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Highlights
• The Cytosine molecule and its optimized structure was obtained using density functional theory (DFT) at the B3LYP/6-

311++G(d,p) basis set.
• An energy gap obtained from the density of states was 4.92 eV and this clarified to equivalent orbital energy gap levels. 
• The vibrational of C-H, N-H and C=O were found to be in the range of 3100-3300 cm-1 3500-3700 cm-1 and, 1771.10 cm-1 

respectively.
• Thermodynamic properties such as heat capacity, internal energy, enthalpy and entropy increase with increase in 

temperature while Gibbs free energy shows opposite trend.

Abstract

The optimized structure of the Cytosine molecule was achieved in 12 steps, yielding an optimization energy of -10749.84 eV. 
The HOMO-LUMO energy gap of 4.94 eV indicates chemical stability. The oxygen atom exhibits the most negative potential 
and the hydrogen atom shows the most positive potential. The density of states reveals an energy gap of 4.92 eV, confirming 
equivalent orbital energy levels. Calculated hardness (2.47 eV) and softness (0.41 eV-1) suggest stability and polarizability. 
The chemical potential is -3.97 eV, and the electronegativity is 3.97 eV. The electrophilicity index of 3.19 eV indicates a strong 
electrophilic behavior. Mulliken charge analysis identifies H13 with the highest positive charge and N5 with the highest negative 
charge. Vibrational analysis shows C-H vibrations at 3100-3300 cm-1, N-H at 3500-3700 cm-1, and C=O at 1771.10 cm-1. 
Thermodynamic properties such as heat capacity, internal energy, enthalpy, and entropy increase with temperature, while Gibbs 
free energy decreases.
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Introduction
Cytosine (molecular formula C4H5N3O) is a crucial building block in Deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA) 
which make up their genetic codes [1]. It has a specific structure with a ring and certain groups at different positions. Cytosine, 
along with two other bases (i.e. uracil and thymine) form the pyrimidine family which has a single-ring structure. This unique 
structure allows the title molecule to pair up with another specific base guanine by creating a stable pair in the DNA and RNA 
structures. Beyond this pairing role, the title molecule can undergoes changes that affect how genes work [2]. It can influence 
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various aspects of an organism's life like development and disease susceptibility. Additionally, the title molecule can team up 
with phosphate groups to become Cytidine triphosphate (CTP), an energy carrier in the cell that helps with different biochemical 
processes [3]. So, cytosine plays multiple important roles in the working machinery of DNA.

Fig 1. Chemical structure of Cytosine (C4H5N3O) molecule

Fig. 1 shows the molecular structure of Cytosine (C4H5N3O) molecule having sum of 13 bonds. It includes 8 bonds excluding 
hydrogen (non-H), 3 bonds with multiple connections, 3 double bonds, 1 six-membered ring, 1 aliphatic imine, and 1 aliphatic 
primary amine. Density Functional Theory (DFT), an essential tool assists as the best platform for quantum computations and 
molecular modeling [4-6]. Recognized for its adaptability and precision, researcher uses a range of theoretical methods and basis 
sets to forecast molecular structures of geometry optimization, energetics, and spectroscopic characteristics (frequency analysis) 
across various domains which include organic, inorganic, and biochemistry, as well as materials science and drug discovery 
[7-10]. Gaussian's applications extend to investigating properties like geometries, energies, transition states, and reaction 
mechanisms [11]. Notable studies include DFT investigation over similar title molecule’s catalyzing double-proton transfer 
with guanine [12] as well as surface studies on gallium- and aluminum-doped graphene and their impact on the title molecule's 
absorption [13, 14, 15]. The various study dives into molecular electrostatic potential analysis using various approaches [16] 
and explores their vibrational studies of the molecule and related compounds [17]. Additionally, it covers electrostatic potential 
analysis [18] and electron density alpha, beta and spin density studies [19]. 

Despite these works, there are still lacking on the systematic study on the optimized molecular structure, electronic structures, 
vibrational analysis, thermodynamic properties and their interpretations through the quantum mechanical treatments. Therefore, 
this work attempts to investigate molecular optimized molecular structure, highest occupied molecular orbitals and lowest 
unoccupied molecular orbital (HOMO-LUMO) analysis, molecular electrostatic potential (MEP), electrostatic potential 
(ESP), electron density (ED), density of states (DOS), global reactivity descriptors, Mulliken charges, vibrational analysis and 
thermodynamic properties using the DFT/B3LYP method and 6-311G basis set, a balanced and cost-effective approach. 

Computational Methodology 
Gaussian's software products are proven as a powerful and widely accepted computational tool for studying molecular properties. 
All quantum chemical calculations for the C4H5N3O molecule was conducted using the Gaussian09W program [11]. GaussView 
6.0 [20] was used for both analyzing and visualizing the molecular results. Initially, the DFT/B3LYP approach was used to 
optimize the shape of the chosen molecule using the 6-311++G(d, p) basis set. The vibrational behavior (wavenumbers) was then 
calculated using these optimized structural parameters. Using the same basis set, the DFT approach was used to compute the 
molecule's electrostatic potential, electrostatic potential, Global Reactivity Descriptors and the energies of its highest occupied 
and lowest unoccupied molecular orbitals (HOMO-LUMO). The GaussSum 3.0 program [21] was used to analyze the DOS 
spectrum. Additionally, thermodynamic properties were obtained using Moltran software [22], and the graphs were designed 
with OriginPro9.0 software.

The ionization potential (I) and electron affinity (A) are directly correlated with the HOMO and LUMO energies respectively. 
The amount of energy required to extract an electron from a gaseous atom is known as the ionization energy (I). Comparably, the 
energy released when an additional electron is added to an atom is measured by electron affinity (A). The relationship between 
electron affinity (A) and ionization potential (I).
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Ionization Potential (I) = -EHOMO ………………….  (1) 

Electron Affinity (A) = -ELUMO    …………………  (2)

The HOMO-LUMO energy gap is a key parameter in understanding the electronic properties of a molecule. ELUMO represents the 
energy of the lowest unoccupied molecular orbital and EHOMO represents the energy of the highest occupied molecular orbital such 
that Energy gap (ΔE = Egap) represents the HOMO-LUMO energy gap [23] i.e.

Energy gap (ΔE) = ELUMO – EHOMO ……...….....     (3)

The formulae required for the calculation of Global Reactivity Index (GRI) parameters, Chemical hardness (η), Softness (S), 
Chemical potential (μ), Electronegativity (χ), Electrophilicity index (ω) [23] are presented as the following equations

η = (I–A)/2          ……………….................... (4)

S = 1/η                ..……………....................... (5)

μ = -(I+A)/2        ..……………....................... (6)

χ = (I+A)/2          ..……………....................... (7) 

ω = μ2/2η          ..……………........................... (8) 

Results and Discussion

Optimized Structure of Cytosine's Molecule                                                                                                                           
Fig. 2(a) shows the optimized structure of Cytosine molecule and it is a heterocyclic molecule characterized by a ring structure 
containing two nitrogen atoms. Optimization refers to the process of determining the most stable molecular geometry of the 
molecule under specific conditions.  In the study of cytosine, the molecule is optimized in 12 steps, and the Hartree energy versus 
optimization step number is plotted in fig. 2(b). The graph indicates that the optimization process stabilized after the 12th step. As 
can be seen in fig. 2(b) the molecule has finally reached step number 12, where its energy has been lowered to the lowest possible 
energy state and has remained stable at this point with an energy of -10749.84 eV (-395.04192 Hartree).

Fig. 2. (a) Optimized molecular structure of cytosine and (b) Plot for total energy vs optimization step number of title molecule

Based on Gaussian calculations, the title molecule exhibits bond lengths, bond angles, and dihedral angles, as detailed in Table 
1. The bond lengths and bond angles are consistently positive, while dihedral angles encompass both positive and negative 
values [24]. A bond length represents the distance between two connected atoms, a bond angle involves three connected atoms, 
and a dihedral angle pertains to four connected atoms. These geometric parameters provide essential details about the molecular 
structure and configuration of the title molecule. The positive and negative values in dihedral angles indicate the molecular 
conformation by contributing to a detailed understanding of the title molecule's geometry.

Table 1. Calculated values of bond length (Å), bond angle (°) and dihedral angle (°) of Cytosine molecule
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Atoms
   Bond 
Length (Å) Atoms

Bond                    
Angle (°) Atoms

Dihedral       
Angles (°)

C(1)–C(2) 1.4081 C(1)-C(2)-C(3) 116.5904 O(8)-C(4)-N(5)-H(13) -2.2271
C(1)-N(6) 1.3145 C(2)-C(3)-N(5) 117.3183 H(13)-N(5)-C(3)-N(7) 0.3551
C(2)-C(3) 1.3824 C(3)-N(5)-C(4) 124.8184 N(5)-C(3)-N(7)-H(12) 22.8858
C(4)-N(6) 1.3732 N(5)-C(4)-N(6) 116.1283 H(12)-N(7)-C(3)-C(2) -159.3571
C(4)-N(5) 1.4365 C(4)-N(6)-C(1) 118.4594 H(11)-N(7)-C(3)-C(2) -13.8241
C(3)-N(7) 1.3682 N(5)-C(1)-C(2) 126.6832 N(7)-C(3)-C(2)-H(10) 2.4619
C(3)-N(5) 1.3561 N(6)-C(4)-O(8) 126.6360 C(3)-C(2)-C(1)-H(9) 179.9815
C(1)-H(9) 1.0891 O(8)-C(4)-N(5) 117.5207 H(10)-C(2)-C(1)-H(9) 0.0698
C(2)-H(10) 1.0804 C(4)-N(5)-H(13) 114.0604 C(2)-C(1)-N(6)-C(4) 0.3443
C(4)-O(8) 1.2141 H(13)-N(5)-C(3) 121.0676 C(1)-N(6)-C(4)-O(8) 179.6307
N(5)-H(13) 1.0121 N(5)-C(3)-N(7) 117.9964 N(6)-C(4)-N(5)-C(3) 0.3994
N(7)-H(11) 1.0076 H(11)-N(7)-H(12) 114.9095
N(7)-H(12) 1.0085 H(11)-N(7)-C(3) 117.1238

N(7)-C(3)-C(2) 124.6495
C(3)-C(2)-H(10) 121.5360
H(10)-C(2)-C(1) 121.8735
C(2)-C(1)-H(9) 117.9083
H(9)-C(1)-N(6) 115.5479

Electronic Structures
HOMO and LUMO analysis

Analyzing HOMO and LUMO calculations is crucial for understanding the title molecule's electronic characteristics. The HOMO 
denotes the highest occupied electron energy level, while the LUMO denotes the lowest unoccupied energy level. A smaller 
energy gap between HOMO and LUMO suggests a higher likelihood of electronic transitions and vice versa [25]. This gap gives 
a valuable information about the molecule's reactivity, stability, and propensity for electronic transitions. Fig. 3 displays the 
Cytosine molecule's HOMO-LUMO plot and frontier orbital energy gap. The energy differences between HOMO and LUMO is 
4.94 eV (in neutral state), with HOMO's energy being -6.44 eV and LUMO’s energy being -1.50 eV. The negative LUMO energy 
signifies the ability of the molecule to accept electrons to further contribute to its reactivity [26]. In this Cytosine molecule, the 
energy gap indicates that the molecule is stable one.

Fig. 3. HOMO and LUMO orbitals of Cytosine
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Molecular Electrostatic Potential (MEP) Analysis, Electrostatic Potential (ESP) Analysis and  
Electron Density(ED)

Fig. 4(a) represents visual mapping analysis of molecular electrostatic potential on its surface of Cytosine in the gas phase. High 
negative potential regions indicate nucleophilic attack sites, while high positive potential regions signify electrophilic attack 
sites. Fig. 4(a) reveals distinctive MEP distribution values with respect to the color scale, ranging from negative (red) with 
-8.042e-2 a.u. to positive (blue) with 8.042e-2 a.u. and these assist in recognizing reactive sites. This fig. 4(a) illustrates a notable 
negative potential around the oxygen and a positive potential near Hydrogen atoms and offers the details of the molecule's 
reactivity [17]. Fig. 4(b) shows the visual displayed electrostatic potential around the molecule by revealing its charge distribution 
and reactivity insights. The electrostatic potential analysis at various spatial points identifies the electrophilic and nucleophilic 
regions. The electrostatic potential mapped on the isodensity surface ranged from -1.592e-2 a.u. (red) to 1.592e-2 a.u. (blue) 
assists in understanding molecular behavior and identifying potential reaction sites for electrophilic and nucleophilic attacks. Its 
result contributes to predicting molecular interactions and guiding reaction design [18, 27]. The result, depicted from fig. 4(b) 
shows specific sites with high positive potential, indicating electrophilic reactivity and regions with high negative potential, 
suggesting of nucleophilic reactivity. Electron density governs properties like electrical conductivity, magnetism, and optics, 
influencing electronic band structure. Quantum methods like DFT compute electron density to predict and design materials with 
specific electronic traits [28]. Fig. 4(c) shows the electron density distribution and gives us an idea for indicating the probability 
of an electron to be present at a specific location.

Fig. 4. (a) Molecular electrostatic potential, (b) electrostatic potential map (c) electron density of Cytocine molecule

Density of States (DOS) 
The DOS spectrum provides valuable information about the density of states of a material which is crucial for understanding 

its electronic properties. It shows the distribution of electronic states as a function of energy. The DOS spectrum provides 

insights into the electronic structure, band gaps, electronic transitions and the nature of the electronic states in a material [12]. 

The spectral graph illustrating the DOS for the molecule is displayed in fig. 5. The distribution of the molecule's accessible 

electron energy levels is shown in this graph. DOS affects the probability of electron occupation by showing the number of 

electron states per energy level [29]. Negative DOS intensity signifies unoccupied or unstable states, whereas positive intensity 

denotes occupied states. Fig. 5 gives the calculated energy gap of 4.92 eV in the DOS spectrum which is closely aligned with 

our previously determined HOMO-LUMO energy gap, reinforcing the accuracy of our findings. GaussSum v.3.0 software was 

used to plot the graph, with parameters set to start at -20 eV, terminate at 0 eV, and full width at half maximum (FWHM) at 0.3 

eV. An intense peak at -13.5 to -10 eV shows that electrons are filling orbitals or the valence band. Another peak that is closer 

to 0 eV is indicative of virtual or vacant orbitals that are open to electron transitions and may be associated with excitation or 

conduction band states [20, 30,]. DOS with positive values in the graph indicate a bonding interaction between orbitals, whereas 

negative values indicate an anti-bonding interaction. When the DOS value is 0, non-bonding interactions are indicated [31, 32].
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Fig. 5. DOS spectra of Cytosine molecule

Global Reactivity Descriptors
The global response descriptors are determined by evaluated energy values of HOMO and LUMO. The calculated global hardness 
(η) of Cytosine molecule is 2.47 eV and it indicates the molecule's stability and resistance to change or deform their lowest or the 
occupied orbital state which can also be called its electronic configuration due to chemical reaction [33, 34]. The inverse of the 
hardness is softness (S) and its value is 0.41 eV⁻¹. It means its polarizability and ease of electron transfer or ability of a molecule 
to donate or take electrons with ease. Chemical potential (μ) is a measure of a substance's potential energy. A molecule that has a 
higher negative chemical potential is more likely to react or release energy and its value is -3.97 eV. The molecule's capacity to 
attract electrons is indicated by its electronegativity (χ), which is 3.97 eV on calculation. The great tendency to attract electrons is 
shown by the higher and positive value obtained. The tendency of an atom or molecule to take an electron in a chemical reaction 
is indicated by the global electrophilicity index (ω), which has a value of 3.19 eV and helps anticipate how reactive a substance 
will be toward nucleophiles in chemical processes. The electrophilicity index (ω) is classified as strong if it is greater than 1.5 eV, 
moderate if it is in between 0.8 and 1.5 eV, and marginal if it is less than 0.8 eV [35, 36].

Mulliken Charges and Chemical Reactivity
Mulliken charges offer valuable insights into the molecule's polarity, influencing its reactivity and interactions across various 
molecular contexts [16]. Mulliken charges for the Cytosine molecule reveal distinct charge distributions on its atoms. Fig. 6 
illustrates atom’s charge distribution. The atoms on the Cytosine molecule exhibit positive charges in C2, C4, H9, H10, H11, 
H12 and H13 whereas the negative charges are displayed on C1, C3, N5, N6, N7 and O8. The atoms with the highest positive and 
negative charges, are H13 and N5 respectively. Positive charges on C2, C4, H9, H10, H11, H12 and H13 atoms suggest potential 
electron loss, indicating electrophilic regions.

Fig. 6.  Mulliken charges distribution of atoms on the Cytosine molecule 
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Vibrational Analysis
In the FT-IR spectra of the title molecule, specific vibrational bands are observed in the range of 4000 to 0 cm-1 which corresponds 
to functional groups such as NH₂ stretching, C=O stretching, N-H stretching, and C-H stretching vibrations [37]. FT-IR 
spectroscopy in fig. 7 reveals cytosine's molecular details and predicts vibrational spectra. Transmission values in IR spectra 
correlate with sample absorbance, quantifying radiation absorption. DFT-calculated IR spectra predict absorbance, offering 
insights into molecular vibrational modes and chemical bonds, with experimental validation essential for accuracy [38, 39].

C – H vibration
Because of aromatic C–H stretching vibrations, aromatic compounds show several weak bands in the 3300–3000 cm-1 range [26, 
27]. The C-H stretching vibrations in our molecule are found at 3123.52 cm-1 and 3216.57 cm-1. 

N – H vibration
The frequency range of the N-H stretching vibrations is always in between 3500 and 3000 cm-1 [26, 27]. The FT-IR bands for 
N-H vibrations are found in 3585.63 cm-1, 3588.93 cm-1, and 3696.68 cm-1.

C = O vibration
This stretching mode is one of the strongest peak in the absorbance band range for IR intensity associated with the carbonyl 
(C=O), which normally lies between 1750 and 1650 cm-1 [26, 27]. In our study, the C=O vibration occurs in region of 1771.10 
cm-1.

Fig. 7. IR spectroscopy for Cytosine molecule 

Thermodynamic Properties 
Thermodynamic properties of the Cytosine molecule involves studying the molecule's thermodynamic behavior like heat 
capacity at constant volume (Cv), heat capacity at constant pressure (Cp), internal energy (U), enthalpy (H), entropy (S) and 
Gibbs free energy (G) at various temperature. Heat capacity reveals the substance's thermal behavior, while Gibbs free energy 
denotes stability and reactivity under diverse conditions. Internal energy accounts for the system's total energy, and entropy 
reflects its disorder [40, 41]. Fig. 8 shows the graph of correlation of heat capacity at constant volume (Cv),  heat capacity at 
constant pressure (Cp), internal energy (U), enthalpy (H), entropy (S) and Gibbs free energy (G) with the increase temperature 
and their polynomial fittings. Increasing rate of these thermodynamic parameters are gradual with the rise in temperature except 
the Gibbs free energy. The correlation equations among Cv,  Cp, U, H, S and G with temperature have been fitted by quadratic 
(polynomial) form and the corresponding fitting factors (R2) for Cv, Cp, U, H, S and G are equal to 0.99421, 0.99421, 0.99994, 
0.99995, 0.98532 and 0.99996 respectively. The corresponding fitting equations for Cv, Cp, U, H, S and G are: 

Cv = 15.9718+ 0.2972T + 5.0410x10-6T2

Cp = 24.2871 + 0.2971T + 5.0510x10-6T2

U = 256.6858 + 0.0119T + 1.5715x10-4T2
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H = 256.68579 + 0.0202T + 1.5714x10-4T2

S = 181.38517 + 0.6802T – 4.5911x10-4T2

G = 257.81644 – 0.2126T - 2.0792x10-4T2

Fig. 8. Correlation plot of heat capacity at constant volume (CV), heat capacity at constant pressure (Cp), internal energy (U), enthalpy (H, 
entropy (S), and Gibbs free energy (G) with temperature

Conclusions
In this study we found molecular geometry, electronic structures, global reactivity parameter, density of states, Mulliken charges, 
ESP, MEP, ED, vibrational analysis and thermodynamic properties of Cytosin using density functional theory (DFT) at the 
B3LYP/6-311++G(d, p) basis set. The optimization of the Cytosin molecule occured in twelve steps. We calculated bond length, 
bond angle and dihedral angle in which the highest bond length was 1.4365 Å in between C4-N5 together with the highest value 
for bond angle and the highest value for dihedral angle were 126.6832 degree, 179.9815 degree for N5-C1-C2, C3-C2-C1-H9 
respectively. The frontier orbitals i.e. HOMO-LUMO was studied and their energy gap was found to be 4.94 eV and about equal 
to the energy gap i.e. 4.92 eV obtained from the density of states. The electrophilic and nucleophilic reaction sites of molecule 
have been predicted by ESP and MEP surface in which oxygen atom has the most negative potential indicating neucleophilic 
site while hydrogen atom has the most positive potential indicating electrophilic site. Similarly, the  global reactivity descriptor 
such as chemical potential (μ), electronegativity (χ), hardness (η), softness(S), and elecrophilicity index (ω) for the cytosine 
molecule were found to be -3.97 eV, 3.97 eV, 2.47 eV, 0.41 eV-1 and 3.19 eV respectively. Mulliken charge analysis suggested 
that H13 has highest positive charge while N5 has the highest negative charge. The vibrational analysis has been performed in 
which C-H vibration was found to be in 3123.52 cm-1 and 3216.57 cm-1. In addition, N-H vibration was found in 3585.63 cm-1, 
3696.68 cm-1 and 3588.93 cm-1 and C=O vibration was observed in 1771.10 cm-1. Thermodynamic parameters like heat capacity, 
internal energy, enthalpy, and entropy increase with the increase in temperature whereas Gibbs free energy exhibits an inverse 
relationship with the rise in temperature.
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