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Abstract

Fourier transform infrared (FT-IR) and Raman (FT-Ra) spectra of 1-(4-methoxyphenyl)-1H-imidazole were recorded and
analyzed. The vibrational wavenumbers of the structure were computed by using the density functional theory (DFT)/Becke
three Lee—Yang—Parr (B3LYP)/6-311 ++ g(d,p) basis set. The highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) energy values were determined to be — 1 eV and — 6.27 eV, respectively. The
HOMO-LUMO energy gap value was found to be 5.27 eV. A large HOMO-LUMO gap means low reactivity in chemical
reactions, indicating the high stability of the molecule. The HOMO-LUMO energy gap for the existing structure is relatively
high, as a result the title molecule is hard. 'H, '3C NMR, and UV—Vis experimental and theoretical spectral analyses were
given. Molecular electrostatic potential, Fukui functions, and charge analysis were performed to predict electrophilic and
nucleophilic regions or atoms. The nonlinear optical properties of the structure were investigated, and it was found that the
structure showed an important nonlinear optical property. Basic thermodynamic properties such as entropy (S), enthalpy
changes (AH), heat capacity (Cp), Gibbs free energy (G), and zero-point vibration energy were calculated under constant
pressure in the gas phase for different temperature values. It was determined that this compound has a significant antibacte-
rial effect against some bacterial strains. Also, to support the antibacterial activity studies of the title molecule, molecular
docking studies were carried out with protein structures of some microorganisms used in the antibacterial activity studies.
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Introduction

Imidazole is a 5-membered planar ring and is a highly polar
compound. It is completely soluble in water and other polar
solutions. Because the hydrogen atom can be found on any
of the two nitrogen atoms, it occurs in two tautomeric forms
(Verma et al. 2013). Many biologically active compounds
have a five-membered nitrogen-containing heterocyclic ring
in their structure (Shalini et al. 2010). Therefore, imidazole
and its derivatives are one of the important heterocycles and
are widely used in the field of pharmacology such as anti-
inflammatory, analgesic, anti-convulsant, antitubercular,
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antimicrobial, anticancer, anti-Parkinson, and anti-HIV
activities (Pandey et al. 2009; Boiani and Gonzélez 2005;
Spasov et al. 1999). Besides, imidazole and its derivatives
play an important role in the charge transfer process in bio-
logical systems. The imidazole core is found naturally in
many structures such as histidine, purine, histamine, and
nucleic acid (Vijesh et al. 2011; Narasimhan et al. 2011).
Imidazole is also found in the structure of many natural and
synthetic drug molecules such as cimetidine and metroni-
dazole. Cimetidine, a derivative of imidazole, is used in the
treatment of stomach and intestinal ulcers. It is also used in
the treatment of reflux disease caused by the backflow of
stomach acid into the esophagus (Finkelstein and Isselbacher
1978). Metronidazole is a drug that has been used for many
years in the treatment of trichomoniasis, amebiasis, and giar-
diasis diseases. It is highly effective on anaerobic bacteria.
Therefore, it is used in the treatment of anaerobic infections
of the breast, head, gastrointestinal, and female genitouri-
nary systems (Brogden et al. 1978).
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Lu et al. (2012) synthesized a series of substituted
4-(2,6-dichlorobenzyloxy) phenyl thiazole, oxazole, and
imidazole derivatives. In vitro antimicrobial studies of these
derivative structures containing imidazole were performed
on Staphylococcus aureus, Escherichia coli, Streptococcus
Pneumoniae, and penicillin-resistant Streptococcus pneu-
moniae. Additionally, these derivatives were also investi-
gated for in vitro antitubercular activity against Mycobacte-
rium tuberculosis H37Rv in this study. The antifungal and
antimycobacterial activities of 1-(3,5-Diaryl-4,5-dihydro-
1H-pyrazol-4-yl)-1H-imidazole derivatives were inves-
tigated in vitro. These synthesized imidazole derivatives
showed very important antifungal activity against the Can-
dida albicans strain, which is a clinical strain. They showed
antituberculosis activity against the M. tuberculosis H37Rv
strain (Zampieri et al. 2008). In another study, amino-linked
imidazole derivatives were synthesized from 4-aryloxazol-
2-amine, 4-arylthiazol-2-amine, and 4-aryl-1H-imidazol-
2-amine. The antibacterial effects of these synthesized deriv-
atives on gram-positive bacteria Stophylococcus aureus and
Bacillus subtilus with gram-negative bacteria Pseudomonas
Aeruginosa and Klebsiella pneumonia were investigated. In
this study, it was shown that compounds including thiazole
and imidazole units exhibit significant activity (Padmavathi
et al. 2011). 2-substituted-4,5-diphenyl-N-alkyl imidazole
derivatives were synthesized (Jain et al. 2013). The anti-
bacterial activities of these new structures were evaluated
against S. aureus, Bacillus subtilus, and Escherichia coli. All
synthesized compounds indicated moderate activity against
these bacteria. Therefore, it was stated that the synthesized
structures should be modified to increase the antimicrobial
effect. Many new imidazole-(benz)azole and imidazole-pip-
erazine derivatives were synthesized by Ozkay et al. (2010),
and anticancer activity studies were conducted. As a result
of the research, it was revealed that these synthesized struc-
tures are highly active compounds (Ozkay et al. 2010).

According to the literature, imidazole derivatives appear
to have many biological activities in the field of pharma-
cology. Since 1-(4-methoxyphenyl)-1H-imidazole is an
imidazole derivative, it is thought to be a very important
biologically active structure. Therefore, it is very impor-
tant to explain the chemical reactivity, electronic and opti-
cal properties as well as spectroscopic properties (FT-IR,
FT-Ra, NMR, UV-visible) of this molecule. Density func-
tional theory (DFT) in hybrid form (B3LYP) is one of the
most accurate and efficient methods for calculating quantum
chemical modeling of compounds.

Firstly, the optimized molecular structure of the
1-(4-methoxyphenyl)-1H-imidazole will be determined
by the density functional theory method with the B3LYP
hybrid functional using the 6-311 +4 G(d,p) basis set. In the
vibrational spectral analysis section, vibrational frequencies
will be calculated over the optimized structure, experimental
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FT-IR and FT-Ra spectra will be assigned, and theoretical
and experimental vibration values will be compared with
each other. In order to obtain information about the chemi-
cal reactivity of the title molecule, the energy values of the
highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) of the optimized
structure will be calculated and the energy gap between
these two molecular orbitals will be determined. As well,
the ionization potential, electron affinity, global hardness,
chemical potential, electronegativity, global electrophilic-
ity, the MEP map, Fukui functions, nonlinear optic prop-
erties, atomic charges, and thermodynamic properties are
calculated at the same level of theory. The UV-Vis, and
NMR spectra of the compound will be recorded and cal-
culated theoretically. Finally, the antimicrobial activity of
1-(4-methoxyphenyl)- 1H-imidazole will be determined and
a molecular docking study performed.

Experimental
Instrumentation for recording spectra

1-(4methoxyphenyl)-1H-imidazole was supplied from
Sigma-Aldrich Chemical Company. This structure is sold
at 98% purity and the Cas and MDL numbers of the mol-
ecule are 10040-95-6 and MFCDO00060492, respectively.
Also, the melting temperature of the title molecule is given
in the range of 59-67 ©C-lit in Sigma-Aldrich Company
Safety Data Sheet 2006. FT-IR and FT-Raman spectra were
recorded in the regions between 4000 and 400 and 4000
and 100 cm~! without further purification. While Bruker
FT-IR spectrometer with ATR equipment was used to
obtain the FT-IR spectrum, Jasco FT-Raman spectrometer
with NRS400 confocal microscope was used for the FT-
Raman spectrum. Chemical shifts of the title molecule for
"H NMR and '*C NMR analysis were recorded in the range
of 0-15 ppm and 100-200 ppm, respectively, in chloroform
solvent at room temperature using the Bruker Ultrashield
300 MHz spectrometer. The UV-visible absorption spec-
trum was recorded in the range of 200-500 nm by using the
Shimadzu UV-2101PC spectrophotometer.

Antibacterial and anti-quorum sensing activity
by agar well diffusion method

The antibacterial activity of 1-(methoxyphenyl)-1H-imida-
zole was evaluated against thirteen different bacterial strains.
These bacterial strains are the following: Staphylococcus
aureus, Staphylococcus epidermidis, Bacillus cereus, Bacil-
lus subtilis, Enterococcus feacalis, Listeria monocytogenes,
Escherichia coli, Klebsiella pneumoniae, Shigella dynest-
eriae, Pseudomonas aeruginosa, Salmonella typhimurium,
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Vibrio anguillarum, and Enterobacter aerogenes. The test
stock (60 mg) of the compound was dissolved in 1 ml of
dimethyl sulfoxide (% 10 DMSO). The test compound was
dropped into the well (6 mm in diameter) at a concentration
of 60 mg/mL, and the plates were incubated for 24 h at 37°
C for all bacteria. Antibacterial activity was measured based
on the diameter of the inhibition zone in mm. Ampicillin
was used as a standard antibacterial drug for the comparison
of activities (CLSI 2007). Also, the anti-quorum activity of
the compound was determined against Chromobacterium
violeceum ATCC 12,472 in LB agar. C. violaceum (1 x106)
culture was spread on the LB agar surface by a swap. Then,
wells were drilled in LB agar using a cork borer, and the
tested compound (5 mg/mL) was applied to the wells after
dissolving in 10% DMSO (McLean et al. 1997). The plates
were incubated at 30 °C for 24 h to determine inhibition of
pigment production around the well. The formation of a clear
halo around the disc and the formation of bacterial growth
inhibition was evaluated as positive. For statistical analysis,
the title compound was subjected to a Duncan Test using
the SPSS 21.0 statistical program to determine that it shows
antibacterial activity on bacteria. As a result, this compound
also gave statistically significant results (p <0,01).

Antibacterial activity by minimum inhibitory
concentration

All bacteria were grown in a nutrient broth (NB) medium.
The stock solution of the compound was prepared in DMSO
1% at the final concentration and tested at concentrations
200, 100, 50, 25, 12.50, 6.25, 3.12, 1.56, and 0.78 mg/mL.
Concentrations were determined in a sterile 96-well plate by
using a broth micro-dilution technique The compound was
prepared at a concentration of 200 mg/mL, its microtiter was
determined, and it was incubated at 37 °C for 24 h. The low-
est concentration at which no visible bacterial growth could
be found was taken as the MIC value (Petrus et al. 2011).

Computational methods

Computational analyses were performed using the Gaussian
09 and GaussView 5.0.9 molecular visualization program
package. The Density functional theory (DFT/B3LYP) at
the 6-311 ++ G(d,p) basis set level was used to obtain the
optimized structure of the title molecule (Celik et al. 2020).
Geometric parameters, vibrational wavenumbers, energy
values of the HOMO-LUMO, Fukui functions, natural bond
orbital (NBO) analysis, molecular electrostatic potential, UV
spectrum analysis, and other properties were calculated over
the optimized structure. "H and '*C NMR analyses of the
title molecule were performed by the DFT/B3LYP method

using the 6311+ G(2d,p) basis set with the GIAO method
(Subashini and Periandy 2016).

Molecular docking investigations were performed using
the Autodock Vina software (Trott and Olson 2009) and the
AutoDockTools graphical interface (Morris et al. 2009). The
3D dimensional crystal structure of proteins was obtained
from the Protein Data Bank (PDB ID:4URM, 4JCN, and
2RG7)(https://www.rcsb.org). The binding sites were cen-
tered on the selected protein and molecule, and a grid box
was created with 40 x40 x40 points and 0.375 A grid spac-
ing. The outputs from Autodock Vina were visualized using
the Discovery Studio Visualizer (https://www.3ds.com/
products-services/biovia/products/molecular-modeling-
simulation/biovia-discovery-studio/visualization/).

Results and discussion
Torsion angle

To obtain the most accurate results in quantum chemical cal-
culations for the structure, firstly the most stable conformer
structure was determined before the optimization process.
Therefore, the torsion angles are calculated for the N-C
bond between imidazole and phenyl ring and the C-O bond
between methoxy group and phenyl ring. Firstly, the torsion
angle (t,) between the imidazole and phenyl ring was fixed
at 180° and changed in steps of 10° from 0° to 180°. In the
second stage, the torsion angle (t,) for the phenyl ring and
the methoxy group was fixed at 180° and changed in steps
of 10° between 0° and 180°. The minimum energy was
obtained to be -358.08992 x 10* kcalmol~! for the dihedral
angles 7, and t,, respectively, at 130° and 180° as shown
in Fig. 1a, and 1b. As a result of this process, the molecular
structure with the lowest energy was obtained and all other
calculations were made after this structure was optimized
(Ravindranath and Reddy 2020).

Molecular structure

The title molecule was optimized at the DFT/B3LYP level
of theory by using the 6-311 4+ g(d,p) basis set. The opti-
mized molecular structure of 1-(4-methoxyphenyl)-1H-im-
idazole with atomic numbering is indicated in Fig. 2. Also,
the geometrical values (bond lengths and bond angles) of
the optimized molecule are listed in Table 1. These values
were compared with the bond lengths and the bond angles of
2-chloro-1-(4-methoxyphenyl)-4,5-dimethyl-1H-imidazole
(Thomas et al. 2018).

For 1-(4-methoxyphenyl)-1H-imidazole, the bond lengths
of C,—C;, C,—C4, C5—Cy, C—Cy, C;—Cq, and C,—C,4 bonds in
the phenyl ring were determined to be 1.399, 1.392, 1.385,
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Fig. 1 Absolute energy values -358896.00
as a function of rotation angle
around C-N inter-bond in <
between phenyl and imida- sRS8H96:50
zole ring (I) and C-O inter-
bond in between phenyl ring _358897.00
and methoxy group (II) of
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dazole were calculated at DFT/ -358897.50
B3LYP/6-311+ +G(d,p) basis
set
-358898.00
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Fig.2 Optimized molecular
structure and numbering of
1-(4-methoxyphenyl)-1H-im-
idazole at DFT/B3LYP/6-

311 ++G(d,p) basis set. The
optimized structure gives the
minimum energy level obtained
for the title molecule

1.396, 1.401 and 1.397 A, respectively. While the bond
lengths of Cs—-H,,, C4—H,5, and C¢—H,¢ were found to be
1.083 A, the bond length of Cy—H,; was found to be 1.081 A
Also, the imidazole ring has a single C—C bond with a bond
length of 1.369 A (C,6—C,2)- The C-N bonds in the structure
are as follows: N,—C,, N,—C;, Ny—C,;, N5-C, |, and N5-C,5.
The bond lengths of these C-N bonds are 1.424, 1.385,
1.374, 1.312 and 1.376 A, respectively. The C atoms in the
imidazole ring make C,,-H,g, C;—H,q and C,,~H,, bonds
with H atoms. While the C,,—H,5 bond length was found
1.077 A, the bond lengths of both C;,—H,¢ and C,—H,,
were found 1.079 A. The bond length of the O,—C; bond
that connects the phenyl ring with the methoxy group is
1.362 A. When the bond lengths of 1-(4-methoxyphenyl)-
1H-imidazole are compared with that of 2-chloro-1-(4-
methoxyphenyl)-4,5-dimethyl-1H-imidazole (CLMPDI), it
is seen that the bond lengths are very close to each other
(Thomas et al. 2018). Also, the bond angles of the title
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molecule and 2-chloro-1-(4-methoxyphenyl)-4,5-dimethyl-
1H-imidazole (CLMPDI) are very close to each other. The
reason for the small difference is that in Thomas et al. 2018,
the chlorine (Cl) atom is attached to the C,; atom and CH3
(methyl)group is attached to the C,, and C,, atoms in the
title molecule. The terms of root-mean-square deviations
(RMSD) values were calculated for comparisons of bond
lengths and angles. This value for bond lengths was obtained
to be 0.0136. (Thomas et al. 2018). The RMSD value for the
bond angles was found to be 0.527.

Assignment of vibrational spectra

The recorded FT-IR, FT-Raman wavenumbers, and theoreti-
cal scaled values are given in Table 2. Total energy distri-
bution (TED) was calculated and fundamental vibrational
modes were assigned by their TED (Erdogdu 2010). Also,
the experimental FT-IR and FT-Raman spectra are shown in
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Table 1 Optimized geometrical parameters of 1-(4-methoxyphenyl)-
1H-imidazole obtained by DFT/B3LYP/6-311++G(d,p) basis
set in comparison with geometrical parameters of 2-chloro-1-(4-

methoxyphenyl)-4,5-dimethyl-1H-imidazole (CLMPDI) (Thomas
et al. 2018)
Parameters Bond Lengths (A) Parameters ~ Bond angles (°)
Calc CLMPDI* Calc CLMPDI?
0,-C, 1.362  1.389 C,—0,-C;; 118.67 -
0,—Cy;3 1.422  1.455 C,—N,-C,, 127.00 126.4
N,-C, 1.424 1.436 C/—N,-C,; 126.84 1279
N,-Cyy 1.385 - C,-N,—C;; 106.15 -
N,—C, 1.374 - C;-N;-C;, 105.39 -
N;-Cy; 1.312 - C,—C,—C; 120.28 -
N;-C), 1.376  1.408 C,—C,—C¢ 12032 -
C,—Cs 1.399  1.401 Cs—C,—C¢ 119.39 119.9
C,—Cq 1.392  1.394 C,—Cs—Cq 120.28 120.1
Cs—Cq 1.385 1.389 C,—Cs-H;, 119.69 119.5
Cs-Hy, 1.083 1.081 Cg—Cs-H;, 120.02 1204
Ce—Cy 1.396  1.398 C,—Cs—Cy 120.62 1204
Ce-His 1.083 1.081 C,—CsH;s 119.73 1195
C,—Cq 1.401 1.402 Cy—C¢-H;5 119.64 —
C,—C, 1.397  1.399 0,-C-C4 11581 1154
Cs—Hg 1.083 1.080 0,-C-C, 124.68 124.2
Cy-H,, 1.081 1.079 Cs—C,—Cy 119.49 120.3
Cio-Ci2 1.369 1.378 Cs—Cg—C, 120.37 119.8
C,o-His 1.077 - Cs—Cg-H,c 12098 121.5
C,;-Hy 1.079 - C—Cg-H,, 118.65 118.7
C,-Hy 1.079 - Ce—Cy—C, 119.83 1194
C,;-H,, 1.095 1.092 Ce—Cy-H;; 118.99 1194
C3-Hy, 1.095 1.092 C—Cy-H;; 121.18 1212
Ci3-Hys 1.089 - N,-C,;—C;, 105.71 —
RMSD 0.0136 N,—C,;-H;s 121.72 —
C,—Cy-H;g 13253 —
N,-C,,-N;  112.17 113.1
N,-C,,-H,y 121.69 -
N;-C,-H,, 126.11 -
N;—C,—C,, 110.57 -
N;—C,-H,, 121.53 -
CiyCip-Hyy 127.89 —
0,-C;;-H,, 111.37 -
0,-C;5-H,, 111.37 111.1
0,-C;5-H,; 105.80 105.0

H,-Cj;-H,, 109.56 110.1
H,-C ;-H,; 109.32 109.8
H,,~Cj;-H,; 10932 109.8
RMSD 0.527

RMSD: Root-mean-square deviation
A:Angstrom, °: degree
2Taken from Ref. (Thomas et al. 2018)

Fig. 3. The theoretical wavenumber values are higher than
the experimental values due to the use of a one-particle basis
set and the electron correlation incomplete. Therefore, a
scale factor is used to accommodate theoretical and experi-
mental values. In this study, a scale factor of 0.983 was used
for wavenumbers below 1800 cm™! for theoretical values
(Govindarajan et al. 2015), while a scale factor of 0.955 was
used for wavenumbers above 1800 cm™" (Celik et al. 2020).

The C-H stretching vibrations for heteroaromatic mol-
ecules appear in the range of 3100-3000 cm™". Besides, in-
plane and out-of-plane C-H bending vibrations occur in the
region of 1000—1300 cm™" and 750-1000 cm™, respectively
(Erdogdu et al. 2010; Govindarajan et al. 2015; Saalem et al.
2011). The C—H stretching vibrations for phenyl and imida-
zole rings of the title molecule were observed at 3127 cm™!
(vw, IR)/3128 cm™! (vw, Ra), 3106 cm™! (m, IR)/3107 cm™"
(vw, Ra), 3060 cm™' (vw, Ra), 3041 cm™' (vw, Ra), and
2960 cm™! (vw, IR) in the FT-IR and FT-Raman spec-
tra. The C-H stretching vibrations were calculated at
3125 cm™', 3099 cm™!, 3092 cm™, 3063 cm™, 3055 cm ™,
3042 cm™!, and 3040 cm™!. In a previous study, FT-IR,
FT-Raman, and DFT simulations analysis of 4-(4-Fluoro-
phenyl)-1H-imidazole were performed. In that study, the
fluorophenyl C—H stretching vibrations were observed at
3056 cm™', at 3004 cm™" in the FTIR and at 3070 cm™,
at 3005 cm™! in the FT-Raman, respectively (Erdogdu et al
2013). In the other study, the C—H stretching vibrations in
the imidazole ring of 4-phenylimidazole were found at 3163
and 3135 cm™! (Giilliioglu et al. 2011).

The C-H stretching vibrations for methyl and methyl-
ene groups define in between 2800 cm™! and 3000 cm™!
(Sarikaya and Dereli 2013). The symmetric stretching vibra-
tions were observed at 2837 cm™! (w, IR)/2838 cm™! (vw,
Ra) in experimental spectra and at 2871 cm™ in theoreti-
cal calculation for the title molecule. In another study, the
C-H stretching vibrations of the methyl group for 7-meth-
oxy-4-methylcoumarin were determined at 2902 cm™! and
2855 cm™! in the FT-IR spectrum (Sarikaya and Dereli
2013). The antisymmetric C-H stretching vibrations of
methyl group of 1-(4-methoxyphenyl)-1H-imidazole were
determined at 2996 cm™' and 2928 cm™!, theoretically. This
vibration was observed at 2960 cm™' (vw, IR) in the FT-IR
spectrum. While the CH; antisymmetric stretching vibra-
tions for 7-methoxy-4-methylcoumarin were observed at
3001 em™', 2954 cm™!, 2951 cm™! in the FT-IR spectrum,
these bands were observed at 3000 cm™! and 2951 cm™! in
the FT-Ra spectrum (Sarikaya and Dereli 2013).

The methyl group contains symmetric and asymmetric
bending vibrations according to the in-plane and out-of-
plane bending of the C-H bonds (Sarikaya and Dereli 2013).
These modes were calculated at 1450 cm™' as symmetric, at
1478 cm™! and 1467 cm™! as asymmetric modes. The sym-
metric and asymmetric bending vibrations were observed at
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Table 2 Calculated vibrational wave numbers at DFT/B3LYP/6-311 ++ G(d,p) basis set, observed IR and Raman frequencies, and their assign-
ments with potential energy distribution (%) for 1-(4-methoxyphenyl)-1H-imidazole

Mode Calculated Observed TED®
Fre Fre* I° TP IR Raman
1 53 52 0.69 10000 - - 54T exce + 14T coce + 1T coen
2 61 60 0.13 48.83 - - 54T exee + 18T cnen
3 96 94 0.63 12.62 - - 30T e + 18T ener + 18T coce + 13T cocn
4 110 108 1.54 431 - 120's 16T cyee + 300 coee + 21T cocn
5 196 193 0.17 2.03 - - 120 ceee + 12T ence + T ecn + 18T coce + 19T cocn
6 235 231 0.69 423 - - 10T cyee + 10T cyen + 33T cocn
7 253 248 0.19 1.50 - - 10T ccce + 1T cpee + 44T cocn
8 308 303 0.20 5.10 - - 126¢nc + 130 cyee + 10T cyen
9 394 387 0.38 1.80 - - 22T cnee + 15T enerr + 120 coce + 14T cocn
10 428 420 0.19 0.66 - - 16T ccce + 18T e + 12T enee + 12T coce
11 433 425 0.19 0.18 - 423vw 26T cece + 19T ceen + 13T enee + Ul cpce
12 497 488 0.19 0.72 - - 136c0c + Ul ceen
13 546 537 6.72 0.05 - - 16T ccce + 34T cecy + 1T enee + 10T o
14 621 610 7.81 0.33 612s - 146 0¢¢ + 138 0¢p + 14T enee + 120 enen
15 630 619 1.76 0.41 - 622vw 300 cnvce + 21T ener + 14T cyew
16 658 647 1.35 1.97 - 647vw 108ccc + 1080y + 22T cyee + 200 cney + 13T cnvew
17 674 662 5.81 0.40 662 s 664vw 28T cnee + 28T cner + 21T cnew
18 733 721 0.32 0.45 - - 29T cece + 270 cecy + 1T enee
19 735 723 10.45 0.82 759 s - 65T cner + 1T yeen
20 813 798 1.08 7.82 - 799w 106y + 15T cecy + 22T enen
21 815 801 9.72 0.12 - - 29T cecnr + 35T enen
22 818 804 3.19 0.16 - - 30 ceen + 39 even
23 850 835 15.71 0.05 822vs 839vw 320 ceen + 15T ever + 1T cocn
24 867 852 143 030 873w - 9T ence + 51T enen + 22T ween
25 916 900 3.03 0.33 909w - 1200y + 1180y + 206 cn¢ + 166 cny
26 946 930 0.13 0.04 931w - 25T ceen + 130 enen
27 971 954 0.02 0.05 - - 38T ceen + 1T enen + 10T coc + 21T e
28 981 964 439 5.82 961w 966w 130¢c + 1480c¢ + 17800 + 228 ene
29 1026 1008 0.19 030 - - 130¢c + 2680¢¢ + 31800y
30 1057 1039 13.34 041 1027 s - 19000 + 1080cc + 128001
31 1072 1053 33.52 0.58 1059 s - 1900y + 2080057 + 128 0ye + 238 o
32 1118 109 223 0.69 - 120¢¢ + 30800y + 228 enp
33 1131 1112 3.8 0.09 1109 m 110vw 12000 + 49800y
34 1145 1125 3.85 1.14 - - 2Tvey + 1780y + 178
35 1167 1147 023 0.40 - - 408 cop + 12801 + 13T coce + 27 cocn
36 1192 1171 7.20 2.11 - - 120¢¢ + 526¢cn
37 1202 1181 3.48 0.87 1190w 1189vw 14600y + 30800 + 10840 + 17 coc
38 1262 1241 34.68 0.45 1241's - 176¢cn + 2680ny
39 1276 1254  48.74 0.69 - 1257vw 1980y + 188cyy
40 1284 1262 2991 0.55 - - 1600y + 44800y
41 1325 1303 13.87 7.37 1301 m - ogee+150ey + 37800y + 138
42 1333 1310 0.5 470 1321w 1312w Hoey + 44800y
43 1348 1325 8.03 041 - - 23vec + 196 ¢cy + 12805
44 1399 1374 1.14 14.48 - 1363vs 130¢c+2Tvey + 28800y
45 1454 1429 043 0.74 - - 1900y +378¢cy
46 1476 1450 266 0.58 - - 186¢cx + 2784 + 30600
47 1493 1467 321 1.44 - - 278 yen + 108005 + 24T cocn
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Table 2 (continued)

Mode Calculated Observed TED®
Fre Fre® IR° | IR Raman
48 1504 1478 15.71 0.39 1460 m 1450vw 4260 + 146005 + 23T cocn
49 1508 1482 1670 3.07 - 1485vw 1900y + 21800y + e + 270 enp
50 1534 1508 14.48 1.47 - - 14vce + 1300y + 18800y + 248 e + 278
51 1547 1520 100.00 3.99 1516vs 1520vw 150cc + 376y
52 1619 1591 3.59 0.84 1590w 1592vw  27vpe + 126000 + 2480
53 1654 1626 5.78 15.47 1609w 1612 m 280¢c + 1484 + 36800y
54 3006 2871 18.25 3.82 2837w 2838vw 900,y
55 3066 2928 11.71 1.19 - - 8locy
56 3137 2996 6.64 2.64 2960vw - 8locy
57 3183 3040 2.43 0.53 - - 780y
58 3186 3042 1.15 1.01 - 3041vw TTocy
59 3199 3055 0.69 2.49 - - 8locy
60 3208 3063 143 1.89 - 3060vw 780y
61 3238 3092 1.78 2.05 3106 m 3107vw 780y
62 3245 3099 0.19 0.80 - - 7Ty
63 3272 3125 0.30 1.45 3127w 3128vw T3vcy

v: stretching, 6: in-plane bending, I': torsion, s: strong, m: medium, w: weak, v: very

aScaled wavenumbers calculated at B3LYP/6-311 + + G(d,p) using scaling factors 0.983 for the wavenumber less than 1800 cm™' (Govindarajan

et al. 2015)and 0.955 above 1800 cm‘l(Celik et al. 2020)

PRelative absorption intensities and relative Raman intensities normalized with highest peak absorption equal to 100

“Total energy distribution level (TED) less than 10% are not shown

1460 cm™! (m, IR) and, 1450 cm™! (vw, Ra), respectively.
While the asymmetric bending vibration for 7-methoxy-
4-methylcoumarin was observed at 1456 cm™!, 1441 cm™!
in the FT-IR spectrum, the symmetric bending vibration
was observed at 1422 cm™', 1384 cm™', and 1376 cm™! in
the FT-IR and FT-Ra spectra (Sarikaya and Dereli 2013).
The in-plane rocking vibration that occurred in the methyl
group molecule was determined at 1147 cm™" from theoreti-
cal calculations. The out-of-plane rocking vibration for the
methyl group was calculated at 1190 cm™' and observed
at 1181 cm™! (w, IR)/1189 cm™! (vw, Ra) in experimen-
tal spectra. The in-plane-rocking and out-of-plane-rock-
ing vibrations of CH; for 7-methoxy-4-methylcoumarin
were observed at 1153 ecm™', 1038 cm™', and 1134 cm™!,
979 cm™~! in the FT-IR spectrum (Sarikaya and Dereli 2013).

The in-plane CCH bending modes of phenyl and imida-
zole rings were found at 1310 cm™!, 1254 cm™!, 1241cm™!,
1171 em™, 1112 em™', 1099 ¢cm™', 1053 cm™', and
1008 cm™! from the theoretical calculations for the title mol-
ecule. These modes are observed at 1257 cm™! (vw, Ra),
1241 cm™! (s, IR), 1109 cm™! (m, IR)/1110 cm™! (vw, Ra),
and 1059 cm™! (s, IR). The in-plane CCH bending modes
of 4-phenylimidazole were observed in FT-IR as well as in
the FT-Raman spectrum at 1309, 1183, 1157, 1062 cm™! and
1310, 1181, 1154 cm™! [25]. In the experimental FT-IR and
FT-Ra spectra, the mixed out-of-plane bending modes for

1-(4-methoxyphenyl)-1H-imidazole were observed at 822
(vs, IR)/839 (vw, Ra), and 759 (s, IR). Also, these modes
were found at 835 cm ™! and 723 cm™! theoretically. Besides,
the out-of-plane C—H bending vibration for 4-phenylimida-
zole was found at 895 cm™"! in the FT-IR spectrum and these
vibrations were calculated to be 822 cm™! and 799 cm™! in
theoretical calculations (Giilliioglu et al. 2011).

The C-C and C=C stretching vibrations in the aromatic
molecule rings are found in the range of 1650-1200 cm™!
(Celik et al. 2020). The C=C stretching vibration in the imi-
dazole ring of the title molecule was calculated at 1508 cm™".
Also, these vibrations in the phenyl ring were found to be
1626 cm™', 1591 cm™, 1374 cm™', and 1325 cm™". In the
experimental spectra, C—C and C=C stretching vibrations
were observed at 1609 cm™" (w, IR)/1612 cm™! (m, Ra),
1590 cm™! (w, IR)/1592 cm™! (vw, Ra), 1363 cm™' (not
observed, IR)/1363 cm™" (vs, Ra), and 1301 cm™" (m, IR)/
(not observed Ra). While fluorophenyl ring C—C stretching
bands of 4-(4-Fluoro-phenyl)-1H-imidazole are observed
at 1608 and 1563 cm™! in FT-IR, the imidazole ring C-C
stretching vibrations was observed in FT-Raman at 1513,
1293 cm™! (Erdogdu et al. 2013).

The C-N stretching vibrations are generally found at
1342-1266 cm™! (Srivastava et al. 2016). These vibrations
of the title molecule were defined at 1374 cm™, 1310 cm™,
1303 cm™', 1262 cm™', 1125 cm™', and 1053 cm™".
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Fig.3 Experimental FT-IR (a) 1,2 -

and FT-Raman (b) spectra of
1-(4-methoxyphenyl)-1H-imi-
dazole
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According to experimental spectra, the C-N stretching vibra-
tions were indicated at 1363 cm-1(vs, Ra), 1321 cm™! (w,
IR)/ 1312 cm™" (w/Ra), 1301 cm™" (m, IR), and 1059 cm™!
(s, IR). According to Giilliioglu et al. 2011, the C-N stretch-
ing vibration appeared at 1395 cm™! for 4-phenylimidazole
(Giillioglu et al. 2011). These vibration for 4-(4-Fluoro-
phenyl)-1H-imidazole was observed at 1459 cm™!,
1406 cm™', 1313 cm™', 1277 cm™', and 1113 cm™" in the
FT-IR and at 1464 cm™, 1403cm™", 1312 cm™, 1277 cm™!,
and 1111 cm™" in the FT-Raman (Erdogdu et al. 2013).

The C-O stretching vibration mode of
1-(4-methoxyphenyl)-1H-imidazole was calculated at
1039 cm™! and observed at 1027 cm™! as a strong band in
the FT-IR spectrum.

'H and *C NMR analysis

"H NMR analysis provides information on the amounts of
a number of protons as well as the nature of the immedi-
ate environment of these protons. '*C NMR analysis gives
structural information about the different carbon atoms in
the molecules. The experimental and computer calcula-
tion techniques for NMR analysis are widely used together

@ Springer
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to better understand and interpret the structure of mol-
ecules (Uzun et al. 2019). In the theoretical calculation for
'H and '3C NMR analysis of the title molecule, the den-
sity functional theory (DFT/B3LYP) method using the
6-311+ G(2d,p) basis set with the GIAO method has been
selected as a computational method (Subashini and Peri-
andy 2016). The experimental chemical shifts of hydrogen
atoms of the 1-(4-methoxyphenyl)-1H-imidazole in chlo-
roform were determined as follows: 'H NMR (300 MHz,
CHCI3) &/ppm: (14H-15H) 7.29, (16H-17H) 7.00, (18H)
7.32, (19H) 7.78, (20H) 7.00, (21H-22H-23-H) 3.85. Theo-
retical chemical shift values relative to TMS were found as
follows: (14H) 7.74 ppm, (15H) 7.62 ppm, (16H) 7.31 ppm,
(17H) 7.12 ppm, (18H) 7.36 ppm, (19H) 7.74 ppm, (20H)
7.31 ppm, (21H-22H) 3.80 ppm, and (23H) 4.10 ppm. In
13C NMR analysis, the chemical shift signals of carbons
in the organic molecules are observed in the range of
100-160 ppm. The experimental chemical shifts of carbon
atoms in chloroform of 1-(4-methoxyphenyl)-1H-imidazole
were determined as follows: *C NMR (300 MHz, CHCI3)
&/ppm: Also, theoretical chemical shift values for carbon
atoms relative to TMS were determined as: (4C) 137.25,
(5C) 129.59, (6C) 129.21, (7C) 166.17, (8C) 122.87, (9C)
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113.3, (10C) 124. 65, (11C) 141.25, (12C) 135.83, (13C)
55.37. According to these results, experimental and theo-
retical chemical shift values of 'H and '*C NMR for the
title molecule are in good agreement with each other. (See
Fig. 4 aand b).

HOMO-LUMO analysis

The electron donation and acceptance abilities of a mol-
ecule are determined according to HOMO and LUMO
molecular orbital energy values. While HOMO is the
highest energy molecular orbital occupied by electrons,
LUMO is the lowest energy molecular orbital not occupied
by electrons (Yazici et al. 2011; Ebrahimi et al. 2013).
Chemical reactions take place by transferring electrons
in the HOMO molecular orbital to the LUMO molecu-
lar orbital (Mumita et al. 2020). HOMO and LUMO
molecular orbitals have an important role in electronic
and optical properties (Demircioglu et al. 2015). Also,

these molecular orbitals provide information on biologi-
cal mechanisms in pharmaceutical studies (Kumar et al.
2018). Chemical properties of a molecule such as chemical
hardness, chemical potential, reactivity, kinetic stability,
chemical softness, electronegativity, electrophilicity, and
optical polarizability can be explained by these molecular
orbitals. According to HOMO and LUMO energy values
of a molecule, the ionization potential, electron affin-
ity, global hardness, chemical potential, electronegativ-
ity, and global electrophilicity can be calculated follows:
I'=~Eyomo, A= —Erymo» 1= (_EHOMO + ELUMO) / 2,
He = (EHOMO + ELUMO)/2 , X¥=—H. and o= “3/2'7
(Kumar et al. 2019; Gece et al. 2012).

The HOMO and LUMO energy values of the title mol-
ecule in the gas phase and in water solvent were calculated at
the B3LYP/6-311 4+ g (d,p) level and are given in Table 3
with the energy values of other chemical properties. While
the HOMO and LUMO molecular orbital energy values in
the gas phase were obtained as —6.27 eV and — 1 eV, these

e IH NMR BC NMR
L,LL ol L ]
O TR T TR IR TR T . P 200 190 10 140 120 100 % 6 4 20 0 pm
(ppm) (ppm)
IH NMR BBC NMR
1‘ X N
204 O KW K ®
114
8 ;
s -
H THEN AT~ P M H o
2104 | 2
8 3
-
10 a1
[ Y n [£] E‘l 0 1'4 },ﬂ 1‘0 0‘0 w0 L & L;'l L l) L) © ] L]
Sttt (ppe) Sttt (ppe)
(a) (b)

Fig.4 Experimental and theoretical a 'H and b '*C NMR spectra of 1-(4-methoxyphenyl)-1H-imidazole
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& 5 < = energy values in water solvent were calculated as — 6.32 eV
o . .
§ 3 g | o IS N and — 0.90 eV, respectively. While the HOMO energy
o = decreased with the increase of the dielectric constant, the
S 'S — .
2o " ] 3 LUMO energy increased. The HOMO-LUMO ener a
SE> b < 9 gy gy gap
Oas i« values in the gas phase and in water solvent were found to
é > e 5 be 5.27 and 5.42 eV, respectively. According to a study in
= e e e the literature, HOMO-LUMO energy gap values in different
- % w - w solvents were found to be higher than the energy value in the
S E PE Pl 3 gas phase, and also support our study (Celik et al. 2017). As
©= * aresult, the energy gap value of the title molecule increased
£ © < B depending on the increase in the dielectric constant. Also,
- |8 3] [} 3} P g
5| &€~ . . . .2 . . .
g |5 % [ the ionization potential value of the title molecule in the
2] —- 2 . .
Z|8~ 4 = = water increased. This means that the transfer of electrons
% E § ﬁ ﬁ o from HOMO to LUMO is easier in the gas phase. According
S |0 & * ! < to these ener ap values, we can say that the title molecule
% S gy gap y
gl IS v Q 3 5 does not have high reactivity and that this molecule is a
ol - A A @ @ g hard structure. Also, the values of ionization potential (/),
o Q — . o .
b |ES L electron affinity (A), global hardness (77), electronegativit
© 8 - - - = y g n g y
% E <z 2 2 2 ol (¥), chemical potential (uc), global electrophilicity (@) were
Q = ® = found as follows: 6.27, 1, 2.64, 3.64, — 3.64 and 2.51 eV
E Z _ _ © = for the gas phase, and 6.32, 0.9, 2.71, 3.61, — 3.61 eV, and
a s 5 o o« g 2.41eV f
5 e | « - o .41 eV for the water solvent.
= 1 ¥ =) C . .
3 £ - 2 The HOMO and LUMO distributions of the molecule are
= Q
g s2 T 8 g < given in Fig. 5. According to the HOMO distribution of the
g o= x| < o o %) molecule, it is seen that the electron density is distributed
(5]
o | & = over almost the entire molecule. On the other hand, LUMO
= | E = ] E . . . ’
Z e s |2 S 3 B is mostly distributed on the phenyl ring.
= | £ % 3 y phenylring
RS g The simulated density state spectrum (DOS) is shown in
TE § 4 = 2 2 Fig. 6. This spectrum gives states of molecular orbitals at
—_ — 5] . . . .
g | = < * < < = different energy levels and helps to estimate optical transi-
3 g gy p P
g o = = 2 tion probabilities. The molecular orbitals were calculated
g = s | < < Z ‘B using Mulliken population analysis and the DOS spectrum
g2 % g g pop Yy P
ERER: 2 was created. The blue lines in this spectrum allow us to see
g S = . . . .
ElZ28g 8 2 5 5 virtual orbitals better, while the green lines allow us to see
i;» Sals [© T g occupied orbitals better (Celik et al. 2020).
2 a I I a
A ]
o | % 5 UV-Vis spectrum analysis
=} >
222 58 % 3 |3
S1E73 Goow S = : .
) - #* = The ultraviolet spectrum analysis of the 1-(4methoxyphenyl)-
> - .. . .
20 3 1H-imidazole was researched by theoretical and experi-
) z : 2 y p
) o 7 7 © mental. The electronic absorption spectrum was meas-
i T ¢ g ) .
g = = = e ured in DMSO. The theoretical absorbance values for
= S R 3 -
= < < < 3 § the title molecule were computed by using the DFT/
| = .
% SR E 23 B3LYP/6-311 ++ G(d,p) theory level. The experimen-
Sls ¢ | C|5 \‘|> C|5 = CI5 'é. e 8 tal and theoretical UV spectra are given in Fig. 7, and the
% c ¥ g & i experimental and calculated wavelengths, excitation ener-
E;' %ﬁ (E % § g i 7 2 f gies, oscillator strengths, and major contributions are listed
= |5 % T T TS ) 8 2 in Table 4. The measured experimental spectrum shows an
é = % TE intense and broad-centered band at approximately 298 nm.
&= ;f " % ; % According to the DFT calculation, two absorbed bands are
[a2] — .
2 8 E - Q % g) 3 found at 200.52 nm and 249.16 nm. The absorbed band is
S 0 . o . .
e s @ T T : as! : ool g;!'u calculated at 200.52 nm with an oscillator strength f=0.2655
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Fig.5 The calculated energy
values in the gas phase of the
Highest Occupied Molecu-
lar Orbital (HOMO) and the
Lowest Unoccupied Molecu-
lar Orbital (LUMO) of the
1-(4-methoxyphenyl)-1H-imi-
dazole

Eg=5.27eV

which transition is due to the contributions of HOMO/
LUMO + 6, HOMO-2/LUMO, HOMO-2/LUMO + 1. As can
be seen from Table 4, the contribution to the charge transi-
tion in 249.16 nm with an oscillator strength f=0.5511 is
from the HOMO/LUMO and HOMO/LUMO + 1.

Molecular electrostatic potential

The molecular electrostatic potential is a powerful electronic
density tool used to determine electrophilic and nucleophilic
reaction regions and understand hydrogen bond interactions
(Kumar et al. 2019; Saravanan et al. 2015). The MEP sur-
face explains the neutral, negative and positive electrostatic

:;-zs y

LUMO
First Exited State

HOMO
Ground State

g W

AE=5.85eV

‘,)

potential with a color band that includes red, orange, yellow,
green, and blue. While the red color is used to determine the
negative electrostatic potential region on the MEP surface,
the dark blue represents the positive electrostatic potential
region. The yellow color represents the less negative poten-
tial region than the red color. The green color represents the
neutral regions compared to the red and dark blue regions,
while the light blue region represents the less positive poten-
tial region than the blue region (Mumita et al. 2020; Sara-
vanan et al. 2015). Figure 8 shows the molecular electrostatic
potential (MEP) map created for 1-(4-methoxyphenyl)-
1H-imidazole. The electrophilic region (negative) is local-
ized on the N, atom in the imidazole ring. Especially, the C

Fig.6 The simulated density 5 oS
spectrum
of states spectrum (DOS) of Occupied Orbitals —
1-(4-methoxyphenyl)- 1H-imida- Virtual Orbitals |*]
zole. The spectrum lines allow 4 k ) | ‘ 4
us to see occupied and virtual _ i |
orbitals more, respectively Eruvmo=-1eV : " ? ) |I' IJ A
; i | |/
| J
3F J |‘ ’ v |
| |
L p h |
| / L,
| ﬁ“’c P
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Fig.7 Experimental and calculated UV visible

1-(4-methoxyphenyl)-1H-imidazole

spectra  of

Table 4 Experimental and calculated wavelengths, excitation ener-
gies, oscillator strengths and major contributions in DMSO for
1-(4-methoxyphenyl)-1H-imidazole

Exp. A (nm) DFT/B3LYP/6-311+ +G(d,p)
A(mm) E (V) f

Major Contribu-
ions

u
Symmetry

298 249.16 498  0.5511 SinglettA H—L,H—L+1

- 200.52 6.18  0.2655 SinglettA H—L+6,
H-2—1L,
H-2—-L+1

H: HOMO, L: LUMO, A:wavelengths, E: Energy, f:oscillator
strengths

Fig. 8 Molecular electrostatic
potential surface map for
1-(4-methoxyphenyl)- 1H-im-
idazole. This map allows us
to visualize variably charged
regions of the title molecule

-0.06044
arbitrary unit

@ Springer

atom and the H atoms in the methoxy group and the other H
atoms are located in the less positive potential region. The
O atom in the methoxy group and the carbon atoms in the
imidazole and phenyl ring are in the yellow region. In this
case, we can say that these atoms are in the less electronega-
tive region (Fig. 10).

In addition, a two-dimensional contour map of
molecular electrostatic potential surface values for
1-(4-methoxyphenyl)-1H-imidazole was designed (see
Fig. 9). In this two-dimensional map, the all molecule is in
the less negative potential region.

Thermodynamic properties

Basic thermodynamic properties such as entropy (S),
enthalpy changes (AH), heat capacity (Cp), Gibbs free
energy (G), and zero-point vibration energy were cal-
culated at the 6-311 ++ g(d, p) basis set under constant
pressure in the gas phase for different temperature values.
Thermodynamic properties were calculated in the tem-
perature range of 100-1000 K. The zero-point vibration
energy is constant at all temperatures and this property
of the molecule is characteristic. The zero point vibration
energy of 1-(4-methoxyphenyl)-1H-imidazole was found
to be 481.59 kimol~!. The values of entropy, heat capac-
ity, and enthalpy changes for the title molecule showed a
rise with increasing temperature. The change in entropy
and enthalpy that occur with the increase in temperature
shows that the structure changes its thermodynamic sys-
tem. The G is defined by the formula given below (Celik
et al. 2020; Junchao et al. 2018):

G=H-TS (1)

where H, T, and S are enthalpy, temperature and, entropy,
respectively. Enthalpy (H) can be expressed as

0.06044
arbitrary unit
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Fig.9 Two dimensions

contour map of molecular
electrostatic potential surface
values (all in arbitrary unit) for
1-(4-methoxyphenyl)-1H-imi-
dazole. The region around the
oxygen and nitrogen atoms were
found to be slightly electron rich

Fig. 10 Thermodynamic
properties (heat capacity,
entropy enthalpy changes

and Gibbs free energy) of
1-(4-methoxyphenyl)-1H-imida-
zole as function of temperature
in the range 100-1000 Kelvin at
constant pressure

Table 5 Thermodynamic
properties of
1-(4-methoxyphenyl)-
1H-imidazole at different
temperatures at DFT/B3LYP/6—
311 ++G(d,p) basis set

H=E+PV

where E, P and V are internal energy, pressure, and volume,

respectively. Therefore;

2845
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-0.001
-0.002
0.02 -0.004
o.0a -0.008
o.o8 o7 Y -0.02
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N y\ 74 O-.2
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-0.08 3 1
-0.04 \\ '13
-0.02
9200
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=
2. 600
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2
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g
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=
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T
= 100
)
0 —— o
-100
100 200 300 400 500 600 700 800 900 1000

Temperature (K)

—=—Heat Capacity —-—Entropy Entalphy Changes —=—Gibbs Free Energy

TK) 0, dmol ' K™) S0 mol” K™  AH(Kmol™)  AG,,,(Kmol™) ez (kimol™)
100 70.66 304.25 1.32 456.73 481.59
200 118.02 372.92 3.75 422.76 481.59
300 174.92 43471 6.84 382.40 481.59
400 23130 495.28 12.50 335.92 481.59
500 27970 554.12 18.82 283.46 481.59
600 318.99 610.24 26.18 225.26 481.59
700 350.69 663.26 34.39 161.54 481.59
800  376.56 712.85 4329 92.82 481.59
900 398.01 759.46 52.74 19.23 481.59
1000 416.00 803.20 62.67 - 58.84 48159

C;)’m : Heat capacity,S° : Entropy, AH" : Entalphy changes,G,,,:

orr. Gibbs free energy.e,pp: Zero point energy

2 G=E-TS+PV 3)

In solid and liquid phases, at atmospheric pressure the
value of PV is far less than the Gibbs free energy value,
so PV can be neglected.
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G=E-TS )

The value of Gibbs free energy decreased because of
the rise of molecular vibrations and entropy depends on
increasing temperature. Thermodynamic properties at dif-
ferent temperatures are listed in Table 5 and are presented
Fig. 10.

Fukui Functions

The Fukui function is one of the most basic and com-
mon reactivity indicators used to determine the reactive
regions of the molecule. The Fukui function is defined as
the change in the density function of the molecule as a
result of adding or removing some amount of electrons to
the molecule under the constraint of a constant external
potential (Demircioglu et al. 2015; Ayers and Parr 2000).
The Fukui functions are calculated using a finite-differ-
ence methodology for the neutral, cationic, and anionic
states of the structure in the same molecular geometry.
The Fukui functions of the molecule for three states are
defined as follows:

T

qi(N) — q,(N — Dfor electrophilic attack (5)

e = a(N) — (N — )for nucleophilic attack (6)
= 1/D)[q(N + 1) = q,(N — 1)] for neutral (radical) attack
(N
In these equations, g, defines the atomic charge at the
rth atomic site and N, N+ 1, and N — 1 are the total number
of electrons in the neutral, anion, and cation state of the
molecule, respectively (Sethi et al. 2016; Pilepic and Urslic
2001). The dual descriptors Af(r) provide an evident differ-
ence between the nucleophilic and electrophilic attacks at
a particular site with their signs. The dual descriptor from
Fukui functions is calculated by the following formula;

Af(r) =f () —f (0

When Af(r) > 0, the site is favored for a nucleophilic
attack, whereas when Af(r) <0, the site is favored for an
electrophilic attack (Sheeba et al. 2021).

The dual descriptor positive values are in the following
order: C9>N3>C8>C12>01>C11>C7>N2>C4>H2
0>H19>C5> C6. The negative dual descriptor values are
in the following order: C10>H23>H21>C13>H22>HI1
7>H15>H14>HI13. The data for the Fukui functions are
given in Table 6. Figure 11a shows electrophilic and nucleo-
philic regions calculated from the dual descriptors. Also,
Fig. 11b presents a graphical view of the Fukui function for
1-(4-methoxyphenyl)-1H-imidazole.

@ Springer

Table6 Condensed Fukui functions calculated from Hirshfeld
charges for 1-(4-methoxyphenyl)-1H-imidazole

Atoms fr f 10 Af(r)

0O, 0.075 0.009 0.042 0.066
N, 0.034 —0.004 0.015 0.038
N, 0.062 -0.199 —0.069 0.261
Cy 0.051 0.018 0.034 0.033
Cs 0.035 0.032 0.034 0.003
Ce 0.041 0.039 0.040 0.002
C, 0.058 0.016 0.037 0.042
Cq 0.051 —-0.130 —-0.039 0.181
Cy 0.599 —-0.511 0.044 1.110
Cyo 0.060 0.422 0.241 - 0362
(O 0.073 0.013 0.043 0.060
Cp 0.106 0.025 0.066 0.081
(O 0.022 0.098 0.060 -0.076
Hy, 0.023 0.044 0.034 -0.021
H;s 0.024 0.059 0.042 -0.035
Hi¢ 0.031 0.047 0.039 -0.016
H,, 0.029 0.075 0.052 -0.046
Hyg 0.029 0.029 0.029 0.000
Hyy 0.033 0.015 0.024 0.018
H,, 0.044 0.022 0.033 0.022
H,, 0.022 0.112 0.067 —0.090
H,, 0.036 0.098 0.067 —0.062
H,, —0.051 0.129 0.039 —0.180

f*: nucleophilic attack, f:electrophilic attack; f°: neutral (radical)
attack, Af(r): dual descriptor

When comparing the results obtained from Fukui func-
tions with the molecular electrostatic potential surface map,
it seems that the data are compatible with each other. We
have stated that the N atoms in the imidazole ring and the O
atom in the methoxy group are in the negative electrostatic
potential region (electrophilic) on the MEP surface. Besides,
it was determined that C atoms in the imidazole and phenyl
rings had lower negative electrostatic potential than N and O
atoms from the MEP surface. Therefore, we can say that the
results obtained from Fukui functions are compatible with
the MEP surface map.

Nonlinear optical properties

Recently, there has been an increasing interest in techni-
cal applications of nonlinear materials. Research of non-
linear optical properties was initially made with inorganic
materials such as quartz, potassium, dihydrogen phosphate,
cadmium sulfide, cadmium selenite, cadmium germanium
arsenite lithium niobate. Nowadays, NLO optical properties
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Fig. 11 According to dual
descriptors calculated from
Fukui functions, electrophilic
and nucleophilic regions of the
title compound (a), Graphi-
cal view of Fukui function for
1-(4-methoxyphenyl)-1H-imi-
dazole (b)
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of organic and organometallic molecules are being investi-
gated (Senge et al. 2007). Molecules with NLO properties
are used in many fields such as telecommunications, data
storage, computers, and imaging technologies. Therefore,
it is very important to investigate new molecules with NLO
properties (Eryilmaz et al.2016). The optical property of a
substance is expressed as the response of electrons in the
structure to exposure to an electric field. The dipole moment
is reshaped in a molecule that is exposed to external electric-
ity. The dipole moment of a molecule interacting with an
external electric field is as follows:

1 1
u(®) = po + afE> + EﬁE2 + gVE3 + .. 8)

where y,, is the permanent dipole moment of the molecule,
o molecular polarity, f first-order hyperpolarizability, y
quadratic hyperpolarizability (Leszczynski et al. 2006).
Hyper polarizability is defined as the quantity that effects
the nonlinear optical properties of the material. The per-
manent dipole moment (¢), the mean polarizability (a),
the anisotropy of the polarizability (Aa) and first-order

hyperpolarizability (f,) values are calculated as follows
(Yamijala et al. 2015; Gunduz et al. 2017):

W=+ e )

1
— (o, — &) + (@, — @) + (o, — @)

V2 | | (10)

1
2 2 2N
+6(ay, +ap, + ;)] 2

Aa =

Bo = [Brxx + Bryy + ﬁxzz)z + By + oy + ﬂyzz)2

1 11
+ (Boe + e + By)’1 2

The nonlinear optical properties for 1-(4-methoxyphenyl)-
1H-imidazole are given in Table 7.

The urea compound is used as a brink value in NLO char-
acteristic analysis and the other structures are compared with
this brink value. The first hyperpolarizability value of urea
is 0.3728 x 10* esu (Celik et al. 2020). This value obtained
for 1-(4-methoxyphenyl)-1H-imidazole is 1.75x 10° esu
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Table 7 The electric dipole

Dipole moment
moment u (Debye), average

Polarizability

First Hyperpolarizability

polarizability a, anisotropy of

i 1.89 a
polarizability Aa (107> esu), 0.028 ©
and first hyperpolarizability f, Hy ) Py
(10‘30esu) of the title molecule H; 0.37 Ayy

u 1.92 a,

a
aZZ
Aa

29.76 P - 1.820 B, -1.59
- 0.262 Py -0.201 By -0.59
18.39 By 0.266 B, 0.39
- 0.082 By - 0.087 Beot 1.75

0.202 B 0.083 B 0.23
12.73 B 0.132
20.29 By -0.327
15.03 B - 0.041
B.y. - 0.309
B 0.635

and this value is approximately 5 times greater than that of
urea. Therefore, we can say that the title molecule has non-
linear optical properties (Celik et al. 2020; Eryilmaz et al.
2016).

Charge analysis

The NBO analysis uses for examining molecular orbitals
that give information about the reactivity of molecules.
It is an effective method to explain the electronic charges
of atoms and the binding potential of a molecule. Atomic
charges affect molecular moment, molecular polarity, elec-
tronic structure, bond types, bond structures, and many other
properties in a molecular system. Therefore, charge density
values are very important to in quantum chemical calcula-
tions (Singh et al. 2018; Yurdakul et al. 2019; Biiyiikmurat
and Akyiiz 2001). Atomic charge distribution analysis was
performed using 6311+ + g(d,p) basis set on the optimized
structure of 1-(4-methoxyphenyl)-1H-imidazole. NBO, Hir-
shfeld, and APT charge values are listed in Table 8 and pre-
sented Fig. 12. The magnitudes of all H atoms in the struc-
ture were found to be positive. According to three charge

analysis types, the O, atom in the methoxy group, the N,, N;
atom in the imidazole ring, and the Cs, C¢, Cg, and C, atoms
in the phenyl ring are electronegative. Carbon atoms that
have positive charge values were found as C,, C;, and Cy;
atoms. All these data are in accord with the results obtained
from the MEP surface and Fukui functions.

Antibacterial and anti-quorum sensing property analysis

In this study, the Inhibition zone in mm of diameter and
minimum inhibitory concentrations (MIC) in mg/mL for the
antibacterial property of the tested compound are summa-
rized in Table 8. The compound showed very high antibacte-
rial activity against all bacteria at 60 mg/ml concentration.
Also, the activity is greater compared to the standard drug
ampicillin. The bacterial inhibition zone diameters of the
compound are 30+ 1 mm for S. epidermidis, S. dysenteriae,
are 25+ 1 mm for S. aureus, B. subtilis, K. pneumoniae, P.
aeruginosa, V. anguillarum, and are 20+ 1 mm for E. feaca-
lis, L monocytogenes, E. coli, S. typhimurium, E. aerogenes.
The results of the MIC of compound synthesized on all bac-
teria are shown in Table 9. The MIC values of the compound

Table 8 Comparison of NBO,

. R Atoms APT NBO Hirshfeld Atoms APT NBO Hirshfeld

Hirshfeld and APT atomic

charges for title compound at 0, - 0.969 -0.539 -0.148 Cp, 0.533  —0.205 0.016

bD;iTS/ E;LYP/ 6-311++G(dp) N, —0.455 - 0413 -0.025 H,, 0058 0217 0.049
N, -0.527 - 0.491 -0.223 H,s 0055 0216 0.048
C, 0314 0.126 0.035 H,, 0057 0221 0.520
Cs -0.012 - 0.191 —0.041 H,, 0052 0214 0.043
Cs - 0.008 -0.188 - 0.043 Hg 0.091 0212 0.051
C, 0.655 0.323 0.072 H,o 0074  0.192 0.053
Cs8 -0.137 —0.224 - 0.047 Ha, 0.056  0.200 0.045
Cy - 0.170 - 0278 - 0.061 H,, 20.032  0.170 0.039
Cio 0.062 —0.074 -0.028 H,, 0.033  0.170 0.039
C, 0.321 0.210 0.054 H,; 0.004  0.194 0.051
Cp, 0.010 —0.066 -0.033

APT: Atomic Polar Tensor; NBO: Natural Bond Orbital
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Fig. 12 Natural Bond Orbital (NBO), Hirshfeld and Atomic Polar Tensor (APT) electron charge distribution for 1-(4-methoxyphenyl)-1H-imida-

zole

Table 9 Antibacterial and
anti-quorum sensing activities
of the 1-(4-methoxyphenyl)-1H-
imidazole

Bacteria Diameter of inhibition =~ MIC (200 mg/mL) AMP (10 pg)

zone (mm)

1-(4-methoxyphenyl)-1H-imidazole

(60 mg/mL) (200 mg/mL)
S.aureus ATCC29213 25+1 0.78 £0.01 na
S. epidermidis ATCC 35984 30+2 3.12+0.12 18+1
B. cereus Roma 709 15+ 1.56+0.10 20+1
B. subtilis ATCC 6633 25 0.78+0.13 18+2
E. feacalis ATCC 29212 20+3 1.56+0.06 16+2
L. monocytogenes ATCC 7644 20+2 0.39+0.09 20+2
E. coli ATCC 25922 20+1 3.12+0.01 15+1
K. pneumoniae ATCC 13883 25+3 1.56+0.04 15+2
S. dysenteriae ATCC 11835 30+3 0.78 +£0.08 18+1
P. aeruginosa ATCC 27853 25+3 0.78 +£0.06 18+2
S. typhimurium ATCC 14028 20+2 0.78 +£0.08 18+3
V. anguillarum ATCC 43312 25+1 3.12+0.12 18+2
E. aerogenes ATCC 51342 20+ 1.56+0.06 15+1
C. violeceum ATCC 12472 (QS 301 nt nt

inhibition (mm))

nt: not tested; na: no activity (no inhibition zone detected)

Positive control: AMP (10 pg): Ampicillin

Negative control: 10% DMSO

Values are expressed as means + standard deviation (SD)

@ Springer



2850

Chemical Papers (2022) 76:2833-2854

were obtained to be approximately 3.12 +0.12 mg / mL for
C. violaceum, E. coli, V. anguillarum, and S. epidermidis,
1.56 +0.06 mg/mL for B. cereus, E. feacalis, K. pneumo-
niae, E. aerogenes in 200 mg/mL concentration. Also,
this value was found 0.78 +0.08 mg/mL for S. aureus, B.
subtilis, S. dysenteriae, P. aeruginosa, S. typhimurium,
and 0.39+0.09 mg/mL for L. monocytogenes. The overall
results indicate that most of the title compound showed very
high activity against different tested bacteria. In the previ-
ous antibacterial study, 2-(4-methoxynaphthalen-1-yl)-1-(4-
methoxyphenyl)-1H-phenanthro[9,10- d] imidazole showed
significant inhibitory activity against S. aureus, S. Typhi, and
E. coli, whereas imidazole showed low inhibitory activity
against P. Aeruginosa (Ramanathan 2017).

Anti-quorum sensing activity test of compound
1-(4-methoxyphenyl)-1H-imidazole was performed with
C. violaceum ATCC 12472 producing Gram-negative and
violeceum pigment. As a result of bacteria resistance to
antibiotics, infections cannot be controlled. Therefore, there
is a need to synthesize new compounds. Quorum sensing
(QS) signaling molecule is used in intercellular interaction
during infection of pathogenic bacteria. Pathogenic, viru-
lence, and biofilm formation in many bacteria are regulated
by QS signaling systems. In the QS inhibition system, it
may cause a decrease in virulence in pathogenic bacteria
and a defense against bacterial infections (Asif and Imran
2020). In our study, the compound 1-(4-Methoxyphenyl)-
1H-imidazole created a very good anti-QS activity (zone
diameter =304 1 mm) (Table 9).

Molecular Docking

Molecular docking is one of the most common applica-
tions used in structural molecular biology and computer-
assisted drug design. The ligand—protein interaction pre-
dicts the dominant binding modes of the ligand to a protein
(Amul et al. 2019). The interactions of the title molecule

Table 10 The binding affinity values of different poses of 4URM pro-
tein interaction with the title compound

with 4URM, 4JCN, and 2RG7 proteins obtained from the
protein data bank (PDB) (https://www.rcsb.org/) were per-
formed in molecular docking simulations using the Auto-
DockTools graphical user interface. The binding affinities
of the complexes were generated using the AutoDock Vina
program (Haruna et al. 2019). The docking results for the
1-(4-methoxyphenyl)-1H-imidazole molecule are given in
Table 10, 11, and 12. Also, the docked conformation and
hydrogen bond interactions are presented in Fig. 13. The
title molecule was docked into the reactive regions of the
4URM, 4JCN, and 2RG7 proteins, and the docking mini-
mum binding affinity values were found to be -5.30 kcal/
mol, -5.10 kcal/mol, and -5.90 kcal/mol, respectively.

The general assumption is that a good docking should be
2 A according to the RMSD values (Stigliani et al. 2012).
The docking results are presented revealed a binding site
of the mode 1 that contains a pose with the most favorable
binding based on its lowest free energy and RMSD ~0.00 A.

As aresult of the ligand interaction of the 4URM protein,
it was determined that the N3 atom of 1-(4-methoxyphenyl)-
1H-imidazole is located at a distance of 2.53 A from the
H atom of THR173. In the ligand interaction of the 4JCN

Table 11 The binding affinity values of different poses of 4JCN pro-
tein interaction with the title compound

Mode Affinity (kcal/mol) Distance from best mode
RMSD Lb RMSD u.b

1 -5.1 0.000 0.000
2 -5.0 2913 5.372
3 -5.0 2911 5.531
4 —-45 13.647 14.537
5 —-45 3.351 5.876
6 —-43 24.345 24787
7 —-43 24.345 24.787
8 —-4.1 24.071 24.802
9 -4.0 25.987 26.566

Table 12 The binding affinity values of different poses of 2RG7 pro-
tein interaction with the title compound

Mode Affinity (kcal/mol) Distance from best mode Mode Affinity (kcal/mol) Distance from best mode
RMSD 1.b RMSD u.b RMSD 1.b RMSD u.b

1 -53 0.000 0.000 1 -59 0.000 0.000
2 -52 3.527 4.942 2 -5.6 1.994 2.995
3 -52 3.178 4.567 3 -5.6 2.675 3.528
4 -5.0 4.496 5.886 4 -55 3.040 5.170
5 -49 3.419 5.010 5 -55 3.049 4.828
6 —-438 14.789 16.894 6 -54 3.037 4.654
7 —-4.7 3.310 4.539 7 -54 3.330 5.207
8 —4.6 3.371 4916 8 -53 3.242 5.067
9 —4.5 4.446 6.036 9 -5.0 3.292 4.574
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protein, the H atom of ASN274 was found at a distance of
1.95 A from the N3 atom of the ligand. For the 2RG7 pro-
tein, the hydrogen bond acceptor interaction was defined at
a distance of 2.35 A between the N3 atom of the ligand and
TRP87. According to these results, we can say that the title
molecule may exhibit biological activity and contribute to
the synthesis and development of new drugs in the future.

Conclusion

A complete vibrational analysis of 1-(4-methoxyphenyl)-
1H-imidazole was performed using the density functional
theory basis by Becke-3-Lee—Yang—Parr (B3LYP) func-
tional using 6-311 ++ G(d,p) basis set. The computational
wavenumbers suggested by the TED calculations are in
agreement with the observed wavenumbers from the FT-IR
and FT-Ra spectra. The molecular electrostatic potential
(MEP), Fukui Functions, and charge analysis are powerful
electronic density tools used to determine electrophilic
and nucleophilic reaction regions and understand hydrogen
bond interactions. In these three methods, the N; atom in
the imidazole ring and the O, atom in the methoxy group
were found in the electrophilic region. Also, the experi-
mental and theoretical '"H and '3C NMR analyses were
performed to better understand and interpret the structure
of the title molecule. It is determined that the experimental
and theoretical chemical shift values are in good agree-
ment with each other. The ultraviolet spectrum analysis of
the 1-(4-methoxyphenyl)-1H-imidazole was performed by
theoretical and experimental methods, and wavelengths,
excitation energies, oscillator strengths, and major con-
tributions were determined. While the values of entropy,
heat capacity, and enthalpy changes for the title molecule
showed a rise with increasing temperature, Gibbs free
energy decreased because of the rise of molecular vibra-
tions and entropy. The first hyperpolarizability value for
1-(4-methoxyphenyl)-1H-imidazole is 1.75x 107 esu and
this value is found to be approximately 5 times greater
than that of urea. Therefore, this molecule has a high non-
linear optic property. Also, antibacterial studies revealed
that the reported 1-(4-Methoxyphenyl)-1H-imidazole
against S. epidermidis, C. violaceum, and S. dysenteriae
showed considerable inhibition activity. Additionally,
molecular docking experiments were carried out with the
protein structures of certain microorganisms utilized in
antibacterial activity research to support the antibacterial
activity of the investigated title molecule. As a result of
antibacterial and molecular docking studies, we can say
that 1-(4-methoxyphenyl)-1H-imidazole may be promising
a strong new antibacterial effect.

@ Springer
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