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Abstract 

This work describes the different properties of Niacin's molecule using the density functional theory 

(DFT) B3LYP/6-311++G (d, p) basis set. The optimized energy for the Niacin molecule is -436.987 

Hartree. The peak values from FT-IR spectra show the C=C, C-C vibrations, C-H stretching vibra-

tions, C-H in-plane bending vibration, C-H out-of-plane bending vibration, C-O stretching vibration, 

C-N vibration and O-H vibration. The MEP and ESP analyses indicate that the oxygen and nitrogen 

atoms exhibit nucleophilic regions, while the hydrogen atoms exhibit electrophilic regions. The en-

ergy gap of the Niacin molecule is found to be 5.398 eV through HOMO-LUMO analysis. The elec-

tronegativity value of 4.847 eV signifies the molecules ability to attract electron and the calculated 

value of chemical hardness is 2.7 eV which reflects the molecular stability. The softness value of 

0.370 eV-1 denotes the molecule polarizability. Also the chemical potential value is -4.847 eV which 

represent the ability to donate or accept electron. Similarly, electrophilic index with value 4.351 eV 

shows the electrophilic behavior that signifies its capacity to accept electron. Because of the larger 

energy gap, the molecule becomes hard and hardness is greater than softness. In this molecule, the 

C2 atoms have the highest positive charge along with C3 and all the hydrogen atoms, while C1 has 

the highest negative charge together with some negative charge on C4, C5, N6, C11, O12 and O13 

atoms. When the temperature rises, the thermodynamic parameters such as heat capacity at con-

stant volume and pressure, internal energy, enthalpy, and entropy increase, but Gibbs free energy 

decreases. 

Keywords: Niacin; Density Functional Theory; Vibrational analysis; Electronic structure; Thermo-

dynamic parameter 

 

Introduction  

Niacin has the carboxylic acid group (-

COOH), which determines its chemical proper-

ties and its important role is in both synthetic 

organic chemistries and biochemical functions. 

So, it is a functional group that lies in coen-

zymes nicotinamide adenine dinucleotide (NAD) 

and nicotinamide adenine dinucleotide phos-

phate (NADP). There are 14 atoms and 64 elec-

trons in Niacin molecule. Fig. 1 shows the 

chemical structure of Niacin molecule. It has 

multiple roles in oxidative processes by helping 

energy metabolism and deoxyribonucleic acid 

(DNA) repair, which is commonly known as nic-

otinic acid or vitamin B3 and the International 

Union of Pure and Applied Chemistry (IUPAC) 

name is pyridine-3-carboxylic acid. In 1937 it 

was first discovered as the medicine to prevent 

black tongue disease in dogs and treatment for 

pellagra disease [1]. Water soluble vitamin B3 
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called Niacin is also an essential human nutri-

ent and has an important role other than vita-

min in cholesterol and lipoprotein metabolism 

[2]. It is a white, odorless, crystalline solid and 

also soluble in alcohol and it is stable in the 

presence of the usual oxidizing agent [3]. Vita-

min B3 can be obtained from both endogenous 

(i.e. found in foods like milk, yogurt, red meat, 

fish, poultry, etc.) and exogenous (i.e. found in 

foods like vegetables and animals) sources [4]. 

It has several effects, including raising high-

density lipoprotein (HDL) cholesterol, increas-

ing vascular remodeling, reducing inflamma-

tion, and also used as therapy for neurological 

injury and diseases [5]. The properties of Niacin 

have been investigated in a number of recent 

works employing the Gaussian 09W density 

functional theory (DFT) technique with 

B3LYP/6-311++G (d, p) basis set [6]. Niacin's 

behavior in oil and water environments was 

studied by using DFT and they found that con-

figurations with both up and down orientations 

that provide the maximum stability in water, 

whereas configurations in oil and gas phases 

show somewhat lower stability [7]. DFT was 

used to examine crystal formation, including 

crystals and single-crystal X-ray diffraction, 

and to clarify geometric structure optimization 

[8]. Bardak used molecular docking, Fukui 

analysis, and DFT calculations to investigate 

the impact of active atoms specifically, the car-

boxyl group and nucleophilic atoms on the bio-

activity of Niacin derivatives [9]. The study in-

volved examining the inelastic neutron scatter-

ing spectra of nicotinic acid, applying DFT to 

understand its vibrational modes and intermo-

lecular interactions, and verifying the stability 

of nicotinic acid at low temperatures using 

both experimental and theoretical data [10]. 

Monte Carlo strategies for the First-Principles 

calculations are widely employed for investigat-

ing electronic structure and ascertaining di-

verse properties [11]. 

 

Figure 1: Chemical structure of Niacin molecule 

This research investigates better under-

standing of the Niacin molecule’s functional 

group and their role in biological process such 

as cellular metabolism, lipid metabolism, DNA 

maintenance and neurological function. For Ni-

acin, understanding the electron density distri-

bution around the pyridine ring and carboxyl 

group explain how it interacts with enzymes 

and other biomolecules. HOMO-LUMO gap sug-

gest its potential to participate in redox reac-

tions. Frontier molecular orbitals indicate the 

sites of chemical activity on the Niacin molecule 

and this is crucial for understanding how Nia-

cin acts as a precursor to coenzymes involved 

in redox reactions. In this study, we are going 

to find out the optimized structure, molecular 

vibrational, electronic structures like molecular 

electrostatic potential (MEP), electron density 

(ED), electrostatic potential (ESP), highest oc-

cupied molecular orbital-lowest unoccupied 

molecular orbital (HOMO-LUMO) energy gap, 

density of states (DOS), global reactivity and 

Mulliken atomic charges using DFT at 

B3LYP/6-311++G (d, p) basis set. In addition to 

these, we are also investigating the thermody-

namic properties. So, by analyzing electronic 

properties, orbital gap energies, and other 

global chemical descriptors, a deeper under-

standing about the Niacin biological functions 

http://www.nepjol.info/index.php/JNCS
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is gained. These insights can lead to a more de-

tailed explanation of its roles in metabolic pro-

cesses, enzyme interactions, and overall bioac-

tivity, providing a more comprehensive picture 

of its biological significance. 

Computational Methodology 

The molecular geometry of the Niacin mol-

ecule was performed in DFT (Gaussian09W pro-

gram) at the Becke’s three parameter (local, 

non-local, Hartree Fock) hybrid exchange func-

tion with Lee- Yang Pair (B3LYP)/6-311++G (d, 

p) basis set for all the quantum chemical calcu-

lations. In this basis set, the molecule’s opti-

mized structure, optimization steps number, vi-

brational spectroscopic (i.e. FT-IR spectrum), 

MEP, ED, ESP, HOMO-LUMO energy gap, global 

reactivity and Mulliken charges were deter-

mined. GaussView 6.0 is a graphical user inter-

face used in conjunction with Gaussian soft-

ware for computational chemistry. GaussView 

simplifies the process of creating input files for 

Gaussian, visualizing the results of Gaussian 

calculations, and analyzing molecular struc-

tures and properties. GaussSum3.0 software 

was used to visualize and calculate the DOS. 

Thermodynamic properties were obtained from 

the output .log file after inserting on the Mol-

tran software. Also OriginPro 9.0 software was 

applied to plot the graph from the data obtained 

of the C6H5NO2 molecule.To calculate the global 

reactivity parameters like ionization potential (I 

= -EHOMO), electron affinity (A = -ELUMO) values, 

hardness (η), softness (S), chemical potential (µ), 

electronegativity (), global electrophilicity or 

electrophilicity index or electrophilic index (ω), 

we use Koopman’s theorem [12, 13], in which  

Chemical hardness (η) = 
1

2
(I-A)         (1) 

Softness (S) = 
1

𝜂
                 (2) 

Chemical potential (µ) = - 
1

2 
(I+A)      (3) 

Electronegativity () = 
1

2
(I+A)           (4) 

Electrophilic index (ω) = 
µ2

2𝜂
              (5) 

Results and Discussion 

Optimized Molecular Geometry 

The optimized stabilized energy is the min-

imum energy required for the molecule to be in 

stable. Therefore, the molecule is stable and 

has the lowest ground state energy while it is in 

the optimized state. Fig. 2(a) shows the mini-

mum energy configuration or the ground state 

optimized geometry of the Niacin molecule 

along with symbol and numbering of atoms. 

The initial input structure of Niacin was created 

using GaussView6.0. Fig. 2(b) represents the 

total energy optimization process of the Niacin 

molecule and it attains its optimized energy at 

-436.987 Hartree (-11891.028 eV). 

Vibrational analysis of Niacin molecule in 

FT-IR spectrum 

Fig. 3 shows the FT-IR-spectra of Niacin 

molecule. There are 14 atoms in the C6H5NO2 

molecule having 36 modes of vibration (3N-6 

modes of vibration) in which it contains 25 in-

plane vibrations, (A = 2N-3) and 11 out-of-

plane vibrations, (A = N-3) [14, 15]. The C=C 

mode of vibration occurs in the range of 1400-

1650 cm-1 and C-C vibration is found to be in 

the range of 1350-1420 cm-1 [16]. In our 

C6H5NO2 molecule, Fig. 3 displays the C=C vi-

bration peaks at 1448 and 1632 cm-1 and C-C 

vibrations is at 1358 cm-1 in the FT-IR spec-

trum. For hetero aromatic structures, the C-H 

stretching mode of vibration is generally weak 

and in the range of 3000-3300 cm-1 [17]. In our 

title molecule, the observed C-H stretching vi-

brations are 3152, 3184 and 3202 cm-1 in the 

FT-IR spectrum peak. C-H in-plane bending vi-

bration ranges from 1000-1300 cm-1 and C-H 

out-of-plane bending vibration ranges from 

675-1000 cm-1 [16, 17]. The observed values of 

http://www.nepjol.info/index.php/JNCS
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C-H in-plane bending vibrations are occurred at 

1040, 1112 and 1208 cm-1, and C-H out-of-

plane bending vibrations exist at 712, 760, 792 

and 884 cm-1 in FT-IR spectrum. The C=O 

stretching vibration bands are in the range of 

1680-1715 cm-1 [17].  

 

 

Figure 2: (a) Optimized structure of Niacin molecule 

with symbol and numbering of atoms, (b) plot for opti-

mization step number vs total energy 

In our molecule, the observed peak vibra-

tion of the FT-IR spectrum is at 1792 cm-1. By 

the missing of many bands, it is difficult to in-

troduce the CN vibration, the CN (C=N and C-N) 

mode of vibration is in the range of 1234-1564 

cm-1 [18]. In this study, the observed vibrations 

are 1292 and 1449 cm-1 as shown in Figure 3 

of the FT-IR spectrum. The O-H mode of vibra-

tion is generally weak due to the presence of in-

termolecular hydrogen bonding in the range of 

3580-3670 cm-1 in the unassociated hydroxyl 

group [19]. In the C6H5NO2 molecule, we ob-

serve O-H vibration peak at 3768 cm-1 in FT-IR 

spectrum. The vibrations frequencies obtained 

from this research are in good agreement with 

the values from the article [20]. DFT-predicted 

vibrational bands corresponds to the functional 

groups in Niacin (e.g., carboxyl group, pyridine 

ring). To understand the proper uses of the 

spectral interpretations in biological roles of 

functional groups, it requires vibrational fre-

quencies together with the understanding of in-

teractions and specific structural and then 

functional roles of Niacin’s functional groups in 

a biological environment. DFT can predict the 

equilibrium structure of Niacin in its ground 

state, providing insight into bond lengths, an-

gles, and electronic distribution [21]. 

 

Figure 3: FT-IR-spectra of Niacin molecule 

Molecular Electrostatic Potential (MEP) and 

Electron Density (ED) analysis 

MEP is the property of the molecule that 

creates an electrical potential at each point in 

the surrounding space. Fig. 4(a) represents the 

MEP map with potential value ranges from red 

< orange < yellow < green < blue color lying in 

between -6.143e-2 a.u. to 6.143e-2 a.u. scale. 

Electrophilic reactivity occurs at the negative 

region of electrostatic potential and nucleo-

philic reactivity occurs at the positive region of 

electrostatic potential [22]. Also, the MEP sur-

face displays the molecule’s size, shape and 

http://www.nepjol.info/index.php/JNCS
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electrostatic potential values [23]. Red color 

represents the negative region which is for the 

electrophilic attraction and blue color repre-

sents the positive region and is preferred site for 

nucleophilic attraction [24].  In this molecule, 

we found that oxygen and nitrogen atoms show 

the nucleophilic region (yellow color) and the 

hydrogen atom shows the electrophilic region 

(blue color). The numeral value of Mulliken 

charges are matched with electrophilic and nu-

cleophilic region. Fig. 4(b) shows the electron 

density (ED) map and it presents the formation 

of electron bond distribution and also describes 

the bonding interaction.  

 

Figure 4: (a) Molecular electrostatic potential, (b) Elec-

tron density of Niacin molecule 

Electrostatic Potential (ESP) analysis 

Fig. 5(a) represents the solid figure and Fig. 

5(b) represents the transparent figure of elec-

trostatic potential of Niacin molecule with the 

observed potential ranges from -1.119e-2 to 

1.119e-2 a.u. denoted by different color ranges 

i.e. red < orange < yellow < green < blue. The 

information on electronegativity and partial 

charge of the molecule can be seen in the ESP 

map. The reactivity and their chemically active 

sites of atoms are represented visually by ESP 

[25]. It is used to analyze the distribution of po-

tential in connection with different colors of the 

bonded atom in the molecule [26]. Red color 

represents the negative region (i.e. electrophilic 

attract) and blue color represents the positive 

region (i.e. nucleophilic attract) [27]. In our mol-

ecule, oxygen and nitrogen atoms are in nega-

tive region which is electrophilic attract site and 

all the hydrogen atoms are in positive region 

which represent the nucleophilic attract site. In 

biochemical reactions, the oxygen atom in the 

carboxyl group (-COOH) of Niacin acts as a nu-

cleophilic site. This is evident in esterification 

reactions where the carboxyl oxygen attacks an 

electrophilic carbon center [28, 29]. The nitro-

gen atom in the pyridine ring of Niacin also acts 

as a nucleophilic site in various biochemical 

pathways, such as NAD+ formation [28, 30]. In 

hydrogen bonding interactions, hydrogen at-

oms bonded to electronegative atoms like oxy-

gen and nitrogen in Niacin participate as elec-

trophilic sites. These hydrogen atoms are at-

tractive to nucleophiles, as seen in hydrogen 

bonding with water molecules or other biologi-

cal molecules [28, 31].  

 

Figure 5: Electrostatic potential of Niacin molecule (a) 

solid, (b) transparent view 

HOMO and LUMO Analysis 

The highest energy (outermost) orbital car-

rying an electron to donate is called the highest 

occupied molecular orbital (HOMO) and the 

lowest energy (innermost) orbital to accept an 

electron (i.e. electron acceptor) is called lowest 

unoccupied molecular orbital (LUMO) so that 

ionization potential and electron affinity are di-

rectly associated with the energy of HOMO and 

LUMO [32]. The energy difference between 

HOMO and LUMO is known as the energy gap 

[33]. The molecule reactivity increases while de-

creasing the energy gap (ΔΕ = ELUMO – EHOMO) 

http://www.nepjol.info/index.php/JNCS
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which leads to an increase in the occupancy 

ability of the molecule [34]. If the value of the 

energy gap is higher, then the electronic transi-

tion is lower and vice versa [16, 17].  If the en-

ergy gap is a positive value, then the molecule 

is stable and if the energy gap is a negative 

value, it becomes unstable. Fig. 6 shows the 

HOMO and LUMO with their respective energy 

values for the C6H5NO2 molecule. In this work, 

the energy of HOMO and LUMO are found to be 

-7.546 eV and -2.148 eV respectively. Thus it is 

observed that the energy gap of the C6H5NO2 

molecule is 5.398 eV from the energy of HOMO-

LUMO. The MEP, ESP and HOMO-LUMO anal-

ysis match the value obtained from the article 

[35]. 

  

Figure 6: HOMO – LUMO energy difference of Niacin 

molecule 

Global Reactivity 

Utilizing ionization potential (I = -EHOMO) 

and electron affinity (A = -ELUMO) values enable 

the derivation of various global parameters in-

cluding hardness (η), softness (S), chemical po-

tential (µ), electronegativity (), global electro-

philicity or electrophilicity index or electrophilic 

index (ω). Hardness represents a chemical sys-

tem's resistance to electron cloud deformation 

caused by external perturbations during a re-

action, closely tied to its stability and reactivity. 

Softness, conversely, stands as the inverse of 

hardness, provides additional insight into this 

resistance. The chemical potential (µ) of a mol-

ecule signifies its aptitude for engaging in 

chemical reactions or undergoing chemical 

changes. Electronegativity () aids in determin-

ing the potential energy released or absorbed 

during a reaction. Electrophilicity index (ω) in-

dicates a molecule's ability to accept electrons, 

aiding in predicting its reactivity toward nucle-

ophiles in chemical processes [12]. To calculate 

the global reactivity parameters of the molecule, 

we use ionization potential i.e. I = -EHOMO = 

7.546 eV and electron affinity i.e. A = -ELUMO = 

2.148 eV. Using equation (1) to (5), we get the 

Chemical hardness (η) = 2.7 eV, Softness (S) = 

0.370 eV-1, Chemical potential (µ) = - 4.847 eV, 

Electronegativity () = 4.847 eV, and Electro-

philic index (ω) = 4.351 eV. It is clear that the 

molecule is very hard because it has a large 

HOMO-LUMO gap (5.398 eV), also the value of 

hardness (2.7 eV) is greater than the value of 

softness (0.370 eV-1).  The electronegativity 

with the value 4.847 eV indicates the tendency 

of an atom within a molecule to attract the 

shared pair of electrons towards itself and the 

chemical potential (-4.847 eV) represents the 

ability to donate or accept electrons. Electro-

philic index having 4.351 eV shows its capacity 

to accept electron in chemical reaction. All the 

global reactivity values are in well agreement 

with values obtained from the article [35].  

Density of States (DOS) Analysis  

By employing DOS, electrons are replicated 

from the valance band to the conduction band 

[36]. There are several steps possible for occu-

pation at high-intensity DOS and anti-bonding 

interaction occurs at the negative intensity 

DOS, while there is no states in zero-intensity 

DOS [17, 37]. From Fig. 7, the observed energy 

gap of HOMO–LUMO in the density of state is 

5.429 eV. From DOS spectrum and HOMO-

http://www.nepjol.info/index.php/JNCS
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LUMO energy, we have observed the energy 

gaps are 5.429 eV and 5.398 eV respectively 

and these energy gaps obtained from DOS spec-

trum and HOMO-LUMO energy are approxi-

mately equal  

 

Figure 7: Density of states of Niacin molecule 

 

Figure 8: Histogram of Mulliken charges distribution 

of each atom in Niacin molecule 

Mulliken Atomic Charge Distribution 

Mulliken atomic charges play an important 

role in determining the electronegativity of s-, 

p-, and d- states by quantum chemical calcula-

tion [38, 39]. Also with the help of Mulliken's 

charge, the net atomic population of the com-

pound can be determined. When two atoms are 

bound together, the total overlap population is 

positive and when they are anti-bonded, it is 

negative [40]. Fig. 8 shows the calculated Mul-

liken charges distribution value  

of Niacin molecule. It can be observed that C2, 

C3, H7, H8, H9, H10 and H14 atoms of Niacin 

molecule show positive charge indicating elec-

trophilicity behavior and C1, C4, C5, N6, C11, 

O12 and O13 show negative charge indicating 

nucleophilicity behavior. Among them, C2 atom 

has the highest positive charge and C1 atom 

has the highest negative charge. Mulliken 

method is still widely used due to its simplicity 

even though it doesn’t consider polarization ef-

fect in molecule which yields incorrect result. 

 

Figure 9: Temperature dependence of (a) heat capac-

ity at constant volume and heat capacity at constant 

pressure, (b) internal energy and enthalpy, (c) entropy 

and Gibb’s free energy 

http://www.nepjol.info/index.php/JNCS
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Thermodynamic parameter analysis 

To get the thermodynamic parameter of 

molecule, we use the DFT B3LYP/6-311++G (d, 

p) basis set followed by Moltran software. Fig. 

9(a) shows the graph between heat capacity at 

constant volume (CV) and heat capacity at con-

stant pressure (CP) with change in temperature. 

From the Fig. 9(a) for this C6H5NO2 molecule, it 

is seen that the CV and CP are gradually in-

creased with rise in temperature from 10 K to 

500 K. Fig. 9(b) shows the internal energy (U) 

and enthalpy (H) with change in temperature. 

The thermodynamic parameters i.e. internal 

energy (U) and enthalpy (H) also increase with 

increasing temperature. Fig. 9(c) represents 

the graph of entropy (S) and Gibbs free energy 

(G) with change in temperature in the given 

range of 10 K to 500 K. In this figure, with the 

rise in temperature, the entropy increases. 

However, the Gibbs free energy decreases with 

the same rise in temperature. In the initial 

phase, entropy of the system rapidly increases 

and after that, it gradually increases with in-

creasing temperature. The decrease in Gibbs 

free energy is attributed to its dependence on 

entropy, whereby an increase in entropy leads 

to a decrease in Gibbs free energy [41]. This 

change in entropy indicates that the atom pos-

sesses greater adaptability to adjust its thermo-

dynamic system with respect to temperature 

variations [42，43]. 

Conclusions 

In this study, we investigated the Niacin 

molecule’s optimized structure, vibration anal-

ysis in FT-IR spectrum, MEP, ED, ESP, HOMO-

LUMO energy gap, DOS, global reactivity, Mul-

liken atomic charges and thermodynamic pa-

rameter analysis by using first-principles 

DFT/B3LYP method with a 6-311++G (d, p) ba-

sis set.  To have optimal stabilized energy (-

436.987 Hartree) and full optimization, title 

molecules went through nine optimization 

steps. There are 36 modes of vibration which 

are present at in-plane vibration and out-of-

plane vibration. In Niacin molecule, the peak 

values from FT-IR spectrum for C=C are at 1448 

cm-1, 1632 cm-1, for C-C is at 1358 cm-1, for C-

H stretching vibration are at 3152 cm-1, 3184 

cm-1, 3202 cm-1 also, for C-H in-plane bending 

vibration are at 1040 cm-1, 1112 cm-1, 1208 cm-

1, for C-H out-of-plane bending vibration are at 

712 cm-1 , 760 cm-1, 792 cm-1, 884 cm-1, for C-

O stretching vibration is at 1792 cm-1, for C-N 

vibration are at 1292 cm-1, 1449 cm-1 and for 

O-H vibration is at 3768 cm-1.  The MEP and 

ESP map of the Niacin molecule showed that 

the oxygen and nitrogen atoms have the elec-

trophilic region (yellow color) and the hydrogen 

atom have the nucleophilic region (blue color). 

ED presented the formation of electron bond 

(charge) distribution of the title molecule. The 

energy gap from HOMO-LUMO is found to be 

5.398 eV and from DOS is 5.429 eV which is 

approximately equal. The Niacin molecule is 

hard due to the larger energy gap. The electro-

negativity value of 4.847 eV predicts the biolog-

ical activity of Niacin derivatives based on their 

molecular structure and signifies the molecules 

ability to attract electron. The calculated value 

of chemical hardness is 2.7 eV which reflects 

the molecular stability and is likely to be more 

stable and less reactive in biological environ-

ments, maintaining its integrity and functional-

ity. The softness value of 0.370 eV-1 denotes the 

molecule polarizability. Also the chemical po-

tential value is -4.847 eV which represent the 

ability to donate or accept electron. It provides 

critical insights into the molecule’s reactivity, 

stability, interaction with biological targets, and 

overall role in metabolic processes. Electro-

philic index with value 4.351 eV shows how ni-

acin interacts with biological targets such as 

http://www.nepjol.info/index.php/JNCS
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enzymes or receptors, influencing binding affin-

ity and specificity. From the calculation of Mul-

liken atomic charges distribution of the Niacin 

molecule, the C2 atom carries the greatest pos-

itive charge together with all the hydrogen at-

oms positioned on the upper side exhibiting 

positive charges too, while C1 bears the highest 

negative charge and C4, C5, N6, C11, O12, and 

O13 atoms located on the lower side demon-

strate negative charges. The thermodynamic 

parameters such as Cv, Cp, U, H, and S were 

observed increasing upon increasing the tem-

perature from 10 K to 500 K whereas G experi-

ences a decreased in value in the same rise in 

temperature. We believe that our work makes a 

substantial contribution to the fields of biologi-

cal chemistry and computational chemistry by 

offering solid databases and insights that are 

useful for drug development, toxicity, metabolic 

research, and teaching. Future research and 

development pertaining to Niacin and its deriv-

atives is anticipated to be fueled by these re-

sources, resulting in novel discoveries and uses 

in the medicines, healthcare, biology and chem-

istry. 
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