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In this work, we investigated intermolecular interactions in benzoic acid and its ethanol solutions using Raman spectroscopy and
quantum-chemical approaches. Analysis of the Raman spectra revealed that adding ethanol induces significant changes in benzoic
acid's vibrational spectrum. These changes are primarily due to solvent effects and hydrogen-bond formation and are most pronounced
in the vibrational modes corresponding to the carboxyl group. The near-invariance of the aromatic ring confirms the preservation of
the structural integrity of the molecule. Theoretical calculations were performed at the DFT level, providing a thorough analysis of the
system's electronic structure and energetic characteristics. The molecular electrostatic potential (MEP) surface was used to identify
reactive sites within the molecule; the oxygen atoms of the carboxyl group emerged as the principal electron-rich nucleophilic centers,
while the —OH group of ethanol played a significant role in hydrogen bond formation. HOMO-LUMO orbital analysis demonstrated
a redistribution of electron density during complex formation and an increase in the reactivity of the system. Molecular docking results
also confirmed benzoic acid's ability to interact with a biologically active binding site. During the calculations, the molecule adopted
a stable conformation within the protein's active site, forming a complex through hydrogen bonds and other weak intermolecular
interactions. These findings align with the MEP and electronic structure analyses, showing a close link between the molecule's
quantum-chemical properties and its potential biological activity. The investigations reveal the mechanism of intermolecular
interactions in the benzoic acid—ethanol system and provide a comprehensive explanation of how these interactions influence the
molecule's vibrational properties, electronic structure, and behavior in a biological environment.

Key words: Raman spectroscopy; Ab initio calculations; Hydrogen bonding; Benzoic acid; Ethanol; Molecular electrostatic potential
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1. INTRODUCTION

One of the main directions of current scientific research is the in-depth study of biologically active compounds and
the elucidation of their mechanisms of action on living organisms. From this perspective, aromatic carboxylic acids—and
benzoic acid in particular—are among the compounds of significant importance in pharmaceuticals, the food industry,
and biological systems. Widely used as an antiseptic and preservative, this substance also attracts interest because it can
interact with biologically active molecules [1-5]. Modern computational methods, including molecular docking, are
among the most important tools for determining molecular behavior in biological systems [6]. This method allows the
determination of binding energy, stability, and optimal configuration between a ligand and a biological target (e.g., a
protein) [7]. As a result, it provides essential information about the compound's potential biological activity [8]. In
addition, HOMO-LUMO theory plays a central role in studying the electronic structure of a molecule [9]. The energy
levels of the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) enable
assessment of the molecule's chemical reactivity and stability [10]. Furthermore, Molecular Electrostatic Potential (MEP)
analysis reveals the electrostatic charge distribution within the molecule, allowing the identification of reactive centers
(electrophilic and nucleophilic attack sites) [11]. Atoms in Molecules (AIM) theory is widely used to deepen
understanding of intermolecular interactions [12]. This approach enables determination of bond nature and molecular
stability through topological analysis of electron-density distribution [13]. Experimentally, vibrational spectroscopy—
particularly Raman spectroscopy—is important for determining the structural and dynamic properties of molecules [14].
Raman spectra provide precise information about the bonds, functional groups, and intermolecular interactions within a
molecule [15].

In this work, we comprehensively study the molecular properties of benzoic acid and analyze its interaction with
biologically active systems using molecular docking [16]. In addition, the electronic structure and reactivity of the
molecule are evaluated using MEP, HOMO-LUMO, and AIM methods, and its vibrational properties are determined
based on Raman spectroscopy [17]. Together, these approaches deepen understanding of the compound's physicochemical
and biological properties [18].
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2. EXPERIMENTAL AND THEORETICAL METHODS

2.1 Experimental method

We used chemically pure benzoic acid and ethanol mixtures in the liquid state at concentrations of 0.9, 0.7, 0.5, 0.3,
and 0.1 mol/L. The samples were further purified according to the procedures described in [19].

All experiments were conducted at room temperature and ambient atmospheric pressure. We recorded benzoic acid
and its ethanol solutions at various concentrations on an InVia Raman spectrometer equipped with a diffraction grating
of 1200 lines/mm. The acquisition time was 10 s and the spectral resolution was 0.01 cm™. A Spectrum Stabilized Laser
Module (532 nm, 50 mW) was used as the excitation light source. The scattered radiation was recorded using a Renishaw
CCD Camera detector.

2.2 Computational method
Quantum-chemical calculations were performed using the Gaussian 09W program [20] at the density functional
theory (DFT) level, employing the 6-311++G(d,p) basis set and the B3LYP (Becke—3—-Lee—Yang—Parr) hybrid functional
[21-22]. Spectral analyses were performed using Origin 8.5 [23], and molecular geometry was optimized using
GaussView 6 [24]. Molecular docking calculations were performed using the PyRx platform, employing the AutoDock
Vina algorithm.

2.3 Molecular Docking Method

In this study, molecular docking calculations were performed to determine the probable interactions of the benzoic
acid molecule with the SIKR enzyme. The three-dimensional crystal structure of the protein was downloaded from the
RCSB Protein Data Bank (PDB ID: 5IKR) and prepared for subsequent calculations. During preparation, crystallographic
water molecules were removed, polar hydrogen atoms were added to the protein structure, and appropriate charges were
assigned. Benzoic acid was selected as the ligand, and its geometry was optimized by quantum-chemical methods. For
docking calculations, the neutral form of benzoic acid was employed. The optimized structure was then converted to the
PDBQT format required for docking calculations. Molecular docking calculations were performed using the PyRx
platform with the AutoDock Vina algorithm [25]. Grid parameters were set to fully encompass the active site of the
enzyme, enabling the identification of probable binding conformations of the ligand. The active site was defined using a
grid box centered at X =23.5 A, Y =28.7 A, and Z = 19.4 A, with dimensions of 25 x 25 x 25 A. These parameters
ensured complete coverage of the binding pocket and enabled the identification of probable binding conformations of the
ligand. The obtained results, including binding energies and ligand—protein interaction types, were visualized and
analyzed in detail using the Discovery Studio software [26].

3. RESULTS AND DISCUSSION
3.1. Vibrational Frequency Analysis

In this study, the Raman spectra of benzoic acid (BeAc) and its mixtures with ethanol (EtOH) were investigated
over a broad spectral range (5002000 cm™). The primary focus of the work was on identifying intermolecular
interactions—particularly the formation of hydrogen bonds and their effects on vibrational properties. Raman
spectroscopy enables the identification of the internal vibrational modes of molecules, thereby providing insight into
their structures and interaction mechanisms [27-28]. The spectrum of pure benzoic acid exhibited a series of well-
defined and intense peaks. In particular, the signal at 615 cm™! corresponds to the out-of-plane C—H deformation
vibration of the aromatic ring. The peak located near 790 cm™ represents C—H bending vibrations within the ring and
is characteristic of aromatic systems [29]. The strong peak observed at 1009 cm™! is associated with the symmetric
"breathing" vibration of the ring and serves as an important indicator for identifying the aromatic nucleus [30]. In the
mid-frequency region, C—H in-plane vibrations are observed at 1132 cm™', while C—O bond stretching vibrations of
the carboxyl group appear at 1288 cm™'. C—H deformation at 1442 cm™ and C=C vibrations of the aromatic ring at
1608 cm™! are also recorded. These results confirm that the aromatic structure and functional groups of the molecule
are preserved in their original state [31]. Upon addition of ethanol, significant changes were observed in the spectrum.
In the low-frequency region (618—628 cm™ and 792—-799 cm™), the peaks remain essentially unchanged, indicating
that the aromatic ring is stable with respect to external perturbations. However, a downshift of the main peak at 1009
cm! to the 990-1003 cm ™ range was observed. This red shift indicates an intensification of intermolecular interactions,
specifically the formation of hydrogen bonds [32]. A similar phenomenon is observed in the 1080-1092 cm™' region,
where the positions of the C—C and C—O bond vibrations undergo slight changes—evidence for the redistribution of
electron density within the system. The C—O stretching vibrations in the 1270-1280 cm™ range show the most
pronounced changes: the shift and increase in intensity of these peaks indicate the formation of hydrogen bonds
between benzoic acid and ethanol molecules [33]. In the high-frequency region, particularly in the 1448-1457 cm™!
range, peak intensities increase, confirming the participation of ethanol molecules in the mixture. At the same time,
the aromatic C=C vibrations in the 1600—-1608 cm™ range remain virtually unchanged. This result indicates that the
interaction occurs predominantly around the carboxyl group, while the aromatic ring remains structurally nearly
unaffected [34].
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Figure 1. Raman scattering spectra of benzoic acid (BeAc) and its ethanol solutions in the 500-2000 cm™ range

Within the scope of this study, the intermolecular interactions and solvation processes occurring in the binary
benzoic acid—ethanol system were thoroughly investigated by Raman spectroscopy (2800-3200 cm™ region), and it was
scientifically demonstrated that the observed changes in this system are not merely the result of physical mixing, but
rather a consequence of complex thermodynamic and structural reorganization, as evidenced by the following primary
mechanisms: (1) Observation of polarization and red-shift in aromatic C—H bonds. In the spectrum of the pure aromatic
compound, the peak at 3074 cm'—characteristic of the stretching vibrations of the =C—H bonds of the benzene ring and
observed with high intensity—was found to gradually shift toward lower wavenumbers, reaching 3066 cm™, as ethanol
was added to the system and as the concentration of the solution was progressively diluted (from 0.9 mol/L to 0.1 mol/L).
This spectral shift is directly attributed to the disruption of the stable dimer structures formed by benzoic acid molecules
and the subsequent formation of a completely new solvation shell involving ethanol molecules, because when the
hydroxyl groups of ethanol actively interact with the m-electron cloud of the aromatic ring and with the carboxyl group,
the electron density of the =C—H bond is redistributed, and the vibrational energy of this bond decreases appreciably. (2)
Dynamics of aliphatic chains and reorganization of solvent microstructure. The 2920-2980 cm™ region of the obtained
spectra directly reflects the symmetric and asymmetric stretching vibrations of the —.CHs and —CH2 groups of the ethanol
molecule. A change in acid concentration strongly affects the regional distribution of these aliphatic vibrations: in
particular, the strong peaks observed at 2930 cm™ and 2975 cm™ at a concentration of 0.9 mol/L were found to shift to
2922 cm™ and 2964 cm!, respectively, as the system was diluted to 0.1 mol/L. This microdynamics demonstrates that
the characteristic macrostructural hydrogen bond network of ethanol is disrupted under the influence of the solute and
transitions to a new energetic environment; that is, as the acid content increases, ethanol molecules tend to cluster around
acid molecules rather than forming mutual associates, which in turn leads to an increase in steric hindrance and a
redistribution of vibrational frequencies in the microenvironment.
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Figure 2. Raman scattering spectra of benzoic acid (BeAc) and its ethanol solutions in the 2000-3800 cm™* range
3.2 Molecular Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP), also known as the molecular potential surface map, is useful for
visualizing the charge distribution in benzoic acid and its ethanol complexes, as well as for studying charge-dependent
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parameters such as electrophilic—nucleophilic processes and bonding interactions. Determining the MEP helps identify
the reactive sites of the molecule [35-37]. Figure 3 presents the MEP visualized using a color-coded scheme. Regions are
colored according to the level of electrostatic potential, increasing in the order: deep red < yellow < green < blue [38].
The molecular electrostatic potential (MEP) surface maps visually represent the charge distribution in the benzoic acid
monomer, dimer, and benzoic acid + ethanol complexes. They play an important role in studying charge-dependent
parameters such as electrophilic and nucleophilic reactions and bonding. An additional purpose of determining the
electrostatic potential is to identify the reactive regions of the molecule. The MEP map in the range of —4.389 x 1072 eV
to +4.389 x 1072 eV clearly shows the charge distribution in the benzoic acid monomer. The oxygen atoms of the carboxyl
(C=0) group appear in the deepest red, indicating a higher concentration of electrons—this region is therefore
nucleophilic. Yellow regions are moderately electron-rich, green regions are nearly neutral, and blue regions represent
electron-deficient electrophilic sites. Regarding vibrations, stretching vibrations of the C=0O and O—-H bonds, as well as
intra-ring C—C bond vibrations, are predominantly observed. The MEP map in the range of —3.127 x 1072 eV to +3.127
x 1072 eV shows the redistribution of charges in the benzoic acid dimer. The oxygen atoms of the carboxyl (C=0) group
again appear in red, indicating an electron-rich (nucleophilic) region. The intensification of colors between the two
molecules reflects their mutual attraction and the formation of hydrogen bonds. Blue regions are electron-deficient and
possess electrophilic character. In this configuration, the vibrations also change: in particular, the O-H bond is elongated
due to hydrogen bond formation, causing a downshift in its vibrational frequency, and the C=0 vibration shifts slightly
as well. The MEP map in the range of —3.841 x 102 eV to +3.841 x 1072 ¢V shows the charge distribution in the benzoic
acid + 1 ethanol complex. The oxygen atoms of the carboxyl (C=0) group appear in the deepest red, indicating an
electron-rich nucleophilic region. The hydrogen of the —OH group of ethanol is relatively positive, and it is precisely
between these two sites that a hydrogen bond forms. The color gradient (red—yellow—green—blue) represents a gradual
decrease in charge density: yellow regions are intermediate, green regions are nearly neutral, and blue regions are electron-
deficient electrophilic zones. As a result of this interaction, the vibrations of the O—H and C=O bonds shift slightly,
confirming the formation of the complex. The MEP map in the range of —5.464 x 102 eV to +5.464 x 102 eV shows an
even stronger redistribution of charges in the complex involving benzoic acid and 2 ethanol molecules. The oxygen atoms
of the carboxyl (C=0) group appear in the deepest red, confirming that they constitute the primary nucleophilic center.
The hydrogens of the -OH groups of the two ethanol molecules are more positive, and the formation of multiple hydrogen
bonds through them is clearly visible. The color gradient (red—yellow—green—blue) illustrates a stepwise decrease in
charge density: yellow regions are intermediate, green regions are nearly neutral, and blue regions are electron-deficient
electrophilic zones. Consequently, the intermolecular interactions in this complex are stronger, and the vibrations of the
O-H and C=0 bonds shift considerably.

-5.619 ¢ W m — 619 e? -3.127 ¢ mmm u 3 127 ¢

a) BA monomer b) BA dimer
-3.841 ¢ [ m — 3 341 e -5.464 ¢ mmw u — 5 464 ¢

c¢) BA+1EtOH d) BA+2 EtOH
Figure 3. MEP diagram for Benzoic Acid (BA) + Ethanol complexes
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3.3 Frontier Molecular Orbital (FMO) Analysis

Frontier molecular orbitals are regarded as important theoretical parameters for interpreting the electronic structure
of molecules and their chemical reactivity. The Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) describe the outer electronic configuration of the molecule and are of
fundamental significance in explaining the mechanisms of reactions involving electron transfer. The HOMO energy level
reflects the electron-donating capability of the molecule. If the HOMO energy is relatively high, such molecules readily
participate as electron donors and exhibit high activity in nucleophilic or oxidation processes. The LUMO, in contrast, is
considered the orbital most susceptible to electron acceptance. If the energy level of this orbital is low, the molecule is
well-positioned to accept external electrons and may effectively participate in electrophilic reactions [39-40].
Accordingly, the energy gap (AE) between the HOMO and LUMO orbitals is considered one of the primary indicators
for assessing the reactivity and stability of a molecular system. A small energy gap indicates high sensitivity of the
molecule to external perturbations—particularly electronic excitation—reflecting its greater participation in chemical
processes. Conversely, a large AE value implies a lower probability of electron transfer, indicating that the molecular
system is relatively stable and less reactive. Frontier molecular orbital theory is one of the most widely used quantum-
chemical approaches for studying the electronic, optical, and chemical properties of molecules [41]. Based on HOMO
and LUMO energy values, a number of global reactivity parameters can also be determined. For instance, chemical

hardness (1)) is expressed through the difference between HOMO and LUMO energies as:
n= ELUMO;EHOMO (1)
This parameter characterizes the resistance of the molecular system to electronic perturbations. Chemical potential (p) is

determined from the following relation:

= EHOMO;'ELUMO 2)
This quantity reflects the tendency of the molecule to attract or donate electrons. Based on these parameters, the
electrophilicity index (o) is also calculated:

0= 3)
The electrophilicity index is an important indicator for evaluating the electron-accepting capability of the molecule.
Figure 4 displays the spatial distribution of HOMO and LUMO orbitals and the energy gap (AE) between them for

the benzoic acid molecule and its complexes with ethanol. Table 1 presents the quantum-chemical parameters determined

on the basis of HOMO and LUMO energy values, including chemical hardness (), softness (S), electrophilicity index

(o), and electronegativity ()). Analysis of the obtained results shows that the benzoic acid + 2 ethanol complex possesses

the largest dipole moment, indicating that the intermolecular interactions in this system are relatively strong. In contrast,

the benzoic acid + 1 ethanol complex exhibits a lower dipole moment, reflecting a relatively weaker degree of polarization
in the system.

Name of cluster HOMO LUMO

BeAc monomer

BeAc dimer
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BeAc + 1 ethanol

BeAc + 2 ethanol

Figure 4. Frontier molecular orbital diagram of benzoic acid and its solutions

The HOMO-LUMO energy gap is one of the key indicators characterizing the electronic structure and chemical
stability of a molecule. According to the calculation results, the HOMO-LUMO energy gap for the benzoic acid monomer
is 130.32 kcal/mol, and in the dimer form this value is 129.45 kcal/mol. In the complexes formed with a solvent, this
parameter was found to be 130.58 kcal/mol for benzoic acid + 1 ethanol, and 123.2 kcal/mol for the benzoic acid + 2
ethanol complex. The ionization potential was also analyzed, with values of 172.11 kcal/mol (benzoic acid monomer),
173.34 kcal/mol (benzoic acid dimer), 169.35 kcal/mol (benzoic acid + 1 ethanol), and 164.86 kcal/mol (benzoic acid +
2 ethanol), respectively. Furthermore, the largest value of the electrophilicity index was found to be 101.8367 kcal/mol,
belonging to the benzoic acid monomer.

Table 1. Thermodynamic and chemical parameters of the title compounds

Parameters BeAc monomer BeAc dimer BeAc + 1Ethanol BeAc + 2Ethanol
Dipole moment (Debye) pt 2.126105 0.005329 1.190733 2.624885
Total energy (Thermal) (kcal/mol) 76.731 155.274 131.706 186.431
Zero-point vibrational energy (kcal/mol) 72.24695 145.47773 123.78239 174.65551
Enomo -172.11 -173.34 -169.35 -164.86
Erumo -41.79 -43.89 -38.77 -41.66
Erumo - Enomo 130.32 129.45 130.58 123.2
Global hardness (1) = “2(ELumo-Enomo) 56.16 64.725 65.29 61.6
Chemical potential (1) = Y2(ELumo+EnoMo) -106.95 -108.61 -104.06 -103.26
IP = -Enomo 172.11 173.34 169.35 164.86
EA =-ErLumo 41.79 43.89 38.77 41.66
Electrophilicity index (o) = u?/2n 101.8367 91.1250 82.9260 86.5473

3.4 Atoms in Molecules (AIM) Analysis for Complexes of Benzoic Acid

Atoms in molecules (AIM) analysis is widely used to identify non-covalent interactions in molecular systems [42].
As a result of interactions between two atoms through electron density, a bond path emerges, giving rise to critical points
(CPs) in the electron density. At such points, the gradient of the electron density vanishes [43]. The presence of hydrogen
bonds or other interactions in molecular complexes is confirmed through the topological analysis of electron density.
Figure 5 presents topological parameters for the BeAc dimer, BeAc + 1 ethanol, and BeAc + 2 ethanol complexes: the
electron density p(r), the Laplacian of the electron density V?p(r), the energy density H(r), the Lagrangian kinetic energy
density G(r), and the potential energy density V(r) at the bond critical points (BCPs). These quantities provide extensive
information about the nature of the interactions (Table 2).

According to the data presented in Table 2, the Laplacian of the electron density V?p(r) varies in the following
ranges: 0.1386-0.1388 a.u. for the BeAc dimer, 0.0681-0.1249 a.u. for BeAc + 1 ethanol, and 0.0328-0.1304 a.u. for
BeAc + 2 ethanol. These positive values indicate a local depletion of electron density, confirming that the intermolecular
interactions belong to the closed-shell type and are characterized by hydrogen bonds.
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C) BeAc+ 2 ethanol

Figure 5. Molecular diagrams of the title complexes. (a) BeAc dimer; (b) BeAc + 1 ethanol; (c) BeAc + 2 ethanol

Table 2. Topological parameters of the title complexes (BeAc, BeAc + ethanol)

Density . Potential Laplacian of Bond
Name of Bond of all Lagrangian energy Energy electron energy
X(H)-bonds length kinetic : density . -
cluster B electrons energy G(¥) density Hr) density Eint = -V(1)/2,
’ p(1) il V(r) Vip(r) kcal/mol
BeAc dimer 2(0)...30(H) 1.66415 0.0478 0.0401 -0.0455 0.0054 0.1386 14.2758
15(H)...23(0) 1.66337  0.0479 0.0402 -0.0456 0.0054 0.1388 14.2758
BeAc + 1 2(0)...24(H) 2.01938  0.0232 0.0186 -0.0169 0.0016 0.0807 5.3023
ethanol 15(H)...16(0) 1.75013 0.0398 0.0334 -0.0356 0.0021 0.1249 11.1696
2(0)...24(H) 2.10706  0.0196 0.0155 -0.0139 0.0015 0.0681 4.3612
BeAc +2 2(0)...33(H) 1.92863 0.0241 0.0209 -0.0183 0.0026 0.0940 5.7417
ethanol 10(H)...25(0)  2.42144  0.0091 0.0068 -0.0054 0.0013 0.0328 1.6942
15(H)...16(0) 1.72156  0.0424 0.0357 -0.0389 0.0031 0.1304 12.2051

The energy density H(r) values for the BeAc dimer and its ethanol complexes are observed in different ranges:
0.0054 a.u. for the dimer, 0.0015-0.0021 a.u. for complexes with one ethanol molecule, and 0.0013—0.0031 a.u. for
systems involving two ethanol molecules. The positive values of H(r) in all cases indicate that the interactions present in
these systems are not covalent but rather predominantly electrostatic in nature. This further confirms that they are closed-
shell type interactions mediated by hydrogen bonds. This substantiates the existence of weak hydrogen bonds between
the presented complexes [44—45]. Such hydrogen bonds are analogous in nature to van der Waals interactions. The
formula Eiy = V(r)/2 was used to calculate the bond energy [46]. In this work, it was applied to determine hydrogen bond
energies, where V(1) is the potential energy density at the bond critical points. If the energy density value at the critical
points is negative (Hpcp, < 0), the bond has covalent character; if positive (Hpcp, > 0), it has electrostatic character.

3.5. Molecular Docking

Molecular docking is one of the modern computational approaches for modeling interactions between biomolecules.
In this method, the protein is treated as a receptor and the small molecule as a ligand, and their binding characteristics
and stability are evaluated. The degree of binding is typically expressed in terms of free energy values [47]. The Swiss
Target Prediction method was used to identify the target protein for molecular docking studies [48]. In this work, the
benzoic acid molecule was selected as the ligand, and molecular docking analysis was performed to evaluate its biological
activity. Cyclooxygenase-2 (PDB ID: 5IKR) was used as the target protein for the study. This protein is associated with
inflammatory processes and is one of the important biological targets extensively studied in pharmaceutical research.
Docking results showed that the benzoic acid molecule is accommodated appropriately within the active site of the protein
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and forms several significant interactions. The best binding pose exhibited a binding affinity of —5.8 kcal/mol, indicating
favorable interaction between benzoic acid and the active site of the protein.

ALA
B:199. ALA
B:202
N
7/
HIS
B:388 GLN
B:203
Interactions
[ van der waals [T Amide-Pi Stacked
[ conventional Hydrogen Bond [ pi-Alkyl

[ ] carbon Hydrogen Bond

Figure 6. 2D interaction diagram of benzoic acid within the active site of the SIKR protein

In particular, the hydrogen bond formed with the ALA (B:199) residue contributes significantly to the stability of
the complex. The hydrogen-bond distance was estimated to be approximately 2.04 A, indicating a relatively stable
intermolecular interaction. Additionally, a hydrophobic w-alkyl interaction between the aromatic ring of the ligand and
ALA (B:202) was observed. Furthermore, weak interactions—including van der Waals contacts and carbon—hydrogen
bonds—were identified with the HIS (B:388) and GLN (B:203) amino acid residues. Such interactions contribute to the
overall energetic stability of the complex. To provide a broader assessment of the docking results, the co-crystallized
ligand mefenamic acid (ID8) was used as a reference molecule. Benzoic acid retained a favorable orientation within the
binding cavity and formed intermolecular contacts that contributed to the stability of the resulting complex. The inclusion
of the co-crystallized ligand as a reference molecule provided additional confidence in the reliability of the docking results
and the predicted binding mode of benzoic acid. In general, the results demonstrate that the benzoic acid molecule
possesses the capacity to bind to the SIKR protein. This allows it to be considered as a potentially biologically active
compound. However, additional experimental and theoretical investigations are required to reach more definitive
conclusions.

Figure 7. (a) Overview of the 5IKR protein; (b) 3D interaction of benzoic acid with the SIKR protein

This figure shows the three-dimensional binding pose of benzoic acid within the active site of Cyclooxygenase-2
(PDB ID: SIKR). The interaction between the ligand and the protein is represented through hydrogen bond donor (pink)
and acceptor (green) regions, illustrating how it accommodates within the active site. As seen from the figure, the
functional groups of benzoic acid are positioned in close proximity to specific amino acid residues of the protein, forming
weak yet relatively stable interactions with them. In particular, hydrogen bonds formed through the carboxyl group make
a significant contribution to the spatial stability of the complex. Moreover, the donor and acceptor surfaces generated
around the ligand are related to its electron density distribution, which enhances its compatibility with the active site and
increases the probability of binding. These results confirm the existence of interactions between benzoic acid and the
5IKR protein and demonstrate its potential biological activity.

4. CONCLUSIONS
In this work, we investigated the intermolecular interactions in benzoic acid and ethanol mixtures in detail using
Raman spectroscopy. Analysis of spectra from solutions prepared at various mole fractions showed significant shifts in
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the principal vibrational bands due to changes in the solvent environment and, in particular, hydrogen-bond formation.
Specifically, the shift of the vibrational mode of the aromatic ring of benzoic acid—characteristic at ~1009 cm'—toward
lower frequencies (990-1003 cm™) unambiguously indicates the presence of intermolecular interactions. Additionally,
shifts in the vibrations associated with C—O and O—H bonds, along with changes in their intensities, confirm complex
formation. The analyses show that the aromatic ring structure remains virtually unchanged—that is, it is stable with
respect to external perturbations. Conversely, the principal changes occur around the carboxyl functional group,
identifying this region as the primary center of intermolecular interaction.

The quantum-chemical results fully corroborated the experimental observations. DFT calculations determined the
electronic structure, charge distribution, and energetic parameters of the molecules, showing that electron density
redistributes during complex formation. MEP maps identified the most reactive sites: the oxygen atoms of the carboxyl group
participate as electron-rich (nucleophilic) centers, while the hydrogen of the —OH group of ethanol acts as a positive
(electrophilic) center. HOMO-LUMO analysis revealed a decrease in the energy gap, indicating increased reactivity—an
effect that intensifies as the number of ethanol molecules increases. AIM results provided an even more precise picture of
the intermolecular interactions. The calculated parameters demonstrated that these bonds are non-covalent, being primarily
electrostatic and characterized by weak hydrogen bonding. This indicates the predominance of closed-shell type interactions
within the system. Molecular docking analysis allowed us to evaluate benzoic acid's ability to interact with biological
systems. The results showed that it can form a stable complex with the Cyclooxygenase-2 (SIKR) protein, in which hydrogen
bonds and hydrophobic interactions play a crucial role. This confirms the molecule's potential biological activity.

In conclusion, the investigations showed that intermolecular interactions in the benzoic acid—ethanol system are
mediated primarily through hydrogen bonds, and that this process significantly influences the molecule's vibrational
properties, electronic structure, and reactivity. The results are important not only for understanding the physicochemical
properties of this system, but also for elucidating the molecule's behavior in a biological environment.
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EJEKTPOHHA CTPYKTYPA TA MIDKMOJIEKYJISIPHI B3AEMOIII KOMILIEKCY BEH30MHA KHCJIOTA-
ETAHOJI: CHEKTPOCKOIIISI KOPOBIHALIMHOT'O PASMIHY, III® TA AHAJII3 MOJIEKYJISIPHOT'O JOKIHTY
A6aysaxin [lxkymabacs!, Xakivm Xymsakros!, Axman A6canos!, Acainnin Hopkyaos!, 3oxin Epnazapog!, Jleonin Bynagsin?
ICamapranocoruii depocasnuil ynisepcumem imeni Illapogha Pawudosa,

140104, m. Camaprano, Y3bexucmatn, Yunisepcumemcokuii 6yrveap, 15;

’Kuiscoxuii nayionanvnuii ynieepcumem imeni Tapaca Illesuenxa (eyn. Borooumupcvka, 64/13, Kuie 01601, Yxpaina)

VY miit pobOTi MM IOCTIKYBAIM MIXMOJIEKYJSIpHI B3aeMopii B OeH30iHil kucioTi Ta I €TaHONBHUX PO3YMHAX 33 JOIIOMOTOI0
paMaHiBCHKOI CHEKTPOCKOIII Ta KBAaHTOBO-XIMIYHMX HiJXOMiB. AHAJi3 CHEKTPiB KOMOIHAIIMHOTO pO3CIIOBaHHS MOKa3aB, IO
JIOZIaBaHHS €TAHOJy BUKJIMKA€ 3HAYHI 3MiHH B KOJMBAJBHOMY CHEKTpi OeH30HHOI Kucioru. Lli 3MiHM B mepiry depry 3yMOBIICHI
eeKTaMu PO3YMHHHMKA Ta YTBOPCHHSIM BOJHEBUX 3B’S3KiB 1 HAWOLIBII BHpPaKEHI B PEKUMAx KOJIUBAHb, IO BiINOBIIAIOTh
KapOOKCHIIBHIN rpymi. Maiixke iHBapiaHTHICT apOMaTUYHOTO KUIBILS MiATBEPIUKYE 30epekEHHs CTPYKTYPHOI LUIICHOCTI MOJISKYJIH.
Teopernuni po3paxyHku Oynu BukoHaHi Ha piBHi DFT, mio 3a6e3neuye petenbHuUil aHai3 €IEKTPOHHOI CTPYKTYPH Ta €HEPreTUUHHUX
XapaKTepUCTHK cucTeMu. [I0OBEpXHIO MOJIEKYJIIpHOTO enekTpoctaruuHoro norenuiany (MEP) BukoprucToByBamu s ineHTrdikamii
PeaKmiifHO3IaTHUX LIEHTPIB y MOJICKYJIi; aTOMH KHCHIO KapOOKCHIIBHOI TPy BUHUKIIN SIK OCHOBHI 0araTi eJleKTpOHaMH HyKJI1eo(iIbHi
LEHTpH, Toi sk rpyna —OH eTaHomy Bigirpana 3Ha4HY poJib Yy GOpMyBaHHI BOAHEBHX 3B’s13KiB. OpbitansHuii anainis HOMO-LUMO
IIPOJIEMOHCTPYBAB IEPEPO3IIO LI eIEKTPOHHOI I'yCTHHH ITiJT YaC YTBOPEHHS KOMILIEKCY Ta 30UIBIICHHS peaKIiifHO 31aTHOCTI CUCTEMHU.
Pe3ynbTaTté MOJICKYIJISIPHOTO JOKIHTY TaKOK HiITBEPIHIN 3[aTHICTh OCH30HHOI KHCIOTH B3a€EMOMISATH 3 610JI0TI9HO aKTHBHUM CaiiTOM
3B’s13yBanHs. [1i 4yac po3paxyHKIB MoJIeKyJa NpHHHsIIAa CTaOLIbHY KOH(OPMAIil0 B MEKax aKTHBHOTO LEHTPY OilIka, YTBOPIOIOYU
KOMIUIEKC Yepe3 BOJHEBI 3B’SI3KM Ta iHIII cyabki MbKMonekymsapHi B3aemonii. Lli BucHoBkM y3romkyrothest 3 MEP ta anamizom
CJICKTPOHHOI CTPYKTYpH, AEMOHCTPYIOUH TICHHI 3B’SI30K MiXK KBaHTOBO-XIMIYHHMH BIACTHBOCTSIMH MOJICKYJH Ta ii HOTEHLIHHOO
610J10r14HOI0 aKTHBHICTIO. JIOCIiKEHHS PO3KPUBAIOTH MEXaHi3M MIKMOJICKYJISIPHUX B3a€MO/IIH y cUcTeMi OeH30iHa KUCIIOTa—eTaHOI
1 1al0Th BUYEPITHE MOSCHEHHS TOTO, SK LI B3a€EMOJi1 BIUIMBAIOTh Ha KOJMHMBAJbHI BIACTUBOCTI MOJICKYJIH, EIEKTPOHHY CTPYKTYpY Ta

MOBEIHKY B 0i0JIOTTYHOMY CEPEIOBHIILI.
KuouoBi cioBa: pamaniecerka cnekmpockonis; ab initio po3paxyHku; 600HesUil 36'5130K; OEH30UHA KUCIOMA, eMAaHON, NOBEPXHs
MonekynapHozo erekmpocmamuynoeo nomenyiany (MEIL); AIM; FMO; monexyaspuuil OoKine





