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Abstract 

The structural and electronic properties of the title molecule were investigated using Density 

Functional Theory (DFT) at the B3LYP/6-311G++(d,p) level in Gaussian G09 W and GaussView. 

Geometrical optimization was performed to determine the most stable configuration, with total 

energy computations revealing the minimized energy state. The electronic properties were analyzed 

through HOMO-LUMO gap calculations, yielding a band gap of 8.68708 eV, indicating high kinetic 

stability and low reactivity. Global reactivity indices, including electrophilicity, hardness, and 

electronegativity, were evaluated to ascertain the chemical behavior of the molecule. Molecular 

Electrostatic Potential (MEP) analysis identified reactive sites, with oxygen atoms showing a negative 

potential for electrophilic attack, while hydrogen atoms exhibited a positive potential, favoring 

nucleophilic interactions. Frontier molecular orbitals were further explored using the Total, Partial, 

and Overlap Density of States (TDOS, PDOS, and OPDOS) to elucidate the charge distribution and 

orbital contributions. Electron Localization Function (ELF) and Localized Orbital Locator (LOL) 

analyses revealed the electron density distribution, highlighting regions of strong covalent 

interactions and localized bonding characteristics. A Reduced Density Gradient (RDG) was 

employed to visualize non-covalent interactions, indicating van der Waals interactions and steric 

effects. Fukui functions and dual descriptors were calculated to predict reactive sites and charge-

transfer tendencies. Spectroscopic characterization via FT-IR and FT-Raman spectroscopy 

confirmed the key functional group vibrations. These insights contribute to the understanding of 

the reactivity and stability of the title molecule and its potential applications in materials science 

and biochemistry. 

Keywords: Vibrational spectra, DFT, Fukui function, ELF & LOL, RDG  

Introduction  

Carbonofluoridic acid (CHFO₂), a 

specialized fluorine chemical compound, plays 

a crucial role in the production of advanced 

materials, as well as in pharmaceutical 

research. Quantum chemical analysis forms 

the basis of our research on its behavior as an 

organic carbonic acid. CHFO₂ demonstrates a 

distinctive chemical behavior that provides 

essential benefits for synthesizing fluorinated 

products; however, human contact starting in 

the prenatal period triggers various health 

consequences that persist across the human 

lifespan. In quantum chemistry, quantum 

mechanics concepts can be used to study the 

behavior of atoms and molecules [1]. Jones et 

al. (2016) established a single-step 

transformation of polycarbonate waste to 

produce (aryl ether sulfones)s through 

carbonate salt reactions to establish a 

sustainable waste-to-use approach [2]. 

Aggarwal et al. (2021) examined the progress of 

deoxyfluorination by investigating novel 

fluorine incorporation reagents for 

pharmaceutical and biologically active 
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molecules [3]. The research team of Song et al. 

(2020) introduced trifluoromethyl 

trifluoromethanesulfonate (CF₃SO₂OCF₃) 

which serves as a highly efficient fluorinating 

agent for carboxylic acids to perform 

deoxyfluorination reactions under mild 

conditions [4]. Tafrishi et al. (2023) studied the 

effect of electron bombardment on 2-

(trifluoromethyl)acrylic acid (TFMAA) and 

investigated its use as an extreme ultraviolet 

lithography (EUVL) resist material component, 

mainly because of its ability to increase 

absorption and break molecular bonds for 

better semiconductor production [5]. 

Carbonofluoridic acid has not yet been the 

subject of in-depth theoretical investigation 

with appropriate theoretical underpinnings. 

Specifically, density functional theory (DFT)-

based quantum chemical analysis techniques 

were used to thoroughly investigate 

carbonofluoridic acid. Studying 

carbonofluoridic acid is important because it 

can lead to a better understanding of the fields 

of medicine, materials science, reaction 

engineering, fluorine chemistry, and its 

applications. 

Methodology 

An important first step in this study was to 

optimize the shape of the molecule. The 

quantum mechanical modeling method known 

as density functional theory (DFT) was used to 

perform this optimization [6]. Popular and 

widely used Gaussian G09W and GaussView 

software for computational chemistry have 

been used for this purpose [7,8].  The 

advantages of DFT were combined in this 

study's computational analysis using the 

B3LYP hybrid functional. The analysis used the 

6-311++G(d,p) basis set because it integrates 

the computational speed with high-precision 

levels. The hybrid functional B3LYP extends the 

correlation effect, as deployed by Lee, Yang, and 

Parr, by incorporating Becke's exchange 

interactions described by the exchange-

correlation functional: 

𝑬{𝒙𝒄} =  𝒂𝑬𝒙
{𝑯𝑭}

+  (𝟏 − 𝒂)𝑬𝒙
{𝑳𝑺𝑫𝑨}

+  𝒃𝑬𝒙
{𝑩𝟖𝟖}

+

 𝒄𝑬𝒄
{𝑳𝒀𝑷}

-------------(1) 

where 𝑬𝒙
{𝑯𝑭}

 is the Hartree-Fock exchange, 

𝑬𝒙
{𝑳𝑺𝑫𝑨}

 is the local spin density approximation 

exchange, 𝑬𝒙
{𝑩𝟖𝟖}

 is the Becke 1988 exchange, 

and 𝑬𝒄
{𝑳𝒀𝑷}

 is the Lee-Yang-Parr correlation 

functional [9-11]. The ability of the B3LYP 

hybrid functional to accurately model the 

electronic structure of the molecule under 

investigation was facilitated by these elements. 

Two specialized software programs were 

used to analyze the various aspects of the 

molecular structure. These programs were 

used to visualize the surface electrostatic 

potential (ESP) and calculate the total, partial, 

and overlap density of states. In addition, they 

were used to compute the reduced density 

gradient (RDG), electron localization function 

(ELF), and localized orbital locator (LOL). The 

first analysis tool available in the Multiwfn 

program allows users to investigate the 

properties of multiple molecular systems. The 

reduced density gradient (RDG) was calculated 

using the following equation. 

𝑅𝐷𝐺(𝑟) =
1

2(3𝜋2)
1
3

|
𝛻𝜌(𝑟)

𝜌(𝑟)
|

4

3
− − − − − − − − (2) 

where 𝝆(𝒓) is the electron density at position 

and 𝜵𝝆(𝒓)  represents its gradient [12]. VMD 

operates as a complete program that enables 

users to analyze and visualize the outputs from 

molecular dynamics simulations [13,14]. 

The ultraviolet-visible (UV-Vis) absorption 

spectrum was used to investigate the electronic 

transitions occurring within the molecular 

orbitals. This analysis was conducted 

employing the 6-311++G(d,p) basis set, B3LYP 

hybrid functional, and time-dependent DFT 

(TD-DFT). The electronic excitation energies 

were determined using the solution of the linear 

response equation: 

(𝐻 − 𝐸𝑘𝑆)𝐶𝑘 =  0 − − − − − − − −(3) 

http://www.nepjol.info/index.php/JNCS
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where H is the Hamiltonian matrix, S is the 

overlap matrix, EK is the excitation energy, and 

CK is the eigenvector coefficient [15,16]. 

Through theoretical analysis, we obtained an 

accurate characterization of the electronic 

properties and transitions of carbonofluoridic 

acid in different environments, thereby 

providing a full photophysical understanding. 

The three Fukui functions that represent 

distinct approaches to chemical attack are 

nucleophilic 𝑓+(𝑟) , electrophilic 𝑓−(𝑟) , and 

radical𝑓0(𝑟). The functions analyze the electron 

density prospects for molecular reactivity 

through reaction analysis of radical, 

electrophilic, and nucleophilic attack modes. 

The following mathematical formulae establish 

the calculation method for determining these 

values. 

𝑓+(𝑟)  =  𝑞𝑟 (𝑁 + 1) −  𝑞𝑟(𝑁) − − − − − − − − −(4) 

𝑓−(𝑟)  =  𝑞𝑟(𝑁) − 𝑞𝑟 (𝑁 − 1)  − − − − − − − − −(5) 

𝑓0(𝑟) =
𝑞𝑟(𝑁+1)−𝑞𝑟(𝑁−1)

2
 )   − − − − − − − − − − −(6) 

Where, the values of 𝒇+(𝒓⃗⃗) and 𝒇−(𝒓⃗⃗) indicate 

an atom's capacity to acquire an additional 

electron or deal with losing one electron and 

𝒇𝟎(𝒓⃗⃗)  indicates radical reactivity. The dual 

descriptor ∆𝒇 (𝒓⃗⃗)   is an essential 

computational tool that provides important 

information about a molecule's reactivity by 

measuring the difference between the 

electrophilic and nucleophilic Fukui functions. 

The identification of specific molecular sites 

targeted by electrophiles or nucleophiles aids in 

their recognition. This is essential for 

anticipating reaction mechanisms and creating 

compounds capable of selectively interacting 

with reactive entities across various chemical 

and biological systems. 

∆𝒇(𝒓⃗⃗) =  𝒇+(𝒓⃗⃗) − 𝒇− (𝒓⃗⃗) − − − − − − − − − − −(7) 

where ∆𝒇(𝒓⃗⃗) > 𝟎 indicates a nucleophilic attack, 

and ∆𝒇(𝒓⃗⃗) < 𝟎  indicates electrophilic attacks. 

The electrophilic and nucleophilic attack 

equations were averaged to determine the final 

equation for the radical attack. Therefore, the 

most reactive electrophilic and nucleophilic 

sites in the reagent could be identified using a 

single quantity∆𝒇(𝒓⃗⃗). A positive ∆𝒇(𝒓⃗⃗) indicates 

a nucleophilic attack, whereas a negative ∆𝒇(𝒓⃗⃗) 

indicates an electrophilic attack. This study 

adopted the 6-311++G(d,p) basis set together 

with the B3LYP hybrid functional and TD-DFT 

to precisely examine the reactiveness of the 

molecule [17-19]. 

In addition, the FT-Raman intensity and 

FT-IR absorption of the optimized structure 

were calculated using the Gaussian software. 

The thermochemical characteristics of 

carbonofluoridic acid were assessed using 

quadratic equations and the Moltran software. 

The thermodynamic functions, including Gibbs 

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

were derived using standard thermodynamic 

relations: 

𝑮 =  𝑯 −  𝑻𝑺 − − − − − − − −  − − − − − − −(8) 

𝒅𝑮 =  𝑽𝒅𝑷 −  𝑺𝒅𝑻 − − − − − − − −  − − − − (9) 

These computations offer an essential 

understanding of the stability and reactivity of 

the molecule under different conditions [20]. 

Results and Discussion 

Optimized Molecular Geometry 

The geometrical optimization energies of 

the title molecule were computed using the 

B3LYP/6-311G++(d,p) basis set in the 

Gaussian 09 W and GaussView software. The 

optimized geometrical structure is illustrated in 

Figure.1. The molecule under investigation 

consisted of 32 electrons and 5 atoms. Total 

energy calculations were performed through 

geometric optimization, which involved 

adjusting the carbonofluoridic acid bond 

lengths, angles, and dihedral angles while 

integrating fluorine and oxygen with carbon. 

Energy minimization is crucial for determining 

the lowest-energy configuration and 

establishing stable structural coordinates. Zero 

charge was maintained during the Gaussian 

http://www.nepjol.info/index.php/JNCS
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computation [21]. The geometric properties, 

including the torsion angles, bond lengths, and 

bond angles, are listed in Table 1. The 

molecular structure was further refined by 

energy minimization using the Gaussian 

method to ensure its stability and accuracy [22]. 

Figure 1: Optimized structure of the title molecule 

Table 1: Calculated bond lengths (Å), bond angles (°) 

and torsion angles (°) for the title molecule 

Atoms Bond 

length 

(Å) 

Atoms Bond 

angle (°) 

Atoms Torsion 

angles (°) 

C4–O2 1.35342 C4–O2–

H5 

113.360 F1–C4–

O2–H5 

0.01630 

C4–F1 1.42872 F1–C4–

O3 

108.653 O3–C4–

O2–H5 

179.946 

C4–O3 1.19890 O2–C4–

O3 

128.802   

O2–H5 0.99622 F1–C4–

O3 

122.543   

 

HOMO-LUMO Gap Calculation and Chemical 

Reactivity 

The title molecule exhibits chemical 

reactivity owing to its distinct frontier 

molecular orbital properties. The calculated 

HOMO-LUMO gap, which indicates the 

electronic excitation potential of the molecule 

was 8.68708 eV. This value suggests high 

stability and low reactivity, as evidenced owing 

to the substantial energy barrier for the 

electronic transitions.The transition from the 

ground state to the first excited state occurs 

when an electron moves from the highest 

occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO). 

This process is known as the electron excitation. 

A reduced HOMO-LUMO energy gap facilitates 

this excitation, promoting intercharge 

transformation and influencing the bioactivity 

of the biomolecules.  

Figure 2: The molecular orbitals and energies for the 

HOMO and LUMO of title molecule. 

Conversely, an increased energy band gap 

results in enhanced kinetic stability and 

diminished chemical reactivity owing to the 

increased resistance to electron removal from 

the lower-lying HOMO and electron addition to 

the higher-lying LUMO [23]. Figure 2 shows an 

energy level diagram of the frontier orbitals of 

the carbonofluoridic acid molecule. The HOMO 

and LUMO energies were determined to be -

9.59053 eV and -0.90344 eV, respectively, 

resulting in an energy gap of 8.68709 eV. Such 

a large gap suggests minimal electron 

delocalization and limited reactivity [24, 25]. 

Global Reactivity Index (GRI) Calculations 

The global reactivity index (GRI) is a set of 

parameters utilized in solid-state physics and 

quantum chemistry that combines a molecule's 

electrophilicity, hardness, and chemical 

potential to ascertain its reactivity. This index 

serves to predict the stability and overall 

chemical behavior of a reaction. Table 2 lists 

the calculated electronic descriptors of the title 

molecule. The relatively high chemical 

hardness of 4.34354 eV suggests diminished 

reactivity.  

http://www.nepjol.info/index.php/JNCS


 

 
Journal of Nepal Chemical Society, July 2025, Vol. 45, No.2                           K. Basnet et.al 2025 

  88 https://www.nepjol.info/index.php/JNCS 

Table 2: Calculated global reactivity index of 

carbonofluoridic acid. 

Global reactivity 

descriptor 

Equations Values 

EHOMO  - - -9.59053 eV. 

ELUMO  - - -0.90344 eV 

Energy gap ∆E ∆E = ELUMO-EHOMO 8.68709 eV 

Ionization energy (I) - - 9.59053 eV 

Electron affinity (A) - - 0.90344 eV 

Chemical hardness (η) (η) = 
(𝑰−𝑨)

𝟐
 4.34354 eV 

Global softness (S)  (S) = 
𝟏

𝜼
 0.23023 eV-1 

Nucleofugality (∆En) ∆En = 
(𝝁+𝜼)𝟐

𝟐𝜼
 0.11511 eV⁻¹ 

Global electrophilicity index 

(ω) 

(ω) = 
𝝁𝟐

𝟐𝜼
 0.09396 eV 

Electronegativity (χ) (χ) = 
(𝑰+𝑨)

𝟐
 3.16917 eV 

Chemical potential (μ) (μ) = −
(𝑰−𝑨)

𝟐
 -5.24698 eV 

Electrofugality (∆Ee) ∆Ee = 
(𝝁−𝜼)𝟐

𝟐𝜼
 10.58793 eV 

The electronegativity value of 5.24698 eV 

contributes to the elevated charge flow owing to 

the pronounced electron-attracting capacity of 

the molecule. The electronegativity value of 

5.24698 eV contributes to the elevated charge 

flow owing to the pronounced electron-

attracting capacity of the molecule. The high 

electrophilicity index indicates a significant 

energy reduction associated with maximal 

electron flow between the donor (HOMO) and 

acceptor (LUMO), facilitating electron release in 

charge-transfer reactions, as evidenced by its 

high electrofugality. The approximate 

nucleofugality suggests its potential utility as a 

leaving group in nucleophilic substitutions [26]. 

The electronic descriptors listed in Table 2 

elucidate the reactivity and interaction 

potential of the title molecule in a chemical 

system. 

Molecular Electrostatic Potential (MEP) 

Figure 3 displays the molecular 

electrostatic potential (MEP) along with its 

corresponding contour map, which was created 

using GaussView and Gaussian09 with the 

DFT/B3LYP/6-311++G(d,p) basis set. MEP 

surfaces display varying potential colors from 

red (strongest repulsion) to blue (strongest 

attraction) [27]. The gas-phase MEP surface of 

carbonofluoridic acid (Figure 3 (a)) exhibited 

potential values ranging from -8.843×10-3 a.u. 

(red, negative region) to +8.843×10-3 a.u. (blue, 

positive region).  

Figure 3: (a) Solid view (b) Mesh view, and (c) MEP 

surface map with the contour lines of the title 

molecule 

This visualization revealed a significant 

negative potential around the oxygen atoms 

and a positive potential near the hydrogen 

atoms, indicating reactive sites. MEP surfaces 

generally exhibit a preference for positive 

regions for nucleophilic attacks and negative 

regions for electrophilic attacks. Figure 3(c) 

illustrates the electron density obtained from 

the total self-consistent field (SCF) density 

using MEP. The highest negative MEP regions 

were primarily located on oxygen atoms from 

the C=O and C-O bonds, indicating potential 

sites for electrophilic attack. Conversely, the 

most positive MEP regions were observed 

across hydrogen atoms in the O-H group. 

Carbon atoms exhibit neutral or slightly 

positive MEP, particularly when bound to 

hydrogen or other carbon atoms. This can be 

attributed to their similar electronegativities, 

which results in a more equitable electron 

distribution in the bonds. The oxygen atoms 

(O2 and O3) were surrounded by areas of high 

electrostatic potential, which is indicative of 

repellent interactions. In contrast, a particular 

hydrogen atom (H5) exhibits areas of stronger 

attraction. The fluorine atom (F1) is less 

attractive and contributes to the overall 

stability of the molecule [28].The 

http://www.nepjol.info/index.php/JNCS
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understanding of a molecule's polarity, 

reactivity, chemical behavior, and potential for 

interactions with other molecules is dependent 

on its MEP, which provides a visual 

representation of its electrostatic environment. 

Total, Partial and Overlap Density of States 

Analysis 

The energy level distribution is presented in 

the density of states (DOS) diagram in Figure.4. 

Through partial density of states (PDOS) 

analysis, the density contributions from 

individual fragment orbitals were integrated to 

determine the total density of states (TDOS). 

Figure 4:  The spectral graph that illustrates the 

TDOS, PDOS and OPDOS for the title molecule  

The TDOS graph is depicted as a black line 

generated by Multiwfn software. Figure.4 

presents plots of the total, partial, and overlap 

population densities of states (TDOS, PDOS, 

and OPDOS, respectively) for carbonofluoridic 

acid. The molecule was divided into two 

fragment groups: f1 (carbonyl group) and 

f2(hydroxyl group). The resulting graph 

illustrates the molecular orbital (MO) 

composition and its significance in chemical 

bonding. The OPDOS depicts the bonding, anti-

bonding, and non-bonding characteristics of 

the interaction between orbitals, atoms, or 

groups. The diagram of carbonofluoridic acid 

total electronic density of states (TDOS) is 

depicted by the black line in the graph [29].The 

vertical dashed line represents the HOMO 

energy level, which denotes the highest energy 

orbital containing electrons in a molecule 

during its ground-state configuration. The 

PDOS of fragments 1 and 2 are depicted by red 

and blue curves and discrete lines, respectively 

[30]. The overlap density of states, or OPDOS, 

is illustrated by the green curve on the right 

side of the Y-axis and is set to -0.06–0.13. 

Spectroscopic Analysis  

Figure 5: FT-IR spectra 

When analyzed using Fourier transform 

infrared (FT-IR) and Fourier transform Raman 

(FT-Raman) spectroscopic methods, the 

compound being investigated displayed 

characteristic vibrational patterns within the 

4000 to 0 cm-1 range. These patterns are 

associated with the stretching vibrations of the 

functional O ̶̶ H, C=O, C ̶̶ O, and C ̶̶ F groups 

[31]. The advanced techniques of FT-IR and FT-

Raman spectroscopy were employed to 

investigate the vibrational modes of molecules 

and provide additional information about the 

molecular structure of a sample. FT-IR 

quantifies the amount of infrared light 

absorbed by a sample, which is equivalent to 

the vibrational frequencies of molecular bonds. 

This provides information about the molecular 

interactions, bond strengths, and functional 

groups. Conversely, FT-Raman detects Raman 

scattering, wherein vibrational transitions 

become visible owing to the inelastic scattering 

of light by the molecules. The results of FT-IR 

and FT-Raman spectroscopy, which provide 

details on the molecular composition of the title 

molecule and elucidate its vibrational spectra, 

are presented in Figure 5 and Figure 6, 

http://www.nepjol.info/index.php/JNCS
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respectively [32]. 

O ̶̶ H stretching vibration 

The O ̶̶ H bonds found in all hydrocarbons 

ranged in length from 3600 to 3200 cm-1. 

Furthermore, the vibrational frequency of free 

OH − ions, which cannot be measured directly, 

has been reported to be 3700 cm-1. The FT-IR 

spectrum of the title molecule shows an O ̶̶ H 

stretching vibration at 3792 cm-1. Likewise, the 

Raman spectrum reveals an O ̶̶ H stretching 

vibration at the same frequency of 3792 cm-1. 

The most significant peak in the transmittance 

band, as depicted in Figure.6, corresponds to 

the O ̶̶ H stretching mode in the Raman 

spectrum.Notably, both FT-IR and FT-Raman 

measurements of the O ̶̶ H stretching vibrations 

yielded identical values. The O ̶̶ H out-of-plane 

bending is responsible for these exceptionally 

strong and weak infrared intensities [33]. The 

position and shape of this peak provide critical 

information about the molecular environment, 

strength of hydrogen bonds, and overall 

structure of the molecule. 

C=O stretching vibration 

This stretching mode exhibited a single 

peak associated with the carbonyl (C=O) group 

in the infrared (IR) intensity transmittance 

band range, typically occurring within the 

1650–1850 cm-1 range. The C=O vibration of 

the investigated molecule was observed at 1968 

cm-1. In Raman spectroscopy, the C=O 

vibration was also detected at 1968 cm-1In this 

case, both Fourier transform infrared (FT-IR) 

and Fourier-transform Raman (FT-Raman) 

spectroscopic techniques provided similar 

measurements for C=O stretching vibrations 

[34]. 

C ̶̶ O vibration 

C ̶̶ O vibrations typically occur in the range 

of 1260-1000 cm-1. In the FT-IR spectra, the C ̶̶ 

O stretching vibration bands are observed in 

the 1312, 1668 cm-1 region. Intense peaks 

were detected in the FT-IR carbonofluoridic 

acid absorption bands associated with C ̶̶ O 

bond bending owing to the substantial dipolar 

shift in that specific mode. In FT-Raman, the C ̶̶ 

O stretching vibration has also been observed 

in the same vibrational region as in FT-IR. 

Additionally, measurements were conducted in 

the 552 and 488 cm-1 regions for C ̶̶ O and C=O 

vibrations using FT-IR and FT-Raman 

spectroscopy. These vibrational modes 

encompass bending, twisting, and lattice 

vibrations, and are frequently associated with 

functional groups and bonds [33, 35]. 

Figure 6: FT-RAMAN spectra of the title molecule 

C ̶̶ F vibration 

The C—F vibration range of the molecule 

under investigation is 600—900 cm-1. In FT-IR 

spectroscopy, wavenumbers of approximately 

888 cm-1 and 768 cm-1 are typically within the 

range of C-F (carbon-fluorine) vibrations. The 

C-F stretching vibrations generally manifest 

between 888 and 608 cm-1 in FT-Raman 

spectroscopy. These peaks indicate the 

presence of carbon-fluorine bonds in 

carbonofluoridic acid. FT-IR and FT-Raman 

spectroscopies function complementarily to 

identify and validate functional groups and 

their interactions, thereby contributing to a 

comprehensive understanding of the molecular 

structure of carbonofluoridic acid [36,37]. 

UV-vis Spectra Analysis 

Ultraviolet-visible (UV-Vis) spectral 

analysis is a technique used to measure the 

absorption of visible and ultraviolet light by a 

substance. Time-dependent functional theory 

http://www.nepjol.info/index.php/JNCS
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(TD-DFT) utilizing the TD-SCF/6-311++G (d,p) 

method was employed to calculate the UV-vis 

spectra and characteristics, including 

electronic transitions and excitation energy-

optimized structures, which exhibit a very weak 

oscillator. Consequently, the absorption is 

likely to be significantly weaker [38]. Figure.7 

shows that the maximum wavelength in the 

neutral state was 173.92 nm. The 

comprehensive information provided by the 

UV-vis spectral analysis of electronic 

transitions in molecules facilitates the 

understanding of molecular interactions, 

identification of functional groups, and 

determination of molecular structure. It has 

been extensively employed for both qualitative 

and quantitative analyses across numerous 

scientific disciplines including chemistry, 

biology, and physics. 

Figure 7: UV-vis Spectrum of the title molecule 

Thermochemical Calculations 

The thermochemical parameters increase 

between 50 and 500 K because the vibrational 

intensities of the molecules increase with 

temperature. Thermochemical analysis of the 

target molecule was performed using statistical 

methods at a standard room temperature 

(298.15 K) and atmospheric pressure. The 

enthalpy, entropy, and heat capacity at 

constant pressure were calculated using 

specific equations for a range of temperatures. 

These thermodynamic properties, which can be 

calculated using the equations provided over a 

range of temperatures, are essential for 

understanding and predicting the behavior of 

substances in a variety of thermodynamic 

processes. In some circumstances, it is possible 

to model the relationship between the heat 

capacity, entropy, and enthalpy with regard to 

temperature changes using a quadratic 

equation. This is frequently relevant when the 

temperature-dependent variation in heat 

capacity (Cp) can be roughly described by a 

quadratic equation [39]. 

S (T) = -2.51756×10-4 T2 + 3.48517×10-1 T + 

1.87405×102− − − − − − − − − − −(10) 

H (T) = 5.23393×10-5 T2 + 2.24579×10-2 T + 

6.95423×10− − − − − − − − − − − (11) 

Cp (T) = 1.34634×10-5 T2 + 8.60477×10-2 T + 

2.64690×10− − − − − − − − − − − (12) 

Table 3. Thermodynamic properties of the 

carbonofluoridic acid at different temperatures  

Temperature 

(K) 

Cp 

(J/K/mol) 

H (kJ/mol) S (J/K/mol) 

50 30.8050 70.7960 204.201 

100 35.2084 72.3114 219.739 

150 39.6790 74.0886 234.018 

    

200 44.2170 76.1274 247.038 

250 48.8223 78.4279 258.799 

298.15 53.3068 80.8826 268.906 

300 53.4950 80.9902 269.302 

350 58.2349 83.8141 278.545 

400 63.0422 86.8997 286.530 

450 67.9168 90.2470 293.257 

500 72.8587 93.8560 298.724 

The thermochemical parameters in Table 3 

exhibit a consistent increase with temperature 

from 50 to 500 K and plotted in Figure.8, 

indicating a correlation between the 

temperature and thermodynamic properties. 

The entropy (S) increased from 204.201 

J/K/mol at 50 K to 298.724 J/K/mol at 500 K, 

reflecting increased system disorder. The heat 

capacity at a constant pressure (Cp) increased 

from 30.8085 to 72.8587 J/K/mol, 

demonstrating an enhanced heat absorption 

capacity. The enthalpy (H) increased from 
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70.7960 to 93.8560 kJ/mol, which is 

consistent with the increased internal energy 

and molecular excitation. These trends provide 

insights into the thermal properties and 

responsiveness of the material, which are 

characteristic of carbonofluoridic acid behavior 

under thermal conditions. 

Figure 8: Variation in entropy (S), enthalpy (H), and 

heat capacity (Cp) in J/K/mol with temperature. 

Reduced Density Gradient (RDG) Analysis 

and its Implications 

Reduced density gradient (RDG) is a 

methodology employed in quantum chemistry 

to investigate non-covalent molecular 

interactions. These interactions, which 

encompass hydrogen bonds, steric repulsion, 

and van der Waals forces, are crucial for 

understanding the molecular behavior, 

particularly in chemical and biological 

reactions. RDG identifies molecular 

interactions by quantifying electron density 

and its gradients. The RDG equation 

normalizes the density gradient, which 

facilitates the examination and visualization of 

weak interactions within molecular systems 

[40]. RDG analysis of the carbonofluoridic acid 

3D RDG plot is shown in Figure.9. A scatter 

graph depicting the reduced density gradient 

(RDG) versus the electron density multiplied by 

the sign of the second Hessian eigenvalue was 

used to visualize inter- and intramolecular 

weak interactions, as illustrated in Figure.9. 

The color gradients (blue: ≤ -0.035 a.u., green: 

~0 a.u., red: ≥ 0.015 a.u.) highlight weak 

interactions, such as lone-pair effects or van 

der Waals forces [41,42]. Fluorine’s 

electronegativity drives electron density 

withdrawal from the carbon center, a 

phenomenon corroborated by density 

functional theory (DFT) studies on non-

covalent interactions in similar systems [43,44]. 

 Figure 9: RDG plot of carbonofluoridic acid 

Interpretations of Electron Density 

Distribution, Reactivity, and Localization 

(ELF and LOL Analysis) 

The electron localization function (ELF) 

and localized orbital locator (LOL) are 

sophisticated computational tools used to 

investigate the electron density, bonding, and 

orbital interactions in molecular structures. 

While ELF primarily focuses on electron 

localization, LOL provides data on molecular 

orbital localization to enhance our 

understanding of the molecular  

Figure 10: (a) Shaded surface map with the 

projection of ELF, (b) Colored surface plot for ELF 

and (c) Contour Mapped Surface of the Title Molecule 
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structure, reactivity, and stability. These tools 

are essential for studying chemical systems 

and predicting molecular behavior in fields 

such as materials science, drug design, and 

quantum chemistry. The ELF and LOL maps 

offer a comprehensive coverage of orbital 

interactions, bonding electron localization, and 

electron density distribution in the analysis of 

carbonofluoridic acid. For carbonofluoridic acid, 

the color-shaded and contour maps of ELF and 

LOL are presented in Figures. (10 and 11 (a, b, 

and c)). Complex geometric structures were 

also generated for analysis at the B3LYP level 

of theory using molecular orbital analysis, 

Multiwfn software, and molecular electrostatic 

potential mapping.The ELF map was plotted 

within the range of 0.0 to 1.0. Bonding and 

nonbonding localized electrons are present in 

the interval of 0.5 to 1.0, whereas delocalized 

electrons are anticipated in the smaller interval 

(0.5).  

Figure 11: (a) Shaded Surface Map with Projection, 

(b) Color Shade Map of LOL, and (c) contour map 

with projection of LOL of the title molecule. 

In areas where electron localization dominates 

the electron density, the LOL reaches high 

values, exceeding 0.5. The color sequence of red 

< orange < yellow < green < blue represents 

increasing values. A high value in a specific 

region indicates significant electron localization, 

which is characteristic of covalent bonds or 

nuclear shells. Figure.10 illustrates both 

bonding and nonbonding electrons [45]. The 

high concentrations of these electrons, which 

can be attributed to the nuclear shells, lone 

pairs, or covalent bonds, are denoted by the red 

color surrounding the hydrogen atom. The blue 

circle around the oxygen atoms in 

carbonofluoridic acid represents areas of 

electronic depletion between the inner and 

valence layers, whereas the blue color around 

the carbon atom signifies delocalized electrons. 

The regions surrounding F1, O2, and O3, which 

formed single and double bonds with the 

carbon atom (C4), exhibited lower electron 

densities. These regions transition from red to 

light red and yellow at the edges.The LOL 

central region appears white because the 

electron density surpasses the upper threshold 

of the color scale [46]. To confirm the existence 

of bonding and nonbonding electrons, the LOL 

equation was employed to shade the ELF and 

LOL maps depicted in Figure.10 and 

Figure.11. 

𝐿𝑂𝐿 (𝑟) =
τ(r)

1+τ(r)
-− − − − − − − − − − − (13) 

where τ(r) is electron density. In this study, 

topology analysis of the LOL was utilized to 

determine the location of the LOL maximum 

and analyze its characteristics. Notably, 

aromatic hydrogen atoms exhibited tightly 

confined electron regions, whereas carbon 

atoms exhibited depleted electron zones 

(Figure. 11 (a), (b), and (c)). As illustrated in 

Figure.11 ((a) and (b)), the white color at the 

center of the hydrogen atom (H5) indicates 

electron density exceeding the color scale limit 

(0.80) in the LOL color map. Molecular 

electrostatic potential mapping, MO analysis, 

and ELF and LOL analyses can be employed to 

elucidate the structural properties, reactivity, 

and potential interactions of the title molecule 

[47]. 

Fukui Functions and Dual Descriptors 

Fukui functions are fundamental 

mathematical constructs that provide 

information regarding the propensity of a 

molecule to donate or accept electrons, thereby 
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elucidating whether an atom within a molecule 

exhibits electrophilic or nucleophilic 

characteristics. Fukui functions and dual 

descriptors are essential analytical tools in this 

domain because of their capacity to elucidate 

the reactivity of specific molecular sites. 

Density functional theory (DFT) and time-

dependent density functional theory (TD-DFT) 

offer useful computational frameworks for 

examining these characteristics [48]. Table 4 

presents the specific results. Fig.12 illustrates 

the Fukui functions for carbonofluoridic acid 

and the reactivity in various atoms. Cluster 

analysis of the molecule showed similar 

patterns, and the DFT/B3LYP/6-311++G(d,p) 

method yielded nearly identical results. This 

approach demonstrates high reliability, as 

evidenced by the reduced dependence of Fukui 

reaction indices on the basis set. Atoms with a 

low Fukui reaction index f^+ (r ⃗ ) exhibit 

decreased reactivity towards nucleophiles 

because of their stability in nucleophilic 

reactions.Fukui reaction indices  f^- (r ⃗ ) were 

also employed to evaluate the susceptibility of 

the molecule to electrophilic attack. The results 

presented in Figure.12 indicate that the 

carbonofluoridic atoms have low Fukui values. 

Table 4: Fukui functions and dual descriptor 

calculated based on the natural population analysis 

(NPA) of carbonofluoridic acid  

Atoms F1 O2 O3 C4 H5 

Anion 

(N+1) 

-0.40585 -0.83272 -0.72095 1.24945 -0.28993 

Neutral 

(N) 

-0.34642 -0.66288 -0.55749 1.07136 0.49543 

Cation 

(N-1) 

-0.19045 -0.54706 0.07267 1.10298 0.56186 

f⁺(r⃗) -0.05943 -0.16984 -0.16346 0.17809 -0.78536 

f⁻(r⃗) -0.15597 -0.11582 -0.63016 -0.03162 -0.06643 

f⁰(r⃗) -0.10770 -0.14283 -0.39681 0.07323 -0.42590 

∆f(r⃗) 0.09654 -0.05402 0.46670 0.20971 -0.71893 

  

Figure 12: Fukui Functions with neutral, positive, 

and negative values of the title molecule 

Figure 13: Plotted chart of dual descriptor of the title 

molecule 

Consequently, carbonofluoridic atoms 

demonstrate reduced reactivity with 

electrophiles. These two Fukui reaction indices 

can be utilized to assess the stability of an atom 

in both electrophilic and nucleophilic reactions. 

Furthermore, dual analysis facilitates the 

prediction and comprehension of the reactivity 

of a molecule by identifying its reactive sites 

and providing insights into its chemical 

behavior.Figure.13 presents a dual-descriptor 

plot in accordance with Table 4. The title 

molecule exhibited electrophilic susceptibility 

to O2 along with H5 atoms, and nucleophilic 

susceptibility to F1, O3, and C4. This 

information is valuable for predicting the 

molecular behavior in various contexts, 

particularly when interacting with both 
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electrophilic and nucleophilic reagents. 

Furthermore, it provides insights into designing 

reactions that specifically target these critical 

sites for effective drug development and 

chemical synthesis [49].Specific sites that 

exhibited increased susceptibility to 

electrophilic or nucleophilic attacks were 

identified, providing critical information about 

the potential behavior of the molecule in 

chemical reactions. This knowledge will 

facilitate the development of more efficient and 

precise synthetic and medicinal chemistry 

techniques. 

Conclusions 

This study comprehensively investigated the 

structural, electronic, and reactivity 

characteristics of a title molecule using DFT-

based computational techniques. The 

optimized geometrical structure, along with its 

HOMO-LUMO energy gap, suggested a highly 

stable molecular framework with minimal 

chemical reactivity. The global reactivity indices 

reinforce this observation, indicating 

significant resistance to charge transfer. MEP 

analysis identified crucial reactive sites, 

whereas ELF and LOL mapping confirmed 

electron density localization, signifying strong 

covalent interactions. RDG analysis provides 

insights into non-covalent interactions, thereby 

supplementing our understanding of molecular 

stability. Fukui function and dual descriptor 

evaluations pinpoint electrophilic and 

nucleophilic attack regions, aiding chemical 

reactivity predictions.Spectroscopic analysis 

further validated the molecular vibrational 

characteristics, supporting structural integrity. 

The TDOS, PDOS, and OPDOS calculations 

confirmed the orbital contributions and 

electronic transitions. These findings not only 

enhance the understanding of the electronic 

behavior of the title molecule, but also pave the 

way for its potential applications in medicinal 

chemistry, nanomaterials, and catalysis. 

Future work may involve experimental 

validation and exploration of solvent effects to 

extend the applicability of the computational 

insights. 
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