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Abstract 

 Molecular modeling is considered as an effective tool for the evaluation of many physical as well as spectroscopic 

parameters. In this study semiempirical AM1, PM5, ab initio methods HF and MP2 as well as density functional methods 

VWN, B88LYP, B88PW91, B3PW91 and B3LYP were used to study nitromethane in its gas phase. The optimized structure, 

some physical parameters, and vibrational spectrum were calculated and discussed. The calculated optimized structure 

indicated that nitromethane (NM) belongs to the point group C2V. The obtained data indicated that quantum mixing gives 

results comparable to both ab initio method in accuracy and semiempirical method in computation time. It is concluded that 

for a small structure like NM, quantum mixing method provides reliable results in a short computation time. At B3LYP/6-

31G(d,p) level, polar solvents showed changes in both HOMO/LUMO band gap energy and molecular electrostatic potential. 

This is an indication for the stability of NM in different chemical environments. 

Keywords: Nitromethane, Polar solvents, Vibrational spectra, Semiempirical calculations, DFT and MP calculations. 

1. Introduction 

Computational tools applied for molecular 

modeling could simulate several structures and 

reactions numerically, based in full or in part on the 

fundamental laws of physics [1-4]. Molecular 

modeling calculations continue to be a hot topic of 

research as they are available to study a large number 

of molecules and crystals, and interactions in many 

disciplines of science and technology [5-10]. The 

continuous advancements in computational methods 

have become part of the standard set of tools used in 

the development and evaluation of energetic 

materials [11]. NM continues to be a topic of many 

research activities since it is among the most 

considerable molecules as it shows a role in 

explosive materials and atmospheric pollution [12-

14]. It is reported among the most recognized 

molecules in this class [15-17]. Furthermore, NM is 

also considered as an accurate and effective NMR 

probe for monitoring the basicity of oxide surfaces 

[14]. NM was also early reported as one of the well-

known organic solvents [18-20]. From the 

spectroscopic point of view, the near-infrared 

overtone absorption spectrum of liquid-phase NM is 

reported [21]. It was proven experimentally that the 

rate of decomposition of the aliphatic nitro 

compounds in supercritical water depends on 

pressure/density at constant temperature [22]. It was 

also reported that saturated nitro compounds are 

relatively rare because they are not stable [23]. Based 

on these considerations, one can conclude that for 

such explosive structures, computational methods can 

provide useful physical, chemical and spectroscopic 
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data about these compounds [24]. Accordingly, NM 

has been the subject of numerous molecular modeling 

studies [25-31]. Additionally, kinetic modeling 

methods were also employed to study the properties 

of NM from different aspects, such as its oxidation 

[32], pyrolysis [33] and flames premixed with some 

gases [34], as well as studying the spatial distribution 

of its ground state precursors [35]. 

In the present work several models including 

AM1, PM5, VWN/DZVP, BLYP/DZVP, 

B88PW91/DZVP, B3PW91/6-31G(d,p), 

BLYP/DZVP and B3LYP/3-21G(d, p) were 

exploited to study both the crystal structure and 

vibrational spectrum of NM in its gas phase. 

Furthermore, two quantum mixing models; namely, 

B88PW91/DZVP and BLYP/DZVP were used and 

their results were compared with other models. 

Additionally, some physical parameters were 

calculated such as total dipole moment, polarizability, 

total energy and final heat of formation. To be 

helpful, since the available data in the literature are, 

to some extent, limited for this compound, the effect 

of solvents upon NM was calculated in terms of the 

molecular electrostatic potential (MESP) at 

B3LYP/6-31G(d,p). 

 

2. Computational Details  

Both B3LYP [36-38] and B3PW91 calculations 

were carried out using the Gaussian 09 [39] suite of 

programs at Spectroscopy Department, National 

Research Center, NRC, Egypt. Its geometries were 

fully optimized without imposing external symmetry 

constraints using both 3-21G(d,p) and 6-31G(d,p) 

basis sets. AM1 [40], PM5 [38], VWN, B88PW91 

and BLYP were calculated on personal computer and 

were performed using quantum mechanical methods 

as implemented in the SCIGRESS software (by 

Fujitsu), also at Spectroscopy Department, National 

Research Center, NRC, Egypt. The geometries were 

optimized using DZVP basis set. The calculations 

were performed upon NM in gas phase. For ab initio 

methods, the frequencies were calculated beyond the 

harmonic approximation. Both HOMO/LUMO band 

gap energy and MESP were calculated for different 

solvents at B3LYP/6-31g(d,p). Seven solvents were 

studied; namely, water, Dimethyl Sulfoxide (DMSO), 

Acetonitrile, Methanol, Ethanol, Acetone and 

Dichloro-methane. The solvents were coded as S1 to 

S7, respectively. 

 

3. Results and discussions 

3.1. Crystal structure of nitromethane 

Molecular modeling always provides valuable 

crystal structure data, particularly when the 

experimental data are limited and/or difficult to 

obtain. Furthermore, methods like ab initio exhibit 

reasonable accuracies coupled with computational 

efficiency, and for such reasons they have been 

adopted to study NM. NM is optimized and a 

stationary point is found. The optimized NM belongs 

to point group C2V. The results of calculated crystal 

structure are tabulated in Table 1 and the optimized 

structure is shown in Figure 1. C-H bond distances 

showed identical values around 1.10 Å irrespective of 

methods. Semiempirical calculated C-H bond 

distances are slightly longer than their ab initio 

calculated values. The calculated C-N bond distance 

is around 1.51 Å, with the exception that AM1 

showed the lowest calculated value. Regarding the 

two bond distances of nitro group, both values of 

N-O are nearly the same with a bond distance value 

around 1.25 Å, while a small decrease was noticed in 

case of semiempirical calculations. On the other 

hand, a small increase was noticed in case of 

B3LYP/3-21G(d,p). From the data above, it is clear 

that for methyl group, the semiempirical calculated 

bond distances are longer than ab initio calculated 

ones, and the opposite is true in case of nitro group. 

Regarding bond angles, both O-N-O and C-H-C are 

higher in case of calculated ab initio methods. While 

C-N-O and H-C-N showed comparable values for 

both ab initio and semiempirical methods. The most 

interesting point is that the quantum mixing methods 

MM:B88PW91/DZVP and MM:BLYP/DZVP gave 

comparable results with those of ab initio. They have 

more advantages because they consume less 

computation time than ab initio calculations. 

 

3.2. Calculated physical parameters 

Beside the optimized geometry, there are some 

physical parameters that were calculated for the 

optimized NM such as total energy, total dipole 

moment and polarizability. These parameters are 

calculated and listed in Table 2. 
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Fig. 1. B3LYP/6-31G(d,p) calculated optimized structure of 

nitromethane. 

X= 3.4847  Y= -0.0016    Z=  0.0402   

Dipole moment is defined as the first derivative of 

energy with respect to an electric field [2]. The 

calculated dipole moment can be expressed in terms 

of vector in three directions X, Y and Z. It is 

considered as being the measure of asymmetry in the 

NM charge distribution. The negative sign of the Y 

axis indicates that the dipole moment is pointing 

away from Y direction, while the positive sign of X 

and Z directions indicate that it points in both 

directions. The calculated total dipole moment is 

3.4849 Debye. Another way to obtain information 

about the distribution of electrons in NM is 

polarizability. It depends on the second derivative of 

energy with respect to the electric field. Its results are 

obtained in a tensor triangular format such as (αxx, 

αxy, αyy, αxz, αyz, αzz). The approximate 

polarizability line gives the results of a crude 

polarizability estimate using over-state perturbation 

theory. 

 

 

Table 1. The calculated bond distances in angstroms and bond angles in degrees for optimized NM at different models. 
 

 Bond Lengths Bond Angles 

C-H5 C-H6  C-H7 C-N N-O3 N-O4 O-N-O C-N-O H-C-N H-C-N 

AM1 1.119 1.119 1.119 1.500 1.201 1.201 122.5 118.8 108.0 111.0 

PM5 1.111 1.111 1.111 1.526 1.217 1.219 124.9 117.7 109.7 108.5 

HF1 1.074 1.074 1.080 1.492 1.240 1.240 126.2 116.9 106.9 113.1 

HF2 1.077 1.077 1.081 1.478 1.192 1.192 125.8 117.1 106.6 112.9 

VW 1.099 1.100 1.096 1.520 1.252 1.252 125.8 117.6 108.2 109.5 

PW1 1.099 1.099 1.095 1.508 1.243 1.243 125.9 117.5 108.3 109.3 

PW2 1.092 1.088 1.088 1.492 1.112 1.212 126.0 116.9 108.0 110.5 

PW3 1.090 1.090 1.090 1.520 1.299 1.280 120.0 119.9 109.5 109.5 

BL1 1.099 1.100 1.097 1.520 1.252 1.252 125.8 117.7 108.3 109.5 

BL2 1.099 1.099 1.097 1.519 1.252 1.253 125.7 117.8 108.5 109.4 

BL3 1.089 1.084 1.084 1.518 1.277 1.278 127.1 113.1 105.2 111.1 

BL4 1.088 1.088 1.092 1.498 1.227 1.227 125.9 117.1 106.9 112.8 

MP2 1.083 1.083 1.086 1.486 1.241 1.241 125.77 117.09 107.14 112.65 

 
HF1: HF/3-21G(d), HF2: HF/6-31G(d,p), VW: VWN/DZVP, PW1: B88PW91/DZVP, PW2: B3PW91/6-31G(d,p), PW3: MM 

B88PW91/DZVP, BL1: BLYP/DZVP, BL2: MM BLYP/DZVP, and BL3: B3LYP/3-21G(d,p),  BL4: B3LYP/6-31G(d,p) and MP2: MP2/6-

31G(d,p). 

 

 

 

 

 

 

 

 

 

 



 H.A.  Ezzat et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 64, No. 1 (2021) 

 

 

78 

Table 2. B3LYP/6-31G(d,p) calculated values of total energy in Hartree, total dipole moment in Debye and polarizability tensor for optimized 

nitromethane.  

 

Parameter Calculated value 

Dipole moment vector X= 3.4847    Y= -0.0016    Z= 0.0402 

Total dipole moment 3.4849 Debye 

Exact. polarizability 23.374  -0.060  30.719  -0.070  -0.004  14.000  

Approx. polarizability 30.821  -0.300  85.329  -0.122  -0.002  17.300 

 

 

 
Table 3. Some thermo-parameters, calculated at 298.15 K  and 1.00 atm., pressure using B3LYP/6-31G(d,p). 

 

Parameter Hartree 

SCF energy   243.6358 A.U. 

Eo  -243.5883 

E  -243.5838 

H  -243.5828 

G  -243.6158 

Final heat of formation* -11.5660 kcal/mol 

   

* Calculated at PM3 semiempirical level.  

Some thermo-parameters are calculated under 

normal conditions of temperature and pressure as 

mentioned in Table 3. The calculated parameters are 

obtained using the principal isotope for NM. 

Additionally, the parameters use the standard 

expression for an ideal gas in a canonical ensemble. 

The total energy of NM is calculated as 243.6358 

A.U. which is the energy corresponding to the 

minimum structure of NM. Other thermo-parameter 

for NM is Eo, which is the sum of electronic and 

zero-point energies calculated as -243.5883 Hartree 

with an added zero-point correction amounting to 

0.0485 Hartree. The sum of electronic and thermal 

energies, E, is calculated as -243.5838 Hartree. The 

sum of electronic and thermal enthalpies, H, is -

243.6158 Hartree. Then the sum of electronic and 

thermal free energies, G, is -243.6158 Hartree. The 

last three parameters have corrections to their 

values estimated as 0.0530, 0.0539 and 0.0210 

Hartree, respectively. These corrections to each 

energy of the NM are to account for the effects of 

molecular vibrations which persist even at 0 K. The 

calculated corrections are added to the total energy 

at higher temperature, rather than zero temperature. 

The final heat of formation is calculated to be -

11.5660 kcal/mol. It is the formation of NM relative 

to its elements in their standard state at 298.15 K. 

3. 3. Calculated vibrational spectrum of NM 

Energy calculations and geometry optimizations 

(crystal structure) ignore the vibrations in the NM 

molecule. This assumes that the nuclei are not in 

motion, while in reality the nuclei in NM are in 

motion. Furthermore, in equilibrium states, these 

vibrations are regular and predictable, therefore NM 

can be identified by its characteristic spectra [23]. 

The NM vibrations and their assignments are given 

in Table 4. It is worth mentioning that no negative 

frequencies are obtained, thus ensuring that the 

obtained structure is the optimal structure of NM. 

The assignment of this compound is aided by our 

previous work [4]. NM was optimized and the 

vibrational spectra were calculated at 

semiempirical, quantum mixing as well as ab initio 

levels of theory. The present computational study 

presents the NO2 symmetric stretching as a 

characteristic band that possesses higher infrared 

intensity as compared to asymmetric stretching of 

the same functional group NO2. This indicates a 
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difference between the nitro group in both aromatic 

and saturated compounds on one hand, and in both 

liquid and gas phases on the other hand. The 

component of the dipole moment is largely found in 

the direction of the nitro group, and may be due to 

the existence of oxygen atoms which lead to a 

strong band of symmetric stretching in gas phase 

due to the high dipole moment of the nitro group. 

It is well known that vibrational frequencies for 

species in complex environment can be computed 

by the combination of quantum calculations with 

classical molecular dynamics simulations [42-43]. 

Furthermore, the unsatisfactory state of these kinds 

of calculations was corrected by ab initio 

calculations. Regarding the calculated frequency 

with quantum mixing method (PW3 and BL2), one 

can observe the comparable results of these 

methods to the ab initio results. 

 

 

 

Table 4. Unscaled calculated frequencies in cm–1 and band assignment for nitromethane as compared with experimental frequencies in gas 
phase. 

 

AM1 PM5 HF1 HF2 VW PW1 PW2 PW3 BL1 BL2 BL3 BL4 MP2 

 

Assignment 

62 40 139 15 288 62 20 333 63 74 46 29 38 τ CH3 

498 479 472 529 479 460 481 467 455 454 420 478 483 ρNO2 

1102 945 603 690 609 585 616 526 572 573 536 607 600 ρNO2 

733 624 667 743 629 627 672 580 611 611 596 662 672 δsNO2 

597 606 912 1051 862 888 945 686 863 864 824 929 945 νs CN 

1102      1065 1153 1224 1045 1082 1109 861 1080 1077 1068 1111 1149 ρCH3 

1127 1068 1252 1263 1074 1097 1135 1046 1096 1094 1121 1137 1168 ρCH3 

1345 1187 1382 1557 1304 1363 1406 1072 1327 1326 1207 1410 1436 νsNO2 

1397 1201 1485 1591 1333 1382 1463 1191 1381 1380 1392 1442 1462 δs CH3 

1800 1298 1566 1605 1386 1436 1469 1360 1433 1432 1396 1475 1530 δa CH3 

2067 1454 1643 1688 1402 1448 1486 1433 1446 1445 1500 1489 1537 δa CH3 

3033 1704 1644 1879 1525 1586 1718 1437 1536 1534 1504 1680 1815 νa NO2 

3033 3061 3258 3247 3038 3033 3099 3108 3013 3020 3138 3091 3171 νs CH3 

3044 3085 3352 3346 3151 3134 3203 3216 3107 3113 3245 3188 3287 νa CH3 

3113 3090 3392 3381 3182 3166 3234 3219 3139 3146 3280 3220 3312 νa CH3 

 
HF1: HF/3-21G(d), HF2: HF/6-31G(d,p), VW: VWN/DZVP, PW1: B88PW91/DZVP, PW2: B3PW91/6-31G(d,p), PW3: MM 

B88PW91/DZVP, BL1: BLYP/DZVP, BL2: MM BLYP/DZVP, and BL3: B3LYP/3-21G(d,p),  BL4: B3LYP/6-31G(d,p) and MP2: MP2/6-
31G(d,p). 
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3.4. Mapping Molecular Electrostatic Potential (MESP) 

 

 
 

 
 (a)  

 

  

 (b)  
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 (e)  

 
 

 
 

 
 

 (f)  

  
 

 (g)  

 
  

 

 (h)  

  
Fig 2. Models for the optimized HOMO-LUMO band gap energy and MESP for NM in different solvents (a) gas phase, (b) water, (c) DMSO, 

(d) acetonitrile, (e) methanol, (f) ethanol, (g) acetone, and (h) dichloro-methane. 

 

Table 4. B3LYP/6-31G(d,p) calculated total dipole moment as Debye and HOMO/LUMO band gap energy as eV for NM in different solvents 
as compared with gas phase. 

 

Solvent  TDM  ΔE 

Water  
4.1470 6.1381 

DMSO  
4.1385 6.1365 

Acetonitrile 
4.1324 6.1368 

Methanol  
4.1290 6.1368 

Ethanol   
4.1183 6.1368 

Acetone  
4.1109 6.1357 

Dichloro-methane 
4.0491 6.1343 

Gas Phase 
3.4849 6.1253 
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Table 4 presents the B3LYP/6-31G(d,p) 

calculated total dipole moment as Debye for the 

effect of solvents on NM as compared with gas 

phase NM. The studied solvents were water, 

DMSO, acetonitrile, methanol, ethanol, acetone and 

dichloro-methane respectively. 

It is clear from the table that the total dipole 

moment is increased from 3.4849 (gas phase) to 

4.1470 Debye (Water). Ongoing from water to 

dichloro-methane, the values of the total dipole 

moment almost did not change. As indicated in 

table 4, the band gap energy of NM is 6.1253 eV, 

but because of the effect of the solvents it became 

6.1381 eV corresponding to water. It remained 

unchanged nearly for all the studied solvents, such 

that the increase in the band gap energy under the 

effect of solvents did not exceed 0.01 eV. 

Figure 2 presents both the HOMO/LUMO 

orbitals and the mapping of the MESP for NM in 

gas phase as well as in the 6 respective solvents. 

The MESP is not changed as a result of changing 

the solvents. This indicates that the active sites for 

NM are not changed as a result of interaction with 

environment containing polar solvents. This could 

be an indication for the suitability of NM as an 

organic solvent in many applications as its active 

sites are not changed with changing its chemical 

environment. 

4.Conclusions 

In this work, NM was subjected to computational 

modeling calculations. The crystal structure and 

some physical parameters like total dipole moment 

and polarizability, in addition to some thermo-

chemical parameters like final heat of formation and 

energies are demonstrated. The vibrational spectra 

of gas phase NM were also obtained. This 

highlights the significance of the present model 

study presenting spectroscopic data for such a 

compound in its gas phase. The obtained 

spectroscopic data indicate that for a small system 

like NM, quantum mixing methods provide 

comparable data to those obtained with ab initio, 

and are fast like those obtained with semiempirical 

methods. Furthermore, ab initio calculations could 

be helpful for providing physical and thermo-

parameters for NM in its gas phase. In terms of total 

dipole moment, HOMO/LUMO band gap energy 

and MESP, strong organic solvents are not affecting 

the reactivity of NM. This could be an indication for 

its interaction with its surrounding environment 

whatever it is. Finally, molecular modeling is the 

most effective technique in the point that it provides 

researchers with physical data which are hardly 

obtained from other techniques. 
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