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EXPLORING NONCOVALENT INTERACTIONS
OF THIOPHENE-2-CARBOXYLIC ACID IN ETHANOL
VIA VIBRATIONAL SPECTROSCOPY
AND DFT CALCULATIONS

The spectral bands of pure 2-thiophene carboxylic acid (TCA) and its solution in ethanol
(EtOH) are investigated over a wide range using vibrational spectroscopy (Raman and
FTIR). In the TCA solution with EtOH, the maxima of the C=O, O–H, C–H stretching,
and C–H breathing vibration bands show either a redshift or a blueshift. This indicates that
H-bonding, van der Waals interactions, and hyper-conjugation interactions are likely in so-
lutions. MEPS, HOMO and LUMO, AIM, NCI, RDG, ELF, and LOL analyses are per-
formed using a quantum chemical computational approach based on density functional theory
(DFT). The MEPS map was used to visually show the charge distribution in the complexes
and determine charge-dependent characteristics. Frontier molecular orbitals (FMO) have been
utilized to explain chemical reactivity of TCA, its molecular stability, as well as electrical and
optical properties. According to AIM, NCI, and RDG analysis, TCA and TCA-EtOH com-
plexes mainly have moderate H-bonding.
K e yw o r d s: vibrational spectroscopy, DFT calculation, intermolecular interaction, topolog-
ical parameters.

1. Introduction
Five-membered sulfur-containing heterocycles, espe-
cially thiophene derivatives, have grown in a promi-
nent due to their applications in technology, medicine,
supramolecular framework construction, and nonlin-
ear optical materials [1]. Because of this, several sci-
entists have investigated thiophene derivatives [2–
9]. In this study, 2-thiophene carboxylic acid (TCA),
a biologically active chemical widely used in medicine,
is studied. Sarswat et al. proposed the computed FT-
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Raman spectra for this acid [10]. TCA was studied on
the Ar surface using the SERS approach [11]. Kar-
thick et al. studied the interactions between TCA
monomers and dimers by experiments, computations,
vibrational, geometric, structural, and docking ana-
lyses [4].

In this research, the interactions and spectrum
manifestations of TCA and its solutions in ethanol
(EtOH) are investigated using Raman and IR spec-
troscopy, as well as topological analysrs. In addi-
tion, quantum chemical parameters such as molec-
ular electrostatic potential surface (MEPS), fron-
tier molecular orbital (FMO), atoms in molecules
(AIM), reduced density gradient (RDG), noncova-
lent interaction (NCI), electron localization functions
(ELF), and localized orbital locator (LOL) are inves-
tigated in TCA + EtOH complexes. Understanding
intermolecular interactions of TCA in various solvents
might give useful insights into its prospective uses
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Fig. 1. Raman spectra of TCA in EtOH solutions

Fig. 2. IR spectra of TCA in EtOH solutions

in drug design, material science, and molecular en-
gineering, highlighting its importance as a scientific
research topic.

2. Experimental and Computational Details

Raman spectra of pure 2-thiophene carboxylic acid
(TCA) and its solution in ethanol (EtOH) are

recorded on a Renishaw Invia Raman spectrome-
ter, and the experimental conditions were detailed in
our earlier publications [12, 13]. The IR spectra were
acquired using an IRAffinity-1S Fourier spectrome-
ter. The experiments were performed at molarity (M)
concentrations, and the spectra were displayed using
the Origin 8.5 program [14].

Quantum-chemical simulations were carried out us-
ing Gaussian 09W software [15] and the density func-
tional theory (DFT) technique. The global optimal
states for different complexes were computed initially
with the ABCluster program [16], and then recalcu-
lated with the B3LYP/6-311++G(d.p) basis set [17,
18]. Multiwfn 3.8 [19] was used to calculate various
topological parameters, which then were displayed us-
ing VMD 1.9.3 [20].

3. Results and Discussion

3.1. Vibrational analysis
of TCA solutions in EtOH

Vibrational spectroscopy is a useful technique for in-
vestigating noncovalent interactions, particularly hy-
drogen bonds [21–25]. In this work, the vibrational
spectra of TCA in EtOH solutions were compared to
those in its pure state. Because Raman and IR activ-
ities in vibrational spectroscopy rely on polarization
and dipole moment changes, respectively, their uses
are complimentary. Figures 1, 2 depict the Raman
scattering and IR absorption spectra of pure TCA
and its solution in EtOH at various molar concen-
trations. The vibrational frequencies (potential en-
ergy distribution, PED analysis) associated with each
atom of TCA were similar to the results reported in
the literature [4].

The free hydroxyl group absorbs substantially in
the 3584–3700 cm−1 region, but the creation of in-
termolecular hydrogen bonds can reduce the O–H
stretching frequency in the 3200–3500 cm−1 interval
[26, 27]. According to Fig. 2, in the IR spectrum of
TCA in EtOH solution, the O–H vibration maximum
corresponds to 3333 cm−1 at a concentration of 1 M,
and at 0.25 M, it becomes 3331 cm−1, indicating a
red shift due to H-bonding.

Although the weak interaction occurs through C–
H during the formation of molecular complexes, they
play an essential role in the substance formation [28,
29]. Hetero aromatics such as furans, pyrroles, and
thiophenes exhibit C–H stretching bands in the 3100–
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3000 cm−1 interval. In this scenario (Fig. 1), the
maximum of the symmetric C–H stretching vibra-
tion band of pure TCA corresponds to 3102 cm−1

in Raman, but in a 1M EtOH solution, the maxi-
mum is 3112 cm−1, with a blue shift of 10 cm−1 was
detected. The low-intensity maximum at 3083 cm−1

indicates asymmetric C–H stretching, which was not
found in the EtOH solution. The C–H stretching vi-
brations of EtOH can be seen by the 2881, 2931, and
2975 cm−1 (red lines), which did not alter, as the
EtOH concentration decreased.

In the IR spectrum (Fig. 2), the C–H stretching
maximum of pure TCA corresponds to 3096 cm−1,
the C–H stretching maximum of EtOH in a solution
of 1 M corresponds to 2974 cm−1, and when the con-
centration is reduced to 0.25 M, it is red-shifted to
2972 cm−1.

The C=O stretching vibration is typically regarded
as a distinctive frequency for carboxylic acids, and
in pure TCA this maximum occurs at 1638 cm−1

in Raman, with a relatively small intensity in solu-
tion (Fig. 1). The characteristic absorption bands of
C=O stretching vibrations of acids tend to be high
in intensity and located in the 1800–1690 cm−1 re-
gion. In TCA, the conjugation of C=O and C=C
bonds increases the frequency of carbonyl stretch-
ing. The C=O stretching vibration maximum in IR
is 1663 cm−1, but when dissolved in EtOH, it shifts
to 1688 cm−1.

Figure 1 shows that in pure TCA, the CC+CHC
and HCH vibrations are at 1418 cm−1 and 863 cm−1,
respectively, whereas in the solution they are
blue-shifted to 1426 cm−1 and 886 cm−1. The
CC+OCO+CS vibrational system is shifted from
1080 to 1100 cm−1. The other bands did not ex-
hibit significant change. Figure 2 shows that in the
IR spectra, the CHC+CC+CH ring vibrations are
blue-shifted from 1528 to 1531 cm−1, whereas the
COH+CC+CO band is red-shifted from 1431 to
1418 cm−1. Furthermore, a red shift was seen for
the vibrations HCH+CS+OCO; HCH+CS+CC;
HCH+CH(ring); HCH; CH(ring)+CS+CC, and
CS+CH(ring) compared to the pure state, whereas
a blue shift was detected for HCH+CS+CC one.

3.2. Molecular electrostatic
potentials surface (MEPS)

MEPS analysis is important for understanding the
electrophilic (negative) and nucleophilic (positive) as-

pects of chemical processes that include intramolecu-
lar charge transfer, hydrogen bonding, and other in-
teractions [30–34]. MEPS mapping is also a method
for calculating and mapping electrostatic potential
of a molecule at various locations on its surface. Co-
lor codes make distinctions between electrophilic and
nucleophilic localizations. Positive (nucleophilic) re-
gions, which lack electrons, are represented by blue;
negative (electrophilic) regions, which have an abun-
dance of electrons, are represented by red; and neutral
regions are represented by green.

Fig. 3 depicts MEPS color code categorization.
Electrostatic potential increases in the following or-
der: red < orange < yellow < green < blue. The
MEPS map demonstrates that the oxygen atom in
TCA’s carboxyl and hydroxyl groups has a negative
potential, as the red indicates the electrophilic region
of the molecule, which has the most negative charge.
The blue color around the hydrogen atoms shows the
nucleophilic moiety’s positive charge, whereas the yel-
low denotes a region with slightly more electrons.
The MEPS diagram is also presented for the dimer,
trimer, and TCA complexes with EtOH. The poten-
tial energies for the monomer, dimer, and trimer are
5.641𝑒−2÷5.641𝑒−2 a.u., −3.660𝑒−2÷3.660𝑒−2 a.u.,
and −4.302𝑒−2÷4.302𝑒−2 a.u., respectively. The di-
agram shows that when the monomer progresses to
dimer and trimer, the oxygen in carboxyl and hy-
droxyl groups (red) forms a complex and the neg-
ative electropotential decreases (changes to yellow).
The potential value declined as the complex size
increased. The TCA-EtOH complex has the high-
est MEPS potential value (−4.302𝑒−2÷4.302𝑒−2 a.u.)
among all TCA-(EtOH)𝑚 (𝑚 = 1–4) complexes. As
the EtOH number in the complex grew, the po-
tential value declined, but for TCA-(EtOH)4, it in-
creased again (−4.217𝑒−2÷4.217𝑒−2 a.u.). When we
look at the MEPS, we can see that the TCA and
EtOH oxygen atoms establish bonds via the nega-
tive electron potential regions, which are highlighted
in red.

3.3. Frontier molecular
orbital (FMO) analysis

Frontier molecular orbitals (HOMO-LUMO) are com-
monly used to explain molecular chemical reactiv-
ity, stability, electrical and optical characteristics [35].
These orbitals are the outermost borders of a mole-
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Fig. 3. MEPdiagramof (TCA)𝑛
(𝑛 = 1–3) and TCA+ (EtOH)𝑚
(𝑚 = 1–4) complexes

cule’s electronic structure and play an important role
in many chemical reactions, particularly those requir-
ing electron transfers. The HOMO plays an essential
role in electron-donating or nucleophilic processes. A
molecule with a moderately high energy HOMO is of-
ten a valuable electron donor and may readily engage
in oxidation or nucleophilic processes [13]. Figure 4
depicts the HOMO-LUMO visualization and energy
gap (Δ𝐸).

The energy difference between HOMO and LUMO
is known as the energy gap. Table 1 lists the FMO
parameters estimated using energy gap values, in-
cluding electrophilicity index of the complexes, chem-
ical hardness, chemical softness, and electronega-

tivity. HOMO has an energy value (𝐸HOMO) of –
7.1868 eV, whereas LUMO has an energy value
(𝐸𝑊LUMO) of –2.0044 eV. The energy gap value is
−5.1824 eV, indicating the compound’s reactivity.

The Δ𝐸 of TCA dimer and trimer are 5.0646 eV
and 5.0861 eV, respectively. The Δ𝐸 value for
TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes increased
from 5.1915 eV to 5.2010 eV as the number of EtOH
increased, indicating an increase in reactivity. The
TCA monomer, dimer, and trimer have 𝜂 values of
2.5912, 2.5323, and 2.5430 a.u., respectively. The val-
ues for the TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes
were 2.5958÷2.6005 a.u. (raised) in terms of Δ𝐸. The
TCA monomer, dimer, and trimer had 𝜇 values of
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4.5956, 4.6134, and 4.5123 a.u., respectively. The 𝜇
values of TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes de-
clined and then rose with increasing EtOH numbers.

3.4. Atoms in molecules
(AIM) analysis

Atoms in molecules (AIM) analysis is commonly
used to evaluate noncovalent interactions in molec-
ular systems, namely intra- and intermolecular H-
bonds [36]. Due to the electron density, a bonding
path is formed between two interacting atoms, re-
sulting in critical points (CPs) in the electron den-
sity. At such points, the electron density gradient
disappears [37]. Electron density topological analysis
confirms the presence of hydrogen bonds and other
interactions in molecular complexes. Table 2 shows
the topological parameters for the (TCA)𝑛(𝑛 = 1–3)
and TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes, includ-
ing electron density 𝜌(𝑟), electron density Laplacian
∇2𝜌 (𝑟), energy density 𝐻(𝑟), Lagrangian kinetic en-
ergy density 𝐺(𝑟), and potential energy density 𝑉 (𝑟)
in CPs. These parameters provide valuable informa-
tion about H-bonding. According to [38], the hydro-
gen bonding interaction can be calculated as shown
below:

∇2𝜌(𝑟) > 0, 𝐻(𝑟) > 0 𝑣𝑎𝐸HB <

< 12 kcal/mol–weak H-bond;

∇2𝜌(𝑟) > 0, 𝐻(𝑟) < 0 𝑣𝑎 12 < 𝐸HB <

< 24 kcal/mol–average H-bond;

∇2𝜌(𝑟) < 0, 𝐻(𝑟) < 0 𝑣𝑎𝐸HB >

> 24 kcal/mol–strong H-bond.

Table 2 shows that the electron density Lapla-
cians (∇2𝜌 (𝑟)) for the TCA dimer, trimer and
TCA-EtOH complexes are positive, with values
ranging from 0.13953 to 0.14028 a.u. and from
0.07738 to 0.14932 a.u. The energy densities (H(r))
for the critical points in the following complexes:
(TCA)2; TCA-EtOH (8(O) ... 21(H)); TCA-(EtOH)2
(17(O) ... 30(H)); TCA-(EtOH)3 (8(O) ... 39(H),
9(H) ... 26(O) and 27(H) ... 17(O)) and TCA-(EtOH)4
(35(O) ... 48(H), 36(H) ... 8(O), 9(H) ... 17(O) and
26(O) ... 18(H)) take a negative value, indicating

Fig. 4. FMO diagrams of (TCA)𝑛 (𝑛 = 1–3) and TCA+

+ (EtOH)𝑚 (𝑚 = 1–4) complexes

moderate H-bonding and weak H-bonding or van der
Waals interactions at the remaining critical points
[38, 39] (Fig. 5).

The hydrogen bond energy was calculated using
the formula: 𝐸HB = −𝑉 (𝑟)/2 [13]. 𝑉 (𝑟) represents
the potential energy density at hydrogen bonding’s
critical points. If the energy density at the CP is neg-
ative, the bond is covalent; if it is positive, the bond
is electrostatic. All complexes in Fig. 5 are bonded by
weak H-bonds, which are typical of electrostatic inter-
actions. The bond lengths in the TCA-(EtOH)4 com-
plex (33(H) ... 26(O) are at least 2.1 Å. This verifies
the presence of weak mutual H-bonds in these com-
plexes, which are also known as van der Waals in-
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Table 1. FMO related parameters
of (TCA)𝑛 (𝑛 = 1–3) and TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes

Parameters 𝐸HOMO, eV 𝐸LUMO, eV 𝐸LUMO − 𝐸HOMO

Global hardness Chemical potential Global electrophilic
𝜂 = (𝐸LUMO − 𝜇 = (𝐸LUMO + index 𝜔 = 𝜇2/2𝜂
−𝐸HOMO)/2 +𝐸HOMO)/2

TCA –7.1868 –2.0044 5.1824 2.5912 4.5956 4.0752
(TCA)2 –7.1457 –2.0811 5.0646 2.5323 4.6134 4.2025
(TCA)3 –7.0554 –1.9693 5.0861 2.5430 4.5123 4.0033
TCA+EtOH –7.0138 –1.8223 5.1915 2.5958 4.4181 3.7598
TCA+ (EtOH)2 –6.9733 –1.7771 5.1962 2.5981 4.3752 3.6840
TCA+ (EtOH)3 –6.9850 –1.7875 5.1975 2.5988 4.3862 3.7016
TCA+ (EtOH)4 –6.9877 –1.7867 5.2010 2.6005 4.3872 3.7007

Table 2. Topological parameters
of (TCA)𝑛 (𝑛 = 1–3) and TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes

Name of
H-bonds

Bond Density of all Lagrangian Potential Energy Laplacian Hydrogen

clusters length 𝑟, Å electrons 𝜌(𝑟)
kinetic energy density of electron bond energy

energy 𝐺(𝑟) density 𝑉 (𝑟) 𝐻(𝑟) density ∇2𝜌(𝑟) 𝐸HB, kcal/mol

(TCA)2 15(O) ... 12(H) 1.65996 0.04829 0.04049 –0.04610 –0.00561 0.13953 15.15
24(H) ... 3(O) 1.65996 0.04829 0.04049 –0.04610 –0.00561 0.13953 15.15

(TCA)3 36(H) ... 3(O) 1.71788 0.03637 0.03463 –0.03419 0.00044 0.14028 10.87
12(H) ... 15(O) 1.71869 0.03619 0.03453 –0.03402 0.00052 0.14018 10.67
27(O) ... 24(H) 1.71781 0.03629 0.03459 –0.03411 0.00047 0.14023 10.70

TCA-EtOH 9(H) ... 12(O) 2.05318 0.02135 0.01743 –0.01552 0.00191 0.07738 4.87
8(O) ... 21(H) 1.75801 0.03608 0.03240 –0.03266 –0.00025 0.12859 10.25

TCA-(EtOH)2 9(H) ... 21(O) 1.83429 0.03026 0.02663 –0.02500 0.00163 0.11305 7.84
8(O) ... 18(H) 1.77812 0.03423 0.03119 –0.03060 0.00059 0.12712 9.60

17(O) ... 30(H) 1.65418 0.04781 0.04128 –0.04655 –0.00527 0.14402 14.61

TCA-(EtOH)3 8(O) ... 39(H) 1.61448 0.05536 0.04574 –0.05508 –0.00935 0.14556 17.28
9(H) ... 26(O) 1.71512 0.04345 0.03661 –0.04000 –0.00339 0.13287 12.55

27(H) ... 17(O) 1.73810 0.04042 0.03481 –0.03672 –0.00192 0.13158 11.52
30(O) ... 18(H) 1.80313 0.03071 0.02837 –0.02640 0.00197 0.12132 8.28

TCA-(EtOH)4 35(O) ... 48(H) 1.59189 0.05835 0.04831 –0.05929 –0.01098 0.14932 18.60
36(H) ... 8(O) 1.72391 0.04129 0.03582 –0.03809 –0.00228 0.13417 11.95

33(H) ... 26(O) 2.75735 0.00582 0.00380 –0.00333 0.00047 0.01706 1.04
9(H) ... 17(O) 1.76274 0.03835 0.03228 –0.03366 –0.00138 0.12362 10.56

39(O) ... 27(H) 1.79098 0.03261 0.02959 –0.02834 0.00125 0.12336 8.89
26(O) ... 18(H) 1.76410 0.03783 0.03243 –0.03343 –0.00100 0.12569 10.49

teractions. The remaining bond lengths imply mod-
erate H-bonding.

3.5. Non-covalent interaction (NCI)
and reduced density gradient (RDG)

RDG and NCI studies are recent approaches for char-
acterizing weak intermolecular interactions [34, 36,

40]. The NCI index is used to define intermolecular
interactions and determine the type of weak inter-
actions. The NCI index, based on the reduced den-
sity gradient (RDG), provides additional informa-
tion when analyzing noncovalent interactions. The re-
duced density gradient (RDG) is a fundamental di-
mensionless variable consisting of the density and its
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Fig. 5. The AIM analysis for (TCA)𝑛(𝑛 = 1–3) and TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes

first derivative, and is expressed by formula [36]:

RDG(𝑟) =
1

2(3𝜋2)

1/3 |∇𝜌(𝑟)|
𝜌(𝑟)

4/3

.

The electron density of the sign (𝜆2)𝜌 relative to
the RDG reveals the nature and extent of inter-
molecular interactions. In molecular systems, blue
denotes mutual attraction while red implies repul-
sion. sign(𝜆2)𝜌 plays a crucial role in anticipating the
type of an interaction. For instance, sign (𝜆2)𝜌 < 0
suggests repulsive forces between bonded atoms,
whereas sign (𝜆2)𝜌 > 0 implies repulsive forces be-
tween unbonded atoms.

The RDG scatter plot for the complexes is pre-
sented on the right side of Fig. 6. According to the ex-
pression at the top of the diagram, red signifies strong

repulsive forces (steric or cyclic effect), blue indicates
H-bonding, and green shows the presence of van der
Waals interactions. According to the results, the red
markings between the TCA dimer rings suggest the
presence of a cyclic effect (Fig. 6, a). Internal van der
Waals interactions exist between the C–H group and
the O–H group of the ring, as well as between the
O atoms of C=O and S. It can also be seen from the
RDG scattering plot on the right side of Fig. 6, a that
the scattering is mainly in the range of sign (𝜆2) 𝜌,
which is –0.01 and represents van der Waals interac-
tion. The scattered part at 0.01 and 0.04 is in red, rep-
resenting the cyclic effect of the ring. The blue scat-
tered part at –0.05 represents the H-bonding in the
form of O–H ... C=O. The identical condition occurs
in the trimer (Fig. 6, b). Fig. 6, c depicts the TCA-
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Fig. 6. NCI and RDG analyses for (TCA)𝑛 (𝑛 = 1–3) and
TCA+ (EtOH)𝑚 (𝑚 = 1–4) complexes

EtOH heterodimer. H-bonds of the form O–HC=O
and O–HO exist between the carbonyl and hydroxyl
groups of TCA and the EtOH atoms, corresponding

to sign (𝜆2) 𝜌 values of –0.35 and –0.02, respectively,
representing H-bonding and van der Waals interac-
tions in the RDG scattering plot.

According to Fig. 6, C=O, O–H and C–H groups
of TCA interact with the EtOH atoms, resulting
in greater shifts in the stretching vibration bands
of these groups in the experiment. In general, H-
bonding dominates in TCA dimers, trimers, and its
complexes with EtOH.

3.6. ELF and LOL analyses

Electron localization function (ELF) and localized
orbital locator (LOL) investigations are often used
to describe chemical bonds in atomic and molecular
systems, as well as to detect electron-containing loca-
tions. The chemical formulae of ELF and LOL are de-
termined by the kinetic energy density 𝐷(𝑟), among
other factors [41]. However, ELF is determined by
electron pair density. LOL simply represents the gra-
dient of localized orbits and is used when localized
orbits overlap. The value of ELF, 𝜏(𝑟), spans from
0.0 to 1.0, with high values between 0.5 and 1.0 re-
flecting regions having bonding and nonbonding lo-
calized electrons, and lesser values (<0.5) indicating
places where electron delocalization is projected. The
LOL, 𝜂(𝑟) with large values (>0.5) showed places
where the density of electrons is dominated by their
position [42–44]. Pauli repulsion occurs owing to ex-
cess energy density, which is the region of space used
to determine the likelihood of opposing spin-pair or
single electron behavior. The stronger the Pauli at-
traction of ELF, the closer it is to one, whereas the
Pauli repulsion of ELF is closer to zero. The ELF
values are colour coded as follows. Red color indi-
cates a high ELF (0.8–1), whereas blue indicates a
low ELF value. Green signifies the transition between
red and blue via yellow [13]. The 2D ELF and LOL
images of (TCA)𝑛(𝑛 = 1–3) and TCA+ (EtOH)𝑚
(𝑚 = 1–4) complexes in three coordinate planes are
displayed in Figs. 7–13. The ELF revealed that the
C and S atoms in the ring appear blue, whereas
the H atoms appear red. The LOL study showed
the chemical bonding behavior of the molecule sup-
plied by atoms, as well as the maximum localized
orbital, i.e. overlap, that occurs owing to orbital gra-
dient. The ring carbon in the ring system is de-
picted in blue color circles, and the bond critical
point is marked by red color in some of the ring
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Fig. 7. ELF (left) and LOL (right) maps of the TCA molecule

Fig. 8. ELF (left) and LOL (right) maps of the (TCA)2 complex (dimer)
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Fig. 9. ELF (left) and LOL (right) maps of the (TCA)3 complex (trimer)

Fig. 10. ELF (left) and LOL (right) maps of the TCA+EtOH complex
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Fig. 11. ELF (left) and LOL (right) maps of the TCA+ (EtOH)2 complex

Fig. 12. ELF (left) and LOL (right) maps of the TCA+ (EtOH)3 complex
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Fig. 13. ELF (left) and LOL (right) maps of the TCA+ (EtOH)4 complex

carbon atoms and carbon atoms coupled to oxygen,
while delocalization is also apparent in yellow color
in Figs. 7–13.

4. Conclusion

The present work is a spectroscopic and quantum
computational analysis of thiophene-2-carboxylic
acid (TCA) and its ethanol solutions. The complexes
are calculated by DFT method with B3LYP tech-
nique and 6-311++G(d, p) basis set. The vibrational
spectra are collected in the range of 400–4000 cm−1.
In general, red or blue shifts were seen in the O–H,

C=O and C–H stretching bands in TCA solution with
EtOH. This shows that H-bonding or van der Waals
interactions might be present in the solutions. Ho-
wever, the observed ring C–H stretching vibra-
tional frequencies in TCA molecules shifted towards
higher frequencies, which can be attributed to the
existence of intra- and intermolecular interactions,
as well as hyper-conjugation interactions. Quantum-
chemical calculations were conducted to verify this
assumption. According to the MEPS study, the po-
tential in the solvents is created by the negative elec-
tron parts of TCA, and EtOH oxygen atoms, which
are highlighted in red. The HOMO → LUMO tran-
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sition indicates an energy transfer from the aromatic
heterocyclic ring. The energy gap evaluates the ki-
netic stability of molecules. A molecule with a nar-
row border orbital gap is highly polarizable, indicat-
ing strong chemical reactivity but low kinetic stabil-
ity. When AIM, NCI, and RDG studies were used to
assess noncovalent interactions, it is discovered that
TCA and TCA-EtOH complexes mostly had mod-
erate H-bonding. Furthermore, H-bonds were formed
between the C=O, O–H and C–H groups of TCA
and the EtOH atoms, resulting in more shifts in the
stretching vibration bands of the these groups in the
experiment. In general, H-bonding of TCA dimers,
trimers, and in EtOH solutions predominated. The
chemical bonds and electron positions in the com-
plexes were color-coded using electron localization
function (ELF) and localized orbital locator (LOL)
analyses.

This work was supported by Project No. FZ-
20200929385, Ministry of Higher Education, Science
and Innovation of the Republic of Uzbekistan.
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ДОСЛIДЖЕННЯ НЕКОВАЛЕНТНИХ
ВЗАЄМОДIЙ 2-ТIОФЕНКАРБОНОВОЇ КИСЛОТИ
В ЕТАНОЛI ЗА ДОПОМОГОЮ КОЛИВАЛЬНОЇ
СПЕКТРОСКОПIЇ ТА РОЗРАХУНКIВ
МЕТОДОМ DFT

Спектральнi смуги чистої 2-тiофенкарбонової кислоти
(TCA) та її розчину в етанолi (EtOH) дослiджували в ши-
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рокому дiапазонi за допомогою коливальної спектроскопiї
(Raman та FTIR). У розчинi TCA з етанолом максиму-
ми смуг валентних C=O, O–H, i C–H коливань та смуг
дихальних C–H коливань мають червоний або синiй зсув.
Це вказує на те, що в розчинах ймовiрна наявнiсть водне-
вих зв’язкiв, ван-дер-ваальсiвської взаємодiї та взаємодiї
гiпер-кон’югацiї. Аналiз методами MEPS, FMO, AIM, NCI,
RDG, ELF та LOL проводився з використанням квантово-
хiмiчного обчислювального пiдходу на основi теорiї фун-
кцiонала густини (DFT). Для вiзуального вiдображення
розподiлу зарядiв у комплексах та визначення зарядозале-

жних характеристик використовувалися мапи MEPS. Гра-
ничнi молекулярнi орбiталi були використанi для пояснення
хiмiчної реакцiйної здатностi TCA, його молекулярної ста-
бiльностi, а також електричних i оптичних властивостей.
Згiдно з аналiзом методами AIM, NCI та RDG, комплекси
TCA та TCA-EtOH переважно мають Н-зв’язки помiрної
мiцностi.

Ключ о в i с л о в а: вiбрацiйна спектроскопiя, розрахунок
методом DFT, мiжмолекулярна взаємодiя, топологiчнi па-
раметри.
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