensive DFT-based

investigation of the Cucurbitine molecule, offering fundamental insights into its molecular structure,

stability, and chemical reactivity that may facilitate future experimental studies and drug-development
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research. Specifically, the DFT/B3LYP/6-311++G(d,p) method was employed to investigate the opti-

mized molecular structure, reduced density gradient (RDG) and non-covalent interaction (NCI) analy-

ses, HOMO–LUMO energy gap, global reactivity descriptors, molecular electrostatic potential (MEP),

electrostatic potential (ESP), electron density (ED), density of states (DOS), Mulliken atomic charges,

vibrational modes, and thermodynamic properties of the Cucurbitine molecule.

II. Computational Methodology

DFT calculations for Cucurbitine were performed using Gaussian 09W [12] with Becke’s hybrid func-

tional and the Lee–Yang–Parr correlation (B3LYP), along with the 6-311++G(d,p) basis set. The initial

geometry of Cucurbitine was constructed manually using the GaussView 6.0 software [13]. B3LYP was

selected for its reliable exchange-correlation treatment via hybrid Hartree–Fock and DFT contributions,

ensuring accurate electronic structure predictions. The 6-311++G(d,p) basis set includes triple-zeta va-

lence flexibility, diffuse functions (++), and polarization functions (d,p), enabling an accurate description

of electron distribution, weak interactions, and molecular geometry. This combination provides a well-

established balance of accuracy and computational efficiency for Cucurbitine. Using these, geometry

optimization, HOMO–LUMO analysis, molecular electrostatic potential (MEP), electrostatic potential

(ESP), Mulliken charges, and vibrational frequencies were computed. The density of states (DOS) was

generated using GaussSum [14]. In addition, the reduced density gradient (RDG) and non-covalent inter-

actions (NCI) were evaluated using Multiwfn software version 3.8 [15] and VMD 1.9.4a53 [16] to analyze

the interactions, electron localization, and orbital localization characteristics within the molecule. Ther-

modynamic parameters were calculated using Moltran [17].

Global reactivity indices, including ionization potential (I), electron affinity (A), chemical potential

(µ), electronegativity (χ), hardness (η), softness (S), and electrophilicity (ω), were derived from the

HOMO and LUMO energies based on Koopmans’ theorem [18].

Chemical potential (µ) = −1

2
(I +A) (1)

Electronegativity (χ) =
1

2
(I +A) (2)

Chemical hardness (η) =
1

2
(I −A) (3)

Softness (S) =
1

η
(4)

Electrophilicity index (ω) =
µ2

2η
(5)

29



Ar
tic
le
in
Pr
es
s

A DFT investigation of Curcubitine

III. Results and Discussion

Optimized molecular geometry

Fig. 1 presents the optimized molecular geometry of the Cucurbitine molecule with its atomic sym-

bols and atom numbering, calculated using Density Functional Theory (DFT) with the B3LYP functional

and the 6-311++G(d,p) basis set. The optimized structure corresponds to the molecule’s ground-state

configuration, representing the lowest possible energy achieved by adjusting both electronic and nuclear

coordinates. In this configuration, the molecule attains an optimized molecular geometry with an energy

of −12425.81 eV.

Figure 1. Optimized geometrical structure of the Cucurbitine molecule with its symbol and numbering of atoms.

The optimized molecular geometry includes bond lengths, bond angles, and dihedral angles, and

the calculated structural parameters are displayed in Table 1. Bond length is determined by the bond

type (e.g., hybridization and electronegativity difference), and shorter bonds are associated with higher

dissociation energy and/or force constants [19]. Bond angle refers to the angle formed by three atoms

separated by two bonds. Similarly, a dihedral angle is the angle produced when two planes intersect each

other. The average C–C bond length is 1.507 Å [20, 21], and in Cucurbitine it ranges from 1.527–1.567 Å,

showing good agreement with standard values. The C–H bond lengths are 1.0897–1.0941 Å, close to the

average value of 1.09 Å [22]. The C–O and C=O bond lengths are 1.358 Å and 1.207 Å, respectively,

and are in close agreement with the standard values of 1.340 Å and 1.210 Å, respectively [23]. The N–H

(1.016–1.076 Å) and O–H (0.969 Å) bond lengths also lie within the reported standard ranges of 1.000–

1.020 Å and 0.950–0.970 Å, respectively [24], confirming the accuracy and reliability of the optimized

molecular structure.
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Table 1. Optimized Bonds, Bond Length, Bond Angle and Dihedral Angle of Cucurbitine.

Bond Value (Å) Bond Angle Value (◦) Dihedral Angle Value (◦)

C1–N5 1.471 O10–C8–O9 121.985 H14–N12–C3–C8 46.889

C1–H19 1.094 C8–O9–H11 107.109 H14–N12–C3–C2 174.153

C1–H7 1.091 O10–C8–C3 125.127 N12–C3–C2–H15 -143.803

C2–H15 1.090 O9–C8–C3 112.852 C3–C2–C1–H19 112.046

C2–C1 1.564 C8–C3–N12 112.236 H13–N12–C3–C2 57.354

C2–C3 1.554 C8–C3–C2 113.758 O10–C8–C3–C2 131.120

C2–H16 1.092 H13–N12–H14 106.039 O10–C8–O9–H11 -0.217

C3–C4 1.568 N12–C3–C4 107.809 C2–C4–C1–H6 73.621

C3–N12 1.462 C3–C2–H16 109.696 H13–N12–C3–C4 167.209

C3–C8 1.527 H16–C2–H15 107.967 C3–C8–O9–H11 177.699

N12–H14 1.076 H15–C2–C1 111.143 H6–N5–C1–H7 38.549

N12–H13 1.016 H17–C1–H19 107.575 C3–C4–N5–C1 -41.635

C4–H17 1.093 C2–C1–H17 112.921 C2–C1–N5–H6 -84.953

C4–H18 1.092 N5–C4–H17 109.553 C8–C3–C4–H17 40.493

C4–N5 1.457 C2–C1–H19 109.663 H15–C2–C1–H19 -8.300

N5–H6 1.016 H17–C1–N5 110.316

C8–O10 1.207 C1–N5–H6 108.558

C8–O9 1.358 C1–N5–C4 104.417

O9–H11 0.969 N5–C4–H18 111.471

C3–C4–H18 111.964

C3–C4–H17 109.879

H18–C4–H17 108.809

N12–C3–C2 109.408

Reduced density gradient and non-covalent interactions analysis

The Reduced Density Gradient (RDG) is an important approach for analyzing non-covalent interac-

tions in molecular systems and is an effective technique for studying weak interactions such as repulsive

interactions, van der Waals interactions, and hydrogen bonds. It is based on electron density and its

derivatives [25], and elementary color schemes are used to distinguish each interaction. By analyzing

RDG behavior and identifying weak and strong interactions based on the observed non-covalent interac-

tions between the compound’s monomer and dimer forms, this study demonstrates the stability of the

molecular system. The RDG is a dimensionless quantity and is calculated by the following formula [26]:

RDG (r) =
1

2(3π2)
1
3

|∇ρ(r)|
ρ(r)

4
3

(6)

In the above relation, ∇ρ(r) represents the gradient of the electron density, and ρ(r) represents

the electron density at a specific point in space. The Reduced Density Gradient (RDG) is plotted as a

function of sign(λ2)ρ, where λ2 is the second eigenvalue of the electron density. RDG scatter plots reveal

different interaction types: sign(λ2)ρ > 0 (red color) indicates steric repulsion, sign(λ2)ρ < 0 (blue color

in the isosurfaces) indicates attractive interactions such as hydrogen bonds, and sign(λ2)ρ ≈ 0 (green
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color) indicates weak van der Waals interactions [27]. In the RDG scatter plot of Fig. 2(a) the negative

sign(λ2)ρ region shows an absence of blue spikes, indicating the absence of strong attractive interactions

attributed to hydrogen bonding. The region around sign(λ2)ρ ≈ 0 (green) has some green spikes and

corresponds to weak van der Waals interactions, mainly involving C–H contacts, while the positive region

with red spikes represents steric repulsion between closely spaced atoms. The NCI isosurface plot in Fig.

2(b) supports these observations, where the absence of blue disk-like surfaces indicates the absence of

strong attractive interactions. The scattered green half-disks across the molecule correspond to weak

van der Waals interactions, and the red half-disks represent strong steric repulsion located within the

ring-like structure and outside the ring. Although the Cucurbitine molecule contains NH2, COOH, and

OH groups that can potentially participate in hydrogen bonding, the optimized gas-phase geometry does

not provide a favorable spatial arrangement for the formation of strong intramolecular hydrogen bonds.

As a result, no prominent blue spikes are observed in the RDG scatter plot, indicating the absence of

significant attractive hydrogen-bonding interactions within the isolated molecule. Together, these results

provide a clear picture of the types and spatial distribution of interactions in the molecule.

Figure 2. (a) Reduced density gradient (RDG) scatter plot, and (b) Non-covalent interaction (NCI) isosurface of
the title compound.

Frontier molecular orbitals

The frontier molecular orbitals (FMOs) are the highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO), and they explain a molecule’s chemical stability through

its energy gap. Higher HOMO energy favors electron donation, whereas lower LUMO energy enhances

electron acceptance. The energy gap (HOMO–LUMO difference) indicates molecular stability and elec-

tron mobility [28]. In Fig. 3, the HOMO and LUMO energies of the Cucurbitine molecule are −6.582 eV

and −0.488 eV, respectively, yielding an energy gap of 6.094 eV. The HOMO–LUMO gap of 6.094 eV

indicates that the Cucurbitine molecule is highly stable and chemically less reactive. Such a large energy
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gap suggests that electron excitation from the HOMO to the LUMO requires significant energy, leading

to low electron mobility and insulating behavior. As a result, the molecule shows weak electron-donating

and electron-accepting abilities, making it resistant to oxidation, reduction, and other chemical reactions.

This implies high kinetic and thermodynamic stability along with strong structural rigidity [29]. Due to

these properties, Cucurbitine may be useful in applications requiring stable molecular frameworks, such

as drug design, bioactive compounds, and host–guest chemistry systems, where controlled reactivity and

durability are important.

Figure 3. HOMO and LUMO distributions and the energy gap (∆E) of the Cucurbitine molecule.

Global reactivity parameters

The global reactivity of the molecule is evaluated through the ionization potential (I) and electron

affinity (A). These parameters include the chemical potential (µ), electronegativity (χ), hardness (η),

softness (S), and electrophilicity index (ω), and are calculated using Eq. (1)-(5). For C5H10N2O2, the

ionization potential (6.582 eV) shows a moderate ease of electron removal, while the low electron affinity

(0.488 eV) indicates a weak ability to accept electrons. The negative chemical potential (µ) with a value

of −3.354 eV suggests overall electronic stability with a slight tendency to attract electrons. The elec-

tronegativity (χ) (3.354 eV) reflects a moderate electron-attracting ability, whereas the high hardness

(η) (3.047 eV) and low softness (S) (0.329 eV−1) confirm that the molecule is stable and not highly

reactive. The electrophilicity index (ω) (2.051 eV) indicates a moderate ability to accept electrons in

reactions [30–32]. Overall, these values show that the molecule is chemically stable, weakly reactive, and

exhibits limited donor–acceptor behavior, consistent with its large HOMO–LUMO gap (6.094 eV). The
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relatively high ionization potential indicates that electron removal requires considerable energy, suggest-

ing oxidation resistance. Likewise, the low electron affinity reflects a limited tendency to accept additional

electrons. The high hardness and low softness imply strong resistance to charge transfer and low polar-

izability, which is consistent with the large HOMO–LUMO energy gap and enhanced kinetic stability.

Furthermore, the moderate electrophilicity value suggests a moderate electron-accepting character, while

the oxygen and nitrogen atoms identified from the MEP and Mulliken charge analyses may act as localized

reactive sites for intermolecular interactions.

Molecular electrostatic potential, electrostatic potential, and electron density
analysis

MEP illustrates the distribution of electric potential generated by a molecule’s electrons and nuclei,

serving as a reactivity map. Positive regions attract nucleophiles, while negative regions attract elec-

trophiles [33–35]. In Fig. 4(a), the MEP ranges from −5.866× 10−2 to 5.866× 10−2 a.u., with different

color coding indicating potential variation: red for electron-rich (nucleophilic) and blue for electron-

deficient (electrophilic) areas. The MEP shows electrophilic and nucleophilic sites due to the unequal

electron distribution arising from differences in electronegativity. Oxygen and nitrogen are electron-rich,

so they act as nucleophilic sites involved in electron donation and hydrogen bonding, while hydrogen

atoms are electron-deficient and act as electrophilic sites involved in proton or nucleophile interactions.

Figure 4. (a) Molecular electrostatic potential, (b) Electrostatic potential, and (c) Electron density of the Cucur-
bitine molecule.

Fig. 4(b) presents the ESP mapped onto an iso-density surface, ranging from −1.201× 10−2 (red)

to 1.201 × 10−2 a.u. (blue). It provides a visual depiction of reactive and chemically active sites, with

blue regions indicating nucleophilic (electron-attracting) sites and red regions indicating electrophilic

(electron-donating) sites. The electrophilic and nucleophilic sites in the ESP arise due to differences in

electronegativity that create an uneven electron distribution. Oxygen and nitrogen, being electron-rich,

act as nucleophilic sites, while hydrogen atoms, being electron-deficient, act as electrophilic sites. These

sites mainly govern hydrogen bonding and intermolecular interactions [36–38].
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Fig. 4(c) shows the ED distribution of the molecule. It illustrates the regions where electrons are

most likely to be found. The smooth and continuous shape of this distribution indicates that the atoms

are strongly bonded to each other, especially along the C–C, C–N, and C–O bonds. There is greater

electron density near the more electronegative atoms, such as oxygen and nitrogen, because these atoms

have a stronger tendency to attract electrons. Rather than showing a perfectly even charge distribution,

the figure shows a balanced and continuous electron density with regions of higher concentration. This

suggests effective orbital overlap and helps the molecule remain stable overall [39].

Density of states

Fig. 5 shows the DOS spectrum of the Cucurbitine molecule, which was calculated using the Gauss-

Sum 3.0 program [14]. DOS analysis provides insight into electron participation in the conduction and

valence bands, as well as the degeneracy of energy levels [40]. Higher intensity indicates more available

states at a specific energy, while zero intensity indicates that no states are available. In the DOS curve,

occupied orbitals (green) represent electrons available for donation, whereas unoccupied orbitals (red)

correspond to electron-accepting states [41]. The observed HOMO–LUMO gap from the DOS spectrum

is 6.088 eV and is very close to the calculated HOMO–LUMO gap of 6.094 eV, confirming the consis-

tency and accuracy of the electronic structure results. This agreement shows that the molecule has a

large energy gap, indicating high stability, low reactivity, and insulating behavior. Thus, DOS analysis

is important because it validates the orbital results and provides a clearer picture of electron distribution

and possible electronic transitions.

Figure 5. Density of states spectrum of the Cucurbitine molecule.
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Mulliken atomic charge distribution

The Mulliken charge distribution shows how electrons are shared among atoms due to differences in

electronegativity, leading to partial charge equalization within the molecule. It represents the electrostatic

potential around the molecule and reflects bond polarity and chemical interactions. It is also related to

molecular vibrations because electron distribution affects bond strength and atomic motion [42]. Fig.

6 shows the Mulliken atomic charge distribution, which reflects the impact of atomic displacement on

the electronic structure, depending on the electron density. In Fig. 6, C3 exhibits the highest positive

charge, whereas C4 exhibits the highest negative charge. The different Mulliken charges arise due to the

unequal electron distribution caused by differences in electronegativity and the bonding environment.

C3 is positive because it loses electron density to nearby atoms, while C4 is negative due to electron

accumulation or resonance effects. Hydrogen atoms are mostly positive since electrons are drawn toward

more electronegative atoms, whereas oxygen atoms are negative because they strongly attract electron

density. This reflects bond polarity and helps identify reactive sites in the molecule.

Figure 6. Histogram of the Mulliken atomic charge distribution for each atom in the Cucurbitine molecule.

Vibrational analysis

Vibrational analysis is an essential tool in molecular spectroscopy, dealing with the vibrational mo-

tions of atoms in a molecule. It is an important source of information about the molecular structure,

bonding, stability, and spectroscopic behavior [26]. Fig. 7 presents the FT-IR spectrum of the Cucurbi-

tine molecule. For a molecule containing N atoms, the total number of normal vibrational modes is given

by 3N −6 [43]. As Cucurbitine consists of 19 atoms, it exhibits 51 vibrational modes. Vibrational modes

arise from the interaction between infrared radiation and the molecule, causing changes in the dipole
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moment or polarizability, which determine whether a vibration is IR- or Raman-active [44, 45]. Analysis

of the IR spectrum allows the identification of various molecular vibrations, including stretching and

bending modes, as well as in-plane and out-of-plane motions. These results provide important insights

into the dynamic behavior and structural characteristics of the Cucurbitine molecule.

C–C vibration

The C–C stretching vibration is expected to occur between 1625–1430 cm−1 in aromatic rings [26],

whereas the typical C–C stretching mode is generally reported in the range of 1350–1420 cm−1. The

observed FT-IR peaks are located at 1345.17 and 1367.17 cm−1. The reduced frequency of these modes

is attributed to changes in the force constant and the vibrations of the molecule’s functional groups. The

theoretically predicted C–C vibrational frequencies obtained using the B3LYP/6-311++G(d,p) method

are in excellent agreement with the experimental results.

C–H vibration

Aromatic C–H stretching vibrations are typically observed in the range of 3300–3000 cm−1 [46].

In the Cucurbitine molecule, these vibrations appear at 3035.73, 3049.36, 3061.94, 3095.18, and

3119.50 cm−1 in the FT-IR spectrum, consistent with the characteristic aromatic C–H stretching fre-

quencies.

C–O vibration

The C–O single bond exhibits stretching vibrations in the range of 1300–1000 cm−1 [47]. The

corresponding FT-IR band in the Cucurbitine molecule is observed at 1148.13 cm−1. For the C=O

functional group, the FT-IR spectrum shows a band at 1791.86 cm−1, which is slightly higher than the

reported stretching vibration range of 1643–1700 cm−1. These vibrational assignments provide insight

into the functional groups and confirm the structural features of the molecule.

C–N vibration

The C–N stretching vibration often occurs in a region where multiple bands can overlap, making

precise assignment challenging. In the Cucurbitine molecule, the FT-IR spectrum shows a C–N stretching

band at 1107.77 cm−1, which lies within the predicted range of 1065–1397.8 cm−1 [48]. N–H stretching

vibrations, characteristic of primary and secondary amines as well as amides, generally appear in the

range of 3300–3500 cm−1 [30]. These vibrations agree well with the observed peaks at 3494.12, 3514.17,

and 3564.49 cm−1.

O–H vibration

The O–H vibration mode is weak because of intermolecular hydrogen bonding in the unassociated

hydroxyl group (3580–3670 cm−1) [49, 50]. The FT-IR spectrum of C5H10N2O2 shows an O–H vibration

peak at 3756.83 cm−1. The calculated vibration frequency agrees well with the standard value. The
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relatively high wavenumber indicates that the O–H group experiences little or no hydrogen-bonding

interaction, resulting in a stronger O–H bond and a higher stretching frequency. This observation confirms

the presence of a free hydroxyl group and supports the proposed molecular structure.

Figure 7. FT-IR spectrum of the Cucurbitine molecule.

Thermodynamic parameter analysis

The thermodynamic parameters include the specific heat capacity at constant volume (CV ), specific

heat capacity at constant pressure (CP), internal energy (U), enthalpy (H), entropy (S)), and Gibbs free

energy (G). Fig. 8 illustrates the variation of these thermodynamic parameters over a temperature range

of 10–500 K with increments of 10 K. As temperature increases, molecular vibrational motion intensifies,

leading to systematic changes in these thermodynamic properties.

Fig. 8(a) shows that both CV and CP exhibit a gradual and nearly identical increase with increasing

temperature. Similarly, the internal energy (U) and enthalpy (H), shown in Fig. 8(b), increase steadily

with temperature and display comparable trends. Entropy (S), shown in Fig. 8(c), increases rapidly at

lower temperatures, followed by a more gradual increase at higher temperatures.

In contrast, Gibbs free energy (G), shown in Fig. 8(d), decreases as temperature increases, con-

sistent with its thermodynamic dependence on temperature and entropy. These changes occur because

higher temperatures increase molecular motion and the accessibility of energy states. Consequently, U

and H increase owing to greater molecular energy content, while CV and CP increase because additional

vibrational modes contribute to the heat capacity. Entropy increases as disorder and the number of acces-

sible microstates grow, with a more pronounced effect at lower temperatures. Gibbs free energy decreases
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because the temperature–entropy term becomes increasingly dominant, favoring higher disorder [51].

Figure 8. Variation of thermodynamic parameters with temperature: (a) Specific heat capacity at constant vol-
ume (CV) and specific heat capacity at constant pressure (CP), (b) Internal energy (U) and enthalpy
(H), (c) Entropy (S), and (d) Gibbs free energy (G) of the Cucurbitine molecule.

These temperature-dependent trends provide important insight into the thermal stability and ener-

getic behavior of Cucurbitine, confirming its predictable thermodynamic response across the investigated

temperature range. Thermodynamic parameters such as heat capacity (CP), entropy (S), and enthalpy

(H), calculated within the physiologically relevant temperature range of 298–310 K, show smooth and pre-

dictable variations without abrupt changes, indicating thermodynamic stability under normal biological

conditions. These observations are particularly relevant to the proposed biological and pharmaceutical

significance of Cucurbitine, suggesting that the molecule can maintain its structural and energetic sta-

bility at temperatures corresponding to living systems.

IV. Conclusion

Density Functional Theory (DFT) calculations were performed to investigate the optimized geom-

etry, electronic properties, spectroscopic characteristics, and thermodynamic parameters of the Cucurbi-

tine molecule. Geometry optimization converged successfully after eight optimization cycles, yielding a

final total energy of −456.64 Hartree (−12425.81 eV). This negative energy confirms that the molecule
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attained a stable and well-converged minimum-energy configuration. The optimized structure provides a

reliable basis for subsequent electronic and vibrational analyses.

The calculated energy gaps obtained from the DOS spectrum and the HOMO–LUMO analysis

are 6.088 eV and 6.094 eV, respectively. The close agreement between these values confirms the internal

consistency of the results. The relatively large energy gap indicates high kinetic stability and low chemical

reactivity of the Cucurbitine molecule. Correspondingly, the global hardness and softness were calculated

to be 3.047 eV and 0.329 eV, respectively, further supporting its stable nature.

The MEP and ESP surface maps reveal that oxygen and nitrogen atoms represent electron-rich

regions that are susceptible to electrophilic attack, whereas hydrogen atoms correspond to electron-

deficient regions prone to nucleophilic attack, suggesting potential sites for intermolecular interactions.

The electron density (ED) analysis confirms the charge distribution within the molecule, highlighting

electron delocalization and bonding characteristics. Mulliken charge analysis shows that the C3 atom

carries the highest positive charge, whereas the C4 atom possesses the highest negative charge, identifying

them as the most reactive sites for nucleophilic and electrophilic interactions, respectively.

The characteristic C–C stretching vibrations were observed in the range of 1350–1420 cm−1, while

the C–H stretching modes appeared at 3035.73, 3049.36, 3061.94, 3095.18, and 3119.50 cm−1. The C=O

stretching vibration was identified at 1791.86 cm−1, C–N stretching vibrations at 1397.8 and 1065 cm−1,

and the O–H stretching vibration at 3756.83 cm−1. These vibrational characteristics confirm the struc-

tural integrity of the Cucurbitine molecule and indicate its potential for intermolecular interactions,

highlighting its relevance in biological and chemical applications.

The thermodynamic analysis indicates that all calculated thermodynamic parameters increase with

increasing temperature, except for Gibbs free energy, which decreases because of its intrinsic dependence

on temperature.
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