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ABSTRACT 

Cleomin, a saturated heterocyclic and nonlinear organic molecule of pharmacological importance, yet it’s 

structural, electronic, and thermodynamic properties have not been adequately characterized at the molecular 

level. In this study, density functional theory calculations were performed at the B3LYP/6-311++G(d,p), 

WX97XD/6-311++G(d,p), and WX97XD/6-31++G(d,p) levels of theory, supplemented by a potential energy 

surface scan to understand the conformational stability of the Cleomin, whereas B3LYP/6-311++G(d,p) basis set 

was employed to examine the electronic behavior and thermodynamic properties of Cleomin. The optimized 

geometry of the Cleomin revealed a stable configuration with no imaginary frequencies. Non-covalent interaction 

- Reduced density gradient analysis identified dominant van der Waals interactions alongside weak hydrogen-

bonding and steric repulsion within the ring system. The electron localization function and localized orbital locator 

maps showed a strong electron localization of electrons at hydrogen and sulphur atoms and the spatial distribution 

of bonding regions and lone pairs. The molecular electrostatic potential mapping showed electronegative regions 

around S1 and O2 as electrophilic attack sites and electropositive regions near nitrogen-bonded hydrogen as 

nucleophilic attack sites. Frontier molecular orbital analysis yielded an energy gap of 5.23 eV, confirmed by the 

density of states spectrum, indicating chemical stability and low reactivity. Mulliken charge analysis identified S1 

and H17 as the primary reactive centers. Natural bonding orbital analysis revealed strong hyper-conjugative 

interaction from N3[LP(1)] to S1-C9(σ∗) with a stabilization energy of 68.90 kcal/mol, and Fukui function 

analysis clearly distinguished sites for nucleophilic and electrophilic attack. Vibrational wavenumbers showed 

excellent agreement with reported FT-IR data, and thermodynamic parameters (i.e., Specific heat capacity, 

Entropy and Enthalpy) increased consistently with rising temperature. These findings offer a valuable foundation 

for the potential applications of Cleomin in drug design and medicinal chemistry. 

Keywords: Cleomin, Density functional theory, Electronic structure, Thermodynamical parameters, Vibrational 

analysis 

 

INTRODUCTION 

Cleomin (C6H11NOS) is a 1,3-oxazolidine-2-thione 

compound, first defined in 1963. The structure is 

non-linear heterocyclic due to the attached 

substituent groups, hybridization, and the functional 

group attached in the ring. Cleomin is produced as 

the end product of the enzymatic hydrolysis of 

glucocleomin (Kjaer, 1963). The compound has been 

extracted from the roots of Ritchiea longipediellata, 

with its identification confirmed through 

chromatography of the methanolic extract and 

various spectroscopic techniques (Oguakwa et al., 

1981). More recently, it has also been reported from 

the roots of Capparaceae Neocalyptrocalix 

longifolium (Opretzka et al., 2023). Furthermore, 

Catabolites of isoleucine may serve as precursors of 

Cleomin biosynthesis (Oguakwa et al., 1981). 

Cleomin, with a single chiral center of 4, contains one 

sp2 hybridized carbon and one sp3 hybridized C. Due 

to its potentiality of chemistry and bioactivity for 

Cleomin, bio-engineering could be used in medical 

science, agriculture, organic chemistry (Oguakwa et 

al., 1981; Opretzka et al., 2023). Its interactions with 

enzymes, receptors and other biological systems lead 

to the possibility to have a range of therapeutic 

properties, such as its favorable effects on heart 

diseases and anticancer activity (Oguakwa et al., 

1981; Opretzka et al., 2023). Besides this, it's 

potential as plant growth-regulator and bio-pesticide 
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accounts for the importance of this compound to 

sustainable approach in agriculture (Kjaer, 1963).  

Over the past few years, heterocyclic compounds 

structurally related to oxazolidine-2-thiones have 

also been extensively studied theoretically. Using 

Density Functional Theory (DFT) with the B3LYP 

functional and the 6-31G(d) basis set, for example, 

vibrational spectra and molecular electrostatic 

potential of 5-(3-pyridyl methylidene)-thiazolidine-

2-thione-4-one have been performed (Pirnau et al., 

2008). Likewise, theoretical studies on 1,3-

thiazolidine-2-thione and 1,3-oxazolidine-2-thione 

derivatives indicated that the thiocarbonyl group has 

a partial positive charge and the oxygen atom 

possesses negative charge that these systems can 

exist in keta-contract forms with appreciable 

delocalization of S=C–N fragment (Roux et al., 

2009). More recently, furanose-fused oxazolidine-2-

thiones have been explored on this account given 

their nucleophilic sulfur and nitrogen centers that 

promote both S-arylation and N-arylation in 

functionalization strategies of copper catalysis 

(Kederiene et al., 2022). These results highlight the 

impact of computational methods in understanding 

structural, electronic and thermodynamic aspects of 

oxazolidine-2-thione-based compounds. Even 

though increasing attention on the study of 

heterocyclic compounds, no extensive theoretical 

study for Cleomin molecule has yet reported. In 

particular, a detailed investigation of its optimized 

molecular geometry, electronic structure, non-

covalent interactions, vibrational behavior and 

thermodynamic properties using high-level Density 

Functional Theory with basis set 6-311++G (d, p) has 

not been performed using DFT analysis. The lack of 

such theoretical information represents a 

considerable gap in research regarding the biological 

and chemical importance of the molecule. Thus, a 

thorough computational study is required to assess 

the electronic distribution-properties, molecular 

stability and thermodynamic characteristics of 

Cleomin in a quantum-chemical approach. 

A thorough DFT study of the Cleomin molecule is 

presented in the current work. Results encompass 

optimized molecular geometry, non-covalent 

interaction (NCI) analysis by the reduced density 

gradient (RDG), electron localization function 

(ELF), localized orbital locator (LOL), molecular 

electrostatic potential (MEP) and electrostatic 

potential (ESP) surfaces, electron density (ED) 

distribution, highest occupied molecular orbital 

(HOMO), lowest unoccupied molecular 

orbital(LUMO), density of states (DOS), global 

reactivity parameters, mulliken atomic charges, 

natural bonding orbital (NBO) analysis, Fukui 

function analysis,  vibration characteristics as well as 

thermodynamic properties. Overall, the findings of 

this study will offer better insights into the structural 

stability, electronic properties and thermodynamic 

behavior of Cleomin while paving the way for future 

experimental and theoretical studies on biologically 

relevant oxazolidine-2-thione analogues. 

MATERIALS AND METHODS 

Computational methodology and theoretical 

details 

The computations of Cleomin were executed using 

Gaussian 09W software (Frisch et al., 2009) by 

means of the DFT/B3LYP technique using 6-

311++G(d,p), WX97XD/6-311++G(d,p), and 

WX97XD/6-31++G(d,p) levels basis set for 

molecular optimization. Furthermore, we used the 

B3LYP function for the rest of the calculations and 

results because it has been tested and proven to work 

effectively. We are focusing on the B3LYP function 

and the molecule structure. The optimized molecular 

structures of Cleomin were visualized using 

GaussView 6.0 software (Dennington et al., 2009). 

The modes of vibrations were characterized using the 

optimized structural parameters in along with 

HOMO-LUMO, MEP, ESP, and ED. The DOS 

spectrum was observed with the help of the 

GaussSum 3.0 program (O’Boyle et al., 2008). 

Multiwfn and Visual Molecular Dynamics (VMD) 

software were used to obtain iso-surface maps of 

NCI, RDG, ELF, and LOL (William, 1996). The 

thermodynamic parameters were obtained from the 

Moltran Program (Ignatov, 2004). 

The reactivity parameters such as Electron affinity 

(A), Ionization potential (I), Electronegativity (χ), 

Chemical hardness (η), Chemical potential (μ), 

electronic pliability (S), Electrophilic reactivity (ω) 

were calculated from HOMO-LUMO energies by the 

use of Koopmans' theorem (Chand et al., 2015; 

Bisong et al., 2020), such that: 

 I =  −EHOMO   (1) 
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A =  −ELUMO   (2) 

Where I and A are the ionization potential and 

electron acceptance ability of an atom, respectively. 

Similarly, the electronegativity index (χ) of the 

molecule is  

χ =  
I+A

2
    (3) 

The hardness (η) is defined as 

η =  
I−A

2
    (4) 

The chemical potential (μ) is 

μ =  
I+A

2
    (5) 

The chemical softness is the reciprocal of the 

chemical hardness 

S =  
1

η
    (6) 

The Electrophilicity index (ω) is obtained as 

ω = 
μ2

2η
    (7) 

Likewise, the interaction-related NCI-RDG plots 

were generated using VMD version 1.9.4a53 

(William, 1996). The RDG analysis was carried out 

based on the following mathematical expression of 

RDG for the molecule (Johnson et al., 2010), 

RDG(r) =  
|
∇ρ(r)

ρ(r)
|

4
3

2(3π2)
1
3

  (8) 

In this equation, ∇ρ(r) indicates how the electron 

density ρ(r) changes at a specific point in the 

molecule. 

The topological analysis, including ELF and LOL, 

was carried out using Multiwfn version 3.8 (Lu & 

Chen, 2012). The ELF is described by the following 

equation (Becke & Edgecombe, 1990), 

ELF =  
1

1+(
D

Dh
)
2   (9) 

With D =  
1

2∑i|φᵢ (r)|2
− 

1

8[
|∇ρ|2

ρ
]
 and (Dh) =  

3(3π2)
2
3ρ

5
3

10
. 

Here, D stands for the redundancy kinetic energy, 

while Dₕ represents its corresponding reference 

value. 

The LOL analysis was conducted using the 

Schmider and Becke formulation (Schmider & 

Becke, 2002), 

LOL(r)  =   
τ(r)

1+ τ(r)
  (10) 

Where τ(r) represents a dimensionless variable and  

τ(r) =  
g0(r)

g(r)
= 

2D0(r)

∑iηi|∇φᵢ (r)|2
 (11) 

Here, g(r) denotes the electron kinetic energy, φᵢ 

refers to the Hartree-Fock orbitals, and D₀(r) 

represents the value for a spin-polarized system.  

RESULTS AND DISCUSSION 

Structural optimization 

Figure 1 shows the geometry-optimized molecular 

structure of Cleomin along with atomic labels and 

symbols using B3LYP/6-311++G(d,p), WX97XD/6-

311++G(d,p), and WX97XD/6-31++G(d,p) levels 

via DFT. The minimum stable energy, dipole 

moment, point group, and predicted energy change of 

a molecule in each level are tabulated in Table 1. As 

observed from Table 1, the optimized total energies 

of the C6H11NOS molecule are -20778.01 eV, -

20773.64 eV, and -20771.00 eV respectively, 

indicating a stable equilibrium geometry with 

respective dipole moments. In the optimized 

structure, C4 is identified as chiral (S) carbon atom, 

C9 is a sp2 hybridized atom, and C4, C5, C6, C7, and 

C8 are sp3 hybridized atoms. All optimized structures 

were verified to be true local minima on the potential 

energy surface (PES) by confirming the absence of 

imaginary vibrational frequencies in the subsequent 

frequency calculations

 

Table 1. Optimized energy(eV), Dipole moment (Debye), Point group in B3YLP/6-311++G(d,p), WX97XD/6-311++G(d,p), 

WX97XD/6-31++G(d,p) levels of Cleomin using DFT 

Methods Basis set Energy Dipole moment Point group 

B3LYP 6-311++G(d,p) -20778.01 eV 6.57 Debye C1 

WB97XD 6-311++G(d,p) -20773.64 eV 6.52 Debye C1 

WB97XD 6-31++G(d,p) -20771.00 eV 6.58 Debye C1 
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Figure 1. Geometry-optimized molecular structure of Cleomin via DFT using: (a) B3LYP/6-311++G(d,p) (b) WX97XD/6-

311++G(d,p) (c) WX97XD/6-31++G(d,p) levels 

 

 

Figure 2. Potential energy surface scan of Cleomin at bond length (S1-C9) in a gaseous state using B3LYP/6-311++G(d,p) 

basis sets 

 

Figure 2 represents the molecule’s lowest energy 

configuration (minima) in the given constraints and is 

obtained by scanning the relaxed co-ordinate of bond 

length between atoms S1 and C9 taking 21 steps with 

the bond length of 0.1 Å. The molecule achieved its 

most stable optimized geometry at its lowest point (A) 

in the curve with energy -20778.01 eV.  
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Bond distance, bond angle, and torsion angle  

Table 2 and Table 3 show the bond distances and bond 

angles between the atoms of Cleomin. We observed 

that the bond distance of the molecule lies between 

1.00 Å and 1.65 Å. It is found that the average bond 

length between C-C, C-H, C-N, and C-O is 1.53 Å, 

1.09 Å, 1.35 Å, and 1.34 Å, respectively, which are in 

agreement with the standard C-C, C-H, C-N, and C-O 

bond lengths (Ram et al., 2019). The bond length 

between C9-S1 is 1.65 Å and is the highest value, 

suggesting a relatively weaker bond in comparison to 

other bonds within the molecule. The bond length 

between N3-H17 is 1.00 Å, indicating the strongest 

bond among bonds present within the molecule. The 

highest bond angle and torsion angle values for S1-

C9-N3 and S1-C9-O2-C4 are 127.46° and 175.11°, 

respectively. This shows that S1-C9-N3 and S1-C4-

O2-C4 are less stable in comparison to other bond 

angles. 

 

Table 2. Bond distance and its values (Å) of Cleomin 

Bond distance Values (Å) Bond distance Values(Å) 

C9-S1 1.65 C6-H13 1.09 

C9-O2 1.34 C6-H12 1.09 

C9-N3 1.35 C6-C8 1.53 

C9-O2 1.47 C8-H20 1.09 

C4-C5 1.54 C8-H18 1.09 

C4-C6 1.53 C8-H19 1.09 

C4-C7 1.52 C8-H10 1.09 

C7-H14 1.09 C5-H11 1.09 

C7-H16 1.09 C5-N3 1.45 

C7-H15 1.09 N3-H17 1.00 

C6-H13 1.09   

 

Table 3. Bond angle and Torsion angle of Cleomin 

Bond angle Values (°) Torsion angle Values (°) 

O2-C9-S1 123.89 S1-C9-N3-H17 10.78 

S1-C9-N3 127.46 S1-C9-O2-C4 175.11 

O2-C9-N3 108.63 C9-N3-C5-H11 -98.77 

C9-N3-H17 119.38 C9-N3-C5-H10 139.18 

C9-N3-C5 112.44 H17-N3-C5-H11 58.85 

H17-N3-C5 124.32 H17-N3-C5-H10 -63.17 

N3-C5-H11 111.70 N3-C5-C4-C6 93.27 

N3-C5-H10 111.70 H17-N3-C9-O2 -169.48 

H10-C5-H11 108.72 C9-O2-C4-C6 -102.19 

N3-C5-C4 100.77 C9-O2-C4-C7 135.99 

C5-C4-O2 102.44 H11-C5-C4-O2 98.22 

C5-C4-C7 113.41 H10-C5-C4-O2 -139.45 

C5-C4-C6 112.87 C9-O2-C4-C5 16.40 

O2-C4-C7 107.12 O2-C4-C7-H14 66.02 

O2-C4-C6 106.19 O2-C4-C7-H15 -53.86 

C4-C7-H16 110.67 O2-C4-C7-H16 -173.78 

C4-C7-H14 110.58 O2-C4-C6-H13 61.06 

C4-C7-H15 110.22 O2-C4-C6-H12 -53.13 

H16-C7-H15 108.40   

H15-C7-H14 108.42   
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Non-covalent interaction index (NCI) - Reduced 

density gradient (RDG) analysis 

A reduced density gradient helps identify areas of 

non-covalent interaction including hydrogen bonding, 

Van der Waals, and electrostatic interaction. High 

reduced density gradient values show sharp changes 

in electron density, characteristics of non-bonded 

regions, whereas low RDG values indicate the 

presence of weak non-covalent interactions 

(Arulaabaranam et al., 2021). Although the existence 

of non-covalent interaction is determined by reduced 

density gradient values, the strength and nature of the 

different types of interactions are further characterized 

by the descriptor signλ2ρ(r), such that the term ‘sign’ 

is a mathematical symbol (positive or negative) of the 

second eigenvalue, λ2 is the second eigenvalue of the 

Hessian matrix of electron density, and ρ(r) is the 

electron density at position r (Tahenti et al., 2022).  

A positive value of signλ2ρ(r)>0 (i.e., red region) 

corresponds to repulsive interactions such as steric 

clashes, a negative value of signλ2ρ(r)<0 (i.e., blue 

region) indicates attractive interactions such as 

hydrogen bonding and a value of signλ2ρ(r)≈0 (i.e., 

green region) represents weak Van der Waals 

interactions (Chaudhary et al., 2023). Figure 3a 

presents the non-covalent interaction iso-surface map 

of Cleomin, in which prominent red spindle-shaped 

within the ring and ethyl group signify significant 

steric repulsion. The green iso-surface on the ethyl 

(CH2CH3) group confirm the presence of weak Van 

der Waals interactions. The lack of blue iso-surface 

suggests that no hydrogen bonding is present within 

the molecule. These non-covalent interactions 

collectively contribute to the overall conformational 

stability of Cleomin. Figure 3b displays the RDG 

scatter plot, showing the correlation between the RDG 

values and signλ2ρ(r). The red spikes in the reduced 

density gradient iso-surface map and scatter graph 

confirms strong steric repulsion, the green spikes 

(ρ(r)≈0) indicates the existence of Van der Waals 

interactions among atoms. Nevertheless, the lack of 

the blue spikes suggests the absence of hydrogen 

bonding interactions (Chaudhary et al., 2023).  

 

 

Figure 3. (a) NCI analysis (b) RDG iso-surface map (c) Scatter graph plot of RDG (NCI).  

 

Electron Localization Function (ELF) and 

Localized Orbital Locator (LOL) analysis 

The electron localization function helps to identify 

bond types and atomic shell structures by measuring 

the probability of finding an electron near a reference 

electron of the same spin, while the localized orbital 

locator shows orbitals overlap and inter-atomic 

interactions within the molecule (Jacobsen, 2008; 

Shilpa et al., 2023). High electron localization 

function and localized orbital locator values indicate 

strong electron localization arising from lone pairs, 

core electrons, or covalent bonds, whereas low values 

reflect electron delocalization across the molecular 

framework (Rajalakshmi & Vetrivel, 2020; Shilpa et 

al., 2023). In both ELF and LOL visual 

representations, varying color gradients ranging from 

blue to red represent the degree of electron 

localization, with red denoting high localization and 

blue denoting delocalization (Arulaabaranam et al., 

2021). 
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Figure 4. ELF (a) colored filled map, (b) counter map, (c) a projection of a shaded surface map depicting an electronic 

environment 
 

Figures 4 and 5 show the electron localization 

function and localized orbital locator of Cleomin, 

respectively. In Figure 4a, blue rings are surrounding 

carbon and sulfur atoms (ELF < 0.5) indicate electron 

delocalization in these regions (Janani et al., 2021). In 

contrast, red regions with high ELF values (0.5–1.0) 

concentrated around hydrogen atoms confirm strong 

electron localization, indicative of covalent bonding 

character or inner shell electron density (Janani et al., 

2021). Figure 4b presents gradient maps with contour 

lines illustrating the spatial variation of ELF values 

across the molecular plane. The dense contour shading 

surrounding H, C, and S atoms reflects regions of high 

electron density and strong bonding character. Figure 

4c displays a 3D ELF surface alongside 2D heat map, 

where values approaching unity denote strong 

electron localization and values approaching zero 

indicate delocalization (Savin et al., 1997). Prominent 

ELF peaks are observed near Sulphur and hydrogen 

atoms, reflecting strong electron localization at these 

centers, whereas carbon atoms exhibit comparatively 

lower localization. The colour scale follows a blue-to-

red gradient, where red regions represent highly 

localized electrons and blue-to-green regions 

correspond to delocalized electron density (Savin et 

al., 1997; Savin, 2005). In Figure 5a, the white space 

around hydrogen atoms in the localized orbital locator 

map means very high electron density-higher than 0 
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(Chaudhary & Joshi, 2022). Red circular regions 

between carbon atoms further confirm the presence of 

bonding electron pairs in C-C bonds. Blue regions 

surrounding carbon and Sulphur atoms denote 

electron-deficient or delocalized zones. Figure 5b 

shows that double rings pattern around non-heavy 

atoms are characteristic of lone pairs or regions of 

strong electron localization (Dhanalakshmi et al., 

2023). The region of high intensity around H, C, O, 

and S indicates the highly localized nature of core and 

bonding electrons present in the atom (Becke et al., 

1990; Schmider et al., 2000). Notably, the contours 

lines around sulphur are more widely spaced 

compared to those around oxygen, indicating 

relatively greater delocalization of valence electrons 

on Sulphur. In Figure 5c, each prominent peak 

corresponds to a region of strong electron localization 

around Sulphur and hydrogen atoms, consistent with 

the presence of lone pairs or covalent bonds. The taller 

peaks associated with hydrogen reflects higher LOL 

values and stronger localization (Jacobsen, 2008). The 

chain-like arrangement of peaks within the ring 

structure mirrors the cyclic bonding framework of 

Cleomin (Rajalakshmi & Vetrivel, 2020; Ojha et al., 

2025). The 2D heat map uses a blue-to-red color bar 

to show electron localization, with blue for low and 

red/white for high (Jacobsen, 2008). Red/white circles 

around hydrogen mark high localized orbital locator 

values, while yellow-green areas indicate moderate 

localization. Bright red and white spots show electron 

localization centers, matching 3D peaks. Blue areas 

around sulphur and carbon indicate low localization or 

electron-deficient regions (Rajalakshmi et al., 2020; 

Jacobsen, 2008). 
 

 

 

Figure 5. LOL (a) colored filled map, (b) counter map, (c) a projection of a shaded surface map depicting an electronic 

environment of Cleomin 
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Molecular Electrostatic Potential (MEP), 

Electrostatic Potential (ESP), and Electron Density 

(ED) analysis 

Molecular Electrostatic Potential is a graphic 

representation that shows how electrostatic potential 

is distributed around a molecule. It sheds insight into 

the reactivity and interaction locations of the molecule 

by mapping the regions of distribution of positive and 

negative charges (Mathammal et al., 2016). Figure 6a 

represents the transparent view of molecular 

electrostatic potential, and this molecular electrostatic 

potential of the molecule ranges between -5.392e-2 

a.u. to 5.392e-2 a.u. with a distinct colour gradient. 

Red and yellow represent electron-rich areas, where 

the electrostatic potential is negative, and blue 

represents electron-deficient areas, where the 

electrostatic potential is positive (Bakheit et al., 2022). 

In Figure 6a, the red area, a negative electrostatic 

potential of Cleomin, is mostly seen around S1 and O2 

and is readily attributed by lone pairs of electrons 

(Bakheit et al., 2022), suggesting that S1 and O2 of 

Cleomin have greater energy levels. Therefore, they 

are easily subjected to sites for electrophilic attack and 

can donate electrons as electron donors.  

The blue region, denoting a positive electrostatic 

potential of Cleomin tends to locate mainly around the 

amino group (N3-H17), indicating the lower energy 

level and easy availability of sites for nucleophilic 

attacks, which acts as an acceptor region of the 

molecule. Figure 6b shows the electrostatic potential 

on a mesh surface representation of the molecule, 

indicating charge distribution and reactivity hotspots. 

The potential ranged from -2.263e-2 a.u. (red, for the 

electrophilic points) to 2.263e-2 a.u. (blue, for the 

nucleophilic points). Such a kind of analysis would be 

helpful in finding out sites for nucleophilic and 

electrophilic attacks and predicting the level of 

reactivity and stability, which will be useful to know 

insights on the molecular behavior and interaction as 

well as designing reactions (Basnet et al., 2024). In 

Figure 6b, the red surface near O2 represents negative 

electrostatic potential due to the high electronegativity 

of oxygen, which withdraws electron density and 

generates a region of negativity (Lakshminarayanan et 

al., 2021) whereas the remaining part of the surface 

depicts local positive potential, which is 

representative for this portion of the surface by means 

of nucleophilic attack. A visualization in a weaker 

potential (lighter green) is seen, which likely 

corresponds to the electron density distribution or 

interactions. When compared to Figure 6a, this one 

shows a more localized MEP region with a narrower 

range of molecular electrostatic potential, meaning 

less polarization or change in electron density 

(Lakshminarayanan et al., 2021). Figure 6c shows, 

based on the DFT calculation, a flat charge 

distribution and the probability of existence of 

electrons at certain locations. 

 

 

 

 

Figure 6. (a) MEP, (b) ESP, and (c) ED of the Cleomin 

 

Frontier Molecular Orbital (FMO) 

The HOMO and LUMO are the frontier orbitals 

determining the molecular reactivity of a compound. 

HOMO and LUMO are the electron donor region and 

electron acceptor region, respectively. The frontier 

molecular orbital sights the knowledge of the 

properties such as stability, reactivity, transition and 

optical polarizability, and chemical hardness-softness 
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of a molecule (Budha & Rai, 2024). A small HOMO-

LUMO energy difference indicates a molecule of 

lower stability and higher reactivity. On the other 

hand, a high HOMO-LUMO gap (energy difference) 

means higher stability and less reactivity. The smaller 

the energy gap, the more intense the electronic 

transition, and vice versa (Sworakowski, 2018). The 

HOMO and LUMO plot for C6H11NOS molecule is 

illustrated in Figure 7. According to the DFT 

calculation, the HOMO and LUMO energies of the 

molecule are -5.88 eV and -0.65 eV respectively (also, 

negative values indicate a stable nature). A higher 

energy gap (HOMO-LUMO difference) of 5.23 eV 

suggests a molecule is hard, having good kinetic 

stability and relatively low global chemical reactivity. 

The higher kinetic stability is in fact due to a higher 

energy gap that increases the energy barrier for 

electron excitation and chemical reactivity (Miar et 

al., 2021) or the electronic transition will be difficult 

(Sworakowski, 2018). However, overall molecular 

stability also depends on the local structural features, 

frontier-orbital energies, and environmental factors 

(i.e., solvation effects, temperature, etc.). Therefore, 

the HOMO-LUMO energy gap can be taken as one 

factor among several that contributes to molecular 

stability (Kumar et al., 2023).  

 

 

 

Figure 7. Plot of HOMO-LUMO of the Cleomin 

 

Density of States (DOS) 

DOS gathers essential insights and outlines the 

electronic properties of the molecule. It is utilized to 

excite electrons from the ground state to the lowest 

unoccupied energy band, and emphasizing the role of 

electrons in both the valence and conduction bands 

(Khalili et al., 2021). DOS helps one to see the 

creation of energy bands and how they are filled by 

electrons. DOS spectra (both occupied and virtual 

orbitals) are shown in Figure 8. The DOS spectrum 

exhibits an energy gap of 5.19 eV and indicates that 

electrons require 5.19 eV of energy to move from the 

highest occupied state to the lowest unoccupied state. 

The energy gap obtained from the HOMO-LUMO 

analysis is in good agreement with this energy gap 

based on the DOS spectrum. 
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Figure 8. DOS spectrum of the Cleomin molecule. 

 

Global reactivity parameters 

The global reactivity descriptors, as defined in the 

context of DFT, consist of Ionization potential (I), 

Electron affinity (A), Electronegativity (χ), Chemical 

hardness (η), Chemical potential (μ), Chemical 

softness(S) and Electrophilicity index (ω). These 

parameters describe the stability and reactivity 

features of the molecule. These are computed from the 

HOMO-LUMO energy level using Koopman’s 

theorem such that, I = -EHOMO and A = -ELUMO (Chand 

et al., 2015; Bisong et al., 2020). Ionization energy is 

the energy of removing an electron from an atom, 

while electron affinity measures the energy released 

when an atom gains one electron (Chand et al., 2015). 

The calculated I and A are 5.88 eV, and 0.65 eV, 

respectively. The electronegativity, 2.18 eV, analyzed 

is an indicator of the ability of an atom to attract 

valence electrons in a chemical compound. The 

calculated chemical hardness of 2.61 eV shows that 

the molecule is very stable and not easy to change its 

electron distribution. The calculated chemical 

potential of –2.18 eV shows the storage energy as a 

substance, and the more negative the value, the larger 

the propensity to release or react to the product. The 

negative of the total hardness is the chemical softness, 

which reflects how easily a molecule can gain or lose 

electrons (Bishwokarma et al., 2025). The derived 

chemical softness value of 0.38 eV-1 can be used to 

interpret both the polarizability of the molecule, and 

its electron transfer ability. A measure of the 

molecule’s ability to attract electrons in a chemical 

reaction is its electrophilicity index, which is 0.91 eV. 

Mulliken atomic charge 

Mulliken charge calculates how electronic charge is 

spread throughout a molecule (Uprety et al., 2024). It 

examines the arrangement of electrons and allocates a 

charge to each atom according to this distribution. It 

is determined by the Mulliken Population Analysis 

method, such that it serves as a complement to the 

MEP, offering a distribution of the net atomic charges 

within the molecule (Alrabiah et al., 2017). Figure 9 

represents the histogram of Mulliken charge 

distribution for each atom of the C6H11NOS molecule, 

which displays that the hydrogen atoms possess 

positive charge, however, all the carbon atoms except 

C4 and C9 possess negative charge. Here, H17 has a 

higher positive Mulliken charge, and S1 has the most 

negative Mulliken charge. 
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Figure 9. Histogram of Mulliken atomic charge distribution of the Cleomin molecule 

 

Natural Bond Orbital (NBO) analysis 

In this study, the second-order Fock matrix was 

employed within the NBO analysis to quantify donor-

acceptor interactions, and the stabilization energy 

associated with this specific delocalization or 

hyperconjugation pathway from a donor (i) to an 

acceptor (j) (Elanthiraiyan et al., 2015) is estimated 

using the following relationship: 

E(2) = ΔEij = qi
F(i,j)2

Ej−Ei
  (12) 

Where, E(2) is the stabilization energy, qi is the donor 

orbital occupancy, Ej and Ei are the diagonal elements 

and F(i,j) is the off-diagonal NBO Fock matrix 

element. 

A larger stabilization energy value signifies a more 

intense electron donor-acceptor interaction, reflecting 

both a greater electron-donating tendency from the 

donor orbitals and a more extensive degree of 

conjugation throughout the molecular system 

(Ghaedi, 2021). The second-order perturbation theory 

analysis of the Fock matrix in the NBO basis of the 

molecule’s strong intramolecular hyper-conjugative 

interactions (i.e., E(2) kcal/mol) are presented in 

Table S1 (supplementary material). 

The transition from N3[LP(1)] to S1-C9(σ∗) 

dominates the interactions with large second-order 

stabilization energy 68.90 kcal/mol, indicating strong 

hyperconjugation between the nitrogen lone pair and 

adjacent S1-C9(σ∗) anti-bond with significant 

electron delocalization. This delocalization 

significantly stabilizes the molecule and suggests that 

the N3 lone pair plays a major role in the electronic 

structure. Further, electron delocalization from 

O2[LP(2)] to S1-C9(σ∗) and S1[LP(2)] to O2-C9(σ∗) 

with the stabilization energy 43.67 kcal/mol and 17.54 

kcal/mol respectively, contributes to the stability of 

the molecule.  

Fukui functions analysis 

Fukui functions serve as key descriptors for 

determining the regions of a molecule that exhibit the 

highest chemical reactivity, identifying potential sites 

for both electrophilic and nucleophilic attacks 

(Zamora et al., 2021). The Fukui function (Zamora et 

al., 2021) is expressed as 

 f(r) = [
∂ρ(r⃗ )

∂N
]
v(r)

  (13) 

Where, N is the total number of electrons, ρ(r) is 

electron density and V(r) is potential due to all nuclei 

on an electron. To quantify the likelihood of each atom 

in a molecule acting as a reactive site, condensed 

Fukui functions are utilized. These functions assign 

numerical values to individual atoms, with 𝑓𝑘
+and 

𝑓𝑘
−representing the respective condensed Fukui 

functions (Yang et al., 2012). 
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 fj
+ = [qj(N + 1) − qj(N)], for nucleophilic attack 

     (14)   

fj
− = [qj(N) − qj(N − 1)], for electrophilic attack 

     (15) 

fj
0 = 

1

2
[qj(N + 1) − qj(N − 1)], for the radical 

attack,     (16) 

Here, qj is the electronic population of atom ‘j’ in the 

(N) neutral, (N-1) cationic and (N+1) anionic state. 

However, for the better understanding of 

nucleophilicity and electrophilicity (Palego et al., 

2016), a new descriptor, dual descriptor (∆f(r)) was 

defined as  

∆f(r) =  [fj
+ − fj

−]   (17)  

When ∆f(r)>0, the site is identified as electrophilic, 

whereas ∆f(r) <0, indicates a nucleophilic site.  

In the case of Cleomin, the electronic population was 

calculated by Natural Population Analysis (NPA) and 

Fukui functions were analyzed using the UCI-

FUKUI_v2 tool. The computed data for the studied 

molecule are presented in Table 4. The calculated 

values (i.e., Δf(r)>0) for atoms C4, C5, C6, C8, H10, 

H11, H12, H13, H14, H15, H16, H17, H18, H19, and 

H20 indicate electrophilic regions and favor 

nucleophilic attack. Conversely, the calculated values 

(i.e., Δf(r)<0) observed for atoms S1, O2, N3, C7, and 

C9 suggest the nucleophilic regions and are prone to 

electrophilic attack. The order of nucleophilic attack 

susceptibility in Cleomin follows H10 > H11 > H17 > 

H12 > H16 > C5 > H14 > H13 > H20 > H18 > H15 > 

H19 > C6 > C4 > C8. In contrast, the decreasing order 

of sensitivity toward electrophilic attack follows S1 > 

N3 > O2 > C9 > C7. 

 

Table 4. Fukui functions and Dual descriptors calculated based on the natural charges which are obtained from Natural 

Population Analysis (NPA) for Cleomin 

Atoms Natural Charges Fukui Functions Dual Descriptor 

∆f(r) Neutral Cation Anion f+(r) f−(𝑟) f0(𝑟) 

S1 -0.1705 0.5334 -0.2387 0.0682 0.7039 0.3860 -0.6357 

O2 -0.5547 -0.4953 -0.5586 0.0039 0.0594 0.0316 -0.0555 

N3 -0.6358 -0.5517 -0.6372 0.0014 0.0841 0.0427 -0.0828 

C4 0.2625 0.2726 0.2510 0.0116 0.0100 0.0108 0.0015 

C5 -0.1873 -0.1984 -0.2312 0.0439 -0.0110 0.0164 0.0329 

C6 -0.3956 -0.4040 -0.4096 0.0140 -0.0085 0.0028 0.0055 

C7 -0.6002 -0.6087 -0.6071 0.0069 -0.0085 0.0008 -0.0016 

C8 -0.5814 -0.5862 -0.5867 0.0053 -0.0049 0.0002 0.0005 

C9 0.3825 0.3643 0.3987 -0.0161 -0.0182 0.0172 -0.0021 

H10 0.2023 0.2391 -0.0379 0.2403 0.0368 0.1385 0.2035 

H11 0.1886 0.2207 0.0458 0.1428 0.0321 0.0875 0.1107 

H12 0.2037 0.2302 0.1002 0.1035 0.0265 0.0650 0.0770 

H13 0.2073 0.2131 0.1767 0.0305 0.0058 0.0182 0.0247 

H14 0.2111 0.2116 0.1809 0.0302 0.0004 0.0153 0.0298 

H15 0.2232 0.2385 0.1996 0.0235 0.0154 0.0194 0.0082 

H16 0.2072 0.2356 0.1206 0.0867 0.0284 0.0575 0.0583 

H17 0.4231 0.4426 0.3026 0.1205 0.0196 0.0700 0.1009 

H18 0.1945 0.2072 0.1676 0.0270 0.0126 0.0198 0.0143 

H19 0.2155 0.2088 0.2008 0.0146 -0.0067 0.0040 0.0079 

H20 0.2039 0.2267 0.1624 0.0415 0.0228 0.0322 0.0186 

 

Vibrational analysis 

Figure 10 depicts the infrared spectrum of a 

C6H11NOS in the range 0-4000 cm-1. The varieties of 

vibrational modes result from the interaction of 

materials with infrared radiation (Rai et al., 2021; 

Khadka et al., 2023). It shows the measurement of 

absorption of infrared light by molecules, which 

causes vibrational transitions in the bonds of the 

molecule. The title molecule has 20 atoms and 54 (3N-

6; N number of atoms) modes of vibration. All the 

theoretical vibrational frequencies for B3LYP/6-

311++G (d, p) have been scaled down by 0.961.
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Figure 10. FT-IR curve of the Cleomin molecule 

 

C-H vibrations 

In heterocyclic molecules, the C-H stretching 

vibrational mode is predicted to occur in the region of 

3080–3000 cm-1 (Stuart, 2004). Here, the observed C-

H symmetric vibrations (stretching) are at 2891.03 

cm-1, 2910.45 cm-1, 2917.18 cm-1, 2922.01 cm-1. The 

C-H antisymmetric (stretching) vibrations are 

observed at 2966.03 cm-1, 2962.04 cm-1, 2971.70 cm-

1, 2978.77 cm-1, 2988.28 cm-1, 2994.45 cm-1. The C-H 

bending vibrations are assumed to occur < 1500 cm-1 

(Stuart, 2004). Here, the observed C-H scissoring 

vibrations are 1426.22 cm-1, 1432.51 cm-1, 1436.18 

cm-1, 1445.93 cm-1, 1449.82 cm-1, 1451.79 cm-1, 

1473.76 cm-1. The wagging vibrations at 1312.39 cm-

1, 1322.24 cm-1, 1362.56 cm-1, 1365.13 cm-1, the 

twisting vibrations at 1134.71 cm-1, 1224.18 cm-1, 

1235.26 cm-1, 1294.82 cm-1, and the rocking vibrations 

at 1029.23 cm- 1, 1093.16 cm-1 are found, respectively. 

This shows that the theoretical values are in good 

agreement with the vibrational range. 

N-H vibrations (stretching) 

N-H vibrations (stretching) for cyclic heterocyclic 

molecules appear around 3200–3500 cm-1 (Stuart, 

2004). In Figure 10, the stretching vibration between 

N3 and H17 is seen at 3513.60 cm-1. In this case, the 

N-H vibration seems to be a bit higher than the 

standard vibration range. 

C=S stretching vibrations 

Thiocarbonyl group where the C=S group is attached 

to elements other than nitrogen (e.g., carbon, sulfur, 

oxygen, chlorine), the C=S stretching vibration is 

generally found in the region of 1025-1225 cm-1 (Rao 

& Venkataraghavan, 1962). However, in the nitrogen-

containing thiocarbonyl group, strong vibrational 

coupling is operative, leading to mixed vibrations and 

making the C=S stretching vibration not localized 

(Rao & Venkataraghavan, 1962). The wide range of 

reported C=S stretching frequencies (850 to 1570 cm-

1) in these compounds is primarily due to these 

vibrational coupling effects (Rao & Venkataraghavan, 

1962). The observed vibrations for the title molecule 

are 872.48 cm-1, 915.20 cm-1, 1093.16 cm-1, 1134.71 

cm-1, 1155.66 cm-1, 1170.19 cm-1, 1235.26 cm-1, and 

1322.24 cm-1 respectively.  

C-N stretching vibrations 

C-N stretching vibrations range between 1200-1350 

cm-1 (Kalsi, 2007). The observed vibrations from the 

FT-IR curve are at 1170.19 cm-1, 1224.18 cm-1, 
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1235.26 cm-1, and 1294.82 cm-1, and are found to lie 

within the theoretical range. 

C-O stretching vibrations 

The C-O stretching vibrations appears in the range 

1000-1300 cm-1 (Kalsi, 2007). In this molecule, C-O 

vibrations are found at 1134.71 cm-1, 1155.66 cm-1, 

and 1294.82 cm-1, and are within the given range. 

C-C stretching vibrations 

It is expected that C-C stretching vibrations appears in 

the range 800–1200 cm-1 (Socrates, 2004). From the 

FT-IR curve, we observed that the C-C stretching 

vibrations appear at 752.16 cm-1, 872.48 cm-1, 973.03 

cm-1, and 1235.26 cm-1. Therefore, it can be concluded 

that the C-C vibrations lie within the range. 

Thermodynamic analysis 

Various thermodynamical quantities such as heat 

capacity at constant volume (Cv), heat capacity at 

constant pressure (Cp), total internal energy (U), 

enthalpy (H), entropy (S), and Gibbs free energy (G) 

are used to characterize both the direction and state of 

a chemical process. Due to the impacts of temperature 

on different thermodynamical variables, the 

measurement shows the sudden nature of a reaction 

and its energy profile, and it indicates whether it is 

endothermic or exothermic (Uprety et al., 2024). The 

important thermodynamic functions like total energy, 

zero-point energy, and rotational constant for Cleomin 

were calculated at room temperature 298.15K and 

values so obtained are presented in Table 5.

  

Table 5. The calculated thermodynamical parameters of Cleomin at 298.15K in the ground state at B3LYP/6-

311++G (d,p) level 

Parameter Symm

etry 

group 

Total 

energy 

eV 

Sp. heat 

(Cv) 

J/K/mol 

Dipole

momen

t 

Debye 

Zero-

point 

energy 

J/mol 

Entro

py 

J/K/m

ol 

Enthal

py 

kJ/mol 

Rotation

al 

constant 

GHz 

Polarizab

ility (α) 

a.u 

B3LYP/6-

311++G 

(d,p) 

C1 -

20778.

01 

150.04 6.57 441153.5 401.00 466.47 2.90 105.34 

 

The quadratic equations 18 to 20 have been obtained 

from the second-order polynomial fit between the 

dependent variable (thermodynamic quantities) and an 

independent variable (temperature). 

Cp,m
0 = 26.14279 + 0.46365T − 6.29698 ×

10−5T2            (18) 

Hm
0 = 441.06176 + 0.02918T + 2.1630 ×

10−4102                  (19) 

Sm
0 = 198.71953 + 0.82719T − 4.6078 × 10−4T2

                       (20) 

Figure 11 shows thermodynamic quantities, i.e., Cp,m
0 , 

Hm
0 , and Sm

0  are recorded with the variation of 

temperature between 0 K and 500 K. The correlation 

equations from 18 to 20 (Janani et al., 2021) illustrated 

in Figure 11 indicate the positive correlation of Cp,m
0 , 

Hm
0 , and Sm

0  with temperature. The R2 values for Cp,m
0 , 

Hm
0  and Sm

0  are obtained as 0.99984, 1, and 0.99623, 

respectively. These R2 values approximately equal to 

1.0 indicate an excellent fit and show that 

thermodynamic parameters of the molecule are highly 

dependent on temperature. Therefore, the curves of 

Cp,m
0 , Hm

0 , and Sm
0  increase with temperature. Besides 

this, the rise of Cp,m
0 , Hm

0 , and Sm
0  with temperature 

also depends on the vibrational contribution. Heat 

capacity and entropy rise with temperature due to the 

gradual activation of higher-energy vibrational 

modes. In addition to translational and rotational 

degrees of freedom, this offers a denser collection of 

accessible microstates. These constant ground-state 

vibrations, which define the system's actual energetic 

baseline, are taken into account via zero-point energy 

(ZPE) corrections. Although the population of various 

modes can loosen unique bonds and potentially lower 

the activation barrier to thermal breakdown or 

rearrangement, this vibrational framework is still an 

overlooked method for assessing reaction stability at 

higher temperatures. As a result, the thermodynamic 

profile includes the structural strength and potential 

energy surface that regulate the compound's reactivity 

along with temperature. 
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Figure 11. Correlation graph of thermodynamical parameters (i. e. Cp,m
0 , Hm

0  and Sm
0 ) with varying temperature (K) 

 

CONCLUSION 

This study employed DFT, with the B3LYP/6-

311++G(d,p), WX97XD/6-311++G(d,p), and 

WX97XD/6-31++G(d,p) level of theory to analyze 

the molecular structure of Cleomin, while the B3LYP 

/6-311++G(d,p) basis set was further utilized to 

analyze its electronic, vibrational, and thermodynamic 

properties. Geometrical analysis revealed the longest 

bond (1.65 Å) at C9–S1, the largest bond angle 

(127.46°) at S1–C9–N3, and the highest dihedral 

angle (175.11°) across S1–C9–O2–C4. NCI-RDG 

analysis identified strong steric repulsion in the ring 

and ethyl group and weak H-bond interaction. ELF 

and LOL maps confirmed strong electron localization 

and bonding in the vicinity of hydrogen and sulfur 

atoms. The MEP mapping showed electropositive 

region around hydrogen bonded with nitrogen and an 

electronegative region near sulfur, indicating the polar 

centers. The HOMO and LUMO energies were 

determined to be -5.88 eV and -0.65 eV, respectively, 

yielding an energy gap of 5.23 eV, which was further 

proven by the DOS-derived gap value of 5.19 eV, 

accompanied by negligible intramolecular charge 

transfer (ICT). The global reactivity descriptors such 

as the electronegativity (χ = 2.18 eV), chemical 

hardness (η = 2.61 eV), chemical softness (S = 0.38 

eV-1), chemical potential (μ = -2.18 eV), and 

electrophilicity index (ω = 0.91 eV), collectively 

indicate that Cleomin is a chemically stable and 

relatively less reactive compound. Mulliken charge 

analysis identified S1 as an atom having highest 

negative charge, and H17 as an atom having highest 

positive charge, indicating that S1 and H17 are 

reactive sites for this molecule. The NBO analysis 

showed that the transition from N3[LP(1)] to S1-

C9(σ∗) dominates the interactions, with a large 

second-order stabilization energy of 68.90 kcal/mol 

indicating strong hyper-conjugation between the 

nitrogen lone pair and adjacent S1-C9(σ∗) anti-bonds 

with significant electron delocalization. This 

delocalization significantly stabilizes the molecule 

and suggests that the N3 lone pair plays a major role 

in the electronic structure. Similarly, Fukui function 

analysis further showed that the nucleophilic attack 

susceptibility decreases in the order H10 > H11 > H17 

> H12 > H16 > C5 > H14 > H13 > H20 > H18 > H15 

> H19 > C6 > C4 > C8. In contrast, the decreasing 

order of sensitivity toward electrophilic attack follows 

S1 > N3 > O2 > C9 > C7. Theoretical vibrational 

wavenumbers for C-C, C-H, C-N, C-O, N-H, and C=S 

modes showed excellent agreement with 

experimentally reported FT-IR data, validating the 

reliability of the chosen computational methodology. 

Thermodynamic analysis demonstrated that, with 

increasing temperature, Cleomin exhibits progressive 

increases in heat absorption, heat capacity, and 



D. Thapa, K. B. Rai, T. Ojha, M. P. Ghimire 

61 
 

entropy, as described by quadratic temperature 

dependence. Collectively, these findings provide 

valuable molecular-level insights into the structural, 

electronic, and reactive properties of Cleomin, 

establishing a foundation for its prospective 

applications in medicinal chemistry and drug design, 

including considerations of pharmacological activity, 

metabolic behavior, and toxicity profiling. 
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