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EXPERIMENTAL AND THEORETICAL
INVESTIGATION OF INTERMOLECULAR
INTERACTIONS IN NITROMETHANE
AND ITS SOLUTIONS

The present work discusses the vibrational (Raman and IR) spectra of nitromethane and its
solutions in polar (chloroform) and nonpolar solvents (carbon tetrachloride, hexane). The ge-
ometries, Mulliken charge distribution, molecular electrostatic potential surface, and fron-
tier molecular orbitals of nitromethane complexes with chloroform molecules CH3NO2 +
+𝑛 ·CHCl3 (𝑛 = 1–3) are analyzed using density functional theory (DFT) with the B3LYP/6-
311++G(d,p) basis set. Weak molecular interactions in complexes are investigated using
Atoms in Molecule (AIM) analysis.
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1. Introduction

Hydrogen bonding, as a special type of intermolecular
interaction, plays an important role in controlling the
structure and physicochemical properties of biomolec-
ular systems [1–5]. Its manifestation in vibrational
spectra has not been fully explained to date and has
been the focus of attention for researchers for many
years. The vibrational spectra of substances in the
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gas phase give a wide range of information about hy-
drogen bonding. However, the present models do not
provide enough information for the liquid state. As a
result, the possibility of obtaining more data in the
study of intermolecular interactions in liquids using
Raman spectroscopy provides an increasing need for
scientific research in this field.

Nitro compounds are important classes of com-
pounds widely used in chemical synthesis, pharma-
cology, electrochemistry, as organic solvents, and as
fuel additives [6–8]. Nitro alkanes have the chemical
formula R-NO2 and have a high dipole moment of
3.5–4.0 Debye, so they have a relatively high boiling
point [9].

Nitromethane (CH3NO2) is one of the simplest ni-
tro compounds and is liquid in its normal state. This
substance is very versatile; it is not only a simple
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solvent used for the purification process and reac-
tion medium but also an intermediate in the or-
ganic synthesis of various chemicals. In addition, ni-
tromethane is known for its explosive properties; it
burns easily and is used as fuel. Due to its high perfor-
mance and low toxicity, it is known as a stored mono-
propellant with prospects for use in space propul-
sion [10]. Several experimental and theoretical stud-
ies have been carried out to understand the inter-
molecular interactions of liquid nitromethane. X-ray
and neutron diffraction were used to observe the
structure of liquid nitromethane, with simulations
by Car-Parrinello [11]. In addition, there are sev-
eral molecular simulation studies [12–14], but the
detailed description of the liquid structure is still
unclear.

D. Roy and A. Kovalenko [6] used 3D-RISM-KH
and DFT-D3 methods to study the liquid states
of nitromethane, nitroethane, and nitrobenzene. Si-
milarly, Seigo Hayaki et al. [9] used the reference
interaction site model (RISM) and MP2 theories to
understand the structure of nitromethane liquid.

In several theoretical studies [10, 15–17], inter-
molecular interactions in nitromethane dimers and
trimers were studied using theoretical methods, and
the most stable complexes were presented. In these
studies, it was reported that nitromethane dimers and
trimers are formed by intermolecular dipole-dipole in-
teraction and weak hydrogen bonding.

By analyzing the literature, it was found that
the detailed description of the structure of liquid
nitromethane is still unclear, including information
on how a deeper understanding of intermolecular
interactions in nitromethane can lead to advance-
ments in fields such as chemical synthesis, pharma-
cology, and fuel additives can emphasize the prac-
tical implications of the study. In this study, the in-
termolecular interactions in liquid nitromethane solu-
tions in hexane (C6H14) and chloroform (CHCl3) were
discussed using Raman spectroscopy. At the same
time, the optimal geometry, bond energies, and Ra-
man spectra of molecular complexes formed by ni-
tromethane with chloroform were determined using
density functional theory (DFT) methods. In order
to understand non-covalent interactions and solvent
effects, Mulliken atomic charges, molecular electro-
static potential (MEP), frontier molecular orbitals
(FMO), and Atoms in Molecule (AIM) analyses were
performed.

2. Experimental and Computational Details

Raman spectra of pure liquid nitromethane and its
binary solutions in hexane and chloroform at differ-
ent concentrations were recorded on a Renishaw Invia
Raman spectrometer at room temperature. An argon
laser with a wavelength of 785 nm and a power equal
to 100 mW and a diffraction grating with a period
of 1200 lines/mm were used as a source of excita-
tion light. A standard Renishaw CCD camera detec-
tor was used to record the scattered light.

All computations were performed in the Gaus-
sian 09W package program [18]. The geometry of ni-
tromethane and its complexes formed with chloro-
form molecules was optimized by Density Functional
Theory (DFT) in the B3LYP set of functions. The
6-311++G(d,p) basis set, which includes diffuse and
polarization functions, was used in the calculations to
account for hydrogen bonding as accurately as pos-
sible. In addition, for a deeper understanding of in-
termolecular interactions, topological features of the
electron density distribution in the most stable struc-
ture based on the AIM theory were obtained using
the MULTIWFN [19] software.

3. Results and Discussion
3.1. Vibrational Analysis

Figure 1 shows the Raman spectrum of pure liquid
nitromethane in the range of 0–4000 cm−1. It can
be seen that relatively high-intensity spectral bands
are located between 500 cm−1 and 3200 cm−1. One
important spectral line in this range corresponds
to a weak peak at 654 cm−1, which is assigned to
the 𝛿(NO2) bending vibration. The spectral lines at
475 cm−1 and 603 cm−1 correspond to the 𝑟(NO2)
rocking and 𝜔(NO2) wagging vibrations, respectively.
Additionally, spectral bands composed of combina-
tions of C–H stretching and bending vibrations ap-
pear in the region of 1100–1500 cm−1.

Polarized and non-polarized Raman spectra of pure
nitromethane and its solutions in hexane and chlo-
roform were obtained for further analysis. Figure 2
presents the isotropic and anisotropic Raman com-
ponents of pure liquid nitromethane in the 600–
700 cm−1 range:

𝐼iso = 𝐼‖ −
4

3
𝐼⊥, 𝐼aniso = 𝐼⊥,

where 𝐼‖ and 𝐼⊥ are the polarized and non-polarized
Raman components, respectively. The spectral band
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Fig. 1. Experimental Raman spectrum of pure liquid ni-
tromethane in the range of 0–4000 cm−1

Fig. 2. Parallel (1), anisotropic (perpendicular) (2), and
isotropic components of the Raman spectra of pure liquid ni-
tromethane in the 600–700 cm−1 range (3)

Fig. 3. Raman spectra of a nitromethane-hexane solution in
the range of 600–700 cm−1: 𝐼‖ (parallel) (1) and 𝐼⊥ (perpen-
dicular) components (2)

in this region corresponds to the 𝛿(NO2) bending
vibration of nitromethane. It can be observed that
the maximum wavenumbers of these spectral bands
do not coincide, exhibiting asymmetry on the low-
frequency side and a relatively broad half-width.

Raman spectra of a nitromethane-hexane solution
with a concentration of 0.4÷0.6 mole fraction are
shown in Fig. 3. It can be seen from the picture
that the maximum wave number of the band cor-
responding to the vibration of the 𝛿(NO2) band of
pure nitromethane corresponds to 654 cm−1, and
in its solution in hexane, this band shifts to ap-
proximately ≈658 cm−1. Both in pure nitromethane
and in its hexane solution, the maximum wave num-
bers of the isotropic and anisotropic components
do not coincide. In pure nitromethane, the differ-
ence between these maximum wave numbers is about
≈2 cm−1. This difference is ≈1 cm−1 in the solution
of nitromethane with hexane at a concentration of
0.4÷0.6 mole fraction.

The main reason for this is that nitromethane mo-
lecules have a large dipole moment, and therefore
high-energy dipole-dipole interactions can be obser-
ved [15]. In the presence of a non-polar solvent, the
interaction energy between nitromethane molecules
should be greater than the interaction energy with
solvent molecules. As the interaction between ori-
ented molecules decreases, the vibrational frequency
also decreases, reducing the difference between the
maxima of the parallel and perpendicular compo-
nents of the Raman spectra. The decrease in this fre-
quency difference leads to a reduction in the half-
width of the isotropic band. Two possible reasons
for this effect include a reduction in the number
of vibrational states during exposure processes or a
change in resonance energy transfer. This should lead
to changes in the polarizability tensor and bond force
constants.

We present the results of an analysis of Raman
spectra and a comparison of the infrared absorp-
tion spectra of liquid nitromethane in the region of
600–3500 cm−1, where there are several vibrational
bands with a complex structure (Fig. 4). A number
of small frequencies of mutual and joint vibrations
appear in the Raman spectra. An experimental study
was conducted to investigate the behavior of pure ni-
tromethane and its solutions with CCl4 and chloro-
form, aiming to analyze the effects of different sol-
vents on the vibrational spectra.
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Vibrations of liquid nitromethane molecules appear
in the vibrational spectra in the form of several peaks
corresponding to different types of vibrations, such as
stretching and bending. Raman spectra of pure liq-
uid nitromethane provide valuable insights into the
distinctive characteristics of molecular vibrations and
rotations.

In the Raman spectra of vibrations of the CNO
group of nitromethane molecules, intermolecular
bonding is clearly evident (Fig. 4).

For nitromethane solutions in CCl4 (Fig. 4), an in-
crease in intensity and a shift of the spectral band
to higher frequencies are observed. This suggests that
molecular complexes of nitromethane are prominently
present in the solution, as CCl4 is a neutral solvent.

In the Raman spectra of the vibrations of the C–
N–O group of nitromethane molecules, intermolecular
bonding is clearly evident (Fig 4).

In solutions of nitromethane with CCl4 (Fig. 4), the
intensity increases, and the band imperceptibly shifts
to the high-frequency side. This means that molecular
complexes of nitromethane are noticeably contained
in this solution, since CCl4 is a neutral solvent.

In a solution with chloroform in the experiment,
we have a significant change in the band under
study. The Raman spectra clearly show bands at
1377 cm−1 and 1400 cm−1, corresponding to the vi-
brations of the NO2 group, as well as at 2966 cm−1,
which refers to the symmetrical stretching of the CH3

group vibrations of nitromethane molecules (Fig. 4).
The band with a frequency of 3026 cm−1 belongs to

the vibrations of the CH group in the molecule, and
this band is clearly visible in the spectra related to low
nitromethane content in a solution with chloroform
(Fig. 4).

As the nitromethane content in the solution de-
creases, the intensity of this band decreases, which
means nitromethane molecules form complexes with
chloroform molecules. Analysis of the change in the
band at 1377 cm−1 and 1400 cm−1, corresponding
to vibrations of the NO2 group shows that this group
actively participates in intermolecular interaction and
therefore the group stretches. This statement is con-
firmed by an increase in the intensity of the band with
a frequency of 640 cm−1 and 955 cm−1 corresponding
to small vibrations of the NO2 group.

Each peak in the spectrum corresponds to a certain
vibrational energy of the molecule. Analysis of these
peaks makes it possible to determine the frequencies

Fig. 4. Raman spectra of nitromethane (CH3NO2) and its so-
lutions in carbon tetrachloride (CCl4) and chloroform (CHCl3)

Fig. 5. FT-IR spectra of nitromethane (CH3NO2) and its so-
lutions in carbon tetrachloride (CCl4) and chloroform (CHCl3)

and amplitudes of vibrations, which in turn provides
information about the chemical structure and prop-
erties of liquid nitromethane.

Our statements on the analysis of Raman spec-
tra are confirmed by the infrared absorption spec-
tra of pure liquid nitromethane and in solutions with
CCl4 and chloroform in the region of 600–3500 cm−1

(Fig. 5).
The infrared absorption spectrum of liquid ni-

tromethane typically includes several characteristic
peaks that correspond to vibrational and/or ro-
tational modes of the molecule. Typically contains
bands corresponding to different chemical bonds in
the molecule. Some of them may be associated with
stretching vibrations C–H, N–H, C–N, C=O and
other functional groups. The specific peak values will
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Fig. 6. Optimal geometries of complexes of nitromethane with
chloroform molecules

depend on the specific temperature, pressure, and pu-
rity of the sample.

Expanding on the comparison between the Raman
spectra of pure nitromethane and its solutions with
hexane, carbon tetra chloride, and chloroform can of-
fer insights into how the solvent environment influ-
ences the vibrational frequencies and spectral charac-
teristics. By examining the differences in peak shifts,
intensities, and band structures across various so-
lutions, a more comprehensive interpretation of the
molecular interactions can be derived.

The infrared absorption spectra of solutions of ni-
tromethane with chloroform will differ from the spec-
tra of pure nitromethane due to the interaction of
nitromethane molecules with chloroform molecules.
This interaction resulted in an intensity increase of
the band at 773 cm−1, with a shift towards lower
frequencies by 25 cm−1. In CCl4 solutions, the band
shifts to higher frequencies by 10 cm−1 and splits
into two bands at 767 cm−1 and 783 cm−1. In solu-
tions with chloroform, a new band appears with a fre-
quency of 1220 cm−1, corresponding to vibrations of
molecular aggregates of nitromethane and chloroform
molecules. This band noticeably shifts with an in-
crease in the molar fraction of chloroform in the solu-
tion, and the experiment also observed a change in the
intensity of the band with a frequency of 2341 cm−1

and 2380 cm−1, corresponding to the CH vibrations
of nitromethane.

These spectrum shifts may result from intermolecu-
lar interactions such as hydrogen bonding and dipole-
dipole interactions, which influence the vibrational
behavior of the molecules in solutions. Hence, the
spectra of nitromethane solutions with chloroform of-
fer valuable insights into the precise nature of inter-
actions between these compounds, enhancing the un-
derstanding of their chemical behavior.

The analysis of Raman spectra not only aids in
identifying compounds in solution but also facili-
tates the evaluation of their conformation and struc-
tural arrangements. Therefore, examining the Raman
spectra of liquid nitromethane in various solutions
with chloroform yields crucial insights into the chem-
ical and physical characteristics of the system.

3.2. Geometric analysis

Calculations in the gas and solvent phases were per-
formed using the DFT: B3LYP/6-311+G(d,p) set
of functions to investigate the intermolecular in-
teractions in solutions and the formation mecha-
nism of 1 : 1, 1 : 2, and 1 : 3 systems of CH3NO2–
CHCl3. Figure 6 shows the optimal geometric struc-
tures of nitromethane complexes with chloroform
molecules. Calculation results showed the presence of
a weak N=O···H–C hydrogen bond between the nitro
(NO2) group of nitromethane and the C–H group of
chloroform.

Intermolecular interactions lead to alterations in
the geometric parameters of molecules, the redistri-
bution of charges among atoms, and modifications
in vibration spectra. Table 1 presents the calculated
geometric parameters (bond lengths and angles) of
nitromethane and its complexes formed with chloro-
form molecules in the gas and solvent phases.

It can be seen from the table that the length of the
N=O of the nitromethane molecule increases com-
pared to the gas phase under the influence of the
solvent environment by a specific amount. Also, the
C–N=O increases. On the other hand, the length of
the C–N bond and the value of the O=N=O angle
decrease.

In the formation of the CH3NO2 +CHCl3 het-
erodimer, the length of the O6–N5 bond participat-
ing in the hydrogen bond increases by 0.0046 Å (in
the gas phase) and 0.0049 Å(in the solvent phase)
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Table 1. Geometrical parameters of CH3NO2 + 𝑛 ·CHCl3 (𝑛 = 0–3) complexes

Bonds
CH3NO2 CH3NO2+CHCl3 CH3NO2+2CHCl3 CH3NO2+3CHCl3

Gas Solvent Gas Solvent Gas Solvent Gas Solvent

Bond length, Å

O7-N5 1.2209 1.2226 1.2180 1.2203 1.2232 1.2197 1.2220 1.2232
O6-N5 1.2209 1.2226 1.2255 1.2265 1.2238 1.2261 1.2269 1.2238
N5-C1 1.5035 1.5009 1.5016 1.4991 1.4995 1.4988 1.4972 1.4978
H4-C1 1.0900 1.0900 1.0898 1.0896 1.0900 1.0901 1.0895 1.0900
H3-C1 1.0863 1.0856 1.0855 1.0878 1.0851 1.0855 1.0847 1.0851
H2-C1 1.0863 1.0856 1.0871 1.0852 1.0862 1.0869 1.0865 1.0862

Bond angle, Degree

C1-N5-O6 117.1612 117.6387 116.6701 117.1729 118.0244 117.4935 117.5062 118.0244
C1-N5-O7 117.1612 117.6387 118.0233 118.2888 117.0605 118.0070 118.3724 117.0605
O6-N5-O7 125.6520 124.7010 125.2299 124.5237 124.9064 124.4835 124.1093 124.9064
H2-C1-H3 112.9328 112.9134 112.8526 112.8264 112.7202 112.9575 112.8406 112.7202
H2-C1-H4 110.5560 110.6828 110.0494 110.2569 111.8336 110.3637 110.2350 111.8336
H2-C1-N5 107.9973 107.9319 107.6238 107.6559 108.2234 107.7445 107.6696 108.2234
H3-C1-H4 110.5560 110.6828 111.2957 111.2292 109.9458 111.0651 111.3605 109.9458
H3-C1-N5 107.9973 107.9319 108.1214 108.0972 107.3791 108.0417 108.0062 107.3791
H4-C1-N5 106.5279 106.4067 106.6510 106.4834 106.4452 106.3658 106.4267 106.4452

compared to the monomer state. The length of the
O7–N5 bond, which does not participate in hydro-
gen bonding, is slightly reduced. C–H and C–N bond
lengths are almost unchanged. In the formation of
CH3NO2 + 2 ·CHCl3 and CH3NO2 + 3 ·CHCl3 com-
plexes, the O6–N5 bond length increases from
1.2209 Å (1.2226 Å in the solvent phase) to 1.2225 Å
(1.2238 Å in the solvent phase) and 1.2261 Å
(1.2276 Å in the solvent phase), respectively.

Similarly, the O7–N5 bond length increases from
1.2209 Å (1.2226 Å in the solvent phase) to 1.2222 Å
(1.2232 Å in the solvent phase) and 1.2197 Å
(1.2202 Å in the solvent phase), respectively.

Intermolecular interaction energies in CH3NO2 +
+CHCl3, CH3NO2 + 2 ·CHCl3, and CH3NO2 +
+ 3 ·CHCl3 complexes in the gas phase are 3.14,
6.06, and 8.57 kcal/mol, respectively. Similarly, in
the solvent phase, these energies are 2.06, 3.74, and
5.18 kcal/mol, respectively.

The length of the C8–H9···O6 hydrogen bond in
the CH3NO2 +CHCl3 complex is 2.25 Å. In the
CH3NO2 + 2 ·CHCl3 complex, the C8–H9···O6 and
C10–H11···O7 hydrogen bond lengths are 2.30 Å and
2.36 Å, respectively.

For the CH3NO2 + 3 ·CHCl3 complex, the hydro-
gen bond lengths are as follows: C8–H9···O6 =
= 2.33 Å, C18–H19···O6 = 2.36 Å, and C10–
H11···O7 = 2.46 Å.

3.3. Mulliken atomic charge analysis

Table 2 shows the distribution of electron density
in nitromethane and its complexes with chloroform
molecules.

The table indicates that all hydrogen atoms in
the nitromethane molecule are positively charged,
while carbon, nitrogen, and oxygen atoms are neg-
atively charged. During the formation of the com-
plex, the electron density of nitrogen and oxygen
atoms changes significantly. In the solvent phase, the
amount of charge on hydrogen atoms increases, and
the amount of charge on other atoms decreases.

3.4. Molecular electrostatic
potential surface (MEPS) analysis

The molecular electrostatic potential surface (MEPS)
analysis is widely used to visually understand the
physicochemical properties of molecular systems,
such as charge density, relative polarity, size, shape,
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Table 2. Mulliken atomic charges of CH3NO2 + 𝑛·CHCl3 (𝑛 = 0–3) complexes

Atoms
CH3NO2 CH3NO2 +CHCl3 CH3NO2 +2CHCl3 CH3NO2 +3CHCl3

Gas Solvent Gas Solvent Gas Solvent Gas Solvent

1 C –0.3020 –0.2982 –0.2994 –0.2964 –0.3348 –0.3114 –0.4041 –0.3723
2 H 0.1808 0.1903 0.1879 0.1965 0.1849 0.1981 0.2105 0.2129
3 H 0.1808 0.1903 0.1833 0.1901 0.1974 0.1948 0.1960 0.2014
4 H 0.1964 0.2152 0.2013 0.2176 0.2120 0.2231 0.2304 0.2362
5 N –0.1171 –0.0782 –0.1815 –0.1504 –0.2325 –0.2124 –0.2646 –0.2236
6 O –0.0694 –0.1097 –0.0315 –0.0588 0.0028 –0.0305 0.0347 –0.0207
7 O –0.0694 –0.1097 –0.0347 –0.0690 0.0169 –0.0355 0.0231 0.0057

Table 3. Selected important
quantum chemical parameters of nitromethane

Parameters,
eV

Gas CHCl3 CCl4 C6H14

𝐸HOMO –8.546 –8.636 –8.598 –8.587
𝐸LUMO –2.455 –2.548 –2.514 –2.502

𝐸𝑔 6.091 6.088 6.084 6.085
𝜂 3.045 3.044 3.042 3.042
𝜇 –5.500 –5.592 –5.556 –5.544
𝜔 4.967 5.136 5.074 5.052
IE 8.546 8.636 8.598 8.587
EA 2.455 2.548 2.514 2.502

Fig. 7. MEPS of nitromethane (a) and its molecular com-
plexes with chloroform molecules (b, c, d)

and chemical reactivity site [20, 21]. In addition,
MEPS analysis helps identify electrophilic and nucle-
ophilic regions to study intermolecular interactions,
particularly intermolecular hydrogen bonding.

The MEP of nitromethane and its complexes
with chloroform molecules were calculated using the
B3LYP/6-311++G(d,p) method and are shown in
Figure 7. The blue regions, representing high electro-
static potential energy, are prominently located above
the hydrogen atoms of nitromethane.

Usually, the level of electrostatic potential is rep-
resented by different colors. The color code of ni-
tromethane MEPS is between −4.329 × 10−2 a.u. to
×10−2 a.u. Red indicates the lowest electrostatic po-
tential energy and blue indicates the highest elec-
trostatic potential energy. Intermediate potentials are
given by colors in the following sequence: red < or-
ange < yellow < green < blue. They are strong
regions for nucleophilic attacks. Red regions are ob-
served above oxygen atoms, which are strong regions
for electrophilic attacks.

3.5. Frontier molecular
orbital (FMO) analysis

The interaction of a molecule with other molecules
can be approximated by the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). The frontier orbital gap
is the energy difference between the HOMO and the
LUMO. This is an important indicator that char-
acterizes the kinetic stability and chemical reactivity
of the molecule. A small frontier orbital gap means
that the molecule is polarizable, reactive and a soft
molecule, while a large frontier orbital gap means a
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Table 4. Topological parameters of CH3NO2 + 𝑛 ·CHCl3 (𝑛 = 1–3) complexes

Complexes H-bonds 𝜌(𝑟) 𝐺(𝑟) 𝑉 (𝑟) 𝐻(𝑟) ∇2𝜌(𝑟)
𝐸HB

(kcal/mol)

CH3NO2 +CHCl3 C8–H9...O6 0.0142 0.0102 –0.0085 0.0016 0.0473 2.67
CH3NO2 +2 ·CHCl3 C8–H9...O6 0.0139 0.0100 –0.0083 0.0017 0.0470 2.60

C10–H11...O7 0.0114 0.0086 –0.0069 0.0017 0.0415 2.16
CH3NO2 +3 ·CHCl3 C8–H9...O6 0.0139 0.0099 –0.0083 0.0015 0.0457 2.60

C18–H19...O6 0.0119 0.0088 –0.0072 0.0016 0.0416 2.26
C10–H11...O7 0.0091 0.0068 –0.0055 0.0013 0.0326 2.13

rigid molecule. Frontier molecular orbitals are impor-
tant for optical and electrical properties. LUMO rep-
resents the ability to accept electrons and HOMO in-
dicates the ability to donate electrons as an electron
donor [22]. Figure 8 shows HOMO and LUMO maps
of nitromethane in gas, chloroform, carbon tetrachlo-
ride and hexane phases.

Global descriptors such as energy gap, chemical
hardness, chemical potential, global electrophilicity
index, electron affinity and ionization potential can
be determined using HOMO and LUMO energies:

∙ energy gap: 𝐸𝑔 = 𝐸HOMO − 𝐸LUMO;
∙ chemical hardness: 𝜂 = 𝐸HOMO−𝐸LUMO

2 ;
∙ chemical potential: 𝜇 = 𝐸HOMO+𝐸LUMO

2 ;
∙ global electrophilicity index: 𝜔 = 𝜇2

2𝜂 ;
∙ electron affinity: EA = −𝐸LUMO;
∙ ionization potential: IP = −𝐸HOMO.
Table 3 presents some important quantum-chemi-

cal parameters of the nitromethane molecule calcu-
lated in different phases. A large energy gap or a large
hardness value indicates a hard molecule, a small en-
ergy gap or a large softness value indicates a soft
molecule. The electrophilic index of a molecule pro-
vides information about the ability of a compound to
bind to biomolecules. A high electrophilic index value
indicates the molecule’s strong binding capacity with
biomolecules, making it an electrophilic species. At
the same time, a low value of chemical hardness with
a high negative value of chemical potential means that
the studied molecule is a soft molecule with high po-
larizability.

The calculated HOMO energy values are −8.546,
−8.636, −8.598, and −8.587 eV in gas, chloroform,
carbon tetrachloride, and hexane, respectively. The
corresponding LUMO values are −2.455, −2.548,
−2.514, and −2.502 eV. The energy gap (𝐸𝑔) values

between HOMO and LUMO are 6.091, 6.088, 6.084,
and 6.085 eV in gas, chloroform, carbon tetrachloride,
and hexane, respectively.

3.6. Atoms in Molecule (AIM) analysis

Atoms in Molecule (AIM) analysis, based on Bader’s
theory [19], is widely used to describe various nonco-
valent interactions in molecular systems, particularly
hydrogen bonding [23, 24]. Due to the spatial con-
centration of electrons, bond critical points (BCPs)
appear between atoms. Topological parameters such
as electron density 𝜌(𝑟), Laplacian electron density
∇2𝜌(𝑟), energy density 𝐻(𝑟), Lagrangian kinetic en-
ergy density 𝐺(𝑟), and potential energy density 𝑉 (𝑟)

Fig. 8. HOMO and LUMO maps of nitromethane in different
phases
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in BCPs characterize the nature of hydrogen bond-
ing. Here 𝐻(𝑟) = 𝐺(𝑟) + 𝑉 (𝑟). Rozas et al. [25] clas-
sified hydrogen bonding as follows:

∙ ∇2𝜌(𝑟) > 0, 𝐻(𝑟) > 0, and 𝐸HB < 12 kcal/mol –
weak hydrogen bonding;

∙ ∇2𝜌(𝑟) > 0, 𝐻(𝑟) < 0, and 12 < 𝐸HB <
< 24 kcal/mol – medium hydrogen bonding;

∙ ∇2𝜌(𝑟) < 0, 𝐻(𝑟) < 0, and 𝐸HB > 24 kcal/mol –
strong hydrogen bonding.

The hydrogen bond energy was determined using
the formula: 𝐸HB = 𝑉 (𝑟)/2 [26]. If the energy density
at critical points is negative (𝐻(𝑟) < 0), the hydro-
gen bond has a covalent character, whereas a positive
value (𝐻(𝑟) > 0) indicates an electrostatic character.

Figure 7 illustrates the presence of critical points
along the C–H···O bond path in CH3NO2+𝑛 ·CHCl3
(𝑛 = 1–3) complexes, indicating significant inter-
molecular interactions.

Table 4 presents the topological parameters at
the critical points of the complexes. It can be seen
from the table that the electron density and Lapla-
cian of the electron density at the critical points
of the bond are in the range of 0.0091−0.0142 au
and 0.0326−0.473 au, respectively. These values are
in the hydrogen bond range of of 0.0033−0.168 au
and 0.020−0.139 au, respectively. All Laplacian of the
electron density and energy densities at critical points
of hydrogen bonding have positive values. It charac-
terizes that all hydrogen bonds are electrostatic in
nature. It can be seen from the table that the hydro-
gen bond energies in the complexes are in the range of
2.13−2.67 kcal/mol and mean weak hydrogen bonds.

4. Conclusion

The isotropic and anisotropic components of the Ra-
man spectra of the 𝛿(NO2) vibration of liquid ni-
tromethane do not match. In a mixture of ni-
tromethane and hexane, this band is shifted to a
higher frequency. The main reason for this is that
hexane molecules have the ability to break various
molecular aggregations in nitromethane. In the chlo-
roform solution of nitromethane, it is found that
the Raman spectra of 𝛿𝑠(CH3) bending and 𝑣𝑠(NO2)
stretching vibration bands shift toward the lower fre-
quency. Quantum-chemical calculations confirm that
nitromethane and chloroform molecules form molecu-
lar complexes with the dipole-dipole interactions and
weak hydrogen bonds of the C–H···O type.

This work was supported by Project no. FZ-
20200929385, Ministry of Higher Education, Science
and Innovation of the Republic of Uzbekistan.

1. Hydrogen Bonding–New Insight. Edited by S.J. Grabowski
(Springer, 2006).

2. G.A. Pitsevich, E.N. Kozlovskaya, A.E. Malevich,
I.Yu. Doroshenko, V.S. Satsunkevich, Lars G.M. Petter-
sson. Some useful correlations for H-bonded systems. Mol.
Cryst. Liq. Cryst. 696 (1), 15 (2020).

3. H.A. Hushvaktov, F.H. Tukhvatullin, A. Jumabaev,
U.N. Tashkenbaev, A.A. Absanov, B.G. Hudoyberdiev,
B. Kuyliev. Raman spectra and ab initio calculation of a
structure of aqueous solutions of methanol. J. Mol. Struct.
1131, 25 (2017).

4. U. Holikulov, M. Khodiev, N. Issaoui, A. Jumabaev,
N. Kumar, O.M. Al-Dossary. Exploring the non-covalent
interactions, vibrational and electronic properties of 2-
methyl-4-hydro-1,3,4-triazol-thione-5 in different solutions.
J. King Saud Univ. Sci. 2024, 103164 (2024).

5. A. Jumabaev, H. Hushvaktov, B. Khudaykulov, A. Ab-
sanov, M. Onuk, I. Doroshenko, L. Bulavin. Formation
of hydrogen bonds and vibrational processes in dimethyl
sulfoxide and its aqueous solutions: Raman spectroscopy
and ab initio calculations. Ukr. J. Phys. 68 (6), 375
(2023).

6. D. Roy, A. Kovalenko. A 3D-RISM-KH study of liquid
nitromethane, nitroethane, and nitrobenzene as solvents.
J. Mol. Liq. 332, 115857 (2021).

7. T. Litzinger, M. Colket, M. Kahandawala, S.-Y. Lee,
D. Liscinsky, K. McNesby, R. Pawlik, M. Roquemore,
R. Santoro, S. Sidhu, S. Stouffer. Fuel additive effects on
soot across a suite of laboratory devices, part 2: Nitroalka-
nes. Combust. Sci. Technol. 183, 739 (2011).

8. A. Jumabaev, H. Hushvaktov, A. Absanov, I. Doroshenko,
B. Khudaykulov. Experimental and computational analysis
of CN and C–H stretching bands in acetonitrile solutions.
Fizyka Nyzkykh Temperatur 51 (2), 224 (2025).

9. S. Hayaki, H. Sato, Sh. Sakaki. A theoretical study of
the liquid structure of nitromethane with RISM method.
J. Mol. Liq. 377, 9 (2009).

10. L. Min-Joo, K. Ji-Young. A theoretical study on the inter-
molecular hydrogen bond between nitromethanes and the
stabilization of nitromethane dimer. J. Korean Chem. Soc.
48, 229 (2004).

11. T. Megyes, S. Bálint, T. Grósz, T. Radnai, I. Bakó.
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Л.Джуманов, Н. Iссауi, Л. Булавiн

ЕКСПЕРИМЕНТАЛЬНЕ ТА ТЕОРЕТИЧНЕ
ДОСЛIДЖЕННЯ МIЖМОЛЕКУЛЯРНИХ ВЗАЄМОДIЙ
У НIТРОМЕТАНI ТА ЙОГО РОЗЧИНАХ

У данiй роботi обговорено коливальнi (комбiнацiйного роз-
сiювання свiтла та IЧ) спектри нiтрометану та його розчи-
нiв у полярних (хлороформ) та неполярних (чотирихлори-
стий вуглець, гексан) розчинниках. Розглянуто геометри-
чнi параметри, розподiл заряду за Мiллiкеном, поверхню
молекулярного електростатичного потенцiалу та граничнi
молекулярнi орбiтальнi комплекси нiтрометану з молеку-
лами хлороформу. CH3NO2 + 𝑛 ·CHCl3 (𝑛 = 1–3) на осно-
вi теорiї функцiонала густини (DFT) з базовим набором
B3LYP/6-311++G(d,p). Слабкi молекулярнi взаємодiї в цих
комплексах проаналiзовано за допомогою методу Atoms in
Molecule (AIM).

Ключ о в i с л о в а: нiтрометан, спектри комбiнацiйного
розсiювання, IЧ спектри, водневий зв’язок, DFT, AIM.
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