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ABSTRACT

The present study describes the torsional potentials, molecular geometry in monomer and dimer forms
of purchased 4,4’-dimethoxy-2,2’-bipyridine (Dmobpy). The results of experimental Fourier Transform In-
frared (FT-IR) and Raman (FT-RA) spectra were compared with theoretical data. Quantum chemical calcu-
lations on the optimized molecular geometries and some properties of molecules have been computed by
using density functional theory (B3LYP) with basis set 6-311++G(d,p). Molecular parameters such as bond
lengths, bond angles and dihedral angles were compared with X-ray diffraction data. Molecular charac-
teristics like HOMO-LUMO energy, molecular electrostatic potential surface maps, atomic charges, Fukui
functions and thermodynamic properties were investigated. This study also includes experimental pho-
toluminescence spectrum of the title molecule. Antimicrobial study was carried out using a compound
synthesized against four Gram-positive, four Gram-negative bacterias and two yeasts. We also studied
docking protein interactions with the ligand molecule. The detailed studies of the molecule help in un-
derstanding structural, physical and chemical properties of further application in field of material tech-
nology.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Bipyridines are one of the important class of compounds
belonging to the heterocyclic azaaromatic species derived from
biphenyl. The C-C bond acts as the interlink between the two
pyridyl rings in a bipyridine. Thanks to their electronic structure
originating from the 7r-bond conjugate system in the pyridyl rings
and the two active nitrogen atoms, they become materials of great
importance, together with metal complexes. It is known that the
nitrogen rich bipyridine and its derivatives are a class of ligands
that show anti-cancer, anti-fungal, anti-microbial, anti-viral, anti-
inflamatory and DNA interaction activities [1,2]. Bipyridine and
its derivatives have been widely used in the fields of inorganic,
organometallic, electronic chemistry, medicine and also pharma-
ceutical field [3-5]. Because of many applications in material and
medicinal chemistry, synthesis of pyridine derivatives and their
different coordination complexes are important for the investiga-
tions of physicochemical properties such as catalysis, nonlinear op-
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tics and luminescence [6,7]. Metal complexes of bipyridines have
interesting applications in solar energy and energy storage [8,9].
Thus, the diversification of metal compounds using ligands with
biological activity is a good strategy for metal-drug development
[5,10].

The aim of presenting series of vibrational spectroscopic stud-
ies on the 4,4’-dimethoxy-2,2’-bipyridine structure with the help
of quantum chemical calculations in this study is that vibrational
spectroscopy is an effective tool to study molecular environments,
structural properties, intra- and inter-molecular interactions, bond
structure and molecular vibrations. Density functional theory (DFT)
calculations along with vibrational spectroscopy also have been
proved to be a powerful tool to derive the various molecular prop-
erties of bioactive molecules. In the functional group analysis of
drugs, These local reactivity descriptors play a vital role in the de-
sign of new pharmaceutical compounds and in understanding the
between biological systems [11,12].

4,4'-dimethoxy-2,2’-bipyridine (Dmobpy) free ligand and
derivatives are organic molecules of biological importance. In
new drug designs, the coordination of metal and ligand used
in organometallic compounds changes its chemical and medical
properties. Furthermore, the ligands bearing conjugated electron-
rich heteroaromatic rings, such as pyridine rings are important in
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the understanding of electron transfer processes, mixed-valence
complexes, and photochemistry. They are also used for the forma-
tion of different metal complexes including transition metals in
biological processes [13-15].

Crystallographic  data  of  4,4’-dimethoxy-2,2’-bipyridine
molecule was given by Kusano et al. [16]. Although its indus-
trial and medical importance, the structural and vibrational
spectroscopic analysis for Dmobpy were limitedly reported, and
the crystal structure and vibrational spectroscopic study of pure
vibrational spectroscopic molecule is still unavailable. Conse-
quently, the review of literature signifies that the experimental
and theoretical research is mainly focused on different metals
complexation of various dimethoxy-bipyridine.

In this study, we reported the spectroscopic investigation of
monomer and dimer forms of 4,4’-dimethoxy-2,2’-bipyridine by
using B3LYP/6-311++G(d,p) level of the theory. The vibrational fre-
quencies with total energy distributions (TEDs) data and struc-
tural parameters of the title molecule were also calculated for the
most stable gas phase. HOMO-LUMO energies and quantum chem-
ical properties were presented in the following sections. Molecu-
lar electrostatic potential, charge analysis, fukui functions, and ter-
modynamic properties are computed and discussed. The photolu-
minescence properties of title molecule were experimentally per-
formed.

Due to increasing antimicrobial resistance, new strategies have
become necessary to efficiently combat pathogenic bacteria. As
mentioned above, there is a growing interest in metal-based
drug development. In this sense, the antimicrobial effects of 2,2-
bipyridine and many metal compounds are still being investigated.
Such studies are important in terms of predicting the activities of
metal organic drug structures in future studies [17,18]. Therefore,
the antimicrobial effects of 4,4’-dimethoxy-2,2’-bipyridine struc-
ture against bacteria such as B.thrugensisi S.auerus, which is not
found in the literature, were experimentally investigated and sup-
ported by docking studies.

For this purpose, in our study, antimicrobial activity of the title
compound was tested against eight bacterias and two yeasts. The
compound was tested in vitro against bacterias and yeasts species
S. aureus ATCC 29213, B. thrungiensis ATCC 13367, L. monocytogenes
ATCC 35152, P. mirabilis ATCC 29906, V. angilarum ATCC43312, E.
faecalis ATCC 29212, E. aerogenes ATCC 51342, S.typhimurium ATCC
14028, C. tropicalis ATCC M007 and C. parapsilosis ATCC M006
by microdilution method and agar well diffusion method. Lastly,
the detailed investigation of the interactions between the ligand
molecule and three proteins (4URM, 6KOC and 6GXS) was also
evaluated with molecular docking studies.

2. Experimental Details
2.1. General

We performed the experimental IR, Raman, photolumines-
cence spectroscopy, and antimicrobial activity studies of the 4,4’-
dimethoxy-2,2’-bipyridine that was obtained from Sigma Aldrich
Chemical Company. The FT-IR spectrum of Dmobpy molecule was
recorded in the range of 3500-550 cm~! with Bruker Vertex 80
FT-IR spectrometer equipped with a Pike MIRacle ATR accessory.
The FT-Raman spectrum was taken between 3500 and 500 cm™!
in a laser wavelength 532nm Jasco NRS4500 Confocal Microscope
Raman spectrometer with single monochromator. The photolumi-
nescence spectrum was recorded between HORIBA JobinYvon PL
system (He-Cd laser, Xenon lamp, CCD camera and liquid nitrogen
cooled InGaAs dedector). FT-IR and FT-Raman samples were exam-
ined all dry and the PL sample was dissolved in ethanol.
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2.2. Determination of antimicrobial and anti-quorum sensing activity
by agar well diffusion method

Inoculated test bacteria were placed in Nutrient Broth (Difco)
and incubated for 24-48 h. Mueller Hinton Agar (Oxoid) was used
in the agar well diffusion method to count bacteria and yeast (106
per mL) over a 24-48-h. The culture plate wells were drilled with a
sterile cork borer (7 mm diameter). Each of the synthesized com-
pounds had a stock solution (60 mg/mL) prepared in ethyl alco-
hol, which was graded and diluted. Plates (Mueller Hinton Agar for
bacteria and Sabouraud dextrose agar medium for yeast) were in-
cubated for 24-48 h at 37°C (for bacteria) and 30°C (for yeast).

The inhibition zones formed on the agar plates were measured
is millimeters (mm). Positive controls included ampicillin and cy-
cloheximide, while negative controls included Etil alcohol. Each
step of the disk diffusion method was carried out in accordance
with the NCCLS guidelines [19].

In addition, Dmobpy1’s anti-quorum sensing activity against C.
violaceum ATCC 12472 in LB agar was determined. A swap was
used to spread a C. violaceum (1 x 108) culture on the LB (Luria-
Bertani) agar surface. Then, using a cork borer, wells were drilled
in LB agar, and the tested compound (5mg/mL) was applied to the
wells after being dissolved in 10% DMSO.

The plates were incubated at 30°C for 24 hours to see if pig-
ment production was inhibited around the well. The formation of
a clear halo around the disc and the inhibition of bacterial growth
were rated as positive [20].

2.3. Determination of antimicrobial activity by microdilution broth
method

Minimum inhibitory concentrations (MIC) for compounds tested
against bacteria and yeast strains according to the NCCLS guide-
lines [21]. Mueller-Hinton broth was used in bacteria suspension
(0.5 McFarland), substance testing solutions (1000 g/ml in Ethyl al-
cohol), and MIC testing. Antimicrobial effects of synthesized com-
pound was discovered and tested, as well as minimum inhibitory
concentration (MIC) values. In 96-well microtiter plates, MIC val-
ues were determined spectrophotometrically using the microdilu-
tion broth method. For the antimicrobial effect test, 1000 pg/mL
stock solution of the synthesized compound in ethyl alcohol were
prepared. Bacteria and yeast stock cultures were prepared to a con-
centration of approximately 106 cfu/ml of bacteria and yeast, re-
spectively, using the McFarland 0.5 turbidity standard. In 96-well
plates containing 100 pL of 500, 250, 125, 62.5, 31.2, 15.6 and 7.8
pg/mL. Plates were then incubated for 24-48 hours at 37°. As a
negative control, nutrient broth was used. The microorganism was
present in the positive control.

2.4. Computational Details

The quantum chemical properties of 4,4’-dimethoxy-2,2'-
bipyridine molecule was carried out with theoretical calculations.
Density functional theory (DFT) calculations were performed with
the Gaussian 09 package and molecule was visualized by using
GaussView programs [22,23]. For theoretical calculations, the ge-
ometry of Dmobpy monomer and dimer structures were opti-
mized, firstly. B3LYP functionals 6-311++G(d,p) basis set were also
used to find the lowest energy optimized structure of the title
molecule [24,25].

To find the lowest energy level, three different potential tor-
sional energy calculations of the molecule were performed. These
calculations include the values of the two methyl groups and pri-
dine rings. Since the most suitable structure was chosen as the ini-
tial structure and the calculations were continued with it. The in-
teraction energies of the dimers were calculated according to the
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formula:
AE = Edimer — 2Emonomer

where Egiper is the total energy of the dimer and Emonomer iS the
energy of isolated Dmobpy molecule. Basis set superposition error
(BSSE) was corrected by using the default counterpoise correction
option implemented in Gaussian 09W package.

In this study, the DFT method (B3LYP) was used for the compu-
tation of vibrational frequencies and energies of optimized struc-
tures. The calculated vibrational frequencies of the molecules were
scaled and assigned using TED (Total Energy Distribution) values.
The molecular electrostatic potential (MEP) surface and the fron-
tier molecular orbitals were visualizated by GaussView. Electronic
structure parameters, charges, quantum chemical properties and
thermodynamic parameters of the title compound were calculated
with B3LYP/6-311++G(d,p). In order to the support the hydrogen
bonding studies, fukui functions and natural bond orbital (NBO)
analysis also were performed.

3. Results and Discussion
3.1. Conformational Study

For theoretical calculation, the geometry of Dmobpy monomer
and dimer structures were optimized. All calculations were made
in the gas phase. Geometrical optimization was made at the lowest
energy level of the 4,4'-dimethoxy-2,2’-bipyridine molecule. Firstly,
the torsional potential energy has been calculated as a function
of the angle of rotation at intervals of 0° to 360° around the C-C
pyridine interconnection. Minimum energy values of 0° have been
reached for the C-C bond located between the pyridine rings and
minimum energy values have been reached at 180° for the C-C
bond that connects the methyl group to the pyridine ring. The
bond of rotation around the 0,3-C;; and 049-Cy5, which bonded
methyl groups to pyridine ring have been also calculated by the
same basis set. Dihedral angle Cq4-Cq5-059-C3; and C7-Cg-019-Cos
has varied from 0 to 360 by step of 10°. The results were presented
in Fig. 1. The torsional barrier scan show the most stable geometry
of the title molecule.

3.2. Monomers and Dimer Formations

We obtained two different monomers belonging to the molec-
ular structure. One of them has the lowest energy (Dmobpy1)
and the other (Dmobpy2) is the structure obtained from crystal
study was carried out by Kusano [16]. However, we have seen
that the energy value differ between this structure and the crys-
tal monomer (Dmobpy2). Both structures are shown in Figs. 2 and
3, together with the numbering of the atoms. All the theoretical
geometrical parameters were calculated DFT/B3LYP level of theory
with the 6-311++G(d,p) basis set.

Dimer forms of 4,4’-dimethoxy-2,2’-bipyridine molecule were
optimized at both 6-311++G(d,p)/3-21G levels, and corrected
against BSSE (Basis Set Superposition Error). Calculated bond
lenghts and bond angle parameters were given and compared with
X-ray data for the monomer and dimer forms of title molecule
in Table 1. The geometry of the crystal dimer structure has been
taken from the study of Kusano et al. [16]. The crystal dimer has
the lowest energy value (Fig. 3). As shown from Table 1 the opti-
mized parameters were in good agreement with the experimental
data. The theoretical calculations were carried out in the isolated
molecule, so the environmental effects were not evaluated.

As both the monomers and the dimers are considered at
the same level of theory, comparative results are predictable
to be trustworthy. The minimum energy of the molecule struc-
tures are computed. The energy values are -454707.19 kcal/mol
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Fig. 1. The torsional barrier energy plot of Dmobpy for C-C pyridine ring and O-C
methyl groups bonds a) Angles between pyridine rings are scanned b) The angles
between the pyridine ring and one methyl group are scanned. c) The other methyl
group angles are scanned.
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Fig. 2. Optimized molecular structure of monomer 4,4’-Dimethoxy-2,2’-Bypyridyl for a)the lowest energy level (Dmobpy1) and b) crystal monomer (Dmobpy2) at B3LYP/6-

311++G(d,p) level.

(Dmobpy1), -454705.49 kcal/mol (Dmobpy2), -909413.11 kcal/mol
(Dimer1) and -909415.45 kcal/mol (Dimer2), respectively. This pro-
cess yielded structure of C1 symmetry for the monomers and
dimers of Dmobpy. It can be observed that the difference be-
tween the minimum energy of Dmobpyl and Dimer2 twice the
energy of its monomer is -1.1 kcal/mol. Similarly, the correspond-
ing energy difference of Dmobpy2 and Dimer1 is 2.13 kcal/mol.
Counterpoise corrected binding energies (De) of dimer1 are com-
puted as - 0.35 and -6.25 kcal/mol for both level of the ba-
sis set, respectively. Intermolecular hydrogen bond lengths are
H...N=2.58 and, 2.62 A, and H...O= 2.63 A for the 6-311++G(d,p)
level.

Consequently, the cause of deviations from experimental pa-
rameters was due to phase difference between the theoretical and
experimental conditions. While some calculated values are smaller
than experimental, some were larger. The largest deviation be-
tween calculated and experimental result is 0.017 A in C10-C17
bond for Dmobpy1 and 0.012 A in C-O bond for Dmobpy2. The
calculated C-C bond lengths were close to that in the gas phase
by comparison to C-N bonds. There were significant differencies in
C-H bond lenghts in the Table 1. Although, the average of the C-H
bond lenghts was 1.09 A in our calculation, the experimental value
was about 0.98 A. The reason of this case is that because of the low
scattering factors of hydrogen atoms in X-ray diffraction, experi-
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Fig. 3. Optimized molecular structure of monomer 4,4’-Dimethoxy-2,2’-Bypyridine for a)dimer1 and b)dimer2 at B3LYP/6-311++G(d,p) level.

mental bond lengths of C-H bonds are shorter than the calculated
ones [16]. All remaining bond angles are very good agreement with
experimental datas.

3.3. Vibrational Analysis

The Dmobpy molecule has 28 atoms, so it has 78 normal vibra-
tional modes. It belongs to the C1 point group. All of the calcu-
lated frequencies and intensities are given in Table 2 together with
experimental data. The experimental FT-IR and FT-Raman spectra
of the title molecule are given in Fig. 4. In this work, theoretical
calculations were carried out under the harmonic approximation
by using B3LYP level with 6-311++G(d,p) basis set for the struc-
ture. The DFT/B3LYP functional tends to overestimate the funda-
mental modes; therefore, a scaling factor has to be used to ob-
tain better results in agreement with experimental data. In order
for the peak values to better match the experimental data, the val-
ues below 1800 cm~! have multiplied by 0.970 [26] and the values
above have multiplied by 0.955 cm~! [27]. In addition, the highest
peak value has equalized to 100 and the data were normalized. The
total energy distributions (TED) were almost summarized as pure
modes.

The 4,4'-dimethoxy-2,2’-bipyridine molecule’s pyridine rings
have six C-H stretching vibrations. The characteristic C-H stretch-
ing vibrations of the aromatic structures are in the region 3000-

3100 cm~! [28]. These peaks were calculated at 3088 cm~!, at
3058 cm~! and at 3007 cm~! both in the IR and Raman spectra.
These calculated vibrations were observed at 3096 and 3026 cm™!
in the FT-Raman spectrum and at 3065 cm~! in the FT-IR spectrum
(modes no.78, 74, 77). The TED contributions of pyridine rings CH
vibrations were 73%, 73%, 78%, 78%, 78% and 78%, respectively. As
shown in the Table 2, these values were almost the same.

The aromatic C-H vibrations of the bipyridine ring in the 4,4'-
dimethyl-2,2’-bipyridine ligand were observed at 3071 and 2922
cm~! [29]. These vibrations of the aromatic structures are parallel
to studies of similar bipyridine based molecules [30].

The aromatic C-H in-plane bending vibrations ocur in the re-
gion 1000-1300 cm™! and H out-plan bending vibrations are be-
tween 700-1000 cm~!. The in-plane vibrations obtained from the
FT-IR spectrum for the title molecule at 1020, 1090, 1188,1286,
1290 and 1387 cm™!. 1116, 1169, 1207, and 1322 cm! in the
FT-Raman spectrum. The out-plane vibrations were specified at
814/738 and 984/997 cm~! in the both spectra. According to the
TED analysis, the modes (v35-v52) especially in the range of 900
and 1300 cm~! are combined with the aromatic C-H bending, vCC
and vCN ring stretching vibrations. In this case, it is seen in similar
aromatic compounds at the same frequency ranges [31].

Generally, stretching vibrations of methyl group are slightly
lower than those of pyridine ring. The C-H stretching vibrations
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Fig. 4. Experimental Fourier Transform Infrared (a) and Fourier Transform Raman (b) spectra of Dmobpy1 which represented on the transmittance (%) against the wavenum-
bers (cm~1), were assigned in the range of 3750-500 cm~! and 3750-0 cm~!, respectively.

of the methyl group were calculated at 2881 cm~!, 2942 cm™!
and 2999 cm~! . The observed peaks were at 2881/2840 cm™!,
2937/2943 cm~! and 2970/2976 cm~! by means of FT-IR/FT-Raman
spectra. The asymmetric stretching of methyl groups was assigned
in the range 2942-2983 cm™!, trimethylbenzene based molecules

in the Ojha et al. study [32]. In the Tamer et al. study, involving
metal complexes containing bipyridine and its derivatives, these
stretching bands were observed in the range of 2900-3070 cm-!
[7].
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Table 1

Calculated and experimental bond lengths and bond angles of the optimized
Dmobpy1, Dmobpy2 and Dimer structures.

Bond Lenghts (A)

Dmobpy1 Dmobpy2 Dimer1 Dimer2
Parameters Calc. Calc. Calc. Calc. X-Ray*
N;-C; 1.338 1.329 1.328 1.338 1.332
N;-Co 1.339 1.348 1.349 1.339 1.355
Cy-H3 1.087 1.087 1.087 1.087 0.950
Cy-C4 1.386 1.396 1.395 1.386 1.385
C4-Hs 1.083 1.081 1.081 1.083 0.950
C4-Cg 1.400 1.397 1.397 1.400 1.391
Ce-C; 1.393 1.397 1.399 1.393 1.398
C6-O19 1.355 1.356 1.352 1.358 1.354
C;-Hg 1.079 1.081 1.080 1.079 0.950
C7-Co 1.401 1.391 1.391 1.401 1.388
Co-C1o 1.494 1.493 1.494 1.494 1.496
C10-N11 1.339 1.348 1.349 1.339 1.349
C10-Cy7 1.401 1.392 1.392 1.401 1.384
Ni1-C12 1.338 1.329 1.329 1.338 1.338
Ci2-Hys 1.087 1.081 1.087 1.087 0.950
C12-C14 1.386 1.396 1.395 1.386 1.389
Ci4-Hys 1.083 1.081 1.081 1.083 0.950
C14-Ci6 1.400 1.397 1.397 1.400 1.390
C16-C17 1.393 1.397 1.396 1.393 1.393
C16-020 1.355 1.356 1.356 1.355 1.359
C17-Hys 1.079 1.081 1.081 1.079 0.950
049-Ca5 1.427 1.424 1.428 1.427 1.436
039-Cx; 1.427 1.424 1.424 1.427 1.436
Cy1-Ha 1.088 1.088 1.088 1.088 0.980
Cz1-Has 1.094 1.095 1.095 1.094 0.980
C1-Hpg 1.094 1.095 1.065 1.094 0.980
C5-Hag 1.088 1.088 1.089 1.089 0.980
C5-Hyy 1.094 1.095 1.095 1.094 0.980
Ca5-Hag 1.094 1.095 1.095 1.094 0.980
H-0 2.633
H-0 2.633
N-H 2.597 2,58
N-H 2.597 2,62
RMSD 0.078
Bond Angles (°)

Dmobpy1 Dmobpy2  Dimerl Dimer2  Monomer
Parameters Calc. Calc. Calc. Calc. X-Ray*
C2-N;-Co 1174 1174 1173 117.3 116.6
N;-C;-H3 116.1 116.1 115.9 115.9 117.4
N;-C2-Cy 124.2 124.6 124.4 124.4 125.1
H3-C,-C4 119.8 119.3 119.7 119.7 117.4
C,-C4-Hs 121.7 119.8 121.6 121.6 121.2
C,-C4-Cg 118.1 117.6 117.8 117.8 117.7
H;5-C4-Cg 120.2 122.6 120.6 120.6 121.2
C4-C-C5 118.7 118.7 118.8 118.8 118.8
C4-C6-019 116.6 124.9 116.7 116.7 124.6
C7-C6-019 124.8 116.4 124.5 124.5 116.6
Cg-C7-Hsg 123.3 120.7 123.3 123.3 120.6
Cg-C7-Cy 118.5 118.9 118.5 118.5 118.8
Hg-C7-Co 118.3 120.3 118.2 118.2 120.6
N;-Co-C7 123.2 1229 123.2 123.2 123.0
N;-Co-Cqo 1171 116.9 117.2 117.2 115.8
C7-C9-Cyo 119.7 120.2 119.7 119.7 1211
C9-C19-N11 1171 116.9 117.2 117.2 116.2
Cy-C10-C17 119.7 120.2 119.7 119.7 120.4
Ni11-C10-C17 123.2 122.8 123.2 123.2 1234
C10-N11-C12 117.4 117.4 117.4 117.4 116.1
Ni1-Ci2-Hys  116.1 116.1 116.0 116.0 117.4
Ni1-C12-C1a 124.2 124.6 124.2 124.2 125.3
Hi3-C12-C1a 119.8 119.3 119.8 119.8 117.4
Cy12-C14-Hys 121.7 119.8 121.7 121.7 121.4
C12-C14-Cy6 118.1 117.6 118.1 118.1 117.2
Hi5-C14-C16 120.2 122.6 120.2 120.2 1214
C14-C16-C17 118.7 118.7 118.6 118.6 119.0
C14-C16-029 116.6 124.9 116.6 116.6 125.1
C17-C16-020 124.9 116.4 124.8 124.8 115.9
C10-C17-C16 118.5 119 118.5 118.5 118.9
C10-Cq17-His 118.3 120.3 118.2 118.2 120.5
C16-C17-His 123.3 120.7 123.3 123.3 120.5
Cg-019-C25 118.5 118.6 118.4 118.4 117.5

(continued on next page)
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Table 1 (continued)

Bond Lenghts (A)

Dmobpy1 Dmobpy2  Dimerl Dimer2

Parameters Calc. Calc. Calc. Calc. X-Ray*
C16-020-C21 118.5 118.6 118.5 118.5 117.4
020-Cz1-Hy, 105.6 105.7 105.6 105.6 109.5
030-Cz1-Hps 1112 111.3 111.2 111.2 109.5
030-C21-Hpg 111.2 111.3 111.2 111.2 109.5
Hp;-C1-Hps  109.6 109.4 109.6 109.6 109.5
Hz;-C21-Hza  109.6 109.6 109.6 109.6 109.5
Hy3-C1-Hyqy  109.6 109.4 109.6 109.6 109.5
019-Cz5-Hyg 105.7 105.7 105.8 105.8 109.5
019-Cz5-Hyy 111.2 111.3 111.2 111.2 109.5
019-Ca5-Hpg 1112 111.3 111.2 111.2 109.5
Hy-C25-Hy;  109.6 109.4 109.5 109.6 109.5
Hz6-C5-Hps  109.6 109.6 109.5 109.5 109.5
Hy7-Cp5-Hygs  109.6 109.4 109.6 109.6 109.5
RMSD 2.880

* Taken from Ref [16]

The bands in the IR spectrum due to C-O stretching vibrations
were observed in the region 1600 -1750 cm~! [33]. The experi-
mental peaks weren’'t observed at both spectra. Thomas et al. re-
ported the C-O deformations at 1675 cm~! (IR) and 1660 cm~!
(Raman) for experimental spectra [34].

Hence, we get eight C-C and four C-N stretching vibrations. For
Dmobpy1, the modes are expected around especially 1200-1600
cm! as suggested by Ravindranath’s research for bipyridine based
molecules [35]. vCC and vCN ring stretching vibrations peaks were
calculated at 976, 982, 1047, 1253, 1296, 1256, 1552, 1557 and 1570
cm~!, respectively as consistent with same structure [29,30,35].
These peaks were observed at 984, 997, 1090, 1290, 1555, 1583 and
1603 cm~! in the FT-IR and FT-Raman spectra.

Computed modes of Dmobpy dimer compared with the exper-
imental FT-IR spectrum. Several computed N...H bands like 661,
812, 1512, and 1656 cm~! are in match with the experimental data
659, 812, 1518, and 1659 cm~!. Despite those matches between
the computed vibrational data and experiment, it is not possible
to do a complete assignment of vibrational modes by depending
solely on the computed data. Hence, due to the existence of several
thick bands in the experimental spectrum and the partial match
between dimer forms’ calculated data with experiment, we have
concluded that both monomer and dimer forms of Dmobpy might
exist in the sample.

The asymmetric and symmetric bending vibrations of methyl
groups normally appear in the region 1465-1440 and 1390-1370
cm™!, respectively [36]. The theoretical band was predicted at
1429-1460 cm~! range by B3LYP/6-311++G(d,p) level of theory. In
the present study, asymmetric CH; bending vibrations were de-
tected at 1433-1452 cm™! in the FT-IR and 1434 cm~! in the FI-
Raman spectra. The asymmetric CH3 bending mode of the methyl
group was also predicted at 1429 and 1448 cm™! at the calculated
frequencies, respectively. The symmetric C-H vibration of the CHs
group is observed at 1387 cm™! at FI-IR spectrum. This frequency
was calculated at 1360 cm~!. Symmetric and asymmetric bending
vibrations of methyl groups belonging to similar structures were
both calculated and observed at close values. In the analysis of the
7-methylcoumarin molecule, the symmetric CHsz vibration was cal-
culated at 1370 cm™! [37]. Bending vibrations of a single methyl
group were predicted at 1446-1367 cm~! and also observed at
1423-1359 cm~! for 4-acetylpyridine molecule [38].

The vibrational assignments of C-H stretching vibrations, ring or
substituent sensitive modes, ring torsions, C-H out-of-plane bend-
ing vibrations, vibrations associated with the inter-ring C-C bond
are made unambiguously using TED and eigen vectors obtained in
the DFT computation, whereas the vibrational assignments of two
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Calculated vibrational wavenumbers. frequencies. scaled frequencies. normalized absorption intensities and experimental values of the infrared and Ra-
man spectrum also their detailed assignments with total energy distribution(%) for Dmobpy1.

Calculated Observed
Mod Freq Freq* IR Ira Freq FT-IR IFrr™ Freq FT-RA IFrra™ TED %+
v_1 26 255 0.1 0.0 - 20 Teece + 26 Dneee + 120 neen
v_2 84 81.3 0.0 0.0 - - 12 Thece + 14 Tenee + 21 Tecoc + 17 Tecee + 13 Teocn
v_3 96 93.2 0.1 0.0 - 24 Scce + 16 8cco + 19 Snee
v_4 99 96.3 0.0 15.2 - 100 5.1 42 T'ccoc + 34 Tcocn
v_5 110 106.5 0.1 0.0 - 10 I'neee + 15 Tecoc + 27 Ccocn
v_6 169 164.2 0.0 25.2 - 17 vee + 27 8cco + 12 Scec + 13 Scoc
v_7 187 181.2 0.0 75 - 34 Tcocy + 11 Teece + 15 Tecco
v_8 204 197.8 0.1 0.0 - 12 I'ccco + 38 Ceocn
v_9 242 2349 0.0 18.5 - 217 6 11 Tcocn + 11 Tccoc + 13 Teeee + 13 Theee + 15 Tenee + 13 Teeen
v_10 260 2521 0.0 14 - 270 10 14 Tecco + 43 Cecoc
v_11 266 2575 03 0.0 - 13 Cecco + 36 Tcocn
v_12 277 268.2 0.2 0.0 - 23 8cco + 16 Sccc
v_13 323 313.0 0.0 1.0 - 16 ucc + 18 Snee + 15 Scce + 12 Spcce
v_14 431 4179 0.0 14.1 - 21 vee + 14 8coc + 18 8cec + 12 Spec + 11 Onec
v_15 433 419.7 0.2 0.0 - 21 Ineee + 13 Tecee + 13 Tenee + 13 Thcee + 11 Tecco
v_16 465 450.6 0.0 0.0 - - 10 voc + 20 Scee + 18 8cco + 17 Suce
v_17 468 454.1 0.0 7.8 - 24 Scce + 15 8ec + 13 8cco + 12 nee + 10 vee + 10 vge
v_18 489 474.4 0.0 0.7 - 20 T'ence + 19 Tveee + 14 Theee
v_19 561 544.0 0.2 0.0 - 14 8ccc + 12 8coc + 17 cen + 11 8cco
v_20 585 567.5 0.0 44 - 21 8ccc + 12 8cco + 10 Scoc + 16 Spec + 10 Snec
v_21 590 572.6 03 0.0 5719 66.7 - 12 Tence + 12 Teocn + 11 Teeco + 11 Tecee + 17 Thece
v_22 680 659.3 02 0.0 659.2 86 - 26 Sccc + 25 Snee + 25 Bpee
v_23 680 659.8 0.0 1.6 - 670 5 21 I'heee + 16 Tecee + 10 Teoey + 13 Tecoe
v_24 743 7204 0.0 126 - 738 17 11 vee + 18 8cce + 15 Snee + 21 Spee
v_25 750 7274 0.0 0.0 733 81 - 18 I'ncee 4+ 17 Tenee + 13 Teeee + 15 Teeen
v_26 787 763.3 0.0 0.9 - 19 Tence + 27 Pneec + 11 Pneen 4+ 12 Thicee
v_27 838 813.2 34 0.0 814 45 - 12 vec + 17 veo + 11 8ene + 17 Snee + 12 Shice
v_28 844 8183 1.9 0.0 827 65 - 14 I neen + 19 Theco + 24 Thece
v_29 846 8204 0.0 0.6 - 825 2 14 I neen + 16 Creco + 24 Thece
v_30 897 869.7 11 0.0 895 57 - 33 Iyece + 18 Tocen + 15 Tiveee + 10 ecee
v_31 915 887.6 0.0 0.02 - 904 5 18 Iocen + 19 I'incee + 30 Tiyece
v_32 946 917.8 0.0 31 - 17 vce +15 o + 15 Spce
v_33 981 9511 0.0 0.0 - - 14 Tenen + 25 Thcen + 21 Theee
v_34 982 952.2 0.0 0.3 - 14 Tener + 23 Thcen + 24 Theee
v_35 1006 976.1 03 0.0 984 64 - 11 uey + 18 uee + 13 Spce + 15 Snee + 20 Scec
v_36 1013 982.3 0.0 63.5 - 997 77 10 ueny + 19 vee + 15 8pec + 15 Snee + 21 Scee
v_37 1055 1023.6 5.0 0.0 1020 42 - 23 voc + 10 8pec + 11 Snec + 13 Sece
v_38 1059 1026.8 0.0 1.2 - 15 vee + 19 ueo + 24 Spec
v_39 1079 10471 0.2 0.0 - 15 vee + 11 vy + 42 Spec
v_40 1110 1076.4 0.0 5.9 - 1116 1 15 vee + 50 uce
v_41 1125 10914 0.0 0.0 1090 80 - 15 vee + 51 Spice
v_42 1168 1132.8 0.0 15 1169 0.2 18 Socu + 12 8nen + 28 T'cocn + 10 Tecoc
v_43 1168 1132.8 0.0 0.1 1145 87 18 Socr + 12 Spen + 28 Tcocy + 10 Tecoc
v_44 1187 11514 0.0 8.6 - 10 vco + 16 Socw + 34 Shce
v_45 1203 1167.0 0.0 0.0 1188 82 - 11 Spce + 34 Soc + 12 Shen + 20 Tcocn
v_46 1218 1181.3 0.0 22.6 - 1207 14 16 Spcc + 24 Socw + 11 Spen + 14 Tcocn
v_47 1274 1236.1 9.0 0.0 - 12 veo + 28 Suee
v_48 1293 1253.7 0.0 2.5 - 19 ey + 26 Uce + 16 Sccn
v_49 1295 1256.4 2.6 0.0 1286 - 10 vco + 13 une + 21 vuee + 19 Spice
v_50 1329 1288.8 0.0 71 - 14 Snen + 39 Scen
v_51 1336 1296.0 54 0.0 1290 66 - 10 veo + 15 Une + 18 uee + 18 Spce
v_52 1347 1306.5 0.0 76.7 - 1322 33 10 vco + 16 Uce + 17 Spee + 14 Scec
v_53 1401 1359.3 0.6 0.0 1387 73 - 14 vee + 38 uce
v_54 1453 1409.7 0.0 316 - 1434 13 18 vee + 16 Syen + 16 Socy + 18 Scen
v_55 1473 1428.6 28 0.0 1433 75 - 26 Sucn + 27 Socu + 21 Scen
v_56 1486 1441.5 0.0 371 - 22 Spcn + 22 Socu + 16 Scen
v_57 1493 1448.4 0.6 0.0 1452 91 - 48 8ncn + 11 Socw + 35 Tcocn
v_58 1493 1448.4 0.0 5.9 48 Sucn + 11 Socw + 35 Tcocn
v_59 1501 1456.2 6.2 0.0 - 27 8en + 41 Scen + 13 Teocn
v_60 1504 1459.2 0.0 53 - 1493 8 12 Soch + 42 Sucn + 22 Teocn
v_61 1505 1459.7 04 0.0 1504 88 - 16 8ucc + 11 Socu + 28 Spcn + 16 Ceocn
v_62 1521 1475.6 0.0 43 - 13 vee + 10 Snen + 32 Spec
v_63 1600 1552.4 53 0.0 1558 65 - 13 ven + 25 vee + 24 Spee + 12 Sece
v_64 1606 1557.3 0.0 100 - 1603 100 14 ven + 23 vee + 20 Spec + 13 Sece
v_65 1620 1570.9 18.6 0.0 1583 62 - 10 ven + 19 vee + 30 Spee
v_66 1632 1583.1 0.0 36.1 - 1624 3 23 vee + 26 Suce
v_67 3017 2881.5 100.0 14.7 2837 96 2840 5 90 ucy (methyl)
v_68 3017 2881.5 24 0.1 2881 97 90 vcy (methyl)
v_69 3081 2942.2 0.0 35 2943 5 81 ucy (methyl)
v_70 3081 2942.3 1.8 0.02 2937 95 81 ycy (methyl)
v_71 3141 2999.2 14 0.0 2970 94 - 81 ucy (methyl)
v_72 3141 2999.2 0.0 124 - 2976 3 80 ucy (methyl)
v_73 3148 3006.5 1.8 0.0 78 vcy (py)
v_74 3148 3006.7 0.0 114 3026 12 78 vcn (py)
v_75 3202 3057.6 03 0.0 - 79 vcn (py)
v_76 3202 3057.7 0.0 15.2 - 78 vcn (py)
v_77 3233 3087.7 04 0.0 3065 97 - 73 ven (py)
v_78 3234 3088.2 0.0 2.4 - 3096 2 73 ven (py)

* Scaled wavenumbers calculated at B3LYP/ 6-311 G+-+(d.p) using scaling factors 0.997 for the wavenumber less than 1800 cm~'[26] and 0.955 above
1800 cm~'[27].
** Relative absorption intensities and relative Raman intensities normalized with highest peak absorption equal to 100.
*+ Total energy distribution calculated B3LYP 6-311++G(d.p) level. TED less than 10% are not shown.
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Fig. 5. The calculated energy values of the molecular orbitals of the Dmobpy1 molecule.

methyl groups are made on the same lines as presented in Ojha et
al. [32].

3.4. Frontier Molecular Orbital Analysis

The highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) are the orbitals which denote
the chemical stability of the molecule. The HOMO, which indicates
the ability to donate an electron and LUMO, shows the ability to
accept an electron. Their energy gives an information about di-
rectly related to the ionization potential and the electron affinity
[39]. HOMO-LUMO energy gap is a measure of molecular chemical
reactivity. The smaller energy gap means that the molecule is more
reactive [40]. The calculated band gap energy of the Dmobpy1 is
4,99 eV. The relatively high value of HOMO-LUMO indicates that
the compound has high chemical stability and low reactivity. It
has also been determined to be more stable than the oxygen-free
structure in the work of Ravindranath et al. [35]. In addition to, it
can be said that the Dmobpy is more polarizable than the urea be-
cause its energy gap is lower than the urea (AEyea= 6.7063 eV)
[41].

As seen from Fig. 5, the HOMO levels are spread over the entire
molecule, except methyl groups in the ground state. The LUMO of

the first excited state also shows a similar distribution. The calcu-
lated energies of the orbitals and some quantum chemical proper-
ties of the compound were summarized in Table 3. The ionization
energy (I), electron affinity (A), global hardness (), chemical po-
tential (), softness (o) and global electrophilicity () are calcu-
lated by using by the energy band gap value. The relevant expres-
sions are;

I = -Eyomo, A = -Erumo, 7 = (-Enomo + Ewmo)/2, B =
(Enomo + Erumo)/2 and @ = p? | 2 [42].

These parameters are useful for determining various aspects of
their pharmacological structure, including drug design and toxico-
logical properties of drug molecule [43]. The ionization energy (I)
and electron affinity (A) are calculated to be 6.59 eV, and 1.60 eV,
respectively. Chemical hardness of the Dmobpy1 is 2.50 eV, so we
can define the molecule as hard and stable. Also, the calculated
electrophilicity (@) value is 3.37 eV. For the w >1.5 eV, the organic
molecule is considered as strong molecule [44]. The biological ac-
tivity of molecules can be described using the electrophilicity in-
dex. Dmobpy value showed that the molecule is biologically active
[45].

Ground-state dipole moment is an important factor in measur-
ing solvent effects, a large one gives rise to a strong solvent po-
larity effect. Solvent effects can change the charge displacement
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Table 3

The energy band gaps and quantum chemical properties of the Dmobpy1 at DFT/B3LYP/6-311++G(d,p).

Global

electrophilicity (w)

(eV)

Global softness
(o) (ev7)

Gas

Chemical potential
(Ke) (V)

Gas

Electronegativity
(x) (eV)

Gas

Global hardness
(n) (eV)

Gas

Electron affinity
(A) (eV)

Gas

Ionization

Molecular
Orbitals

potential (I) (eV)

Energy gap (eV)

Gas

Energy (eV)

Gas

EtOH

Gas

EtOH

EtOH

EtOH

EtOH

EtOH

EtOH

Gas

EtOH

EtOH

4.98 6.59 6.8 1.60 1.82 2.50 2.49 4.10 4.31 -4.10 -4.31 0.20 0.20 3.37 3.73

4.99

AEgL

-6,80
-1.82
-7.05
-0.94
-7.28
-0.47

-6,59
-1.60
-6.89
-0.73
-7.07
-0.26

6.11 6.89 7.05 0.73 0.94 3.08 3.05 3.81 4.00 -3.81 -4.00 0.16 0.16 2.36 2.62

6.16

AEy.1-141

H-1

L+1
H-2

6.81 7.07 7.28 0.26 0.47 3.40 3.40 3.66 3.88 -3.66 -3.88 0.15 0.15 1.97 2.21

6.81

AEpaLi2

L+2

H: HOMO(Highest Occupied Molecular Orbital); L: LUMO(Lowest Unoccupied Molecular Orbital); eV: electronVolt; eV-1: 1/electronVolt.

10

Journal of Molecular Structure 1260 (2022) 132846

in molecules. Thus, the dipole moment of the system is induced
and can increase, indicating a relationship with solvent energies,
dielectric constants or dipole moments.

We have also investigated Dmobpy1 molecular orbital analysis
when it is solvated in ethanol. The solvation energy(AEs), solvation
free energy(AGs) and dipole moments of Dmobpy1 in the solution
predicted at B3LYP/6-311++G(d,p) level of theory. The calculated
data are tabulated and compared with the gas phase values on
Table 3. The solvent effects have been taken into account based
on the polarizable continuum model (PCM) [46].

We obtained the same dipole moment values in gas phase
and EtOH solution, 0.0001 debye (Dmobpy1). This value shows us
that the molecule has a stable structure and that the solvent inter-
action is weak. Since the energy band gap values of the molecule
did not change in the ethanol solution, no change was observed in
the global hardness and softness values.

The solvation-free energy, AGs, is the work needed to transfer
molecules from the gas phase into the solution. It plays a signifi-
cant role in the understanding of the chemical characterization of
molecules in the condensed phases. solvation-free energy is con-
sidered a key molecular characteristic in drug discovery studies
[47]. The relevant expressions are;

AES = Esolution - Egas, AGS = Gsolution - Ggas

The calculated values are AGs = -2,31044, and AEs = 0 kJ/mol.

The density of states (DOS) plots is generally used to calculate
the band structure. The DOS spectrum was created by convolut-
ing the molecular orbital information with Gaussian curves of unit
height. The DOS analysis was obtained with the GaussSum 3.0 pro-
gram, developed by O’Boyle et al. It can be noticed from the figure
the numbers of orbitals and their energy level [48]. The green lines
in the DOS spectrum indicate the HOMO levels and the blue ones
LUMO levels (Fig. 6). In Dmobpy, both the HOMO and the LUMO
are mainly localized on the whole molecule.

3.5. Molecular Electrostatic Potential and Charge Analysis

The molecular electrostatic potential surface (MEP) is a ex-
ceptionally useful method to estimate the molecular interactions,
chemical reactivity and hydrogen bonding of the stucture [49].
MEP surface has calculated by B3LYP/6-311++G(d,p) basis set and
present in Fig. 7. The maximum negative and positive potentials
were calculated as - 3.25e-2 a.u.(deepest red) and 3,25e-2 a.u.
(deepest blue). The region around the nitrogen and oxygen atoms
was found to be electron rich (red). The MEP is best suited for
identifying sites for intra and intermolecular interactions [50]. The
red color refers to the electron rich nucleophilic regions, as blue
color refers to the electrophilic regions. As for the positive region,
the hydrogen atoms of methyl groups have the highest positive po-
tential [29].

The bond ability of atoms were investigated by calculating the
charge distributions of the optimized structure. Effective charge
density calculations play an important role in quantum chemi-
cal calculations of molecular systems, since atomic charges affect
the dipole moment, molecular polarizability, electronic structure,
acidic-basic behavior and many other properties of molecular sys-
tems. The electronic charges of atoms define the binding potential
of a molecule.

The charges of each atom have been calculated in three dif-
ferent ways. These are Natural Bond Orbital analysis, Atomic Po-
lar Tensor and Hirshfeld load analysis. In the Natural Bond Or-
bital analysis, the orbitals are orthogonalized and localized to form
one or two center orbitals. These orbitals are classified as core or-
bitals. Hirshfeld atomic charge analysis based on electron density;
The charge of each atom is obtained by integrating the electron
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Fig. 6. Density of states (DOS) diagram for Dmobpy1 in the gas phase.
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Fig. 7. Molecular electrostatic potential for the title molecule (Dmobpy1) in gas phase.

density volume. Atomic Polar Tensor analysis is defined using the
atomic polar tensor of a molecule [51,52]. The charge values of the
molecule are given in Table 4 and also Fig. 8. The negative charge
values observed in Ny, C4, C7, Nyj, Cyg, Ci7, O19 and O, also the
remaining atoms are positively charged.

3.6. Fukui Functions

In Fukui’s Frontier Molecular Orbital Theory, the chemical re-
activity of the molecule is evaluated in terms of HOMO or LUMO

n

electron density. Fukui functions were calculated by using the fi-
nite difference (FD) methodology for the neutral cationic and an-
ionic structure of the optimized geometric structure. In FD calcula-
tions, three types of Fukui functions have been defined [53].

fi = (N + 1) — g (N) for nucleophilicity, (1)
fe = a(N) — qi(N — 1) for electrophilicity, (2)
f2=(1/2) [qe(N + 1) — g, (N — 1)] for neutrality, (3)
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Atomic charge values of the Dmobpy1 molecule (APT, NBO, Hirshfeld).

Table 4
Atom APT NBO Hirshfeld
Ny -0.539 -0.494 -0.161
C, 0.262 0.068 0.017
Hs 0.009 0.185 0.042
Cy -0.268 -0.278 -0.065
Hs 0.060 0.223 0.050
Cs 0.831 0.357 0.088
C; -0.378 -0.304 -0.072
Hg 0.115 0.245 0.034
Co 0.380 0.193 0.053
Cio 0.380 0.212 0.053
Niq -0.539 -0.497 -0.161
Cio 0.262 0.068 0.017
H;; 0009 0185  0.042
Cig -0.267 -0.278 -0.065
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Fig. 8. Electronic charge distribution (APT, NBO and Hirshfeld) for the Dmobpy1 molecule.

In these equations, q, represents the atomic charges in neutral
(N), anionic (N+1) and cationic (N-1) states in the atomic region
[54,55]. The chemical reactivity of atoms was interpreted by pro-
portioning the f* and f~ values obtained as a result of calculations
to each other. If the high value belongs to the (f*/f~) ratio, the
atom is expected to show electrophilic properties, and the atom
to be nucleophilic if the (f~/f") ratio [55,56]. While the maximum
value of electrophilic reactivity identifiers was determined in the
019 and O, atoms for the Dmobpy1 molecule, the maximum value
of the nucleophilic reactivity identifiers was observed in the Cyq
atom. Based on these results, we predict the atoms of the molecule
that are likely to react (Table 5).

3.7. Thermodynamic Properties
Thermodynamic functions were obtained by 6-311G++(d,p) ba-

sis set vibration analysis of molecules in the gas phase. On the
basis of vibration analysis, static thermodynamic functions: heat

12

capacity (Cp), entropy (S), enthalpy changes (AH) and Gibbs free
energy (G) for the title molecule derived from theoretical thermo-
dynamic parameters are also listed in the Table 6. It is known that
these properties play an important role in the characterization of
the material and are important for understanding the environmen-
tal effects and reactivity on the molecules. Thermodynamic data
reveals useful information on the compounds studied when they
are viewed as a reactant involved in a new reaction. Since the
molecule is a characteristic feature, the zero point vibration en-
ergy remains constant at all temperatures. The zero-point vibra-
tion energy obtained for the optimization of the ligand was calcu-
lated as 0.22 a.u. for the Dmobpy1. Apparently, all of the thermo-
dynamic parameters analyzed show an increase in the same direc-
tion as temperature, but G has been observed to decrease with T
due to the rise in temperature and molecular vibrations. Entropy
and enthalpy changes show that the molecule has more flexibility
in changing its thermodynamic system by temperature. They can
be used to estimate the directions of chemical reactions in accor-
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Table 5
Calculated Fukui functions values of the Dmobpy1 molecule from Hirshfeld charges.
Atom -1 0 +1 f+ f- fo f+/f- f-/f+
Ny -0.206  -0.161  -0.108 0.053 0.045 0.049 1.175 0.851
G, -0.025  0.017 0.055 0.037 0.043 0.040 0871 1.149
H; 0.009 0.042 0.070 0.028 0.033 0.030 0.843 1.186
Cy -0.146  -0.065 -0.016 0.049 0.081 0.065 0.604 1.654
Hs 0.002 0.050 0.080 0.030 0.048 0.039 0618 1.618
Ce 0.047 0.088 0.134 0.046  0.041 0.044 1.122 0.891
C; -0.115  -0.072  -0.021 0.052 0.042 0.047 1227 0815
Hs 0.010 0.034 0.055 0.021 0.025 0.023 0831 1.203
Co -0.005  0.053 0.067 0.014 0.058 0.036 0244 4.106
Cio -0.005 0.053 0.067 0.014 0.058 0.036 0.244 4.107
Ny -0.206  -0.161  -0.108 0.053 0.045 0.049 1.175 0.851
Ci2 -0.025  0.017 0.055 0.037 0.043 0.040 0871 1.149
His 0.009 0.042 0.070 0.028 0.033 0.030 0.843 1.186
Cig -0.146  -0.065 -0.016 0.049 0.081 0.065 0.604 1.654
His 0.002 0.050 0.080 0.030 0.048 0.039 0618 1.618
Cis 0.047 0.088 0.134 0.046  0.041 0.044 1.122 0.891
Ci7 -0.115  -0.072  -0.020 0.052 0.042 0.047 1227 0815
Hig 0.010 0.034 0.055 0.021 0.025 0.023 0831 1.203
O19 -0.153  -0.130  -0.048 0.082 0.023 0.052 3.579 0279
O30 -0.153  -0.130 -0.048 0.082 0.023 0.052 3.579 0.279
Cy -0.007  0.007 0.030 0.022 0.014 0.018 1581 0.632
Ha: 0.029 0.051 0.075 0.024 0.021 0.023 1.145 0.873
Has 0.030 0.043 0.064 0.021 0.013 0.017 1.619 0.618
Haq4 0.030 0.043 0.064 0.021 0.013 0.017 1619 0.618
Cys -0.007  0.007 0.030 0.022 0.014 0.018 1.581 0.632
Has 0.029 0.051 0.075 0.024 0.021 0.023 1.145 0.873
Ha7 0.030 0.043 0.064 0.021 0.013 0.017 1619 0.618
Has 0.030 0.043 0.064 0.021 0.013 0.017 1619 0.618

Table 6

Thermodynamic properties (heat capacity, entropy, enthalpy changes, Gibbs free energy, zero-point en-
ergy) of Dmobpy1 at temperatures in the range 100-900 K.

Temperature (K)  C,° (J/mol K)

S% (J/mol K)

AHY, (kJ/mol)  Georr (KJ/mol)  &zpg (kj/mol)

100 92.14 329.01
200 155.64 418.27
300 222.58 497.27
400 288.77 572.90
500 346.42 645.57
600 393.81 714.59
700 432.36 779.57
800 463.99 840.55
900 490.26 897.74

6.41 556.50 582.97
19.65 519.01 582.97
39.36 473.22 582.97
65.81 419.72 582.97
98.49 358.81 582.97
136.41 290.82 582.97
178.62 216.13 582.97
22432 135.14 582.97
272.90 48.25 582.97

J: Joule, K: Kelvin, Cp: Heat capacity, Sp,: Entropy, AHS,: Entalphy changes, Georr:Gibbs free energy, ezpg:

Zero point energy.

dance with the second law of thermodynamics in thermochemi-
cal fields according to the relations of thermodynamic parameters
[57].

Gibbs free energy (G) is also a critical thermodynamic quantity.
G can be defined according to the following formula depending on
the temperature (T) and entropy (S):

G=H-TS

The formula of enthalpy (H) based on internal energy (E) is as
follows:

H=E+ PV

In this case, G can be written as:
G=E-TS +PV

P and V are pressure and volume, respectively. For the solid and
liquid phase, the PV value is much lower at atmospheric pressure

than the Gibbs free energy, meaning PV can be ignored. Thus, G
can be obtained from the formula stated below.
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G=E-TS

The results show that Gibbs free energy gradually decreases
with increasing temperature. In other words, entropy and constant
volume-specific heat capacity increase, while the calculated values
of Gibbs free energy decrease [58].

3.8. Photoluminescence properties

Investigation of the luminescence properties of organic
molecules accelerates the development of coordination com-
plexes as potential photoactive materials. because their fluorescent
behavior is mainly ligand centered [59].

The solid-state fluorescence spectra of Dmobpy1 was recorded
at room temperature and showed in Fig. 9. As displayed in figure
the molecule shows an emisssion peak at 507 nm upon excitation
at 430 nm. When the emission spectrum of the ligand is exam-
ined, the wavelengths where the broad band spectrum is maxi-
mum show the green emission band at 507 and 550 nm. The tran-
sitions corresponding to these maximum wavelengths are due to
the electronic transitions n 7* and 7* * absorption [60,61].
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Fig. 9. Experimental Fluorescence emission spectra of Dmobpy1 ligand in solid state.
Table 7
Antimicrobial activity results of Dmobpy1 by Minimum Inhibitory Concentration (MIC) and the inhibition zone diameter (mm).
Dmobpy1 Ampicillin (10 ng) Cycloheximide
Microorganisms MIC (pg/ml) > DIZ (mm)*  MIC (ug/ml) DIZ (mm) MIC (ug/ml)  DIZ (mm)
S. aureus ATCC 29213 7.81 8.3 - 18.0 - -
B. thrungiensis ATCC 13367 3.91 10.0 - - - -
L. monocytogenes ATCC 35152 - - - 15.1 - -
P. mirabilis ATCC 29906 - - - 12.0 - -
V. angilarum ATCC43312 - - - 12.0 - -
E. faecalis ATCC 29212 - - - 18.2 - -
E. aerogenes ATCC 51342 - - - 18.2 - -
S.typhimurium ATCC 14028 - - - 16.1 - -
C. tropicalis ATCC M007 - - - 16.1 - 18.4
C. parapsilosis ATCC M006 - - - 153 - 18.1
C. violaceum ATCC 12472 (Diameter of quorum sensing inhibition zone) - 17.1 3.91 18.1 - -

MIC (pg/ml): Minimum Inhibitory Concentration
DIZ (mm): Diameter of inhibition zone (mm)
-: No activity observed

¢)QS inhibition (radius of pigment inhibition in mm)= radius of growth and pigment inhibition (r,)-radius of bacterial growth inhibition (ry).
) Not active (-, inhibition zone<5mm); weak activity (5-10mm); moderate activity (10-15mm); strong activity (>15mm).

b) Not active (-, MIC >500 pg/mL).

3.9. Antimicrobial and antiquorum-sensing activity of compounds

The minimum inhibitory concentration (MIC) of a compound
was determined using the microdilution method against nine bac-
teria (4 Gram-negative and 4 Gram-positive) and two yeast strains
Table 7. shows the effects of the compound antimicrobial activ-
ity with minimal inhibitory concentration (MIC) and inhibition
zone diameter (mm). The title molecule inhibited S. aureus and B.
thrungiensis with zone of inhibition values ranging from 8.3 mm
to -10.0 mm (60 mg/mL). Dmobpy1l demonstrated good activity
against S. aureus and B. thrungiensis with MIC values of 7.81 g/mL
and 3.91 g/mL, respectively. Except for S. aureus and B. thuringien-
sis, no zone of inhibition was observed in other bacteria and yeasts
for the compound tested. Indeed, based on these findings, it is pos-
sible to conclude that these six bacteria and two yeasts are ex-
tremely resistant.

The pathogen bacteria virulence and biofilm feature is con-
trolled by the quorum sensing (QS) system. This system has
given new antimicrobial drugs that are effective against antibiotic-
resistant bacteria hope. The quorum sensing (QS) system of the
bacteria C. violaceum ATCC 12472 was used for this test.
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In response to the autoinduction known as acly-HSLs, this wild-
type bacteria quorum sensing produces violeceum (a purple pig-
ment) [62]. Therefore, drugs that inhibit acly-HSL mediated QS ac-
tivity in C. violaceum will prevent the production of this purple
pigment. This inhibition is known as anti-quorum sensing (anti-
QS). Therefore, synthesized compounds were examined for their
anti-quorum sensing activities against C. violaceum ATCC 12472
[63]. The results of inhibition of QS-regulated violeceum produc-
tion against C. violaceum (based on the measurement of the pig-
ment inhibition radius in mm) are presented in Table 7. Dmobpy1
showed strong anti-quorum sensing activity.

3.10. Molecular Docking

Molecular docking is a useful method for calculating the bind-
ing affinities of a molecule to a specific receptor of the biological
construct. Thanks to this work, we are able to model the interac-
tions between the molecule and the target structure and the sta-
ble 3D structure in which the bonds are formed. In particular, it
is important to investigate the biological properties of molecular
structures and metal complexes for drug design [64,65].
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Fig. 10. The molecular docking results of the Dmobpy1 compound with 4URM, 6KOC, and 6GXS proteins, interactions around ligand (a) and 2D forms (b).

The target proteins were selected from structures in which
Dmobp1 showed antimicrobial effects.

These three structures were shown in Table 7. The high-
resolution structure of 4URM, 6KOC and 6GXS was downloaded
from the protein database website (PDB ID: 1YRS) [66] and all
molecular docking calculations were performed in Auto Dock-Vina
software [67]. T Proteins were made suitable to the docking by re-
moving water molecules and adding polar hydrogens in it and the
Kollman charges of the proteins were determined. Auto Dock Tools
graphical user interface was used to calculate in whole process.
The ligand was theoretically prepared for clamping by minimizing
its energy at the B3LYP/6-311++G(d,p) level, and partial charges
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were calculated with the Geistenger method [68]. The active site
of the target proteins which was defined within the grid size of
40 x 40 x 40 A was bound to the Dmobpy1 molecule by hydro-
gen bonds. Amongst the docked conformations, one which binded
well at the active site was analyzed for detailed interactions in Dis-
cover Studio Visualizer 4.0 Software [69]. The stabilized structures
due to the interacting of complex structures with residues through
some hydrogen-bonding and van der Waals interactions are given
in Fig. 10. the best binding mode was determined with —6.2, -6.1
and -5.7 (kcal/mol) energy respectively for 4URM, 6KOC, and 6GXS
proteins.
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Referring to the Fig. 10, there are hydrogen, Pi-alkyl and alkyl
bonds between Dmobpyl and 4URM protein. Between in the
molecule’ CH3 group and the O atom of B:VAL:79 is a hydro-
gen bond with 3.73 A length. The B:ILES6 and the rings of the
Dmobpy1, the Pi-alkyl interactions are about 5.14 and 4.86 A. The
Alkyl interactions with CH3 groups lengths are 4.63 and 4.89 A.

The title molecule has 1 hydrogen, 1 Pi-Cation and 3 Pi-Anion
interactions with the 6KOC protein. The hydrogen bond is between
the one of methyl group and the G:LYS225 O atom and its length
is 3.59 A. The ring attached to this methyl group has formed a pi-
cation and a pi-anion bond with the protein. The pi-anion inter-
action is between with the ring and the O atom of the G:ASP229
(4.80 A).The other bond pi-cation is about 3.42 A with G:ARG265
of NH. The other ring of the Dmobpy1 has two pi-anion interac-
tions with O atom of the G:GLU261 (3.89 A) and B:GLU257(3.48
A). The carbon atom of the methyl group has pi-alkyl bond with
A:PHE185(5.20 A).

There are one conventional and one carbon hydrogen bond with
the 6GXS protein. One of the conventional bonds are between the
N atom of the pyridine ring and A:TRP202(3.29 A) and the other
one is between the O atom and A:ASN182(2.60 A).

4. Conclusion

A systematic study has been performed on the structural and
spectral characteristics of 4,4’-dimethoxy-2,2’-bipyridine molecule
by using experimental spectroscopic methods and quantum chem-
ical calculations. The title molecule was obtained from Sigma
Aldrich Chemical Company. The molecular geometry and vibra-
tional wavenumbers of the ligand molecule has been calculated
using DFT/B3LYP level with 6-311++G(d,p) basis set. The calcu-
lated bond length and bond angle values are in very good agree-
ment with the experimental XRD values. However, small deviations
are observed in the harmony between the theoretical and experi-
mental ones. FT-IR and FT-Raman spectra of the molecule are ex-
perimentally recorded and analyzed. The calculated vibrational fre-
quencies of the title molecule have been found in good agreement
with IR and Raman experimental data. This shows that the ob-
tained structure is very close to the real structure of Dmobpy1. The
HOMO-LUMO energy gap is calculated to be 4,99 eV. That is to say,
this molecule has a high kinetic stability, and low chemical reactiv-
ity. It is determined by MEP analysis that the electron the charge
density of the molecule. Apparently, all of the analyzed thermody-
namic parameters show an increase in line with the temperature
while G is observed to decrease with T, which is due to the rise
of molecular vibrations with temperature rise. The bonding ability
of the atoms was investigated by calculating the charge distribu-
tion, molecular electrostatic potential and Fukui functions of the
optimized structure. The maximum value of electrophilic reactiv-
ity identifiers was determined in the O;9 and O,y atoms for the
Dmobpy1 molecule. Also, the calculated electrophilicity (@) value
showed that the molecule is biologically active.

Antimicrobial applications of Dmobpyl have been studied
against eight and two yeasts. The synthesized compound has weak
activity and moderate antimicrobial activity against the two bacte-
ria tested. The compound demonstrated strong anti-quorum sens-
ing activity. The findings suggest that Dmobpy1 has antimicrobial
and anti-quorum sensing properties, and that new powerful an-
timicrobial drugs may be useful in the treatment of bacteria resis-
tant to bacterial infections in the future. A docking study was per-
formed with the protein selected from the structures in which the
Dmobpy1 molecule showed biological activity. Based on insertion
studies using the 4URM, 6KOC and 6GXS proteins, we have exam-
ined in detail the mechanism of the biologically active properties
of the title compound.
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