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RESEARCH ARTICLE

Experimental and theoretical spectroscopic properties, antimicrobial activity, 
and molecular docking studies of methyl 6-quinolyl ether

Merve Nurhan G€uneya, Şenay Yurdakula and Belgin Erdemb 

aDepartment of Physics, Faculty of Science, Gazi University, Ankara, Turkey; bDepartment of Health Care Services, Ahi Evran 
University, Kırşehir, Turkey 

ABSTRACT 
In this study, we describe the structural characterization of methyl 6-quinolyl ether (M6-QE) 
molecule by Fourier Transform Infrared, Raman, and Nuclear Magnetic Resonance spectroscopic 
analysis. The molecular geometry of the title molecule was optimized by using density functional 
theory (DFT/B3LYP) with the 6–311þþG(d,p) basis set. Molecular characteristics like highest occu
pied molecular orbital (HOMO)–lowest unoccupied molecular orbital (LUMO) energy, molecular 
electrostatic potential (MEP) distribution, atomic charges, Fukui, and electron localization func
tions (ELFs) are computed. Basic thermodynamic properties such as entropy, enthalpy changes, 
heat capacity, Gibbs free energy, and zero-point vibrational energy under constant pressure in 
the gas phase for different temperature values were also calculated. Further, nonlinear optical 
parameters such as dipole moment and linear and first-order hyperpolarizabilities of the title 
molecule have been studied. Infections caused by microorganisms resistant to antibiotics are still 
difficult to treat. The antimicrobial activity of M6-QE against pathogenic bacteria and yeast was 
also investigated in this study. M6-QE was determined to have quite potent antimicrobial activity 
against B. subtilis and K. pneumoniae. Moreover, this compound showed anti-quorum sensing 
(QS) activity in C. violaceum ATCC 12472. Also, the title molecule was docked into the reactive 
regions of protein structures of some microorganisms, and the docking minimum binding affinity 
values were given. Experiments have demonstrated that M6-QE inhibits harmful bacteria and 
stops QS, which makes the molecule a viable option for the creation of novel antimicrobial 
medications.
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Introduction

Amongst heterocyclic compounds, especially 
quinoline and its derivatives, are advantaged in 
that they appear as significant assembly motifs 
for the development of devices such as sensors[1] 

and new drug entities.[2] It is known that the 
methoxy group plays an important role in the 
photophysics of quinoline and its derivatives. The 
photophysical properties of the methyl 6-quinolyl 
ether (M6-QE) have been explored, and they 
have been proposed as candidates for fluorescent 
probes, light-emitting devices, and optical thin- 
film sensors.[1,3–5] The sensor films are capable of 
determining aqueous halide in blood,[6] serum,[7] 

cheese,[8] and nuclear materials[9] in many areas 
of everyday life.

The quinoline ring system also occurs in vari
ous natural products, particularly in alkaloids, 

and is seldom used for a plan of many synthetic 
compounds with varied pharmacological proper
ties. There are some natural products of the 
quinoline skeleton used as a drug or employed as 
lead molecules for the development of newer and 
persuasive molecules.[2] E.g., cinchona alkaloids 
are natural sources of quinolines that play impor
tant roles in medicine as antimalarial and antiar
rhythmic drugs.[10,11]

The quinoline-based antibiotics ciprofloxacin 
and moxifloxacin, which are used for a number 
of bacterial infections, show significant antituber
cular activity as well and are recommended by 
WHO as second-line anti-TB drugs. These quin
oline drugs are also found to be good inhibitors 
of topoisomerase enzymes and prevent them 
from decatenating replicating DNA.[12,13] In this 
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perspective, the quinoline skeleton can be chosen 
for the design of new bioactive molecules.

An extensive literature survey reveals that no 
complete experimental spectroscopic studies and 
detailed density functional theory (DFT) calcula
tions have been conducted yet for the M6-QE 
molecule. Therefore, the present aims to give 
detailed spectroscopic analysis, such as FT-IR, 
FT-Ra, and NMR (1H and 13C) studies, for the 
biologically important ligand. For this purpose, 
quantum chemical computations were carried 
out by using DFT/B3LYP at the level of 
6–311þþG(d,p). Other properties such as NBO, 
highest occupied molecular orbital (HOMO)– 
lowest unoccupied molecular orbital (LUMO), 
molecular electrostatic potential (MEP), Fukui 
functions, thermodynamic, and non-linear optical 
properties have been performed. According to lit
erature review, it was determined that the newly 
synthesized molecule did not exhibit antimicro
bial activity. However, recent studies on newly 
synthesized 2-azido-1H-benzod] imidazole mole
cules have shown significant antimicrobial activ
ity against S. aureus, E. coli, P. aeruginosa, 
A. niger, and C. albicans.[14] In recent years infec
tions caused by microorganisms resistant to anti
biotics are still difficult to treat. In this study, the 
antimicrobial activity of M6-QE against patho
genic bacteria and yeast was also determined by 
the minimum inhibitory concentration (MIC) 
and the agar well diffusion method. The bacterial 
lines most sensitive to M6-QE were against 
A. hydrophila, S .dysenteriae, S. aureus, 
K.pneumoniae, B. subtilis, C. albicans, and B. 
cereus M6-QE molecule also showed good 
anti-quorum sensing (QS) activity against C. 
violaceum ATCC 12472. The title molecule was 
docked into the reactive regions of protein struc
tures of some microorganisms, and the docking 
minimum binding affinity values were also given.

Procedure

Materials and methods

M6-QE was obtained from Sigma-Aldrich 
Chemical Company. This structure is offered 
for sale at 98% purity with the CAS number 

5263-87-6. FT-IR and FT-Raman spectra were 
determined without further purification of the 
molecule. The FT-IR spectrum was recorded 
between 4000 and 400 cm−1 using a Bruker FT- 
IR spectrometer with ATR equipment. The FT- 
Raman spectrum was also recorded in the region 
of 4000–100 cm−1 using a Jasco FT-Raman spec
trometer with an NRS400 confocal microscope. 
Chemical shifts of the title molecule for 1H and 
13C NMR were recorded with the Bruker 
Ultrashield 300 MHz spectrometer.

Computational methods

Gaussian 09W[15] and GaussView 5.0.9[16] 

molecular visualization software packages were 
used for all theoretical calculations. Geometrical 
optimization and theoretical frequency calcula
tions were made by DFT computations by using 
the Becke-3-Lee-Yang-Parr exchange correlation 
function[17,18] B3LYP and the 6–311þþG(d,p) 
basis set.

The lowest energy level of the M6-QE mol
ecule has been computed by evaluating the tor
sional potential energy as a function of the angle 
of rotation of the methyl group about the quin
oline ring by using quantum chemical 
calculation.

Theoretical vibrational frequency values are 
multiplied by a certain multiplier factor and 
brought closer to the experimental values. This is 
called scaling. In this study, the theoretical fre
quency values with wavenumbers less than 
1800 cm−1 were scaled by multiplying by 0.955, 
and those with wavenumbers greater than 
1800 cm−1 by 0.997.[19,20]

For analyzing the non-bonded interactions, 
electron localization function (ELF) and localized 
orbital locator (LOL) also were performed by 
Multiwfn.[21]

The AutoDock Vina program[22] and the 
AutoDockTools graphical interface[23] were used 
for molecular docking research. The Protein Data 
Bank provided the 3D-dimensional crystal struc
ture of the proteins.[24] The visualization can be 
accessed at the Discovery Studio Visualizer pack
age program.[25]
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Bacterial strains and growth conditions

The antimicrobial activity of M6-QE molecule 
was tested on nine reference bacterial strains 
(E. coli ATCC 25922, P. aeruginosa ATCC27853, 
S. typhimurium ATCC 14028, S. dysenteriae 
ATCC 11835, A. hydrophila ATCC 7966, K. 
pneumoniae ATCC13883, S. aureus ATCC25923, 
B. cereus 709 Roma, B. subtilis ATCC 6633), and 
one yeast strain (C. albicans ATCC 90028) was 
administered.

Test bacteria were routinely cultivated for 24 h 
at 37 �C on Tryptone Soy agar (TSA)/broth 
(Oxoid). Anti-QS activity was tested using a dif
ferent reference strain, C. violaceum ATCC 
12472.[26] TSA was used to plate the bacterial 
strains, and they were then incubated for 24–48 h 
at 37 �C. Sterile saline was used to suspend the 
developing colonies at a concentration of 1� 106 

CFU/mL.

Determination of minimum inhibitory 
concentration (MIC) and agar well diffusion

M6-QE molecule minimum inhibitory concen
tration (MIC) and agar well diffusion tests 
were performed according to CLSI[27] guide
lines. M6-QE was dissolved in DMSO, and ser
ial dilutions were made to reach final 
concentrations ranging from 512 to 16 mg/mL. 
An aliquot of 100 mL of bacterial suspension 
(1 � 106 CFU/mL) was inoculated into each 
well of a sterile 96-well microplate. The plates 
were incubated at 37 �C for 24 h. The MIC was 
the lowest concentration at which no microbial 
growth was observed.

In the agar well diffusion test, test bacteria and 
yeast (1 � CFU/mL) prepared at a concentration 
of 100 mg/mL were spread on the agar surface in 
a volume of 100 and 70 mL of M6-QE compound 
was dropped into the wells opened at 6 mm. The 
plates were incubated at 37 �C for 24 h. A digital 
caliper was used to measure the inhibition zones 
in millimeters. The negative control was DMSO, 
and the positive controls were Nystatin (100 U/ 
mL) for C. albicans and Ampicillin (10 mg/mL) 
for bacteria. Each experiment was performed in 
triplicate.

Quorum-sensing inhibition assay

An agar diffusion method employing LB agar 
plates was used to examine the effect of M6-QE 
on violacein production by C. violaceum anti-QS 
property. On the agar surface, a 100 mL volume 
of freshly developed CV 12472 culture was dis
persed, and 7 mm diameter wells were drilled 
into the agar. After that, the wells were filled 
with M6-QE at a concentration of 5 mg/mL. 
After 24–48 h of incubation at 28 �C, plates were 
examined. QSI activity was indicated by yellowish 
opaque bacterial growth around wells.[28] All tests 
were performed in triplicate.

Results and discussion

Torsion angles

Before the optimization process of the title mol
ecule, the most stable conformer structure was 
determined to obtain the most accurate computer 
calculations.[29,30] In order to find the most stable 
structure, the torsional angles of the C–O bond 
between the quinoline ring and the methoxy 
group were changed and the minimum energy of 
the molecule was determined depending on the 
angles. The torsion angle between the quinoline 
ring and the methoxy group was fixed at 360�
and was changed from 0� to 360� in 10� steps. At 
the end of this process, the minimum energy for 
the structure was found to be −324164.3 kcal/mol 
at 180�. The results were presented at Fig. 1. The 
optimization process for the title molecule was 
carried out on the structure that has minimum 
energy and the other calculations such as vibra
tional, thermodynamic, electronic, and nonlinear 
optical properties were also performed from the 
optimized structure.

Molecular structure

The optimized molecular structure of M6-QE is 
given in Fig. 2. The bond length and bond angle 
values of the structure are presented in Table 1. 
Also, X-ray data of M6-QE N-oxide dihydrate[31] 

are given in Table 1 and then this structure was 
compared with the title molecule. Root mean 
square deviation (RMSD) values were calculated 
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to compare the bond lengths and bond angles of 
these two structures. This value was found to be 
0.083 for the bond lengths and 1.9066 for the 
bond angles.

The bond lengths of all C–C bonds for M6-QE 
were found to be between 1.428 and 1.367 Å in 
the theoretical calculations. These bond length 
values for M6-QE N-oxide dehydrate were given 
between 1.429 and 1.368 Å. The highest C–C 
bond length was found between C3 and C4 atoms 
from theoretical calculations, while the shortest 
value was found between C7 and C8 atoms. The 
highest and lowest values for XRD data were 
found at C3–C9 and C9–C10 bonds, respectively. 

Figure 1. The torsional angle-energy graph of methyl 6-quinolyl ether.

Figure 2. Optimized geometric structure of the M6-QE.

Table 1. Optimized geometrical parameters of M6-QE.
Bond lengths (Å) Bond angles (o)

Parameters Calc. XRD� Parameters Calc. XRD�

O1-C6 1.362 1.372 C6-O1-C12 118.41 116.89
O1-C12 1.422 1.434 C4-N2-C11 117.99 122.26
N2-C4 1.361 1.401 C4-C3-C5 119.97 118.37
N2-C11 1.317 1.343 C4-C3-C9 117.09 118.73
C3-C4 1.428 1.415 C5-C3-C9 122.94 122.90
C3-C5 1.421 1.426 N2-C4-C3 122.82 118.34
C3-C9 1.416 1.429 N2-C4-C7 118.76 121.08
C4-C7 1.422 1.420 C3-C4-C7 118.42 120.58
C5-C6 1.378 1.382 C3-C5-C6 119.83 120.43
C5-H13 1.082 0.950 C3-C5-H13 118.58 119.80
C6-C8 1.422 1.418 C6-C5-H13 121.59 119.80
C7-C8 1.367 1.371 O1-C6-C5 125.15 126.11
C7-H14 1.083 0.950 O1-C6-C8 114.51 113.72
C8-H15 1.084 0.950 C5-C6-C8 120.34 120.15
C9-C10 1.374 1.368 C4-C7-C8 120.81 119.61
C9-H16 1.085 0.950 C4-C7-H14 117.83 120.20
C10-C11 1.414 1.400 C7-C8-H14 121.36 120.20
C10-H17 1.084 0.950 C6-C8-C7 120.62 120.82
C11-H18 1.087 0.950 C6-C8-H15 117.87 119.60
C12-H19 1.089 0.980 C7-C8-H15 121.50 119.60
C12-H20 1.095 0.980 C3-C9-C10 119.42 120.06
C12-H21 1.095 0.980 C3-C9-H16 119.62 120.00
RMSD 0.083 C10-C9-H16 120.97 120.00

C9-C10-C11 118.93 120.39
C9-C10-H17 121.29 119.80
C11-C10-H17 119.82 119.80
N2-C11-C10 123.79 120.20
N2-C11-H18 116.45 119.90
C10-C11-H18 119.76 119.90
O1-C12-H19 105.91 109.50
O1-C12-H20 111.25 109.50
O1-C12-H21 111.25 109.50
H19-C12-H20 109.43 109.50
H19-C12-H21 109.43 109.50
H20-C12-H21 109.48 109.50

RMSD 1.9066
�Taken from Ref. [31].
(Å): Angstrom, (o): degree
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The reason for these small differences in bond 
lengths is that the structures aren’t exactly the 
same. That is, the XRD data belongs to the dehy
drated structure of M6-QE. The molecule has 
two C–N bonds, and these bond lengths were 
found to be 1.361 (N2-C4) and 1.317 (N2-C11). 
The C–N bonds of M6-QE N-oxide dehydrate 
have different values. Since the O atom is 
attached to the N atom in this structure, we say 
that these values were determined differently for 
both structures. The O1-C6 and O1-C12 bond 
lengths of the molecule used in our study were 
found to be 1.362 and 1.422 Å, respectively. The 
equivalent of these values in XRD data is 1.372 
and 1.434 Å. The C–H bonds were obtained for 
M6-QE at values between 1.095 and 1.089 Å. 
According to the XRD data in the table, the bond 
length of six C–H bonds of M6-QE N-oxide 
dihydrate was 0.950 Å and the bond length of 
three of them was 0.980 Å. According to the 
XRD data of M6-QE N-oxide dihydrate, while six 
C–H bond lengths were found to be 0.950 Å, the 
other C–H bond lengths were determined to be 
0.980 Å. M6-QE N-oxide dihydrate has two H2O 
molecules in its crystal structure, and the bond
ing of the O atom to the nitrogen atom creates 
differences between the bond lengths. As can be 
seen from Table 1, the bond angle values calcu
lated for the title molecule and the XRD values 
of the other structure are very close to each 
other. Small deviations were observed between 
the C–C–H, C–N–C, and N–C–H bond 
angles.[31]

Vibrational analysis

The vibrational spectrum is considered to be a 
unique physical property and is a characteristic 
of the molecule. The M6-QE molecule consists of 
21 atoms, which have 57 modes of vibration. The 
calculated vibrational wavenumbers of 6-MQ for 
the B3LYP functional and 6–311þþG (d.p) basis 
set have been given in Table 2, together with 
experimental values. The experimental and theor
etical FT-IR and FT-Raman spectra of M6-QE 
molecule are given in Figs. 3 and 4.

While C–H stretching vibrations for aromatic 
molecules are defined in the range of 3100– 
3000 cm−1,[32,33] C–H stretching vibrations for 

methyl and methylene groups are defined in the 
range of 3000–2800 cm−1.[34,35] In addition, in- 
plane and out-of-plane C–H bending vibrations 
are observed in the range of 1000–1300 and 750– 
1000 cm−1, respectively.[36] In this study, the sym
metrical C–H stretching vibrations in the benzene 
ring of the M6-QE molecule were calculated at 
3057 cm−1 in theoretical calculations, while the 
asymmetrical C–H stretching vibrations were 
found at 3050 and 3042 cm−1. Symmetrical C–H 
stretching vibrations for the pyridine ring were 
calculated at 3044 cm−1, and asymmetrical C–H 
stretching vibrations at 3018 and 2988 cm−1. In 
contrast to the theoretical asymmetric C–H 
stretching vibration calculated at 2988 cm−1, a 
rather weak vibration mode was observed at 
3025 cm−1 in the FT-IR spectrum and at 
3003 cm−1 in the Raman spectrum. In-plane C– 
C–H bending modes of benzene and pyridine 
rings 1528, 1467, 1459, 1393, 1383.1359 cm−1, 
1279.1258 cm−1 is calculated at 1252, 1214, 1182, 
1155, and 1132 cm−1. The values corresponding 
to these bending modes are 1572, 1432, 1377, 
1322, 1261, 1225, 1195, and 1160 cm−1 in the FT- 
IR spectrum and 1183 cm−1. While the out-of- 
plane C–C–H bending vibrations of benzene and 
pyridine rings were calculated at 976, 852, 843, 
790, 777, and 653 cm−1, these vibration modes 
were experimentally determined. It was also 
observed in the FT-IR spectrum at 830 and 
788 cm−1.

While the symmetrical C–H stretching vibra
tion for the methyl group was calculated at 
2870 cm−1, this vibration was observed at 
2834 cm−1 in the FT-IR spectrum. Asymmetric 
C–H stretching vibrations for the methyl group 
are calculated at 2995 and 2927 cm−1, while the 
corresponding experimental values are 3001 and 
2934 cm−1. The methyl group also includes sym
metrical and asymmetrical bending vibrations 
according to the in-plane and out-of-plane bend
ing of C–H bonds.[37] Symmetrical bending 
vibrations were calculated at 1467 and 1459 cm−1. 
The FT-IR value for symmetrical bending vibra
tion was measured at 1432 cm−1. Asymmetric 
bending vibrations are calculated at 1502, 1497, 
and 1487 cm−1, while the corresponding experi
mental FT-IR values are 1498 and 1472 cm−1. In 
addition, in-plane rocking vibrations [34] 
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occurring in the methyl group were determined 
as 1165 cm−1 in the theoretical calculations for 
the M6-QE molecule, while the out-of-plane 
swing vibration was calculated at 1214 and 
1182 cm−1. In the experimental FT-IR spectrum, 

out-of-plane shaking vibrations were also 
observed at 1195 and 1160 cm−1.

C–C and C¼C stretching vibrations in aro
matic molecule rings are observed in the range 
of 1650–1200 cm−1.[37] The C¼C stretching 

Table 2. Detailed vibrational assignments of M6-QE with total energy distribution.
Theoretical Experimental

TED %Mod Sym Freq Freq� IIR IRA FT-IR FT-Ra

57 A’ 3201 3057 3.1 23.5 – 3164 vw 82 tCH
56 A’ 3194 3050 6.1 9.2 – – 77 tCH
55 A’ 3188 3044 11.8 29.9 – 3066 vw 82 tCH
54 A’ 3185 3042 1.0 7.1 – – 79 tCH
53 A’ 3160 3018 5.9 8.8 – – 79 tCH
52 A’ 3139 2998 12.6 21.4 3025 vw 3003 vw 78 tCH
51 A’ 3136 2995 14.4 18.1 3001 vw – 81 tCH
50 A” 3065 2927 22.5 7.0 2934 vw – 81 tCH
49 A’ 3006 2870 29.9 24.2 2834 vw – 91 tCH
48 A’ 1659 1654 59.0 18.7 1621s 1659 w 30 tCC þ 16 dCCC þ 34 dCCH
47 A’ 1633 1628 21.3 6.2 1595s – 10 tNC þ 23 tCC þ 15 dCCC þ 36 dCCH
46 A’ 1604 1599 3.4 13.4 – 1631 vw 31 tCC þ 15 dCCC þ 26 dCCH
45 A’ 1533 1528 53.1 1.9 1572 vw 1603 vw 21 tCC þ 11 dCCC þ 40 dCCH
44 A’ 1506 1502 37.5 13.9 1498 vs 1505 w 11 tCC þ 25 dCCH þ 25 dHCH þ 12 CCOCH
43 A’ 1502 1497 0.8 11.2 – 1491 vw 14 tCC þ 26 dCCH þ 10 dOCH þ 20 dHCH þ 12 CCOCH
42 A” 1492 1487 6.2 9.8 1472 m – 10 dOCH þ 48 dHCH þ 35 CCOCH
41 A’ 1471 1467 0.8 8.3 – – 11 tCC þ 24 dCCH þ 17 dOCH þ 17 dHCH
40 A’ 1463 1459 23.3 82.3 1432 m 1463 vs 15 tCC þ 34 dCCH þ 12 dOCH þ 12 dHCH
39 A’ 1397 1393 27.8 100.0 1377s 1400 vs 32 tCC þ 28 dCCH
38 A’ 1387 1383 9.4 5.5 – – 15 tCC þ 13 dCCC þ 42 dCCH
37 A’ 1363 1359 10.6 52.8 1322s 1365s 13 tNC þ 25 tCC þ 33 dCCH
36 A’ 1283 1279 40.0 0.8 1261s – 11 tCC þ 14 dCCC þ 46 dCCH
35 A’ 1262 1258 1.3 0.6 18 dCCC þ 43 dCCH
34 A’ 1256 1252 100.0 2.9 1225 vs – 10 tOC þ 20 tCC þ 10 dCCC þ 24 dCCH
33 A’ 1218 1214 14.0 3.0 1195 w – 11 tCC þ 22 dCCH þ 24 dOCH þ 10 dHCH þ 14 CCOCH
32 A’ 1186 1182 27.5 5.4 1160s – 17 tCC þ 35 dCCH þ 13 dOCH
31 A” 1168 1165 0.4 2.6 – – 41 dOCH þ 12 dHCH þ 11 CCOCC þ 28 CCOCH
30 A’ 1159 1155 0.0 2.3 – – 15tCC þ 68 dCCH
29 A’ 1136 1132 16.0 7.1 1113s – 13tCC þ 15 dCCC þ 50 dCCH
28 A’ 1057 1053 22.8 18.9 1035s, sp 1057 w 11 tOC þ 23tCC þ 11 dCCC þ 33 dCCH
27 A’ 1050 1047 11.1 13.1 1023s – 13tOC þ 24tCC þ 31 dCCH
26 A” 984 981 0.8 0.1 – – 11 CCCCC þ 36 CCCCH þ 10 CNCCH þ 28 CHCCH
25 A” 979 976 0.0 0.9 – – 35 CCCCH þ 10 CNCCH þ 29 CHCCH
24 A’ 967 964 3.1 3.1 951 w – 16tCC þ 28 dCCC þ 25 dCCH
23 A” 950 947 0.0 0.3 908 w – 11 CCNCH þ 42 CCCCH þ 21 CHCCH
22 A’ 923 920 6.9 2.6 891 vw – 16 tCC þ 22 dCCH þ 21 dCCC
21 A” 854 852 54.4 0.8 830 vs – 13 CCCCC þ 44 CCCCH þ 15 CHCCO
20 A” 845 843 0.2 0.6 – – 19 CCCCC þ 43 CCCCH þ 11 CHCCO
19 A” 792 790 7.5 0.3 788 s – 13 CCCCC þ 50 CCCCH
18 A’ 783 780 2.3 85.5 768 s 784 vs 32 tCC þ 21 dCCH þ 22 dCCC
17 A” 779 777 1.6 0.2 – – 27 CCCCC þ 34 CCCCH þ 10 CCCCN
16 A’ 723 720 6.6 8.7 709 s 721 vw 12 tCC þ 22 dCCH þ 29 dCCC
15 A” 655 653 0.2 0.2 – – 29 CCCCC þ 31 CCCCH
14 A’ 632 630 5.2 1.4 616 s – 10 tCC þ 28 dCCH þ 36 dCCC
13 A’ 548 546 0.4 24.4 577 vw 546 w 14 tCC þ 16 dCCH þ 10 dOCC þ 16 dNCC þ 22 dCCC
12 A” 546 545 1.1 2.0 566 vw – 22 CCCCC þ 23 CCCCH þ 11 CCCCN
11 A’ 513 512 1.1 13.6 – 511 vw 18 dCCH þ 32 dCCC þ 10 dCOC
10 A” 480 479 3.5 0.3 – – 32 CCCCC þ 36 CCCCH
9 A’ 442 441 4.3 40.5 – 441 m 14 tCC þ 21 dCCH þ 35 dCCC
8 A” 411 410 0.6 10.5 – 434 vw 34 CCCCC þ 26 CCCCH þ 10 CCCCN
7 A’ 354 353 3.1 15.1 – 357 vw 10 tCC þ 14 dCCH þ 12 dNCC þ 35 dCCC
6 A” 316 315 1.9 0.3 – – 21 CCCCC þ 20 CCOCH þ 10 CNCCC þ 10 CCCCO
5 A” 233 232 0.1 3.0 – – 12 CCCCC þ 52 CCOCH
4 A’ 199 198 0.6 49.7 – 196 m 15 tCC þ 20 dCCC þ 10 dCCH þ 10 dNCC þ 11 dCOC þ 22 dOCC
3 A” 178 178 3.7 1.3 – – 29 CCCCC þ 20 CCCCH þ 11 CNCCC þ 10 CCCCO
2 A” 135 135 0.4 42.0 – 133 m 27 CCCCC þ 12 CCCCH þ 18 CCCOC
1 A” 80 80 0.7 96.9 – 91 vs 15 CCCCC þ 21 CCOCH þ 11 CHCCC þ 26 CCOCC

vs: very strong, s: strong, m: medium, w: weak, vw: very weak
t: stretching, d: in-plane bending, C: torsion
For IIR.and IRa relative intensity values normalized with highest peak absorption equal to 100.
�A scaling factors of 0.997 was used for frequencies with wavenumbers less than 1800 cm−1 and 0.955 for frequencies over than 1800 cm−1.[19,20]
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vibration in the benzene ring of the M6-QE mol
ecule was calculated at 1654 cm−1, and the C¼C 
stretching vibration in the pyridine ring at 
1628 cm−1. Experimental values corresponding to 
these theoretical values are 1621 and 1595 cm−1. 
CC vibrations for the M6-QE molecule are 1595, 
1528, 1502, 1497, 1467, 1459, 1393, 1383, and 
1359 cm−1, as a result of theoretical calculations. 
cm−1, 1279, 1252, 1214, 1182, and 1155 cm−1 

were found. These vibration modes were 
observed in the FT-IR spectrum at 1572, 1498, 
1432, 1377, 1322, 1225, 1195, and 1160 cm−1.

C–N stretching vibrations are generally 
observed in the range of 1342 − 266 cm−1.[38] 

While these vibration values for the molecule 
were calculated at 1628 1 and 1359 cm−1, they 
were observed at 1595 and 1322 cm−1 in the FT- 
IR spectrum. On the other hand, 1365 cm−1 was 
observed in the FT-Raman spectrum. In addition, 
the O–C stretching vibrations for the M6-QE 

molecule were obtained from the theoretical cal
culations at 1252, 1053, and 1047 cm−1, respect
ively, while the experimental FT-IR values were 
1225, 1035, and 1023 cm−1.

Frontier molecular orbital (HOMO and LUMO) 
analysis

In quantum chemical computing methods, it is 
very important to determine the energies of the 
HOMO and LUMO of a molecule. The determin
ation of the energy values of these molecular 
orbitals is very important for the discovery of 
new materials, predicting optoelectronic proper
ties, or filtering databases of organic mole
cules.[39] The HOMO and LUMO energies of 
M6-QE were calculated at the B3LYP/6– 
31þþG(d,p) level of theory.

Figure 3. Experimental Fourier Transform (a) Infrared and 
(b) Raman spectra of M6-QE. Figure 4. Theoretical Fourier Transform (a) Infrared and 

(b) Raman spectra of M6-QE.
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Also, determining the energy values of HOMO 
and LUMO of the molecule is very important in 
understanding the quantum chemical properties 
such as chemical hardness, chemical potential, 
reactivity, kinetic stability, chemical softness, elec
tronegativity, electrophilicity, and optical polariz
ability. All these properties of the title molecule 
are given in Table 3. HOMO–LUMO energies of 
the orbitals and some quantum chemical proper
ties of the M6-QE were calculated according to 
the following equations: Ӏ ¼ −EHOMO, A ¼
−ELUMO, g ¼ (−EHOMOþ ELUMO)/2, mc ¼

(EHOMOþ ELUMO)/2, v ¼ −mc and x ¼ mc
2/ 

2g.[35] As seen from Fig. 5, HOMO and LUMO 
levels are spread over the entire molecule, except 
for the methyl group in the ground and first 
excited states. The HOMO–LUMO gap value of 
M6-QE is equal to 4.61 eV. This value is relatively 
high. Therefore, we can say that the title com
pound has high chemical stability and low 
reactivity.[40] Chemical hardness (g); ionization 

potential (I), and electron affinity (A) for the title 
molecule are calculated to be 2.30, 6.26, and 
1.65 eV, respectively. The calculated electrophilic
ity (x) value is 3.40 eV. Since this parameter is 
higher than 1.5 eV, the molecule has a strong 
structure.[36]

Molecular electrostatic surface map (MEP)

The MEP surface map provides visual informa
tion about a molecule’s electrophilic and nucleo
philic regions and hydrogen bond interactions. In 
addition, information about charge distributions 
is obtained. It helps explain how atoms interact 
with each other and, as a result, the nature of 
chemical bonds. Of the colored regions on this 
map, the red-colored areas represent electron- 
rich regions, while the blue-colored regions rep
resent electron-poor regions, that is, positive 
regions. The green-colored regions represent the 
zero potential region. Other intermediate colors 
are at a medium level, and the electrostatic 
potential color order from negative regions to 
positive regions is as follows: red (orange) yel
low ˂ green ˂ blue.[41,42]

The MEP surface map of the M6-QE molecule 
is given in Fig. 6. According to this map, the 
atoms in the most electronegative region are N in 
the red region and O in the orange region, 
respectively. Since almost all the C atoms in the 
aromatic rings are located in the yellow region, it 
was determined that these atoms are slightly elec
tron rich. Since the hydrogen atoms in both the 
aromatic rings and the OCH3 carboxyl group are 
in the blue-colored region, these groups are elec
tron weak and are in the positive region. In add
ition, a two-dimensional contour map showing 
MEP surface values is given in Fig. 7. As seen 
from this map, the entire molecule is located in 

Table 3. HOMO, LUMO energies, and global reactivity descriptors of M6-QE.

No
Molecular 

orbital Energy (eV)
Energy 

gap (eV)

Ionization 
potential 

(I) (eV)

Electron 
affinity 
(A) (eV)

Global 
hardness 
(g) (eV)

Electronegativity  
(v) (eV)

Chemical  
potential  
(lc) (eV)

Global  
softness  

(r) (eV) −1

Global  
electrophilicity  

(x) (eV)

1 H −6.26 DEH−L 4.61 6.26 1.65 2.30 3.96 −3.96 0.43 3.40
L −1.65

2 H-1 −6.84 DEH−1−Lþ1 6.18 6.84 0.66 3.09 3.75 −3.75 0.32 2.28
Lþ 1 −0.66

3 H-2 −7.13 DEH−2−Lþ2 6.75 7.13 0.38 3.37 3.76 −3.76 0.30 2.09
Lþ 2 −0.38

H: HOMO (highest occupied molecular orbital); L: LUMO (lowest unoccupied molecular orbital); eV: electron volt; (eV)−1: 1/electron volt.

Figure 5. HOMO–LUMO diagrams of the M6-QE.
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the region of less negative potential, which is col
ored yellow.

Thermodynamic properties

Thermodynamic functions were calculated based 
on vibration analysis using the 6–311þþ G (d,p) 
basis set in the gas phase. Entropy (S), enthalpy 
changes (DH), Gibbs free energies (G), and heat 
capacities (Cp) of M6-QE at constant pressure 
and different temperatures (100–1000 K) were 
calculated. Thermodynamic parameters obtained 
from theoretical calculations are listed in Table 4. 
In Fig. 8, thermodynamic parameter graphs are 
presented depending on the temperature. 
Thermo-molecular properties such as base vibra
tion energy, enthalpy, Gibbs free energy, entropy, 
heat capacity, and thermal energy are important 
in material characterization.[43] Since it is a char
acteristic property of molecules, the base point 
vibrational energy is constant at all temperatures. 
The ground vibration energy obtained as a result 
of the optimization of the M6-QE molecule was 
calculated as −324164.3 kcal/mol. While all the 
thermodynamic parameters showed an increase 
due to the increase in molecular vibrations 
depending on the increasing temperature, G was 
calculated to decrease with the increase in tem
perature (Fig. 8). Entropy and enthalpy changes 
indicate that the molecule has the flexibility to 
change its thermodynamic system with tempera
ture increase. The thermodynamic properties cal
culated in this study reveal important and useful 
information for future studies on M6-EQ.

Fukui functions

According to the Fukui frontier molecular orbital 
theory, the chemical reactivity of a molecule is 
interpreted in terms of the molecule’s HOMO or 
LUMO electron density. The electrophilic and 
nucleophilic nature of each atom in the molecule 
is calculated using Fukui functions based on 
population analysis. Fukui functions are also 
known as the method of adding or removing an 
electron from the molecule. Fukui function 
charges are obtained using Mulliken population 
analysis. Fukui functions are calculated with the 
following equations.[44–47]

f −
k ¼ qk Nð Þ − qk N − 1ð Þ (7) 

Electrophilic attack
fþk ¼ qk N þ 1ð Þ − qk Nð Þ (8) 

Nucleophilic attack

f 0
k ¼

1
2

qk N þ 1ð Þ − qk N − 1ð Þ
� �

(9) 

Neutral attack
In these equations, qk is the rth. is the atomic 

charge in the region, and the numbers n, nþ 1, 
and n-1 are the total number of electrons in 
the neutral, anion, and cation states. The 
highest value of fþ(r)/f −(r) represents relative 
electrophilicity, while the highest value of f − (r)/ 
fþ (r) represents relative nucleophilicity.[47,48] 

Information on Fukui functions is given in 
Table 5. According to the fþ (r)/f − (r) ratio, the 
electrophilic atoms of the molecule during any 
reaction were determined as O1, C3, C4, C5, C6, 
C12, H13, H19, H20, and H21. According to the 
f − (r)/fþ (r) ratio, the atoms of the molecule that 
show nucleophilic behavior during any reaction 
were determined as N2, C7, C8, C9, C10, H14, H15, 
H16, H17, and H18. Fukui function data obtained 
from fþ (r)/f − (r) and f − (r)/fþ (r) ratios com
pared with molecular electrostatic surface map 
O1 atom and C3, C4, C5, C6 atoms while H16, 
H17, and H18 atoms were determined as electro
philic in both analysis methods, they were deter
mined as nucleophilic in both methods. 
According to the Fukui functions, the N2 atom 
exhibits nucleophilic behavior, while the N2 atom 
is in the electrophilic region in the molecular 
electrostatic surface map.

Figure 6. The molecular electrostatic potential 3D map of M6- 
QE (all in arbitrary unit).
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In addition, a clear distinction is made 
between nucleophilic and electrophilic attack at a 
given region with the dual descriptor Df(r) 
marks. The binary identifier from the Fukui func
tions is calculated with the following formula.

Df rð Þ ¼ fþ rð Þ − f − rð Þ

When Df(r)>0, that region is preferred for a 
nucleophilic attack, while when Df(r)<0 that region 
is preferred for an electrophilic attack.[49,50] The 
highest positive values for the binary descriptor 
were determined as O1 > C5 > C6 > C4, respect
ively, and these atoms represent electrophilic 
regions. The largest negative binary identifier val
ues were found as C8>C9>C10>N2, respectively, 
and these atoms also show nucleophilic regions.

Fukui function data obtained from fþ (r)/f − (r) 
and f − (r)/fþ (r) ratios and binary descriptors 

compared with molecular electrostatic surface map 
O1 atom and C3, C4, C5, C6 atoms were determined 
as electrophilic in both analysis methods, while 
H16, H17 and H18 atoms were determined as 
nucleophilic in both methods. According to the 
Fukui functions, the N2 atom exhibits nucleophilic 
behavior, while the N2 atom is in the electrophilic 
region in the molecular electrostatic surface map. It 
was concluded that the Fukui Functions agreed 
with the molecular electrostatic surface map 
analysis.

Nonlinear optical properties

In this study, the dipole moment, polarizability 
and first-order hyperpolarizability properties 
(m, a, and b0) of the M6-QE molecule were calcu
lated using the DFT/B3LYP method with the 

Figure 7. Two-dimensional contour map of molecular electrostatic potential surface for M6-QE.

Table 4. Thermodynamic properties at different temperatures of M6-QE.
T

C0
p, m (J mol−1 K−1) S0

m (J mol−1 K−1) DH0
m (kJ mol−1) Gcorr (kJ mol−1) eZPE (kJ mol−1)(K)

100 281.71 57.29 1.09 415.20 −1355864.85
200 341.21 104.39 3.21 384.00 −1355864.85
300 396.83 157.34 6.53 347.12 −1355864.85
400 451.65 208.71 11.11 304.71 −1355864.85
500 504.97 252.79 16.83 256.90 −1355864.85
600 555.87 288.72 23.51 203.87 −1355864.85
700 603.92 317.81 30.97 145.89 −1355864.85
800 649.08 341.62 39.05 83.26 −1355864.85
900 691.47 361.37 47.65 16.26 −1355864.85
1000 731.30 377.93 56.69 −54.85 −1355864.85

C0
p, m : Heat capacity, S0

m : Entropy , DH0
m : Enthalpy changes, Gcorr:Gibbs free energy, eZPE: Zero-point energy.
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6–311þþG(d,p) basis set. Data of nonlinear 
optical properties are listed in Table 6.

In the presence of an applied electric field, the 
energy of a system is a function of the electric 

field. The first hyperpolarizability is a tensor that 
can be defined by the 3x3x3 matrix. The 27 com
ponents of the 3-dimensional matrix can be 
reduced to 10 components due to the 
Kleinman[51] symmetry.[52] The components of m, 
a and b are defined as coefficients in the Taylor 
series expansion of energy in the external electric 
field. When the external electric field is weak and 
homogeneous, the energy is also weak and homo
geneous and is given by the following equation.

E ¼ E0 − laFa −
1
2
aabFaFb −

1
6
babcFaFbFc þ :::

Here E0 is the energy of the unperturbed mol
ecules, Fa is the electric field at the origin. m is 
the dipole moment component. Alpha beta and 
gamma are the polarizability, first hyperpolariz
ability, and second hyperpolarizability tensors, 
respectively.

Total static dipole moment (m), average polar
izability (a) and initial hyperpolarizability (b0) 
are given by the following equations using x, y, z 
components.

Figure 8. Temperature-dependent thermodynamic parameters of the 6-MQ molecule.

Table 5. Condensed Fukui functions calculated from Hirshfeld 
charges.
Atoms fþ f − f 0 fþ=f − f −=fþ DfðrÞ

O1 0.095 0.027 0.061 3.557 0.281 0.068
N2 0.054 0.089 0.071 0.604 1.657 −0.035
C3 0.026 0.020 0.023 1.282 0.780 0.006
C4 0.049 0.027 0.038 1.841 0.543 0.022
C5 0.103 0.054 0.078 1.890 0.529 0.048
C6 0.076 0.046 0.061 1.650 0.606 0.030
C7 0.065 0.075 0.070 0.871 1.148 −0.010
C8 0.034 0.081 0.058 0.422 2.368 −0.047
C9 0.056 0.098 0.077 0.576 1.736 −0.041
C10 0.046 0.082 0.064 0.560 1.786 −0.036
C11 0.083 0.078 0.080 1.069 0.935 0.005
C12 0.026 0.016 0.021 1.620 0.617 0.010
H13 0.038 0.029 0.033 1.293 0.774 0.008
H14 0.037 0.042 0.039 0.879 1.138 −0.005
H15 0.031 0.045 0.038 0.697 1.435 −0.014
H16 0.030 0.048 0.039 0.626 1.597 −0.018
H17 0.033 0.049 0.041 0.673 1.485 −0.016
H18 0.041 0.048 0.044 0.845 1.183 −0.007
H19 0.029 0.022 0.026 1.335 0.749 0.007
H20 0.025 0.013 0.019 1.866 0.536 0.011
H21 0.025 0.013 0.019 1.866 0.536 0.011

fþ: nucleophilic attack, f −: electrophilic attack, f 0: neutral attack, Df(r): 
dual descriptor.
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aj ¼
1
3

axx þ ayy þ azzð Þ

�
�
�
�

Da ¼
1
ffiffiffi
2
p ½ axx − ayyð Þ

2 þ axx − azzð Þ
2    

þ ayy − azzð Þ
2 þ 6ða2

xy þ a2
xy þ a2

xyÞ�
1=2 

b0 ¼ bxxx þ bxyy þ bxzz
� �2

þ byyy þ bxxy þ byzz
� �2

h

þ bzzz þ bxxz þ byyz
� �2

�
1=2 

l ¼
1
3

l2
x þ l2

y þ l2
x

� �

A large specific component of polarizability 
and hyperpolarizability indicates a delocalization 
of the charge. Polarizability values are given in 
atomic units (a.u.) in Gaussian 09 calculations. 
These values are converted to electrostatic unit 
(esu) using conversion factors such as (Da (10– 
24 esu) and b0 (10–30 esu)). The first hyperpolar
izability (b0) of the compound was calculated as 
1.85� 10–30 esu. This value is 5 times greater 
than the value of urea (urea b0 ¼ 0.3728� 10– 
30 esu) chosen as the reference molecule. 
Therefore, it was concluded that the M6-QE mol
ecule can be used as a nonlinear (NLO) 
material.[30,53]

Charge analysis

The electronic charges of atoms determine the 
binding potential of a molecule and the reactivity 
of the molecules. Atomic charges also affect 
many properties of the molecule, such as molecu
lar moment, molecular polarity, and electronic 
structure. In addition, atomic charges are used 
in the calculation of Fukui functions. Therefore, 
the determination of charge density values has 

an important place in quantum chemical 
calculations.[54–56]

After the M6-QE molecule was optimized with 
the B3LYP/6–311þþG(d, p) base set, the electron 
population of each atom was calculated for the 
same base set by natural bond orbital (NBO), 
Hirshfeld, and atomic polar tensor (APT) analy
ses. Calculated charge values are listed in Table 7
and presented in Fig. 9. For the three-charge ana
lysis, O1, N2, C5, C8, and C10 atoms were found 
to be negatively charged, while C4, C6, C11, H13, 
H14, H15, H16, H17, H18, and H19 atoms were 
found to be positively charged. The data obtained 
from the charge analysis agrees with both the 
results obtained from the Fukui functions and 
the results obtained from the molecular electro
static surface map.

In Table 7, negative values for all three charge 
methods are represented by the red regions in 
Fig. 9. The positive charges in the chart corres
pond to the blue region in the MEP map. When 
the data obtained from both the Fukui functions 
and the molecular electrostatic surface map are 
compared with the results obtained from the 
charge analysis, it is seen that the atoms and 
regions that behave as nucleophilic (positive) and 
electrophilic (negative) in all three methods are 
in harmony. Thanks to the information obtained 
from the Fukui functions, MEP map, and charge 

Table 6. The electric dipole moment l (Debye), Polarizability 
a (10−24esu) ve hyperpolarizebility b0 (10−30esu) of the title 
molecule.
Dipole moment Polarizability Hyperpolarizability

lx −0.01 axx 42.78 bxxx 0.01 bx 0.01

ly 13.56 ayx 0.00 bxxy −0.70 by 1.82
lz 0.01 ayy 36.43 bxyy 0.00 bz 0.35
l 13.56 azx −0.96 byyy 2.18 b0 1.85

azy −0.01 bxxz 0.00 �b 0.00
azz 15.44 bxyz 0.35
ᾱ 31.55 byyz 0.00
Da 24.84 bxzz 0.00

byzz 0.35
bzzz 0.00

Table 7. Comparison of NBO, Hirshfeld and APT atomic 
charges for M6-QE.
Atoms APT Hirshfeld NBO

O1 −0.959 −0.13979 −0.538
N2 −0.310 −0.19201 −0.441
C3 0.036 −0.00614 −0.076
C4 0.053 0.048319 0.150
C5 −0.225 −0.07912 −0.276
C6 0.687 0.074668 0.327
C7 0.057 −0.03633 −0.166
C8 −0.124 −0.04941 −0.218
C9 0.090 −0.03268 −0.151
C10 −0.123 −0.05177 −0.242
C11 0.142 0.024869 0.058
C12 0.499 −0.00778 −0.205
H13 0.045 0.042872 0.208
H14 0.054 0.054445 0.219
H15 0.058 0.05548 0.220
H16 0.031 0.051803 0.203
H17 0.035 0.051058 0.210
H18 0.007 0.049104 0.183
H19 0.003 0.055238 0.193
H20 −0.028 0.043529 0.170
H21 −0.028 0.043529 0.170
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analysis, it can be determined which atom or 
atoms will bond with a higher probability when 
the M6-QE molecule reacts.

Nuclear magnetic resonance (1H and 13C) analysis

Chemical shift analysis of nuclear magnetic res
onance is one of the most widely used methods 
in the structural analysis of organic molecules.[55] 

While the 1H NMR spectrum provides informa
tion about the existence of protons in the struc
ture and their relationship with the C atoms to 
which they are attached, the 13C spectrum deter
mines the C atoms in the structure. Theoretical 
1H and 13C NMR calculations of M6-QE were 
carried out in DMSO solvent in the DFT/B3LYP 
approach with the GIAO method by using the 
6–311þG(2d,p) basis set.

The theoretical chemical shift values of H 
atoms of M6-QE are as follows: (H13) 7.30, 
(H14) 7.63, (H15) 7.74, (H16) 8.32, (H17) 8.38, 
(H18) 9.06, (H19) 4.20, and (H20-H21) 3.88 ppm. 
The experimental data corresponded to theoret
ical values of 6.63, 6.96, 7.06, 7.60, 7.74, 8.46, 
3.57, 3.47, and 3.41 ppm, respectively. The chem
ical shift values obtained for carbon atoms in 13C 
NMR calculations are also as follows: (C3) 
135.39, (C4) 151.45, (C5) 107.33, (C6) 165.70, 
(C7) 137.10, (C8) 127.49, (C9) 139.43, (C10) 
125.29, (C11) 152.69, and (C12) 55.95 ppm. The 

signals in the experimental 13C NMR spectrum 
corresponding to these values were observed at 
129.51, 144.30, 106.10, 157.63, 130.82, 122.08, 
135.20, 122.45, 148.34, and 58.90 ppm.

The correlation graphs between experimental 
and calculated 1H and 13C NMR values are pre
sented in Fig. 10. According to the R2 results, 
experimental and theoretical chemical shift values 
of 1H and 13C NMR for the M6-QE molecule are 
in good agreement with each other.

As a result, a complete structural analysis of 
the M6-QE molecule was performed by perform
ing experimental and theoretical chemical shift 
analysis for both H atoms and C atoms, and the 
experimental spectra also support the geometry 
of M6-QE.

Electron localization function (ELF) and (localized 
orbital locator)LOL analysis

ELF and LOL analysis were performed with the 
Multiwfn program [21] in order to determine the 
molecular space regions where the probability of 
finding an electron is high. Both analyses are sur
face analyses based on covalent bonds, and local
ized and delocalized electron regions are 
determined. While ELF analyses are performed 
according to electron pair density, LOL analyses 
are performed according to the situation in which 
localized orbitals are maximized.[57,58] ELF and 

Figure 9. Natural bond orbital, Hirshfeld, and atomic polar tensor electron charge distribution for M6-QE.
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LOL maps of 6-MQ are given in Fig. 11a and b. 
Color-filled map and 3D surface shaded projec
tion map of ELF.

The ELF value of the molecule ranges from 0.0 
to 1.0 values between 0.5 and 1.0 indicate local
ized electron regions, while values less than 0.5 
indicate delocalized electron regions. According 
to Fig. 11(a), there are localized electrons in the 
high ELF regions around all hydrogen atoms and 
between the atom bonds in the benzene and pyri
dine rings of M6-QE. In addition, high red LOL 
values are concentrated in the region between the 
C atoms of the title molecule, while the blue 
regions on the C atoms show the depletion 
regions between the valence and the inner shell. 
Finally, the white regions on the H atoms in the 
LOL map indicate that the electron density 
exceeds the upper scale value of 0.8.

Antimicrobial activity of M6-QE molecule on 
bacteria and yeast

Infectious diseases have become a global health 
threat due to the emergence and spread of resistant 
microorganisms. As a result, there is a constant 
need for new antimicrobial drugs and therapeutic 
techniques to be developed. Quinolines and quino
lones have been isolated from plants, animals, and 

microbes and have exhibited antibacterial, insecti
cidal, anti-inflammatory, antiplatelet, and anti
cancer properties.[59]

Inhibition sites and MICs are summarized in 
Table 8. M6-QE showed antimicrobial activity 
against all tested microbial strains (inhibition 
zone diameters ranging from 15 to 30 mm) 
(Table 8). DMSO was used as a control that did 
not exhibit antimicrobial activity. All bacterial 
strains were found to be susceptible to M6-QE. 
The largest zones of inhibition were found for 
M6-QE against K. pneumoniae (22.4 mm) and 
against B. subtilis (19.8 mm). The antimicrobial 
activity of compound M6-QE was evaluated with 
reference strains, MIC tests, and agar well diffu
sion tests.

Figure 10. Correlation graphics between theoretical and 
experimental 1H and 13C NMR values of M6QE.

Figure 11. Relief map and color filled map of (a) ELF (b) LOL 
of M6-QE.
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Results from the MIC test showed that M6-QE 
can inhibit the growth of gram-negative and 
gram-positive bacteria and yeast with MIC values 
of 16, 32, 64, and 128 lg/mL, respectively. M6- 
QE MIC results were greater than 16 lg/mL in all 
strains (Table 8). Compound M6-QE showed 
activity for S. dysenteriae, A. hydrophila, and S. 
aureus with a MIC value of 16 lg/mL. In add
ition, the compound showed activity for K. pneu
moniae and B. cereus with an MIC value of 
32 lg/mL. The same compound showed activity 
for B. subtilis and C. albicans with MIC values 
of 32 and 128 lg/mL, respectively, but not for 
E. coli, P. aeruginosa, and S. typhimurium, which 
did not show any effect.

Table 8 summarizes the inhibitory zones of 
compound M6-QE. The chemical exhibited anti
bacterial efficacy against all bacterial strains tested 
(zones of inhibition ranging from 15 to 30 mm in 
diameter).

As a control, DMSO was utilized, which had 
no antibacterial activity. M6-QE sensitivity was 
observed to be higher in all bacterial strains.

The largest inhibition zones were found against 
K. pneumoniae (22.4 mm) and B. subtilis 
(19.8 mm) for M6-QE. The antimicrobial activ
ities of M6-QE (Table 8; DIZ values of 12.4– 
22.4 mm) were even better than those of ampicil
lin (DIZ values of 15–18 mm) against patogen 
bacteria. The same compound exhibited similar 
antifungal activity (DIZ values of 16.2 mm) as 

Nystatin (20 mm). The antimicrobial activity of 
M6-QE was compared with the standard refer
ence antibiotics ampicillin and nystatin and it 
was concluded that it can be considered as an 
antimicrobial agent since it showed significant 
inhibition against some pathogenic bacteria.

The M6-QE has good potential to enable the 
use of disinfected medical and surgical instru
ments in clinical and surgical procedures that are 
important to patients. In particular, K. pneumo
niae bacteria is a risky pathogen for patients and 
hospitals.

Antiquorum-sensing effect of M6-QE

In bacteria and fungi, QS is a cell-to-cell commu
nication system that governs virulence factor pro
duction and biofilm formation.[60,61]

The antimicrobial efficacy of molecule M6-QE 
against pathogenic microorganisms has been 
impressive. A molecule is essential to the devel
opment of novel medications. There is presently 
no explanation for its pharmacokinetic properties, 
efficacy in the body, spectrum of action against 
clinical isolates, or potential toxicity to people. Of 
course, these results were achieved in vitro. The 
antimicrobial activity may be affected by the 
compound’s concentration, the strain type being 
studied, and the temperature and humidity levels. 
Since antibiotics are used therapeutically, further 
research and in vivo studies are required.

Table 8. Minimal inhibitory concentration (MIC) and the inhibition zone diameter (mm) of M6-QE against evaluated bacteria and 
yeast.

Bacteria DIZ (mm)

MIC (lg/mL)

AMP (10lg) Nystatin DMSO 10%16 32 64 128

E. coli ATCC 25922 12.4 – 16 – –
P. aeruginosa ATCC 27853 15.8 – 18 – –
S.typhimuriumATCC 14028 15.6 – 18 – –
S. dysenteriae ATCC 11835 15.8 16 18 – –
A.hydrophila ATCC 7966 13.2 16 – – –
K. pneumoniae ATCC13883 22.4 32 15 – –
S.aureus ATCC25923 12.4 16 Na – –
B. cereus 709 Roma 13.4 32 16 – –
B. subtilis ATCC 6633 19.8 64 15 – –
C. albicans ATCC 90028 16.2 128 – 20 –
C. violeceum ATCC 12472 (Antiquorum-sensingactivities) 34.2 16 Nt – –

MIC (lg/mL): minimum inhibitory concentration; DIZ (mm): diameter of inhibition zone (mm)
Positive control: AMP (10 lg): ampicillin
Negative control: 10% DMSO
nt: not tested.
na: no activity (no inhibition zone detected).
Note: – indicates no inhibition
–: No antimicrobial activity was detected in agar well diffusion method and MIC
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Molecular docking of M6-QE

The molecular docking study was carried out to 
support biological activity studies. The M6-QE 
molecule showed high activity on K. pneumoniae 
ATCC 13883 and B. subtilis ATCC 6633 microor
ganisms. For this reason, the protein structures of 
these two microorganisms (3D02 and 4OZ5) 
were selected from the PDB protein database,[24] 

the ligand–protein interactions were examined, 
and the dominant binding modes were pre
dicted.[62] First of all, the M6-QE ligand and 
selected proteins of microorganisms were con
verted to pdbqt format to be used in molecular 
docking studies. Then, the water molecules in the 
proteins were deleted, and polar hydrogen atoms 
and Kollman charges were added. To define the 
active sites of proteins, a grid box with 
40� 40� 40 points and 0.375 Å grid spacing was 
created and centered on the selected proteins. 
Molecular docking studies were carried out with 
the AutoDockTools.[23] The obtained data is 

presented in Tables 9 and 10. Additionally, the 
images obtained using the Discovery Studio 
Visualizer package program are presented in Fig. 
12.[25] The M6-QE molecule is docked to the 
reactive regions of the 3D02 and 4OZ5 proteins 
with binding energies of −7.14 and −5.23 kcal/ 
mol, respectively. When predicting whether a 
molecule will function as a therapeutic candidate, 
one crucial statistic to consider is the inhibition 
constant, or Ki value. A medication molecule’s Ki 
value shouldn’t be greater than the range of 10 
nanomolar.[63] The Ki value obtained for the 
3D02 protein is 5.88 mM, which is quite low. 
Therefore, better docking was observed for the 
3D02 protein than for the selected proteins with 
the M6-QE molecule. The O atom in the 
methoxy group and the N atom of the M6-QE 
molecule approached the H atoms of the THR 
266 and HIS 166 residues of the 3D02 protein at 
a distance of 2.00 and 2.17 Å, respectively, and 
made conventional hydrogen bonds. Similarly, 

Table 9. Molecular docking result of M6-QE molecule with proteins.
Molecule Protein (PDB ID) Binding energy (kcal/mol) Inhibition Constant Ki (mM) Reference RMSD (Å)

M6-QE 3D02 −7.14 5.88 23.01
4OZ5 −5.23 146.46 39.92

Figure 12. 2D visual representations of ligand and proteins.

Table 10. Protein–ligand interaction parameters with hydrophobic contacts for M6-QE molecule.

Molecule Protein (PDB ID)
Hydrogen bonded  
amino acid residue H-Bonded distance (Å)

Hydrophobic interacted  
amino acid residue

M6-QE 3D02 HIS A:166 
THR A:266 
LYS A:36

2.17 
2.00 
2.75

TRP A:42

4OZ5 VAL A:93 
LYS A: 92

2.11 
2.34

ALA A:137 
TRP A:128
HIS A:138
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the distance between the LYS 92 and VAL 93 res
idues of the 4OZ5 protein and the N atoms is 
2.34 and 2.11, respectively. There is a conven
tional hydrogen bond between them. In the lit
erature, there is an opinion that if there is a 
distance of around 2 Å between the ligand and 
the protein, there is very good docking.[64] 

According to the results obtained, we can say 
that there is good docking between the M6-QE 
molecule and the selected proteins and have con
firmed the activity they have experimentally 
shown against these microorganisms by molecu
lar docking studies.

Conclusion

The title molecule, M6-QE was subjected to 
experimental spectroscopic studies such as FT-IR, 
FT-Ra, and NMR (1H and 13 C), and its opti
mized molecular structure was obtained by DFT/ 
B3LYP method at the level of 6–311þþ(d,p). 
The calculated geometric values are in good 
agreement with the experimental values. The 
HOMO-LUMO energy gap was calculated as 
4.61 eV. It can be said that the title molecule has 
high chemical stability and reactivity. The MEP 
was traced, and chemical activity of the title mol
ecule was noticed. The NLO properties were 
studied, and the calculated value of the first- 
order hyperpolarizability (btot) was found to be 
five times greater than the urea molecule. 
According to this result, the title molecule has 
the potential to be used as an NLO material. The 
thermodynamic properties were calculated, and 
their values, except Gibbs free energy values, 
were increasing with the increase in temperature. 
This increase in thermodynamic functions reveals 
that the title molecule has greater stability. This 
increase in thermodynamic functions reveals that 
the title molecule has greater stability. M6-QE is 
found to have strong antimicrobial activity 
against A. hydrophila, S. dysenteriae, S. aureus, 
K. pneumoniae, and B. subtilis. The title molecule 
also demonstrated strong anti-QS activity. The 
finding suggests that M6-QE has antimicrobial 
and anti-QS properties and that new powerful 
antimicrobial drugs may be useful in the treat
ment of the bacteria resistant to bacterial infec
tions in the future. The M6-QE molecule is 

docked to the reactive regions of the 3D02 and 
4OZ5 proteins with binding energies of −7.14 
and −5.23 kcal/mol, respectively. According to 
the results obtained, we can say that there is 
good docking between the M6-QE molecule and 
the selected proteins and have confirmed the 
activity they have experimentally shown against 
these microorganisms by molecular docking 
studies.
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