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INTERMOLECULAR INTERACTIONS
IN LIQUID PROPIONIC ACID AND ITS
SOLUTIONS: RAMAN AND DFT STUDIES

The mechanism of molecular complex formation in liquid propionic acid and its solutions is
investigated. The anisotropic component of the Raman band of the C=0O stretching vibration
of pure propionic acid consists of three bands with mazima at 1661, 1700, and 1758 ecm™". The
effect of varying the concentrations of solvents such as CCly, acetonitrile, and water on this
vibration mode is studied. The mechanism of formation of molecular complezxes in solutions is
determined using DFT calculations at the BSLYP/6-311++G(d,p) level of theory. The AIM,
RDG, and NCI topological analyses are also performed to investigate the intermolecular in-

teractions in the complezes.
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1. Introduction

Molecular complexes of carboxylic acids in the lig-
uid phase have attracted the attention of researchers
for a long time [1-6]. Their formation is usually man-
ifested in Raman and IR spectra, especially in the
spectral region of C=0 and O-H vibrations [4]. The
structure of the most common molecular complex in
carboxylic acids is a dimer formed due to the inter-
molecular hydrogen bonding between two carboxyl
groups, and it mainly has a cyclic structure with a
local inversion center [7-10]. The study of the struc-
ture and vibrational characteristics of such hydrogen-
bonded complexes is the main subject of experimen-
tal and theoretical researches [11-14]. In addition to
their biological and medicinal properties, the studies
of homo- and hetero-complexes of carboxylic acids in
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gaseous, liquid, and solid states provide information
on the nature of non-covalent interactions, including
the O—H---O=C interaction.

The results of studies of simple carboxylic acids,
such as formic acid dimer species involved in strong
and weak intermolecular interactions, have recently
been published in [15-18]. Based on the computed
vibrational spectra of monomers and O—H---O-bonded
dimer species, Karabacak et al. [19] identified IR and
Raman modes of solid isophthalic acid. Taylor et al.
[20] published ab initio predictions of the effects of the
temperature and solvation on the dimerization of ben-
zoic acid molecules. According to their findings, be-
tween benzoic acid molecules, the strong H-bonds are
formed in a variety of complexes, but the cyclic dimer
is the most stable of them. Using Monte Carlo and
molecular dynamics (MD) simulations, Marcinovic
et al. proposed a self-assembly model of butanedioic
acid [21]. Other authors describe ordered cyclic struc-
tures stabilized by two O-H:--O bonds between the
two carboxylic groups in their structural analyses of
isophthalic acid and 5-fluoroisophthalic acid [22-24].

According to the literature review, the molecular
structure and intermolecular interactions in propi-
onic acid (PA) in the liquid phase have not been
thoroughly explored. In this study, we will investi-
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gate the effect of solvents such as CCly, acetoni-
trile, and water on the polarized and unpolarized
Raman spectra of liquid propionic acid. The C=0
stretching vibration was chosen for such studies, since
it is rather isolated from other vibrational modes
[25, 26]. Quantum-chemical calculations were per-
formed at the B3LYP/6-311++G(d,p) level using the
DFT approach to investigate the mechanism of inter-
molecular interactions and the formation of molecu-
lar complexes in pure propionic acid and its different
solutions. In addition, we analyze the charge distribu-
tion in H-bonded molecular complexes by Atoms in
Molecules (AIM), Reduced Density Gradient (RDG),
and Non-Covalent Interaction (NCI) analyses.

2. Methods
2.1. Experimental Method

A DFS-52 spectrometer was used to record the Ra-
man spectra of liquid propionic acid and its solu-
tions with carbon tetrachloride, water, and acetoni-
trile at a temperature of 252 °C. As an excitation
light source, an argon ion laser LGN-503 (488 nm,
1 W) was used. All measurements were made with
polarized light in the 90° scattering geometry. A
polarizing prism selects the polarized constituents
of the scattered light. Chemically pure substances
were used in the experiment, which were also sub-
jected to a further distillation under vacuum. The
spectral gap width was 1.8 cm™! in all measure-
ments. Errors in determining the relative position of
the maximum and half-width of the spectral bands
were 0.3 cm~!. The errors in calculating the rela-
tive position of the spectral bands’ maxima and half-
widths were 0.3 cm~"'. All solutions were prepared in
accordance to the molar fractions of the components.

2.2. Computational details

All calculations were carried out in the Gaussian 09W
programme [27] using the Density Functional The-
ory (DFT) method. To account for intermolecular hy-
drogen bonding, calculations were carried out using
the B3LYP functional and the 6-311++G(d,p) ba-
sis set, which included the diffusion and polarization
functions. In addition, the calculations, where pro-
pionic acid, acetonitrile, and water were considered
as envoronments, were performed using the integral
equation formalism polarized continuum model (IEF-
PCM) to account for the effect of the solution as ac-
curately as possible.
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Atoms in Molecules (AIM), Reduced Density Gra-
dient (RDG), and Non-Covalent Interaction (NCI)
topological analyzes based on Bader’s theory [28]
were performed to further study the non-covalent in-
teractions between molecules [43-45]. Topological pa-
rameters were calculated using the MultiWfn soft-
ware [29] and visualized using the VMD software [30].

3. Results and Discussions
3.1. Raman spectra analysis

The polarized Raman spectra of pure propionic acid
and its solutions in CCly with concentrations rang-
ing from 0.1 to 0.7 were recorded. It is known that
the shape of isotropic and anisotropic components of
Raman bands is determined by intermolecular inter-
actions. The intensities of isotropic and anisotropic
components can be calculated using the following
equations [31]:

Iiso (V) = IL (V) - %IH (V)v
Taniso (V) :IH (V)a

where I, (v) and I(v) are the experimentally mea-
sured polarized (perpendicular) and depolarized (par-
allel) components of the Raman intensity.

Figure 1 shows the anisotropic (parallel) compo-
nents of the Raman band of the C=O stretching vi-
bration of propionic acid. It can be seen from the fig-
ure that the parallel component of the C=0 vibra-
tion band of pure liquid PA consists of three broad
bands with maxima at 1661, 1700, and 1753 cm™!. Si-
milarly, these three bands are observed in the per-
pendicular component. The ratios of intensities for
the parallel and perpendicular components of these
bands are different. This means that the depolariza-
tion coefficients of the bands also have different val-
ues. The band at 1753 cm™! has the highest value
of the depolarization ratio. The depolarization ra-
tio of the 1700 cm~! band is much lower, and the
depolarization coefficient of the 1661 cm™! band is
even lower. In [32], it was shown that C=O vibra-
tional bands of acetic and trifluoroacetic acids also
consist of three bands, corresponding to different as-
sociates. Similarly, one can suppose that the splitting
of this band in PA has the same nature.

The frequency of the C=0 stretching vibration is
determined by the distribution of the electron cloud
along the C=0 bond. The change of this distribution
after the formation of the H-bond between molecules
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Fig. 1. Raman bands of the C=0 stretching vibrations of
propionic acid (parallel component): pure propionic acid (1);
solutions of propionic acid in CCly (2, 3, 4, 5), concentrations
0.7; 0.5; 0.3; 0.1, respectively. Intensities are not presented in
the same scale

1 16612 cm~!
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Fig. 2. Raman bands of the C=O stretching vibrations of
propionic acid (parallel component): pure propionic acid (1);
solutions of propionic acid in acetonitrile with concentrations
0.7 (2, 3, 4); 0.5; 0.3, respectively

should result in a different vibrational frequencies
of the corresponding vibrations for different asso-
ciates, as well as a difference in the derivatives of the
anisotropy tensor and the coupling anisotropy ten-
sor with respect to normal coordinates, resulting in a
difference in the depolarization ratio. Thus, when the
redistribution of the electron cloud during the forma-
tion of H-bonds leads to a change in the intensity of
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spectral bands in IR spectra, then, in Raman spectra,
this distribution leads, first of all, to a change in the
depolarization ratio of the band. This phenomenon
can be explained by the fact that the C=0 bond is
partially ionic, so the bond strength (and the force
constant) should be mainly determined by the resid-
ual charges on the C and O atoms.

So, the difference between frequencies of the C=0
vibration in different complexes of PA can be ex-
plained by changes in the charge distribution on
the atoms of the carboxylic group (COOH) at the
hydrogen bonding formation. The 1753 cm~! band
is assigned to the C=O vibration in free molecules
(monomers) of PA. During the formation of open
dimers or longer chain complexes of PA molecules via
the H-bond formation with the participation of the
oxygen atom of the C=0 group, a part of the elec-
tron cloud of this atom is attracted to the hydrogen
of the O-H group of the neighbouring molecule. As
a result, the residual negative charge on the oxygen
atom decreases, the bond strength (force constant)
of C and O atoms decreases, and, therefore, the fre-
quency of the C=O0 vibration decreases. This means
that the bands with lower frequencies can be assigned
to PA associates.

In order to interpret each of the observed bands
of the C=0 stretching vibrations of propionic acid,
the polarized Raman spectra of the solutions of pro-
pionic acid in CCly were recorded. As one can see
from Fig. 1, the ratio of the band intensities in PA
solutions changes with concentration, but all three
bands are observed at all concentrations. The band at
1661 cm ™! is the most intense one, and this tendency
remains at all concentrations. So, one can conclude
that the same associates of PA molecules exist both
in pure PA and in the 10% solution in CCly.

In solutions of propionic acid in acetonitrile (AN),
which is a strong proton acceptor, all three bands of
C=O0 stretching vibrations are observed too (Fig. 2),
but their intensity ratio changes with concentra-
tion. When the amount of acid in the solution is the
least (30%), the relative intensity of the band with
the highest frequency increases, while the maximum
of the band shifts toward lower frequencies. The fre-
quency of the band at 1661 cm ™' remains the same,
but its intensity decreases with concentration dear-
easing. As a strong proton acceptor, AN forms a hy-
drogen bond with the hydrogen atom of the O-H
group of propionic acid in the solution, resulting in
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an increase in the number of the PA molecules with
free C=0 groups in the solution, and the relative in-
tensity of the band corresponding to the free C=0
group increases. The other observed bands of C=0
vibrations can be assigned to PA dimers and bigger
associates, as well as different complexes of PA with
acetonitrile molecules.

Significant changes in the spectral region of the
C=0 stretching vibrations of propionic acid are ob-
served in water solutions of PA with different con-
centrations (Fig. 3). In pure PA, the strongest band
corresponds to the vibrations of PA associates. In the
70% solution, this band is still observed, but, already
in the 50% solution, it almost disappears, and only
one broad band at about 1720 cm~! with some asym-
metry on a low-frequency side is observed. With a fur-
ther dilution, the situation remains the same, indicat-
ing the simultaneous presence of both PA associates
and complexes of PA and water molecules.

3.2. Structural and vibrational analyses

Non-empirical calculations were carried out to prop-
erly explain and analyze the complexity of the po-
larized Raman spectra in the spectral region of the
C=0 stretching vibrations of propionic acid. Figure 4
shows the optimal geometric structures of propionic
acid dimers calculated at the BSLYP/6-311++G(d,p)
level of theory.

The calculations revealed that PA molecules form
cyclic dimers with various mutual orientations via O—
H---O and C-H---O hydrogen bonds. Dimer I, a cyclic
structure formed by two O-H:---O hydrogen bonds
between carboxyl groups, is the most structurally
and thermodynamically stable dimer of all consid-
ered structures (see Table 1). The following formula
was used to calculate the intermolecular interaction
energy (Fin) at the dimer formation:

Eint = Edimcr -2 Emonomcr~

The calculated optimal geometry of a cyclic trimer
of PA molecules is shown in Fig. 5. It is formed
by three O—H:---O hydrogen bonds between carboxyl
groups.

From the data presented in Table 2, one can
see that, in PA dimers (we will consider only the
most stable structure — dimer I), the length of the
C=0 bond increases by 0.0215 A compared to the
monomer state. For the case of a trimer, this differ-
ence is 0.0133 A. As a result, the corresponding vi-
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Fig. 3. Raman bands of the C=O0 stretching vibrations of PA:
pure propionic acid (parallel and perpendicular components,
respectively) (1, 2); solutions of PA in water with concentra-
tions 0.7; 0.5; 0.3; 0.1; 0.05, respectively (3, 4, 5, 6, 7)
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brational frequency decreases by 60-110 cm ™! for the
dimer and by 36-75 cm ™! for the trimer. These data
can be used for the interpretation of the experimen-
tal spectra of PA, presented in Fig. 1. The band at
1753 cm™! was assigned to the C=O vibrations in
monomers. So, the band near 1700 cm™! can belong
to the corresponding vibrations in PA trimers, and
the band at 1661 cm™! — to PA dimers. Thus, PA
dimers dominate both in pure acid and in its solu-
tions in CCly.

Figure 6 presents the results of geometry opti-
mization for complexes consisting of PA with one
or two acetonitrile molecules. In the case of one PA
and one AN molecule the O-H---N hydrogen bond
is formed. In the case of two AN molecules, they
form a trimer with PA molecule via O-H---N, C-
H---N and C-H---O hydrogen bonds. In the formation
of PA+ AN and PA + (AN)y complexes, the C=0
bond length increases by 0.003 and 0.005 A, respec-
tively, compared to the PA monomer. The length of
the O-H bond increases by 0.016 and 0.017 A, re-
spectively. The intermolecular interaction energies in
PA + AN and PA + (AN); complexes are 5.05 and
5.91 kcal/mol, respectively.

As can be seen from the calculation results, AN
molecules in a solution form H-bonds with PA
molecules. As a result, the amount of cyclic PA as-
sociates (dimer, trimer, etc.) is reduced. This causes
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Fig. 4. Optimal geometric structures of PA dimers. Red, gray, and white balls represent oxygen, carbon, and hyd-

rogen atoms, respectively

Table 1. Calculated parameters of PA dimers

Dimer Energy E, Relative energy Interaction energy Gibbs free Dipole moment
Hartree AE, kcal/mol Eint, kcal/mol energy G, a.u. D, Debye
Dimer I —537.0011 0 16.41 0.1445 0.0138
Dimer II —536.9896 7.22 9.19 0.1381 1.3964
Dimer IIT —536.9809 7.59 3.77 0.1334 0.7191
Dimer IV —536.9878 8.34 8.07 0.1381 3.6961

Table 2. Calculated C=O0 bond lengths
and the corresponding vibrational frequencies
of PA molecular associates

PA molecular Bond length Frequency
associates rc—o, A ve—0, cm 1t
Monomer 1.2063 1804.78
Dimer 1.2278 1745.61

1.2278 1693.05
Trimer 1.2196 1768.67
1.2196 1768.54
1.2196 1729.86

a decrease in the relative intensity of the Raman
bands of the C=0 stretching vibrations near 1661
and 1700 cm~! assigned to PA dimers and trimers,
respectively (see Fig. 2).
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Figure 7 shows that, at the formation of PA + AN
and PA + (AN);, complexes, the C=0 vibrational fre-
quency of PA decreases by 14 and 19 cm™!, respec-
tively. This fact explains the low-frequency shift of
the band near 1753 cm~! with dilution of propionic
acid with acetonitrile (see Fig. 2).

The calculated optimal structures of PA molecules
with different numbers of water molecules are pre-
sented in Fig. 8. The calculated energies and dipole
moments of the corresponding complexes are pre-
sented in Table 3. The intermolecular interaction en-
ergies in complexes were determined using the follow-
ing formula:

Eint = Ecomplex - (Emonomer +n Ewater)-

When water molecules interact with PA, the carbo-
xyl group of PA serves both as a donor and an accep-

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 11
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b

Fig. 6. Optimal geometric structures of PA + AN (a) and
PA + (AN)2 (b) complexes. Gray, white, red, and blue balls
represent carbon, hydrogen, oxygen, and nitrogen atoms, re-
spectively

tor in the H-bond formation. PA molecules can form
cyclic structures with one to three water molecules
via O—H---O hydrogen bonds (Fig. 8, a—c). With four
or five water molecules, the PA molecule forms bi-
cyclic complexes (Fig. 8, d—e). Six water molecules
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Fig. 7. Calculated Raman frequencies of the C=O stretching
vibrations of PA molecule (a), PA+ AN (b) and PA + (AN)2
(¢) complexes

Table 3. Some calculated
parameters of complexes PA + W, (n = 1-6)

Total Intermolecular Dipole
Complexes | energy E, |[interaction energy | momentum D,
Hartree Eint, keal/mol Debye
PA +W1 |-344.971484 6.13 1.907923
PA + W2 | —421.451032 14.33 3.225948
PA +W3 | -497.927415 20.55 1.122380
PA + W4 | -574.399949 24.35 3.962489
PA + W5 | —650.877274 31.15 6.301351
PA +W6 | —727.349233 34.60 6.396253

form a triple cyclic structure with the PA molecule
(Fig. 8, f). The increase of the number of water
molecules per one PA molecule leads to the for-
mation of chain-like clusters with mutual hydrogen
bonds.

The calculated Raman spectra of PA+W,, com-
plexes in the spectral region of the stretching C=0
vibrations are presented in Fig. 9. It is seen that when
the PA molecule interacts with water molecules, the
band of the C=0 stretching vibrations shifts toward
lower frequencies. The observed shift is from 20 cm ™!
for the complexes with one and five water molecules to
45 cm~? for 2 and 3 water molecules. The additional
bands observed in the region 1600-1700 cm~! belong
to the O-H bending vibrations of water molecules
in these complexes [33]. So, the broad band ob-
served in the Raman spectra of PA solutions in wa-
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Fig. 9. Calculated Raman frequencies of the C=0 stretching
vibrations of PA + W,, complexes
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) PA+W6
Fig. 8. Optimal geometrical structures of complexes of PA with water molecules. Gray, white, and
red balls represent carbon, hydrogen, and oxygen atoms, respectively

ter near 1720 cm~! can be assigned to PA+W,,
complexes.

3.3. AIM, RDG and NCI
topological analysis

The topological electron density analysis is an ef-
fective method for investigating the nature of inter-
molecular hydrogen bonds in molecular complexes
[34-36]. According to [37], the strength of hydrogen
bond can be described using such topological param-
eters as the electron density p(r) and energy density
H(r) as follows:

e V2p(r) >0, H(r) > 0 and Fyp < 12 keal/mol —
weak hydrogen bonding;

e VZp(r) > 0, H(r) < 0 and 12 < Eup <
< 24 kecal/mol — medium hydrogen bonding;

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 11



Intermolecular Interactions in Liquid Propionic Acid

PA trimer

PA+AN
PA dimer

PA+(AN)2

PA+W2

PA+W5 PA+W6

Fig. 10. AIM molecular graph showing different BCPs of a PA dimer, trimer, PA + (AN),, and PA + W,, complexes
calculated at the B3LYP/6-3114++G(d, p) level. The critical points of H-bonds are indicated by small orange balls
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Table 4. Topological parameters at the BCP of the complexes

c ) BOP Electron density, Laplacian O.f Energy density, Potential. H-bond energy,
omplex p(recp) elect;on density, H(rgcp) energy density, Eint
V2p(recp) V(rscp)

PA dimer O10-H11...020 0.0462 0.1351 —0.0047 —0.0431 13.52
021-H22...09 0.0462 0.1351 —-0.0047 -0.0431 13.52

PA trimer O10-H11...031 0.0351 0.1367 0.0009 -0.0324 10.16
021-H22...09 0.0348 0.1363 0.0010 -0.0321 10.07

032-H33... 020 0.0348 0.1365 0.0010 -0.0321 10.07

PA + AN O10-H11...N17 0.0323 0.0989 —0.0001 —0.0250 7.84
PA + (AN)2 | O10-H11...N17 0.0335 0.1005 —0.0006 -0.0263 8.25
C18-H19...N9 0.0097 0.0343 0.0014 —0.0057 1.78
C12-H15...N23 0.0072 0.0212 0.0009 —0.0035 1.10

PA+W O10-H11...012 0.0390 0.1228 -0.0017 —0.0342 10.73
0O12-H14...09 0.0166 0.0571 0.0014 -0.0114 3.58

PA +W2 O10-H11...012 0.0477 0.1343 —0.0055 —0.0446 13.99
0O12-H14...015 0.0362 0.1203 —0.0005 -0.0311 9.76
O15-H17...09 0.0309 0.1125 0.0014 —0.0254 7.94

PA + W3 O10-H11...012 0.0483 0.1390 —0.0055 -0.0461 1446
O12-H14...015 0.0408 0.1285 —0.0022 —0.0366 11.48
015-H16...018 0.0388 0.1275 -0.0012 —0.0344 10.79
O18-H19...09 0.0303 0.1188 0.0020 —0.0256 8.03

PA +W4 0O10-H11...012 0.0488 0.1296 —0.0058 —0.0466 14.62
012-H14...015 0.0392 0.1242 -0.0016 -0.0344 10.79
015-H16...018 0.0382 0.1245 -0.0011 -0.0334 10.48
0O18-H19...09 0.0240 0.0938 0.0025 -0.0185 5.80
021-H23...09 0.0223 0.0877 0.0026 -0.0166 5.21
0O18-H20...021 0.0217 0.0761 0.0016 -0.0157 4.92

PA +W5 0O18-H20...024 0.0290 0.1014 0.0013 —0.0228 7.15
0O18-H19...010 0.0172 0.0647 0.0022 —0.0117 3.67
024-H26...012 0.0298 0.1054 0.0013 —0.0238 7.47
O10-H11...012 0.0423 0.1283 -0.0031 —0.0382 1198
0O12-H14...015 0.0456 0.1360 —0.0043 —0.0425 13.33
021-H22...09 0.0287 0.1140 0.0024 -0.0237 7.43

O15-H16... 021 0.0391 0.1278 -0.0014 -0.0347 10.89

PA +W6 O18-H19...010 0.0160 0.0594 0.0021 -0.0106 3.32
0O18-H20...024 0.0146 0.1021 0.0012 —0.0230 7.22
024-H26...012 0.0299 0.1057 0.0012 —0.0239 7.50
027-H29...09 0.0191 0.0785 0.0029 -0.0138 4.33
021-H22...09 0.0218 0.0848 0.0025 -0.0162 5.08

021-H23... 027 0.0232 0.0814 0.0016 -0.0172 5.40

O15-H16... 021 0.0393 0.1262 -0.0016 —0.0348 10.92
0O10-H11...012 0.0418 0.1272 —0.0029 -0.0376 1180
0O12-H14...015 0.0446 0.1337 —0.0039 —0.0412 12.93

e V2p(r) <0, H(r) < 0 and 24 kcal /mol < Eyp —
strong hydrogen bonding.

The molecular diagram of a PA dimer, trimer,
PA+ (AN),—1—2 and PA+W,_;_g complexes is
shown in Fig. 10. Topological parameters at the bond
critical point (BCP) such as the electron density
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p(rcp), Laplacian of the electron density V2p(rcp),
energy density H(rcp), potential energy density
V(rcp), and hydrogen bond energy Eyp were calcu-
lated at the B3LYP/6-311++G(d,p) level (Table 4).

The calculation results show that the electron den-
sity values at the bond critical points are of 0.046 a.u.
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Fig. 11. RDG analysis of complexes

and 0.035 a.u. for PA dimer and trimer, respectively.
For PA+ (AN),—1—2 and PA+W,_;_s complexes,
these values are in the interval from 0.007 to
0.032 a.u. Thus, all these values fall into the hydrogen
bond interval (0.003-0.168 a.u.) [38, 39]. The elec-
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tron density Laplacian (V2ppcp) values lie between
0.135 a.u. and 0.137 a.u. for PA dimer and trimer.
For complexes PA + (AN),—1_2 and PA+ W, _1_g,
this value is between 0.02 a.u. and 0.013 a.u. All of
them are in the interval of the hydrogen bonding
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PA+W5

Fig. 12. NCI analysis of complexes

(0.024-0.139 a.u.) [38,39], thus confirming the pres-
ence of the hydrogen bonding in the complex.

The hydrogen bond energy was determined using
the formula [40]:

EHB = —V(Tcp) 6275/2
760

Here, V(rcp) is the potential energy density at the
critical points of hydrogen bonding.

If the value of the energy density at the critical
point is negative (Hgcp < 0), the hydrogen bond has
a covalent character, and if it is positive (Hgcp > 0),
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it has an electrostatic character [35, 41]. It can be
seen that the covalent effect is dominant in the O—
H---O H-bonds in the PA dimer, and the electro-
static effect is dominant in the O-H---O H-bonds in
the PA trimer. Thus, the hydrogen bond energy in
the PA dimer is ~213.5 kcal/mol, and the hydrogen
bond energy in the trimer is ~10 kcal/mol. In the
PA + AN and PA + (AN), complexes, the covalent ef-
fect is dominant in the O—H:--N H-bonds, and the
electrostatic effect is dominant in the C-H---N H-
bonds. PA +W,, complexes are formed via H-bonds
with an energy of 3.32-14.62 kcal /mol.

The non-covalent interaction (NCI) index is used
to describe intermolecular interactions and assess the
nature of weak interactions. The NCI index is based
on the reduced density gradient (RDG) and pro-
vides more evidence for non-covalent interactions [34—
41]. The reduced density gradient (RDG) is a basic
dimensionless quantity consisting of the density and
its first derivative expressed using the following rela-
tion [42]: . V()]

p(r
RDG (r) = BRI p(r)i3

The quantification of the electron density of the
sign (A2)p peaks relative to RDG gives us informa-
tion about the nature and strength of the molecular
interactions. In the molecular system, blue represents
attractive interaction and red represents repulsive in-
teraction. The sign (A2)p value is critical in predict-
ing the nature of the interaction; for example, sign
(A2)p < 0 indicates a repulsive interaction (bonded),
while sign (A3)p > 0 and the symbol indicate a re-
pulsive interaction (not connected). The RDG scat-
ter graphs of the complexes are shown on Fig. 11. Red
color is defined as strong repulsion (steric effect), blue
represents hydrogen bonding interactions, and green
represents van der Waals interactions. As can be seen
on Fig. 12, the blue color indicates the hydrogen
bonding, the green color corresponds to the van der
Waals interaction, and the red color corresponds to
the steric or cyclic effect. The results show that, in the
formation of molecular complexes, O—H:--O bonds are
represented by blue disks, which correspond to strong
hydrogen bonds. C-H:--O bonds are represented by
blue-green disks, which show weak hydrogen bonds.

4. Conclusions

In the experimentally registered Raman spectra of
pure liquid propionic acid, the band of the stretch-
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ing C=0 vibrations is complex. This complexity is
explained by the presence of various associates of PA
molecules in the liquid. The Raman and DFT studies
of PA solutions in CCly and acetonitrile allowed mak-
ing a more accurate interpretation of the components
of the C=0 vibrational band.

In aqueous solutions of propionic acid, the strong
hydrogen bonds are formed between PA and water
molecules. As a result, the shape of the C=0 vibra-
tional band in this solution changes radically.

Quantum-chemical calculations of the optimal ge-
ometric structures and interaction energies of four
dimers of PA are made using the DFT approach and
the B3LYP/6-311++G(d,p) basis set, and the most
stable dimer is determined. At the same level of the-
ory, the corresponding calculations for a PA trimer,
PA + (AN);, PA+ (AN)3, and PA+W,, (n = 1-6)
complexes are carried out. The Raman spectra of all
considered complexes in the spectral region of the
C=0 stretching vibrations are calculated, and the ef-
fect of the intermolecular hydrogen bonding on the
formation of a complex is estimated.

The AIM, RDG, and NCI topological analyzes con-
firmed that the intermtheolecular hydrogen bonding
plays a dominant role in the formation of complexes.

This work is supported by the Ministry of Innova-
tive Development of the Republic of Uzbekistan in the
frame of the State scientific and technical program for
fundamental research, project No. FZ-20200929385,
Samarkand State University, Uzbekistan.
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MIXKMOJIEKYJISIPHI BSAEMO/II B PIOKIN
ITPOITIOHOBINM KNCJIOTI TA I PO3UNHAX:
JOCJILI?KEHHS 3A TOIIOMOI'OIO
PAMAHIBCBHKOI CITEKTPOCKOIIIT

TA TEOPII ®YHKIIIOHAJIA I'YCTUHU

HocniizkeHo MexaHi3M yTBOPEHHSI MOJIEKYJISIPHUX KOMILJIEKCIB
y Ppiakiii npomioHoBil KucjgoTi Ta 11 po3umHax. AHIZ0TpO-
[IHa CKJIaJ0Ba CMyTH KOMOIHAIIMHOTO pO3CIIOBAHHS BAJICHTHUX
kosmmBaHb C=QO YHCTOI MPOMIOHOBOI KHUCJIOTH CKJIAJAETHCA 3
TPBOX CMyT 3 MakcuMyMamu mpu 1661, 1700 i 1753 cm— 1.
Byso mociizzkeHo BIUIMB PI3HUX KOHIEHTDPAIN PO3YMHHUKIB,
Takux Ak CCly, ameroHiTpui i Boma, Ha BKa3aHi KOJUBaHHI.
MexaHi3zM yTBOPEHHSI MOJIEKYJISIPHUX KOMILIEKCIB y PO3YMHAX
JOCJIPKEHO 3a JoroMoro pospaxyskis DFT wa piBai Teo-
piit B3LYP/6-3114++4G(d, p). IIposeneno ronosoriunuii anasis
merogamu AIM, RDG i NCI ansa pociipkeHHs Mi2KMOJIEKY-
JIIPHUX B3a€MOZIN y KOMILJIEKCAX.

Katvwo086i ca06a: NPOMOHOBA KHUCJIOTA, PAMAaHIBCbKA CITe-
KTPOCKOIIisI, Teopisi (pyHKI[lOHAJIAa T'yCTUHH, MiKMOJIEKYJISPHI
B3a€MO/Iil.
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