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ABSTRACT
  In the present work, the computational investigation of Electronic molecular structural, Thermochemistry, 
Spectroscopical analysis: (FT-IR, FT-RAMAN, UV-Vis) of Nitromethane (CH3NO2) are performed by Gaussian and 
the calculations are compared with the existing experimental and theoretical data available for the molecule. Optimized 
structure, fundamental scaled and unscaled vibrational frequencies, Mulliken charges are modeled using HF method, 
DFT (Density Functional Theory), and different basis sets. Study of thermodynamic functions:  partition function, 
thermal energy, entropy, and specific heat capacity of the Nitromethane as a function of temperatures and MEP 
(molecular electrostatic potential) are obtained using density functional theory, B3LYP/ Basis Set-1 (6-311++G(d,p) 
). The B3LYP/ Basis Set-1 (6-311++G(d,p)) basis sets calculations used here matches well  with the experimental 
infrared spectra data over the other calculations. The oscillator strength and energy calculations alongwith spectroscopic 
analysis in terms of UV-Visible spectrum on the optimized structure of Nitromethane using TD-DFT, time-dependent 
DFT are performed in this paper.
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1. INTRODUCTION
  Nowadays, computational chemistry [1] helps to provide new insight and allows molecular structure calculations 
using many quantum chemical numerical methods [2-6] even in the absence of availability of experimental data. 
Extensive theoretical studies exist for calculating electronic structural and spectroscopic properties using computational 
molecular modeling [4]. DFT (density functional theory) method [5-6] is an effective and efficient computational 
Quantum chemical methods widely used in recent years, as it provides accurate results for optimized geometry, dipole 
moment, atomic charges, vibrational frequencies, excitation energies, molecular electrostatic potential, thermodynamical 
parameters [7-10] when compared to experimental values.

  Nitromethane is an organic polar nitro compound with the chemical formula CH3NO2, has been the subject of 
research investigations globally as it has various industrial and research applications [11]. It is used as a precursor of 
high-energy material [12]. The Nitromethane may affect the atmosphere adversely but the concentration in the 
environment is too low to have harmful effects [13]. It is used to manufacture the industrial antimicrobials and 
pharmaceuticals [14] and is also used as a fuel for rockets and radio-controlled models [15]. It has been observed that 
Nitromethane can be used effectively as a propellant which gives high combustion performance and the burning behavior. 
The studied molecule has one NO2 that offers a distinctive spectral feature in many high explosives. Owing to its 
explosive nature and causing atmospheric pollution, the flame spectrum in the UV-Visible spectral range for CH3NO2 
[16] and thermal decomposition of nitromethane for different pressure conditions [17] have also been studied. It became 
important to understand and analyze deeply the behavior this molecule in terms of Gas- Phase Acidity, electron 
Affinity,  
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Negative Ion States, Bond Dissociation Energy [18], gas-phase solvation processes [19], Gas-phase decomposition 
mechanisms [20] and explosive nature [21]. As reported in literature, up to the knowledge of authors, the accurate 
data for complete HOMO/LUMO and Dipole moment analysis for gas phase and by adding different solvents phases 
of Nitromethane was calculated using different computational methods [22]. Whereas very few theoretical studies 
and experimental results are available for spectroscopic analysis and thermodynamic behavior.

 In this research paper, we report the molecular optimized structure, electronic, thermodynamical properties 
at different temperatures, molecular geometry, range of wavenumbers and UV-Visible spectral analysis for Nitromethane. 
Our results extended to calculate various parameters such as electronic transition energy, oscillation strength, 
thermodynamical parameters, and their behavior as a function of temperature. UV-Visible spectrum, Molecular 
electrostatic potential, Mulliken charges, etc. The attempted detailed assignments of vibrational frequencies were 
made and it introduced a scaling factor in frequencies to values which testifies the experimental data available. 

2. EXPERIMENTAL DETAILS
 
  The Fourier Transform-RAMAN experimental spectrum of the molecule was recorded using PREEMPTOR 
system developed by Defence Research and Development Organization (DRDO), Delhi, India. The spectra of the 
molecule have been recorded experimentally using LASER excitation wavelength 532 nm with resolution of 8 cm-1. 
The Raman spectra has been integrated for 2 seconds.

3. COMPUTATIONAL DETAILS
 The infrared spectrum IR of the Nitromethane was taken from the Reference Data of the National Institute 
of Standards and Technology, NIST [23]. The experimental IR spectrum database for the gaseous phase [24] and the 
liquid phase [25, 26] was taken from the research articles published. 

 Quantum chemical computations for Nitromethane using the Gaussian program involving the molecular 
orbital DFT technique with B3LYP ("Becke, 3-parameter, Lee-Yang–Parr")/ [ Basis Set-1 (6-311++G(d,p) ) , Basis 
Set-2 ( 3-21G ), Basis Set-3 ( 6-311G(d,p) ) ] , and ab-Initio HF (Hartree-Fock) method with Basis Set-1 (6-311++G(d,p)) 
are used for calculations. The larger and reliable data set levels of theory are selected in such a way so as to have 
little difference between our calculations and existing experimental values of levels of theory, to understand the complete 
analysis. The optimization of the molecular structure to the lowest potential was carried out by using these combination 
basis sets. The procedure on the optimized structure was extended to calculate vibrational frequencies, electronic 
properties, and UV-Visible spectrum data analysis. After rigorous optimizations, the correct minimum potential energy 
was found as no imaginary frequency modes were obtained at the optimized geometry. To improve the unscaled 
frequencies spectrum, a scaling factor was introduced in the calculations. The Vibrational frequencies for the HF method 
are scaled by 0.92 for the range above 1700 cm-1 and 0.89 for the range below 1700cm. For B3LYP/ (Basis Set-1) are 
scaled by 0.963 for the range of wavenumber above 1700 cm-1, and below 1700 cm-1 are scaled by 0.98. Gauss View 
software is used to get visual aid of optimized molecular structure. The Electronic transitions and excited states 
calculations were performed using larger and more reliable Time-dependent DFT/B3LYP/ (Basis Set-1) to produce the 
complete data set for Electronic spectrum and excitation energies. 

4. RESULTS AND DISCUSSION

4.1. OPTIMIZED MOLECULAR GEOMETRY 
 The optimized structure form of Nitromethane by DFT/B3LYP/ (Basis Set-1) with atomic numbering is 
obtained as shown in Fig 1.  Molecular geometry is fully optimized with tight convergence criteria, which corresponds 
to correct energy minima, as only normal modes are obtained at the optimized geometry.The ground state optimized 
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geometry of the molecule is calculated by larger and accurate simulation basis set B3LYP/ [ (Basis Set-1), (Basis Set-2), 
(Basis Set-3) ] and HF/(Basis Set-1) and collated with reported experimental datasets from the literature  [27-28 ].

Figure 1. The theoretically optimized geometric molecular structure of Nitromethane.

 This molecule contains one Carbon-Nitrogen bond, two nitrogen-oxygen bonds, and three Carbon-Hydrogen 
bonds. The calculated values of bond lengths and angles compared with the experimental values as reported in the 
literature [27-28] are listed in Table 1. The N-O bond lengths are obtained higher by B3LYP/ (Basis Set-2) calculations 
and lower by HF/(Basis Set-1) calculations. By using the B3LYP/(Basis Set-1), it shows the good match with the 
experimental and theoretical value as evident from Fig.2.    
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Figure 2. Optimized Structural properties (bond lengths (A) and bond angles (0)) of Nitromethane and also 
compared with experimental values

4.2. Atomic Charge

 Mulliken atomic charges have importance in the application of quantum chemical computational calculations 
and It effects dipole moment, electronic structure, polarizability, chemical properties of molecular systems. The Mulliken 
population analysis has been performed to obtain Mulliken atomic charges using Gaussian package.  It underlying 
principle exploits the density–derived electrostatic and chemical (DDEC) techniques to solve this problem by 
partitioning the electron density to simultaneously reproduce atomic chemical states and the electrostatic potential 
surrounding the material with excellent accuracy. The distribution of charge is dependent on different basis sets. So these 
basis sets are used to calculate Mulliken charges as listed in Table 2. The molecular structure charge distribution of 
nitromethane is shown in Fig 3. The Mulliken atomic charge of all three hydrogen atoms carries a positive charge, The 
two oxygen atom carries negative charge. The charge of Nitrogen is -0.09817 e- for B3LYP/(Basis Set-1)  and 
0.052305 e-, 0.236411 e- and 0.239271 e- for HF/(Basis Set-1) , B3LYP/ [ (Basis Set-3)  and  (Basis Set-2). it is shown 
that the charge of Nitrogen is positive for B3LYP/(Basis Set-1) and negative for HF/(Basis Set-1)  and B3LYP/[ 
(Basis Set-3), (Basis Set-2) ].

Table 1. Bond length and bond angles of Nitromethane molecule  
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Experiment a - bond lengths were taken from [27]

Experiment b - bond angles were taken from [28] 

Table 2. Mulliken atomic charges of nitromethane for different Basis Set

Molecule
HF

Basis Set-1
DFT/B3LYP
Basis Set-3

DFT/B3LYP
Basis Set-2

DFT/B3LYP
Basis Set-1
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Figure 3. The Mulliken atomic charge distribution molecular structure of Nitromethane by using B3LYP/ (Basis-
Set-1) large basis set.

 4.3. Mep (Molecular Electrostatic Potential)

 In the present work, we have plotted a 3D plot of Molecular electrostatic potential Molecular electrostatic 
potential (MEP) over-optimized geometry in its gas phase as shown in Fig 4. MEP plays a major role in determining 
the interaction of electrophile on a negative region where the electron density is maximum and neutrophile on a positive 
region.  The utility of MEP Plot is significant when it is visualized through mapping its values on the molecule 
boundaries shown by reflecting surfaces. In MEP, the Red colour directs the max negative region which shows the 
region for an electrophilic attack, the Blue colour directs the max positive region which shows the region for nucleophilic 
attack. The color-grading scheme taken in the mapping of MEP 3D plot is used to identify the size and shape of a 
molecule and negative, positive, and neutral regions of electrostatic potential. The MEP colour coding ranges between 
−0.04330 a.u. to 0.04330 a.u. The electronegative atom mainly shows a negative potential region, So nitromethane 
consists of an electronegative atom, oxygen, and the positive potential is localized over the H atoms can be shown 
from Fig 4. The negative potential value over oxygen atoms is -0.0395. and compared to this positive potential value 
over hydrogen atoms is 0.04026. According to these calculations, we can predict that oxygen and hydrogen atoms 
are the reactive locations for electrophilic and nucleophilic attack resp.

Figure 4. Electrostatic potential mapping of title molecule with atomic numbering
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4.4. Thermodynamic Properties

  Ab initio Quantum chemical simulations are performed to calculate the thermodynamics functions (zero-point 
vibrational energy, rotational constants, entropy, specific heat capacity, and dipole moment) of nitromethane in gaseous 
phase using reliable DFT/B3LYP/[ (Basis Set-1), (Basis Set-2), (Basis Set-3) ] and HF/(Basis Set-1) method as listed 
in Table 3. The ground state energy of optimized nitromethane structure found using DFT B3LYP/ (Basis Set-1) is -245 
a.u. The ground state energy using HF/ (Basis Set-1) is -243.7 a.u.  The numerical difference between these methods 
is 1.3 a.u. The specific heat and entropy decreases from B3LYP/ [ (Basis Set-2) > (Basis Set-3) > (Basis Set-1) while 
HF method calculates minimum specific heat and entropy among all the basis sets.

  The three-dimensional vector, transition dipole moment between the ground state and higher excited states depicts 
the movement of charge. The dipole moment vector flow direction is primarily from negative to positive charges. The 
dipole moment relies on the origin choice and orientation of molecule for charged systems. The lowest value of dipole 
moment was seen in DFT calculations for (B3LYP/ Basis Set-2) and the maximum dipole moment was seen in B3LYP/ 
(Basis Set-1). The same variations are seen in analysis of zero-point energies for the molecule. It is analyzed that the 
basis set HF/ (Basis Set-1) obtained the highest zero-point/ ground state energy among all these Slater Type Orbitals 
(STO) methods. be seen that value of the partition function increases with increase in Temperature, T as inferred from 
Fig 5. We noticed a gradual increase in q with an increase in T for low-temperature range from 50 K to 350 K. However, 
observed a steeper increase in q with an increase in T for high-temp range from 400 to 700 K. The increase of 
thermodynamical functions with temperature can also be predicted from the correlation graphics in Fig 5. The correlation 
equation between heat capacities, entropies, and E (thermal) using a polynomial function were curve fitted and calculated 
the fitting factors (R2) for them.

Table 3. Thermodynamic properties of Nitromethane using STO different basis sets  
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Table 4. Thermodynamic functions as a function of Temp, T 
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Figure 5. The variation of Partition function (q), E(thermal), Entropy (S), Specific Heat (Cv), as a function of 
temperature T

4.5. Vibrational Spectral Analysis

  Vibrational spectroscopical analysis, the quantum chemical calculations are performed using different basis sets 
namely, B3LYP/(Basis Set-1) and HF/(Basis Set-1) for frequency analysis. We have shown here that addition of scaling 
factor in the B3LYP/ (Basis set-1) shows a good agreement with the available experimental values [23] which is also 
listed in Table 5. For comparison purposes, the simulation spectra for related Infrared and Raman range are shown in 
Fig 6 and 7 where the correlation of intensities and harmonic vibration wavenumbers are obtained. The molecules contain 
7 atoms have Cs point group symmetry. It is already reported that the potentially active observable fundamentals of a 
non-linear molecule with N atoms can have a maximum value of (3N-6) [30]. So, for this molecule, we have 15 normal 
modes of vibration. Observed scaled vibrational frequencies using B3LYP and HF are compared with the experimental 
data based on normal modes analysis from the literature [23-24] with vibrational assignments are shown in Table 5.   
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Figure 6. Theoretical IR spectrum (after scaling) compared with Experimental [23] spectrum of Nitromethane            
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Figure 7. Theoretical Raman spectrum (after scaling) compared with Experimental details of Nitromethane 
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Table 5. Detailed assignments of vibrational wavenumber of Nitromethane

v.s – very strong, s – strong, m – medium, m.w – medium-weak, w – weak, ν – stretching, 
δ – in-plane bending, ρ – out of plane bending,

aResults from Reference [23]
b-cExperimental dataset for nitromethane from Reference [24-25]

4.5.1. C-H vibrations

 C-H stretching vibrations are observed generally with low intensity for explosive molecules that contain nitro 
group in the range 2900-3100 cm-1. The FT-IR frequency modes were reported at 3050 and 2968 cm-1 [23]. In this 
work, three hydrogen atoms are connected to a carbon atom produces three C-H stretching modes. The calculated 
frequencies appeared in the range 3080, 3050, 2968 cm-1 by B3LYP method, 3090, 3058, 2970 by HF method. The 
calculated wavenumber was found to be in the expected region with all bands having weak intensities. 
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 C-H in-plane bending vibrations were obtained in the range 1500-1390 cm-1. The FT-IR frequency modes 
were obtained at 1482, 1450, 1394 cm-1  [23]. The theoretically calculated wavenumbers using HF method are obtained 
at 1488, 1420, 1410 cm-1, and using B3LYP method were obtained at 1446, 1435, 1400 cm-1.

 C-H out of the plane bending vibrations were obtained in the range 1150 -1100 cm-1. The FT-IR frequency 
modes were obtained at 1110, 1082 cm-1 [23]. The theoretically calculated wavenumbers using HF method are obtained 
at 1119, 1087 cm-1and using B3LYP method were obtained at 1111, 1089 cm-1. The results from B3LYP/ (Basis Set-1) 
shows the closest values with experimental data available from the literature. 

4.5.2. NO2 Vibrations

 Due to the asymmetric and symmetric stretching vibrations of the NO2 group, the frequencies of NO2 molecules 
show strong absorptions at 1485–1570 and 1320–1370 cm-1 [32].  We report that they were observed at 1590 cm-1 and 
1378 cm-1 for FT-IR and have very high intensity for asymmetry than symmetry stretching vibrations as expected. 
Using theoretical wavenumbers for HF method obtained at 1624, 1378 cm-1 and at 1590 and 1372 cm-1 by B3LYP 
method. It can be seen that the contribution to several normal modes in the low-frequency region owes to the deformation 
vibration of NO2 group (rocking, twisting, and scissoring) [32]. The Bands formed in these regions are also obtained 
and listed in Table 5.

4.5.3. C-N Vibrations 

 The C-N stretching frequencies are a difficult job meanwhile it faces problems in classifying these frequencies 
from other vibrations [31]. In this present work, we have only one C-N normal vibrational modes were observed in 
region 900-920 cm-1. The FT-IR frequency normal modes were obtained at 918 cm-1 [23]. The theoretically calculated 
wavenumbers using HF method are obtained at 934 cm-1 and using B3LYP method are obtained at 907 cm-1.

4.6. Uv-visible Spectrum And Homo/lumo Analysis

 Time-dependent DFT calculations have been used on the above-optimized geometry using comprehensive basis 
set B3LYP/ (Basis Set-1) to obtain electronic transitions in Uv-Visible spectrum. The first 6 spins allowed singlet-singlet 
excitations were obtained in gas and other solvents namely, Chloroform (CHCl3), Dimethyl Sulfoxide (DMSO:(CH3)2-
SO) and universal solvent: water. The spectral bands are calculated at 179.75, 171.35, 163.137, 158.98 in its gas phase 
with oscillation strengths of 0.1675, 0.0001, 0.037, 000003. The major contributions in electronic transition energy (E), 
wavelength (λ), Oscillator strength(f) are computed for the gaseous state and other solvents which are listed in Table 
6. SCRF (Self-Consistent Reaction Field) is a default standard procedure which accounts for the effect of a polarizable 
solvent (and sometimes, a classical macromolecular system) on the quantum mechanical system and exploits the 
Polarizable Continuum Model (PCM).  A UV-Visible spectrum of the title molecule in the gas phase and DMSO, water, 
chloroform solvents using SCRF technique is computed and is shown in Fig 8.

 HOMO/LUMO and dipole moment of nitromethane molecule were calculated in gas phase and considering 
different solvents (water, DMSO, acetonitrile, methanol, ethanol, acetone, and dichloromethane and it is recorded 
that changing solvent negligible effect on the reactivity and HOMO/LUMO bandgap energy. It is inferred that the active 
sites for NM are not changed as a result of interaction with the environment containing polar solvents [22].  
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Table 6. The electronic transition energy (E), wavelength (λ), Oscillation strength(f), Major contributions are calculated 
for gas phase and different solvent 

H- Homo (highest occupied molecular orbital)     
L- Lumo (Lowest unoccupied molecular orbital) 
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Figure 8. TD-DFT UV-Visible spectrum analysis of nitromethane for gas and different solvents

CONCLUSION
 The theoretical investigation and simulation of electronic structure, thermodynamic properties, and their 
behavior as a function of temperature, vibrational and UV-Visible spectral analysis was carried out for nitromethane 
molecule. The geometrical structure optimization is obtained by using DFT/B3LYP/ (Basis Set-1 (6-311++G(d,p) ). 
Using computational methods (DFT/ HF) optimized parameters, detailed assignments of vibrational frequencies, MEP, 
and atomic charges were performed and plotted against experimental and scaled theoretical IR spectrum for comparison 
purposes and it shows an excellent agreement with the reported experimental data. The correlation of thermochemistry 
with temperature are also presented with a detailed plot. UV- Visible spectrum, oscillation strengths, wavenumbers, 
electronic energies are recorded using the Time-Dependent DFT method on optimized structure, UV-Visible spectrum 
determines that reported that the title molecule is also optically active.
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