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ARTICLE INFO ABSTRACT

The current study describes the characterization and vibrational spectra (elemental analysis, FT-IR, 'H NMR and
UV-Visible absorption) of 2-Methyl-quinoxaline (2-MQ) and synthesized [Ag(2-Methyl-quinoxaline)(NOs3)]. The
experimental investigation is supported by theoretical calculations at the DFT level. The frontier molecular or-
AIM bitals (HOMO and LUMO), the global reactivity descriptors, MEP, and thermodynamic analysis are also
Molecular docking computed to investigate the reactivity of the ligand and the complex. The intermolecular interactions in the title
RDG compound were analyzed by topological AIM and RDG approaches. The chemical structure of the ligand and its
Ag(I) complex were elucidated by the ELF analysis. In addition, a molecular docking study was implemented to
look into the studied compounds for their antibacterial activity. According to the molecular docking study used
to evaluate the inhibitory effect on target proteins for antimicrobial drugs, the metal complex has a greater
binding affinity than the free ligand. These compounds might thus be effective antibacterial candidates. Thus,
antimicrobial studies have been performed with 2-MQ and Ag(I) complex against various Gram-positive and
Gram-negative bacteria. The 2-MQ proved to be the most active compound in this study and showed the highest
antimicrobial activity against S. aureus ATCC 29213, B. cereus 709 Roma, V. anguillarum ATCC 43312 and C.
albicans ATCC 90028. Antimicrobial activity against Ag(I) complex, L. monocytogenes, V. anguillarum, A.
hydrophila, E. aerogenes, S. dysenteria, B. cereus and C. albicans was determined.
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regarded as a critical nucleus for anticancer drugs [9]. Quinoxaline
derivatives are useful in industry because they prevent metal corrosion

1. Introduction

N-heterocyclic compounds are a class of organic compounds with a
wide range of applications, including pharmaceuticals [1-4], pesticides,
and natural products [5]. Among the various N-heterocyclic compounds,
quinoxalines exhibit a wide range of biological features and therapeutic
potential in medical research. Numerous studies have been conducted to
determine that quinoxaline derivatives are biologically significant drug
candidates due to their antibacterial, antifungal, antiviral, antituber-
culous, antihypertensive, antiprotozoal, insecticidal, antimalarial, anti-
convulsant, antidiabetic, anticancer, kinase inhibitors, antitumor,
antiproliferative, and antioxidant properties [6]. The quinoxaline core is
an attractive core for obtaining biologically active compounds [7], and
drugs containing quinoxaline cores are relatively easy to administer as
oral capsules, intramuscular solutions, or rectal suppositories due to
their good pharmacokinetic properties [8]. Furthermore, quinoxaline is

* Corresponding author.
E-mail address: senayy@gazi.edu.tr (S. Yurdakul).

https://doi.org/10.1016/j.inoche.2022.109935

[10-12], in the synthesis of porphyrins because of their structural sim-
ilarity to natural chromophores, and in electroluminescent materials
[13]. In particular, the quinoxalines, particularly 2-Methyl-quinoxaline
derivatives, have been used as antiviral, anticancer, and antibacterial
agents in the past [10-12].

Many metals combined with quinoxaline derivatives enable metal
chelates to get access to until now unexplored chemical areas in drug
development, particularly for designing antimicrobials. Nitrogens with a
single electron pair allow 2-Methyl-quinoxaline to complex in coordi-
nation chemistry or to function as a protonatable base [13]. Combining
bioactive metal ions with pharmacologically active organic ligands is
helpful in antimicrobial therapy because it prevents drug resistance,
increases activity through synergism, broadens the spectrum of activity,
and reduces the number of doses needed. Because of this, the cost of
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making the drug and the risk of dangerous side effects go down [14]. In
previous studies [15], zinc, cadmium, and mercury complexes with 2-
Methyl-quinoxaline (2-MQ) were made, their structures were charac-
terized, and thermal and electrical studies were done on them. Silver is a
broad-spectrum microbicide and shows high pharmacological activity
properties against the difficulties that develop in the treatment of dis-
eases. There is also a great deal of interest in the creation of new silver
compounds today. For all these reasons, the Ag (I) complex structure of
2-MQ was synthesized. In our current research, we used elemental
analysis, FT-IR, 'H NMR, and UV-Vis spectra to study the structure of
the 2-MQ molecule and the its synthesized [Ag(2-MQ)NO3] compound
that was made from it. The density functional theory (DFT) was used to
look at the molecular and electronic structures of the compounds in the
title. In addition, computational calculations at the level mentioned
were done to back up the experimental spectroscopic data of the mol-
ecules. The frontier molecular orbital analysis (HOMO-LUMO) was done
to figure out the chemical reactivity and molecular electrostatic poten-
tial (MEP) surface of the studied title molecule and its synthesized
compounds. The AIM and NCI analyses was premeditated for the visual
representation of non-covalent chemical bonding. There have also been
molecular docking studies to find out how the ligand/complex binds to
anti-microbial protein receptors.

2. Material and methods
2.1. Experimental methods

2.1.1. Synthesis of silver complex

Silver nitrate and 2-Methyl-quinoxaline, which were utilized without
purification, were purchased by Sigma-Aldrich Chemical Company. The
silver complex was created via a chemical synthesize. In 20 mL of
ethanol, the ligand (2-MQ) (2 mmol) was liquefied. Then, with steady
mixing at 50 °C, AgNO3 (1 mmol) was progressively added to the first
produced solution. The finished solution was stored at room tempera-
ture for 1 week after 3 h of stirring at the same temperature to allow the
solvent to evaporate. The mixture was placed at + 4 °C for 3 months
after being wrapped in aluminum foil to prevent exposure to light [16].
The metal-to-ligand ratio in the produced chemical is 1:1. Under
ambient conditions, the colorless metal complex was filtered and dried.
The yield of the synthesized compound was 76%. For elemental (C, H,
and N) analyses, the following calculated and experimental values were
reported: [Ag(2-MQ)(NO3)], CHN Calc: C: 34.42 %, H: 2.56 %, N: 13.38
%. Found: C: 35.32 %, H: 2.48 %, N: 13.20 %.

2.1.2. Instrumentation for recording spectra
The Bruker Vertex 80 FT-IR spectrometer was used to record the
infrared spectra of compounds between 4000 and 550 cm™'. The Bruker

Fig. 1. Optimized molecular structure of 2-MQ.
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IFS 66/S system was used to record Far-IR spectra between 700 and 50
em™!. An Agilent HP 8453 spectrophotometer was used to record
UV-Vis spectra in a quartz cell with DMSO as the solvent.

2.1.3. Microorganisms and conditions for cultivation

S. aureus, S. epidermidis, L. monocytogenes, V. anguillarum, A.
hydrophila, E. aerogenes, S. dysenteria, P. aeruginosa, B. cereus, S.
typhimurium, E. coli,B. subtilis, K. pneumoniae, E. faecalis and C.
albicans were obtained from the American Type Culture Collection.
Bacteria and yeast were cultured in Tripticase Soy Broth (TSB) at 37 °C.
To make the inoculate, the turbidity of the medium was changed to meet
the McFarland Standard, which is 0.5.

2.1.4. Antimicrobial and antiquorum-sensing activities

The antimicrobial activity of 2-Methyl-quinoxaline and its silver (I)
complex was determined using the Minimal inhibitory concentration
(MIC) and the Agar well diffusion method in this study. The National
Committee for Clinical Laboratory Standards (NCCLS) criteria were used
to determine the minimum inhibitory concentrations (MIC) of chemicals
against bacterial strains [17]. For the MIC test and to culture the bac-
teria, Mueller-Hinton broth was utilized. Test microorganisms were
loaded with nutrient broth (Difco) and overnight at 37 °C for 24-48 h in
the agar well diffusion technique.

The Agar well diffusion test and bacterial count (1 x 10° bacteria per
mL) on Mueller Hinton Agar (Oxoid) were utilized. A sterile cork borer
was used to drill the wells of the culture plates (7 mm in diameter). All
the wells were filled with dissolved chemicals containing 10% DMSO
(10 mg/mL). The inhibitory zones created on the agar plates were
measured in millimeters after 24-48 h (mm). Positive controls included
Ampicillin (AMP) (10 pg) and Nystatin (200 pug/ml), whereas negative
controls included DMSO. The agar well diffusion test was evaluated
using the NCCLS standards [18]. The test was repeated three times, with
the average of the results. The diameters of the agar well diffusion re-
gions were evaluated to those of the basic antimicrobials Ampicillin and
Nystatin. An antiquorum sensing activity assay on LB agar medium was
also done to investigate the compounds’ antipathogenic potential. C.
violaceum (1x10%) culture was spread on LB agar surface with swap.
After that, the chemicals (5 mg/mL) were dissolved in 10% DMSO and
poured into the wells. To see if pigment formation was inhibited, sam-
ples were incubated h at 30 °C. Because of the prevention of bacterial
growth, a distinct halo formation surrounding the wells was judged
positive.

2.2. Computational details

2.2.1. Quantum calculation details

The DFT calculations were performed using GAUSSIAN 09 [19].
While the theoretical geometric parameters of 2-MQ were calculated at
the DFT/B3LYP level of theory using the 6-311++G (d,p) basis set [20],
the geometric parameters of [Ag(2-MQ)(NO3)] were calculated using
the LANL2DZ basis set [21]. HOMO, LUMO, and MEP analyses were
visualized using GaussView 5.0 [22]. The UV-vis spectra and features of
the optimized structure, such as electronic transitions, excitation en-
ergy, absorbances, and oscillator strength, were calculated using time-
dependent functional theory (TD-DFT) in DMSO solvent. By employ-
ing Multiwfn [23] and the molecular visualization program VMD (Visual
Molecular Dynamics) [24], Reduced gradient of density (RDG) analysis
leads to an easy-to-catch pictorial visualization of different kinds of non-
covalent interactions directly in real space. The Topological data (AIM)
were determined using the Multiwfn [22] software. ELF was graphically
plotted by the non-covalent interaction (NCI) methods using the Mul-
tiwfn program.

2.2.2. Molecular docking procedure
The molecular docking of the chemical compound-proteins binding
site was performed using Autodock 2.2.6 software [25]. Before docking,
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Fig. 2. Optimized molecular structure of [Ag(2-MQ)(NO3)].

the structure of the protein was cleaned. The active sites of the protein
structure were used to create the grid parameter. The binding free en-
ergy of the inhibitor (target receptor) in the macromolecule (protein)
was evaluated during the docking procedure, as in the work by Abdou
et al.[26]. The docked complexes were visualized using Discover Studio
Software [27]. The 3D dimensional structure of V. anguillarum, PDB ID:
6AEM and A. hydrophila, PDB ID: 4PJ2 were obtained from the RSCB
protein data bank (https://www.pdb.org).

3. Results and discussion
3.1. Molecular structure

The optimized molecular structures of the 2-MQ and [Ag(2-MQ)
(NO3)] complex are shown in Fig. 1 and Fig. 2. The theoretical geometric
parameters of the ligand and its Ag(I) complex are given in Table 1. Due
to the lack of crystallographic data for the title structures, calculated
parameters were compared with X-ray data of 2-Chloro-3-methylqui-
noxaline [28] and [2-(2-Pyridyl-N)quinoxaline-N] silver(I) nitrate
[29]. The bond lengths of all C-C bonds of 2-MQ were found in the range
of 1.375-1.504 A, theoretically. In the benzene ring of 2-MQ ligand, the
C3-Cg, C4-C7, and Cy-C;o bond lengths are equal to each other, and the
calculated value is 1.416 A. Also, the C-Co and C7-Cq0 bond lengths are
found to be 1.375 A. The Cs-Cg bond length in the pyrazine ring was
calculated as 1.431 A. Also, the N1-C3, N1-Cs, N3-C4, and N»-Cg bond
lengths in the pyrazine ring were calculated as 1.364, 1.314, 1.364, and
1.308 A, respectively. The calculated C-H bond length values are in the
range of 1.083-1.095 A. To compare the calculated bond lengths and
bond angles of 2methylquinoxaline with XRD data of the 2-Chloro-3-
methylquinoxaline, root mean square deviation (RMSD) values were
calculated. The RMSD value for the bond lengths and angles of 2-Methyl-
quinoxaline was found to be 0.076 and 1.106, respectively. According to
these values, the bond lengths and bond angles of 2-Methyl-quinoxaline
are in good agreement with the 2-Chloro-3-methylquinoxaline XRD
data.
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The lengths of the C-C bonds in the [Ag(2-MQ)(NO3)] complex
structure were calculated to be between 1.389 and 1.508. The N;1-Cs, N;-
Cs, N2-C4, and N»-Cg bond lengths in the pyrazine rings of the complex
structure were found to be 1.382, 1.338, 1.392, and 1.338 A. Also, the C-
H bond length values for the silver nitrate complex were calculated in
the range of 1.084-1.098 A. When the C-C, N-C, and C-H bond lengths of
the silver nitrate compound were compared with those of 2-Methyl-qui-
noxaline, it was determined that these values were slightly higher for the
complex structure. The Ny-Aga, Ag20-O22, and Agoo-O24 bond lengths
were found to be 2.175, 2.637, and 2.178 A. The N21-O22, N21-O03, and
N2;1-O24 bond lengths in the nitrate group are calculated as 1.313,1.265,
and 1.362 A, respectively. Also, bond lengths were compared with the
XRD data of [2-(2-Pyridyl-N)quinoxaline-N]silver(I) nitrate and it was
determined that they had small differences between each other. The
RMSD values for the bond lengths and bond angles of the Ag(I) complex
structure were found to be 0.087 and 0.889, respectively.

3.2. Vibrational analysis

The some scaled theoretical wavenumbers and recorded FT-IR and
FT-Ra bands with TED analysis of free ligand and its Ag(I) complex are
shown in Tables 2 and 3, and experimental Far-IR, FT-IR, and FT-Ra
spectra are also shown in Figs. 3-5. In addition, the data outside the
selected frequency values for both compounds is given in supplementary
Table S1 and Table S2. The calculated frequency values are scaled with a
scale factor to be compatible with experimental values. For 2-MQ, a
scale factor of 0.983 was used for wavenumbers under 1800 cm ™ [301],
while 0.9614 was used for wavenumbers over 1800 cm™! [31]. A scale
factor of 0.9614 was used in all wavenumbers for [Ag(2-MQ)(NOs3)]
[32].

3.2.1. C-H vibration

The C-H stretching vibrations of aromatic structures are observed in
the region of 3100-3000 cm ™! [33]. Also, the G-H stretching vibrations
of methyl (CHs) groups are found in between 2800 and 3000 cm ™! [34].
In the present study, The C-H symmetric and asymmetric vibrations in
the benzene ring of 2-Methyl-quinoxaline were calculated at 3074,
3069, 3057, 3046 cm ™ '. These modes were experimentally observed at
3082 cm ! (s, Ra) and 3060 cm! (vw, IR). The C-H symmetric and
asymmetric stretching vibrations of methyl group were calculated at
3013, 3012, 2957, and 2910 cm ™' and observed at 3014 (vw, IR), 2952
(s, Ra), and 2919 (vw, IR)/2917 (s, Ra) cm~ L. The C-H stretching vi-
brations in the aromatic rings of the Ag(I) complex were calculated at
3120, 3108, 3107, 3091, and 3076 cm’l, but they were observed in the
FT-Ra spectrum at 3064 cm ™! (vw).The modes for the CH3 group of
complex structrues were theoretically found to be 3056, 2997, and 2929
cm-1 and were observed at 3053 cm-1 (vw, IR) in the FT-IR spectrum.
These stretching vibrations for aromatic rings of 2-quinoxaline carbox-
ylic acid are calculated at 2981, 2975, 2971, 2964, and 2953 cm-1 and
observed at 3070, 3050, 2960, and 2920 cm-1 in the FT-IR spectrum
[35]. In studies of 7-methoxy-4-methylcoumarin that looked at fre-
quency analysis, the C-H stretching vibrations of the methyl group were
found to be 2902 and 2855 cm™ ! in the FT-IR spectrum [34].

3.2.2. C-H in-plane and out-of-plane bending vibrations

In aromatic compounds, the in-plane C-H bending vibrations are
observed in the region of 1300-1000 ecm~! [36]. The C-H in-plane
bending vibrations for 2-MQ were calculated at 1300, 1274, 1217,
1204, 1136, and 1125 cm™*, and were observed at 1314 (s, IR)/1296
(m/Ra), 1287 (s, IR)/1262 (s, Ra), 1199 (s, IR)/1202 (vw, Ra), 1119 (s,
IR) ecm™ L. For the silver nitrate complex with 2-MQ, these modes were
calculated at 1277, 1267, 1205, 1193, 1145, and 1110, while the C-H in-
plane bending modes were observed at 1279 (vs, IR)/1263 (m, Ra),
1252 (m, Ra), 1207 (s, IR), 1190 (vw, Ra), and 1162 (w, Ra) cm ! in the
vibrational spectra. While the in-plane C-H bending vibrations in the
rings of 7-methoxy-4-methylcoumarin were observed at 1347, 1265,
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Table 1
Optimized geometrical parameters and of 2-MQ and [Ag(2-MQ)(NO3)].
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Bond Lengths (A)

Bond Angles (°)

Parameters *Calc. XRD* **Cal. XRD" Parameters *Calc. XRD* **Calc. XRD"
N;-C3 1.364 1.374 1.382 1.357 C3-N;-Cs 117.50 118.27 118.47 118.30
N;-Cs 1.314 1.316 1.338 1.314 C4-Np-Cg 116.67 116.20 118.74 118.03
Ny-Cy 1.364 1.378 1.392 1.365 N;-C3-C4 121.09 121.37 121.49 120.47
N,-Cg 1.308 1.297 1.338 1.299 N;-C3-Ce 119.63 119.38 119.24 120.24
C3-C4 1.425 1.414 1.441 1.425 C4-C3-Co 119.28 119.25 119.26 119.26
C3-Ce 1.416 1.416 1.424 1.411 N3-C4-C3 120.58 120.12 118.59 119.89
C4-Cy 1.416 1.413 1.423 1.406 N,-C4-C5 119.82 119.77 121.31 121.11
Cs-Cg 1.431 1.436 1.437 1.424 C3-C4-Cy 119.60 120.11 120.09 118.94
Cs-C11 1.504 1.507 1.508 1.495 N;-Cs-Cg 120.82 118.87 120.51 120.86
C6-Co 1.375 1.368 1.389 1.362 N;-Cs5-C11 118.97 119.21 119.13 118.08
Ce-Hi2 1.084 0.950 1.085 0.929 Cg-Cs-Cq1 120.21 121.91 120.35 121.05
C7-C1o 1.375 1.373 1.390 1.364 C3-Cg-Co 119.96 119.78 119.84 120.18
C7-Hi3 1.083 0.950 1.088 0.931 C3-Ce-Hi2 118.08 120.11 117.88 119.94
Cg-Hy4 1.088 - 1.084 0.929 Co-Co-Hpo 121.96 120.11 122.28 119.87
Co-C1o 1.416 1.415 1.428 1.399 C4-C7-Cy1o 119.91 119.46 119.27 119.99
Co-Hjs 1.084 0.950 1.086 0.930 C4-C7-Hy3 118.06 119.47 120.08 119.92
Cio-His 1.084 0.950 1.086 0.931 Ci0-Cr-His 122.02 120.27 120.64 120.08
C11-Hiy 1.095 0.980 1.098 - N,-Cs-Cs 123.34 121.16 122.19 122.36
Cy11-Hig 1.089 0.980 1.092 - Nj-Cg-Hy4 117.14 - 117.81 -
Ci11-Hio 1.095 0.980 1.098 - Cs5-Cg-Hi4 119.52 - 120.00 -
Na-Agoo - - 2.175 - C6-Co-Cio 120.71 120.82 120.59 120.32
Ag20-022 - - 2.637 - Ce-Co-His 119.93 119.59 120.06 119.81
Ago0-O24 - - 2.178 - C10-Co-His 119.35 119.58 119.35 119.86
Nj1- Ogp - - 1.313 1.232 C7-C19-Co 120.54 120.57 120.94 121.27
Nai- O3 - - 1.265 1.226 C7-C10-Hie 120.03 119.71 119.46 119.36
Nai- O24 - - 1.362 1.226 Co-C10-Hie 119.42 119.71 119.60 119.36
RMSD 0.076 Cs5-Cq1-Hy7 110.99 109.47 111.27 -
0.087
Cs-C11-Hig 109.76 109.45 109.42 -
Cs5-C11-Hig 110.99 109.45 111.26 -
H;7-C11-Hig 108.89 109.48 108.70 -
H;7-C11-Hig 107.21 109.48 107.41 -
Hig-C11-Hig 108.90 109.47 108.70 -
C4-Na-Agao - 118.59 -
N2-Ag20-022 - 123.67 -
022-Ag20-024 - 53.39 -
Os5-No1-Oa3 . 123.79 -
029-No1-Oss - 116.45 -
023-N21-O24 - 119.75 -
Ago0-025-Na - 84.44 -
Ag20-024-N21 - 103.71 -
RMSD 1.106 0.889
*2-MQ.

**[Ag(2-MQ)(NO3)].
# XRD parameters of 2-Chloro-3-methylquinoxaline [28].
b XRD parameters of 2-(2-Pyridyl-N)quinoxaline-N; Jsilver(I) nitrate [29].

1237, and 1110 cm ! in the FT-IR spectrum and observed at 1350 and
1237 cm ! in the FT-Ra spectrum, the out-of-plane C-H vibration bands
were observed at 852, 807, 709, 674, and 634 cm™! in the FT-IR spec-
trum and were observed at 714 cm ™! and 677 em ™! in the FT-Ra spec-
trum [34].

The methyl group contains symmetric and asymmetric C-H in-plane
and out-of-plane bending vibrations. These modes were calculated for 2-
MQ at 1476, 1458, 1451, 1415, and 1383 cm ™! and for [Ag(2-MQ)(NOs]
at 1470, 1452, 1446, 1437, and 1392 em L. Also, these modes were
observed at 1460 (m, Ra), 1450c (m, Ra), 1407 (w, IR), and 1382 (v, Ra)
em~! for 2-Methyl-quinoxaline and were observed at 1467 (m, IR) and
1472 (m, Ra) cm™! for the title complex. The asymmetric bending vi-
brations for 7-methoxy-4-methylcoumarin were observed at 1456 and
1441 cm ™! in the FT-IR spectrum and were calculated at 1455 and 1444
cm !, while the symmetric bending vibration was observed at 1422,
1384, and 1376 cm ™! in the FT-IR and FT-Ra spectra and calculated at
1428 and 1370 cm ™ [34].

While the in-plane rocking vibration that occurred in the methyl
group was theoretically calculated at 1018, 1008, and 958 cm ™! for free
ligand, the out-of-plane rocking vibrations were calculated at 1038
em L Also, these modes were observed at 1032 (w/IR), 1007 (m/IR)/

993 (vs/Ra), 960 (s, IR)/964 (w, Ra) cm L. For silever nitrate complex of
2-MQ, the in-plane rocking vibration was calculated at 1007, 996, and
954 cm !, while the out-of-plane rocking vibration values were calcu-
lated at 1047 cm™!. These in-plane and out-plane rocking vibrations
were observed at 1028 (s, IR)/1020 (vw, Ra) and 986 (vw, Ra) cm_l,
respectively. The in-plane-rocking vibrations of the CH3 group for 7-
methoxy-4-methylcoumarin were observed in the FT-IR spectrum at
1153 and 1038 cm ™Y, and in the FT-Ra spectrum at 1163 cm™!. These
vibration modes were calculated at 1159 and 1024 cm ™. Also, the out-
of-plane rocking vibrations of 7-methoxy-4-methylcoumarin were
calculated to be 1129 and 988 cm™!, and they were seen to be 1134,
979, and 987 c¢m ™! in the FT-IR and FT-Ra spectra [34].

3.2.3. C-C and C=C stretching vibrations

The C-C and C=C stretching vibrations in the aromatic molecule
rings are generally assigned in the range of 1650-1200 cm™! [37]. The
C-C and C=C stretching vibrations of 2-MQ in this region, were theo-
retically found to be 1648, 1589, 1571, 1502, 1476, 1415, 1362, 1346,
1300, 1274,1217, and 1204 cm™". Experimental wavenumbers corre-
sponding to these theoretical values were observed at 1612 (vw, IR),
1578 (vw, IR)/ 1597 (s, Ra), 1366 (m, IR), 1344 (vw, Ra), 1314 (s, IR)/
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Table 2 Table 2 (continued)
Selected vibrational wave numbers at DFT/B3LYP/6-311++G(d,p) basis set, Calculated Observed
observed IR and Raman frequencies, and their assignments with potential en-
ergy distribution (%) for 2-MQ. 46 3133 3012 2385 1417 - - 790cy (asym,
CH
Calculated Observed 47 3134 3013 1503 12.34 3014 - 815;, (asym,
Mode Fre  Fre® I’ Ina” IR Raman  TED vw CHa)
21 975 958 2547 334  960s 964w  1ddcce + 48 3168 3046 243 579 - - 81ucy (asym)
125cen + 49 3180 3057 7.48 14.28 3060 - 83ucy (asym)
278ccu w
24 1025 1008 1817 678 1007 993vs  2lvce + 50 3192 3069 1324 439 - - 82vcy (asym)

m 336cen 51 3197 3074 1552 3490 - 3082's 86vcy (sym)

25 1036 1018  4.04 20.42 - - 2loce + v: stretching, 8: in-plane bending, y: out-plane bending, I': torsion, s: strong, m:
26 1056 1038  2.52 0.16 1032 - ?gjc‘@ + medium, w: weak, v: very.

w 271_(‘;‘;‘“ N @ Scaled wavenumbers calculated at B3LYP/6-311++G(d,p) using scaling
15T ence + factors 0.983 for the wavenumber less than 1800 cm ™! [30] and 0.9614 above
12xcen 1800 cm™* [31].

27 1144 1125 10.36 1.44 1119 16vcc + b Relative absorption intensities and relative Raman intensities normalized

s 128¢cc + with highest peak absorption equal to 100.
508ccH ¢ Total energy distribution level (TED) less than 10% are not shown.

28 1156 1136 9.87  3.13 - - 180cc +
;5;;;* 1296 (m, Ra), 1287 (s, IR)/ 1262 (s, Ra), and 1199 (s, IR)/ 1202 (vw, Ra)
29 1225 1204 14.91  4.29 1199 1202vw  17vcc + em™ L. The C-C and C=C stretching vibrations for the [Ag(2-MQ)(NO3)]
s 10veN + complex structure were calculated at 1593, 1545, 1525, 1470, 1446,
% 123 1217 123 se0 - . ;‘fﬁzzn 1392, 1391, 1358, 1311, 1277, 1267, and 1205 cm ™! and observtled at
1200 + 1611 (vw, IR)/1596 (s, Ra), 1551 (s, Ra), 1467 (m, IR)/ 1472 cm ™~ (m,
158cce + Ra), 1279 (vs, IR)/ 1263 (m, Ra), 1252 (m, Ra), and 1207 (s, IR) em lin
428ccu the FT-IR and FT-Ra spectra. These stretching vibrations of 2-quinoxa-
31 1296 1274 5.03 041 1287 1262s 11vce + line carboxylic acid were observed at 1710, 1610, 1460, 1410, and

s 13;‘“ ++ 993 cm ! in the IR and Raman spectrum and were observed at 1020, and
11 SCCCC: 920 cm™! in the IR spectrum [35].

32 1322 1300 28.49 1.44 1314  1296m  25vcc +

s 150cn + 3.2.4. C-N stretching vibrations
178ccn + The determining of the C-N stretching vibration is difficult due to the
118CCH . . . . .

33 1369 1346 051 2.08 B 1344 T4vee 1 several bands that are possibly superimposed in this region. The C-N
vw 13ven + stretching vibrations are assigned to the 1342-1266 em ! region [38].
388ccH The C-N stretching vibration modes for 2-MQ were observed at 1366 (m,
34 1386 1362 7.14 100.00 1366 - 30vce + IR), 1344 (vw, Ra), 1314 (s, IR)/ 1296 (m, Ra), and 1287 (w, IR)/ 1262
m 218260 o+ (m, Ra) em™and calculated 1362, 1346, 1300 and 1274 cm ™. For silver
35 1407 1383 894  9.66 _ 1382 39623 n nitrate complex of 2-Methyl-quinoxaline, these modes were observed
w 3560 1252 (m, Ra), 1207 (s, IR), 1190 (vw, Ra), and 1162 (w, Ra) cm ™! and
36 1439 1415 12.80 60.36 1407 190cc + calculated 1311, 1267, 1205, 1193, and 1145 cm ™ '. The C-N stretching
. 76 1451 1646  34.8 Y’ 1450 m gggzz: . modes of 2-quinoxaline carboxylic acidl were observed at 575 cm™! in
285ucrt - the FT-IR spectrum and at 1540 cm™ " in both the FT-IR and FT-Ra
15T ceen + spectrum. Also, the theoretically computed wavenumbers puted values
15Tncen of the corresponding C-N stretching vibrations were calculated at 1563
38 1483 1458 1099 6.11 - 1460 m  36y,cy + and 1537 em™! [35].
25Tceen +
25Incen . . .
39 1502 1476 077 19 - - 150cc + 3.2.5. N-O Stretching vibrations
360ccn + Due to the asymmetric stretching of the nitrate group (NOs), the IR
108cen spectra of the nitrate complexes revealed the characteristic IR frequency
40 1528 1502 37.66  3.53 - - 250ce + for the uncoordinated nitrate group by the emergence of a prominent
ifg’:gf band near the 1330 cm™! region [39]. This band in the [Ag(2-MQ)
41 1598 1571 11.89 10.87 - - 28ucc + (NO3)] complex structure was observed at 1389 (s, Ra)/ 1387 (vs, Ra)
108ccc + ecm™! while the band was computed at 1371 cm™!. Also, the N-O
288cen + stretching vibration values were calculated at 1118 and 899 cm ™! and
108cen were observed 1135 (m, IR)/ 1139 (w, Ra) and 919 (m, IR)/ 890 (vw,
42 1616 1589 22.24 17.83 1578  1597s 17vcc + 1 ) 2 . . . .

W 23ven + Ra) cm™ . In the literatiire, these vibration of silver(I) nitrate complex
108cce + with nicotinaldehyde [Ag(3-Py-CHO),NO3] was observed at 1347 cm ™
228cen + and calculated at 1363 cm ™! [16]. In another study conducted by Bilkan

43 1653 1648 145 a1 o1z - ;gii?'+ et al. in 2016, N-O stretching Vibrationf for [C10H9N3]4AgNO3] were
’ ' w 13&& N calculated at 1325, 1168, and 934 cm ™ °, while these vibration values
455 ccn were measured at 1337 (FT-IR)/1334 (FT-Ra) cm-1, 1196 (FT-IR)/1204
44 3027 2910 19.33  43.44 2019  2917s 89ucy (sym, (FT-Ra), and 954 (FT-IR) ecm™! [40].
vw CHa3)
45 3076 2957 1580 1344 - e Z;"C)“ (asym, 3.2.6. Ag-O and Ag-N stretching vibrations
3.

In theory, the symmetric and asymmetric mode values of Ag-O in the
IR spectrum are expected to be around 640 cm™!. These stretching
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Table 3
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Selected vibrational wave numbers at DFT/B3LYP/LANL2DZ basis set, observed IR and Raman frequencies, and their assignments with potential energy distribution

(%) for [Ag(2-MQ)(NOs3)].

Calculated Observed

Mode Fre Fre? i Ba IR Raman TED®

6 105 101 0.55 6.51 100w - 1000 + 328cnag + 138ag0n11TNagon

8 131 126 1.23 3.85 124vw 123 m 17vag0 + 168cnag + 17TNagon

10 144 138 0.38 1.93 141vw - 320agN + 140ag0 + 178cen

12 272 261 0.60 0.59 - - 170ag0 + 128ccc + 108cen + 138ccn

13 298 286 6.42 0.78 - 271w 320agN + 140ag0 + 108ccc + 148cen

26 740 711 0.74 1.86 719 m 704vw 100agn + 160cc + 148cce + 148cen + 143ccn
32 936 899 14.52 5.82 919 m 890vw 560n0 + 1980Nn0

34 993 954 3.92 0.05 - 953vw 15v¢cc + 128¢cc + 148cen + 258ccH

36 1036 996 2.15 1.38 - 986vw 18vcc + 338ccn + 10lceen + 100Nncen
37 1048 1007 0.31 3.03 - - 17vcc + 358ccu

39 1089 1047 1.14 0.18 1028 s 1020vw 20yccn + 22Tcecn + 14Tence + 11Txeen
40 1155 1110 0.74 0.50 - - 17vce + 138ccc + 408ccn

41 1163 1118 57.72 0.75 1135s 1139w 26vn0 + 2680Nn0

42 1191 1145 2.33 0.36 - 1162w 15vcc + 13ven + 448ccn

43 1241 1193 0.08 0.68 - 1190vw 10vcc + 10ven + 118¢ce + 418ccn

44 1254 1205 3.34 0.54 1207 s - 18vcc + 11ven + 118¢cc + 398ccn

45 1318 1267 3.51 3.65 - 1252 m 14vce + 14ven + 118cen + 378ccn

46 1329 1277 0.74 0.37 1279vs 1263 m 13vcc + 168cen + 328¢cn

47 1364 1311 1.97 0.40 - - 13vce + 14ven + 328¢cn

48 1413 1358 6.06 10.20 - - 320cc + + 328ccu

49 1427 1371 100.00 1.41 1389 s 1387vs 34ono + 2280n0

50 1447 1391 4.26 3.19 - - 13vcc + 418¢ccu + 418ucu

51 1449 1392 1.33 1.87 - - 15vcc + 368¢ccy + 108ucu

52 1495 1437 2.07 5.34 - - 368ccu + 108ycy + 11Tccen + 110Necn
53 1505 1446 0.00 0.53 - - 12vcc + 298ccn + 168ucn

54 1511 1452 3.90 1.19 - - 108ccu + 35Yhcy + 26Icecn + 25I'nccn
55 1530 1470 11.01 0.70 1467 m 1472 m 15v¢cc + 368ccu + 118ucH

56 1587 1525 7.45 1.30 - - 20vcc + 160cn + 108¢cce + 128cen + 268ccn
57 1608 1545 1.19 4.65 - 1551 s 250cc + 13y + 108¢ce + 128cen + 228ccn
58 1658 1593 0.23 0.53 1611vw 1596 s 28vcc + 148ccc + 398ccn

59 3048 2929 2.32 4.84 - - 90vcy (sym, CHs)

60 3119 2997 3.28 1.43 - - 78vcy (asym, CHj)

61 3180 3056 1.29 0.92 3053vw - 78vocy (asym, CH3)

62 3201 3076 1.88 1.55 - 3064vw 78vocy (asym)

63 3216 3091 0.50 0.98 - - 81lvcy (asym)

64 3233 3107 0.77 1.46 - - 81lvocy (asym)

65 3234 3108 0.51 0.72 - - 72vcy (asym)

66 3247 3120 2.79 3.45 - - 85vcy (sym)

v: stretching, 8: in-plane bending, y: out-plane bending, I': torsion, s: strong, m: medium, w: weak, v: very.

aScaled wavenumbers calculated at B3LYP/LANL2DZ using scaling factors 0.961 for all wavenumbers [32].
bRelative absorption intensities and relative Raman intensities normalized with highest peak absorption equal to 100.
cTotal energy distribution level (TED) less than 10% are not shown.

vibrations of the synthesized silver nitrate complex were measured at
640 (vw, IR)/ 643 (w, Ra) and 124 (vw/IR)/ 123 (m,Ra), and 100 (w, IR)
cm™! and were calculated 649, 261, 126, and 101 cm™". For the [Ag(3-
Py-CHO)2NO3] complex structure, the Ag-O stretching vibration was
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Fig. 3. Experimental Far-IR spectra of 2-MQ and [Ag(2-MQ)(NO3)].

observed in the IR spectrum at 642 cm ! in the literature [16]. The Ag-N
stretching vibrations of [Ag(2-MQ)(NO3)] complex were observed at
719 (m, IR)/ 704 (vw, Ra), 271 (w, Ra), and 141 (vw, IR) cm ! and were
computed 711, 286, and 138 cm™ L. In the literature, the Ag(I)-N
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Fig. 4. Experimental FT-IR spectra of 2-MQ and [Ag(2-MQ)(NO3)].
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Fig. 5. Experimental FT-Ra spectra of 2-MQ and [Ag(2-MQ)(NO3)].

stretching modes were measured at 817 em ! (m, IR) and 801 cm ™! (vs,
IR), while the [Ag(3-Py-CHO),NO3] stretching modes were theoretically
measured at 840 cm ™! [16]. When the Far-IR, FT-IR and FT-Ra spectra of
the 2-Methyl-quinoxaline and [Ag(2-MQ)(NO3)] complex structure are

2-MQ
..... [Ag(2-MQ)NO3]
X
()
[&]
=
(4]
0
[
[=]
w
Q0
<
. . . . . > I . .~~4-ﬂt;A-‘—qp\"'¢--‘*ﬁ-"I
300 400 500 600 700 800
Wavelenght (nm)

Fig. 6. Experimental UV visible spectra of 2-MQ and [Ag(2-MQ)NOs].

compared, there are new peaks at 1389 (s, IR)/1387 (vs, Ra), 719 (m,
IR)/704 (vw, Ra), 643 (vw, IR, Ra), 141 (vw, IR), 124 (w, IR)/ 123 (m,
Ra), 100 (w, IR), 80 (m, IR) cm~in the spectra of the complex structure
that are not in the free ligand. These peaks indicate that the complex
structure is formed.

A linear regression analysis was performed between experimental
and theoretical wave numbers. Correlation graphs were drawn and
given in supplementary Fig. S1. The equations for 2-MQ and [Ag(2-MQ)
(NO3)] are given below, along with high linear correlation constant (R?
values.

Vear = 1.00040y, — 2.0047R? = 0.9998forIRof2 — M 1)
Vear = Wexp — 0.6165R* = 0.9999forRamanof2 — MQ 2)
Vet = 1.00050x, +3.6944R = 0.9998forIRof [Ag(2 — MQ)(NO;)] 3
Vet = 1.00220y, — 6.6448R> = 0.9994forRamanof [Ag(2 — MQ)(NO3)]  (4)

According to these R? values, there is good agreement between the
experimental and calculted frequencies. That is, the experimental IR and
Raman bands were highly harmony reproduced by DFT calculations for
both the free ligand and the silver nitrate complex [41].

3.3. 1H NMR analysis

'H NMR spectra were recorded in DMSO solution using a liquid
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Table 4
Theoretical calculated wavelengths, excitation energies, oscillator strengths and =
major contributions in DMSO. é
Compound A E f Symmetry ~ Major § . 2 8 g
(nm) (eV) (Hz) Contributioans % POl < «@
2-MQ 185.60 6.68 0.4302 SingletA H-1-L+6 E _ o o o
211.46 5.86 0.6631 SingletA H—>L+2 5 3 @ 2 % ¢
274.88 451 0.1005 SinglettA H - L
[Ag(2-MQ) 216.56 572 0.7042 SinglettA  H-1 > L +2
NOs] 287.77 431 0.1194 SingletA  H-1 L 8 w o
£ p|& 2 2
o
Bruker 400 MHz AV model NMR spectrometer with an operating fre- _T-é’ ,\H’S 8 2 9
quency of 400 MHz and the spectra are presented in supplementary [CARCRC) s S o
Fig. $2. In the experimental 'H NMR spectra of the 2-MQ and [Ag(2-MQ)
(NO3)] complex, aromatic protons 12H, 13H, 15H, and 16H in the & R B
benzene rings were detected at 8.03/7.82, 8.09/8.47, 7.75/7.26, and -3 I
7.27/7.12 ppm, respectively. Signals for proton 14H in the pyrazine ring Ei
of the free ligand and its silver nitrate complex were observed at 8.75 g g e B & K
and 8.17 ppm. Finally, H17, H18, and H19 protons in the methyl groups 58 23,7 T %
are detected at 2.85 ppm for 2-MQ and 2.51, 1.92, and 2.51 ppm for [Ag
(2-MQ)(NO3)] complex. The recorded 1H NMR spectra can be assigned =
to the aromatic protons in the 2-MQ free ligand and the [Ag(2-MQ) % L8 R R
(NO3)] complex. Therefore, the available spectra support the geome- & L A N
try of both the free ligand and the Ag(I) complex. £ =
3.4. UV-visible spectral analysis % i
UV N
2 T =
The UV-Vis absorption spectra of free ligand and its silver nitrate é N - - § i
complex were recorded in DMSO solvent in the range of 190-1100 nm s A R -1
and were given in Fig. 6. A broad absorption band for 2-MQ shows at g o o~ o~ E S
325 nm. This band is shifted to 289 nm as narrow band for the [Ag(2- 2= L1802 T EEN
MQ)(NO3)] complex. Also, the absorbsion band were measured at 493 E o
nm for free ligand, and this bands were determined at 518 nm for the > £ <
complex structure. Interestingly, a new band was observed at 613 nm for £ L€ & B 3 %
the complex obtained as a result of 2-MQ and silver nitrate being mixed E e - - : i
(AgNOs3) together. The theoretical absorbance values were computed by g = o o o« = t
using the TD-DFT/B3LYP method with the 6-311++G(d,p) (for 2-MQ) 233 L8 S 8 E §
and LANL2DZ (for [Ag(2-MQ)(NOs3)]) basis sets. The calculated wave- % 'g )
lengths, excitation energies, oscillator strengths, and major contribu- E = ke ”Q
tions are listed in Table 4. S| % 2 &
= Y ~
From the theoretical calculations, splitting two absorbance peaks 2 g LB B8 8 S 3
were determined at 185 nm and 211 nm in for free ligand, while a single 2 5 e~ " E §
absorbance peak was found at 216.56 nm for the Ag(I) complex. Also, & § _ - o o = :J_
the peak calculated at 274.88 nm for the free ligand was found at 287.77 % § g i N IV I § g
cm for the complex structure. When the experimental and theoretical = é h%
data are compared with each other, the absorbance values cannot be Eo L1 8 3 H \H/
found in much harmony. For both structures, absorbance bands were E g peoow I
observed in the range of 180-300 nm in theoretical calculations, while % B _ o < u 2 T:
absorbance peaks were observed in the range of 280-650 nm in exper- g i3 LS8 3 g I
imental measurements. = =N
3.5. Global molecular reactivity descriptor 5 7 _‘i B =l
The electron donating and receiving ability of a moleculeis '§ g Jg
described using the energy values of the HOMO and LUMO [42]. The E 52888 R|E §
energy gap of these molecular orbitals provides important information 3 9T TYT 5 ]
about the reactivity and stability of a molecule. It plays vital role over ) =7
the electronic and optical properties, luminescence, photochemical re- E B LYoy % =
action, UV-Vis quantum chemistry, and even determining the pharma- g £z Ll gFeg g %
ceutical and biological properties of the molecule [43-45]. Besides, & © Rl _
frontier molecular orbitals (FMO), which are the most important orbitals % s _?:"3 S
in a molecule, determine the way the compound interacts with other % '-g_ ._E“ < %
species and enable the estimation of the reactive position. Quantum S5 S % =
chemical property values of 2-MQ and [Ag(2-MQ)NOs3] were listed in ‘3 S § o« % hl']m S ?O
Table 5. The HOMO and LUMO energy values were found to be —6.91 eV = (E) g R - =
and —2.15 eV for 2-MQ, these molecular orbital energy values were S s S
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Fig. 7. HOMO-LUMO diagrams of (a) 2-MQ and (b) [Ag(2-MQ)(NO3)].

found to be.

—6.57 eV and —3.40 eV for the Ag(I) complex. The energy gap values
were found to be 4.76 eV and 3.17 eV for both structures. The hardness
and softness values of the studied structures are directly related to the
energy gap. Hard molecules have a large energy gap. The hardness
values were found as 2.38 eV and 1.58 eV for both title structures,
respectively. The n value obtained for both structures matches the hard
materials in the literature [46,47]. According to HOMO-LUMO energy
gap and hardness values, the 2-MQ and Ag(I) complex has low reactivity
and this molecule has a hard structure [48]. The LUMO value of this
novel synthesized structure was found to be more negative than that of
the free ligand, and the HOMO value was also found to be more positive.
As a result, the HOMO-LUMO energy gap of the Ag(I) complex structure
was found to be smaller, and it was discovered to be more reactive than
the free ligand. The HOMO-LUMO distributions of both structures were

WIS spectrum

F.

4.76 eV

L] WHHJHIIWI

Energy (ev)

-10 -5 3} 5
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presented Fig. 7. The HOMO and LUMO distributions for the free ligand
were over almost the entire molecule. For the complex, HOMO was
distributed over the silver atom and nitrate group while LUMO showed
distribution over the ligand.

In Fig. 8, the simulated density state spectrum (DOS), which gives the
states of molecular orbitals at different energy levels and helps estimate
the optical transition probabilities, is given. The red and green lines in
the DOS spectrum allow us to better see virtual orbitals and occupied
orbitals, respectively.

3.6. Molecular electrostatic potential (MEP)

The molecular electrostatic potential map is a visual method that
provides information on electrophilic and nucleophilic reactivity and
hydrogen bonding regions [50]. The red represents the negative elec-
trostatic potential (electrophilic) region, the blue represents the positive
(nucleophilic) region, and the green represents the zero potential region.
Also, the other colors are intermediate regions [51]. While the negative
electrostatic potential regions are expected to be nucleophilic attack
regions in this map, the positive electrostatic regions are expected to be
electrophilic attack regions [47]. The molecular electrostatic potential
(MEP) maps created for free ligand and its Ag(I) complex are given in
Fig. 9.

For the 2-MQ, the negative potential regions are concentrated over
the N7 and N3 atoms in the pyrazine ring. The C atoms in the benzene
ring are in the yellow region. In other words, they are in the less elec-
tronegative region compared to the atoms in the red region. Also, all of
the H atoms of the 2-MQ are in the positive (blue) region. According to
the MEP map of the Ag(I) complex it was determined that the regions of
negative potential (electrophilic) were changed and localized on the O
atoms in the nitrate group. Also, the Ny atom in the pyrazine ring has
become less electronegative than Ny of the 2-MQ molecule. The Ag and
N1 atoms are in the positive blue region in this new compound. Also, all
of the H atoms are located in the positive-charged region. In the litera-
tire, for a nicotinaldehyde silver (I) nitrate complex [Ag(3-Py-
CHO)2(NO3)], electron-rich regions (negative regions) in the MEP map
were also distributed over the nitrate group [16].

3.7. Charge analysis

The molecular orbital investigations give important information on
the binding potential and reactivity of the molecules. Electronic charges
also affect the electronic structure, molecular polarizability, dipole
moment, Fukui functions, and other molecular properties [36].

-1.0 ‘ “
-20 -10 -5 o 5

Energy (ev)

b

A7 el

Fig. 8. DOS spectra of (a) 2-MQ and (b) [Ag(2-MQ)NO3].
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Fig. 9. Molecular electrostatic potential surfaces (MEP) for 2-MQ and [Ag(2-MQ)NO3].

Table 6

Comparison of NBO, Hirshfeld and APT atomic charges for 2-MQ and [Ag(2-MQ)NOs].

2-MQ [Ag(2-MQ)(NO3)]
Atoms APT Hirshfeld NBO Atoms APT Hirshfeld NBO
N; —0.306 -0.174 —0.416 Ny -0.234 -0.173 —0.453
Ny —-0.207 -0.172 —0.389 N, -0.163 —0.087 —0.567
Cs 0.099 0.049 0.128 Cs 0.098 0.060 0.163
Cy 0.037 0.046 0.111 Cy —0.038 0.061 0.169
Cs 0.262 0.071 0.182 Cs 0.228 0.082 0.237
Ce —0.031 —0.041 -0.178 Ce —0.057 —0.035 -0.187
Cy 0.004 —0.038 -0.171 Cy —0.044 —0.033 —0.202
Cg 0.054 0.026 0.023 Cg —0.008 0.049 0.077
Coy —0.031 —0.038 -0.192 Cy 0.008 —0.030 —0.189
Cio —0.057 —0.041 -0.197 Cio —0.022 —0.025 -0.178
Cn —0.022 —0.094 —0.604 Ci1 —0.065 —0.099 —0.664
Hia 0.053 0.051 0.216 Hia 0.076 0.071 0.242
His 0.052 0.052 0.217 His 0.117 0.066 0.249
Hiq 0.012 0.057 0.194 Hiq 0.073 0.078 0.226
His 0.036 0.053 0.211 His 0.050 0.069 0.232
Hie 0.037 0.052 0.208 Hie 0.064 0.074 0.238
Hi7 —0.006 0.046 0.215 Hiy 0.019 0.057 0.237
Hig 0.018 0.048 0.227 Hig 0.046 0.062 0.251
Hig —0.006 0.046 0.215 Hig 0.019 0.057 0.237
Ag 0.671 0.196 0.658
Ny 1.269 0.247 0.685
O22 —0.708 -0.273 —0.516
O23 —0.664 —-0.231 —0.364
O24 —0.738 —0.243 —0.584

Therefore, it is a very important type of analysis for quantum chemical
calculations. The calculated atomic polar tensor (APT), Hirshfeld, and
natural bond orbital (NBO) charge values are listed in Table 6 and
presented in supplumentary Fig. S3.

According to the APT, Hirsfeld and NBO atomic charge analysis of
the 2-MQ, Ny, N, Cg, Co, C10, and Cp; atoms were found to have negative
values. The positive charge values were found over Cs, C4, Cs, Cg, and
most of the H atoms for three charge types. When the molecular elec-
trostatic potential surface map is compared with the atomic charge
analysis of free ligand, the electrophilic and nucleophilic regions in the
map are in harmony with negative and positive atomic charges.

In the atomic charge analysis of the Ag(I) complex, the most positive
charge values were observed on the Agyy and No; atoms. Besides, Cg, Cs,
and all H atoms were found to be positive for this complex structure in
three charge types. Because O atoms in the nitrate group have a negative
charge, the coordination environment around the central metal (Ag)
atom has also occurred. Other negative-charged atoms are found as Ny,
Ny, C, C7, Cg,C10, and C;; atoms in the APT, Hirshfeld, and NBO charge
analyses. The molecular electrostatic potential surface map matches the

10

atomic charge analysis of this complex structure for all atoms except Ny
and O.

3.8. Non-covalent interaction

3.8.1. Topological analysis (AIM)

The AIM innovative approach (Atoms in Molecules) [52] invented by
R. Bader [53,54] is widely used to determine inter and intra-atomic
interaction calculations, the electronic structure, the reactivity, etc.
[55]. The topological parameters such as the electron density p(r), the
Laplacian values Vzp(r), the energy density H(r), which makes it
possible to evaluate the properties of the bonds in the compound and
more particularly the hydrogen bonds. According to Rozas et al. [56],
the latter can be divided into three categories:

— Weak hydrogen bonds: Vzp(r) > 0 and H(r) > 0.

— Moderate hydrogen bonds: Vzp(r) > 0 and H(r) < 0.

— Strong or very strong hydrogen bonds: V2p(r) < 0 and H(r) < 0.

The AIM molecular graph of the ligand and its Ag(I) complex are
gathered in Fig. 10 and the topological parameters of non-covalent
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Fig. 10. AIM molecular graphs of ligand (a) and Ag(I) complex (b).

Table 7

Topological parameters for ligand and its Ag(I) complex.
Interactions p(r) V2p(r) H(r) G(r) V(r) Epona (kJ/mol) [V(r)|/ G(r) M A2 A3
2-MQ
RCP1 0.02169 0.15929 0.00755 0.03226 —0.02471 - 0.76 —0.01728 —0.08397 0.09259
RCP2 0.02582 0.18701 0.00796 0.03878 —0.03081 - 0.79 —0.02329 0.10062 0.10968
[Ag(2-MQ)NO3]
RCP1 0.02091 0.15129 0.00473 0.03309 —0.02835 - 0.85 —0.01727 —0.08327 0.08529
RCP2 0.02253 0.16664 0.00542 0.03625 —0.03083 - 0.85 —0.01997 0.08484 0.10179
NRCP1 0.02323 0.11379 0.00280 0.02564 —0.02284 - 0.89 —0.98218 —0.92758 0.15929
NRCP2 0.01069 0.04413 0.00194 0.00909 —0.00714 - 0.78 —0.00765 0.00575 0.04603
C7-Hys....Ag 0.01093 0.04155 0.00176 0.00862 —0.00685 8.99 0.79 —0.00873 —0.00412 0.05441
N21-O23....Ag 0.02636 0.11807 0.00158 0.02793 —0.02635 34.58 0.94 —0.02317 —0.02151 0.16277
No-Ag 0.07819 0.34817 —0.01731 0.10435 —0.12166 159.68 1.16 —0.09250 —0.08794 0.52837
Oq4- Ag 0.06909 0.35634 —0.01035 0.09944 —0.10980 144.11 1.10 —0.08779 —0.081004 0.52534

intermolecular interactions were listed in Table 7. The results of the AIM
study are crucial not just at H-bond critical points but also for under-
standing bond critical points (BCPs) and ring critical point (RCPs)
properties [57]. According to this analysis, there are two ring critical
points RCPs in ligand and new ring critical points NRCPs in its Ag(I)
complex. In the ligand and in the complex, the p(r) value in the RCP1 of
the benzene ring is lower than that of the closed ring pyrazine ring
(RCP2). The presence of an NRCP confirms the atomic stitch’s cyclic
character. All of the associated V2p(r) values are positive, indicating a
concentration of charge around this point. As seen, the hydrogen bond
C7-H13....Ag has a positive laplacian and a positive total energy density
(H(r)), we can conclude in this case, that this hydrogen bond is weak.
The Ag-N bond is shorter than the Ag-O bond, as seen in Table 7, and the
p(r) and bonding energies value in the complex indicates that Ag-N
interaction are stronger than Ag-O interactions. For the C-H---Ag
interaction, the average ratio of |v(r)|/g(r) is 0.79, which is less than 1.0.
Therefore, these interactions are essentially closed shells for the complex
model. Furthermore, the average ratio for Ag-N(O) interactions is
slightly>1.0. As a result, Ag-N(O) interactions are intermediate char-
acter between the closed shell and the typically covalent interaction for
the model of the complex.

3.8.2. Reduced gradient of density (RDG)

The reduced density gradient (RDG) are critical properties in
supermolecular chemistry, particularly for biological compounds such
nucleic acids. Non-covalent bond interactions, such as n-cation, z-x, and
electrostatic interactions between distinct entities that make up the
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crystal package, are investigated using RDG analysis [57-59]. According
to the values of sign (A2)p, these spikes are divided into three regions.
These regions are identified with different colors to examine interactions
within the studied molecular system. The ligand and its silver complex
were modified as plots with a number of weak and strong spikes, as seen
in Fig. 11. Comprehending the code colors, where blue color corre-
sponds to hydrogen bond creation, green color refers to Van der Waals
attraction, and red color relates to steric repulsion interaction, is
important for understanding the types of interactions. The elliptic red
plate located at the center of the aromatic rings is related to n-n stacking
interactions between the pyrazine and benzene rings, but it also has a
strong steric effect due to high repulsions. The green colored isosurface
is seen between the hydrogen-silver atoms, which indicate the weak H-
bond interaction C-H...Ag, which are attributed to the Van der Waals
(VDW) interactions in Ag(I) complex. These results are comparable to
those obtained using the AIM approach.

3.8.3. Electron localization function (ELF)

Electron localization function analysis is used to show the atomic
shell structure, chemical bond classification, and charge-shift bond
verification on the molecular surface [59]. Fig. 12(a, b) shows the 2D
and 3D shaded surface projection maps of the ELF isosurface for the
ligand and its Ag(I) complex. As it is shown, several colors are repre-
sented on this surface. The red and orange colors represent strong
electronic localization. The blue color circle represents a depletion re-
gion between the inner shell and the valence shell. The red color in-
dicates a high probability of strong n-localized electrons, which are
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Strong repulsion

Fig. 11. RDG plot showing non-covalent bond interactions in the ligand (a) and complex (b).

hydrogen atoms, and the blue color indicates a high probability of
strongly n-delocalized electrons, which are carbon atoms. The presence
of high ELF regions around hydrogen atoms indicates that bonding and
non-bonding electrons are highly localized. As shown in Fig. 12(b),
electron depletion regions surround the nitrat group in the Ag(I)
complex.

3.9. Biological activities

3.9.1. Antimicrobial activity of the parent ligand and its silver complex

2-MQ ligand and [Ag(2-MQ)NO3] complex were tested for antimi-
crobial activity against a variety of pathogens microbes. As standard
reference medications, the antibiotic Ampicillin and the antifungal
Nystatin were utilized. The free ligand showed good sensitivity to E.
aerogenes and V. anguillarum in the antimicrobial effects test, with in-
hibition zone values of 12.0 and 30.0 mm inhibition zone widths in both
cases (Table 8). Diffusion findings from other agar wells, the highest DIZ
of the 2-MQ against C. albicans, B. cereus, S. aureus, E. coli, E. aero-
genes, and S. epidermidis was 20, 18, 16, 12, and 12 mm, respectively.
In contrast, for the same experiment, L. monocytogenes, E. faecalis, B.
subtilis, P. aeruginosa, S. typhimurium, K. pneumoniae, E. coli and S.
dysenteria ligand, the lowest DIZ: 10 mm. Antimicrobial testing found
that A. hydrophila and C. albicans bacteria and yeast (DIZ: 18 mm) were
the most sensitive to the silver complex tested. L. monocytogenes, B.
cereus, E. aerogenes, and V. anguillarum were among the bacteria
tested, with the lowest DIZ: 15 mm.

By using the agar well diffusion method, the antibacterial activity of
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Ag(D) complex against V. anguillarum, L. monocytogenes, and B. cereus
(DIZ: 15 mm) bacteria was moderately evaluated. The free ligand
showed high to moderate antimicrobial activity against bacteria and
yeast other than A. hydrophila in the current study. According to the
findings, the Ag (I) complex exhibited moderate antimicrobial activity
(DIZ: 18 mm) against A. hydrophila, one of the test bacteria used.
Table 8 displays the microbial activity results of 2-MQ and [Ag(2-MQ)
NO3 compounds. In this table’s MIC (1000 pg/ml) assessment, 2-MQ and
[Ag(2-MQ) NO3] demonstrated good antimicrobial activity against all
test bacteria (MIC: 4-128 ug/mL). Our results show that ligand and Ag(I)
complex have good a antimicrobial activity against V. anguillarum
ATCC 43312, K. pneumoniae ATCC 13883, E. coli ATCC 25922, S.
dysenteria ATCC 11835 and C. albicans ATCC 90028 (MIC: 32-128 ug /
mL). Bacterial virulence, biofilm formation, and drug resistance are all
triggered by the microbial quorum sensing system. Antiquorum sensing
can be used to develop a new strategy for preventing microbial resis-
tance [60]. The acyl HSL found in C. violaceum is responsible for the
production of violacein, the purple pigment controlled by QS. As a
result, drugs that block QS activity in C. violaceum via acyl HSL also
block the synthesis of this purple pigment [61]. As a result, the
antiquorum-sensing abilities of compounds 2-MQ and [Ag(2-MQ)NOs]
Ag(I) were examined against C. violaceum. Table 8 illustrates the testing
findings for their ability to suppress violaceum production mediated by
QS against C. violaceum (based on pigment inhibiting diameter in mm),
demonstrating that compounds 2-MQ (DIZ: 22 mm) and [Ag(2) -MQ)
NO3] (DIZ: 28 mm) have significant antiquorum sensing activity.
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Fig. 12. Colour filled map and 3D surface shaded projection map of ELF for ligand (a) and complex (b).

Table 8
Minimum inhibitory concentration (MIC) and inhibition zone diameter (mm) of 2-MQ and [Ag(2-MQ)NO3] antimicrobial activities.
2-MQ [Ag(2-MQ)NO3]
Test Bacteria DIZ MIC DIZ (mm) MIC AMP Nystatin DMSO
(mm) (ng/ml) (ng/ml) (10 ug) (200 pg) 10%
S. aureus ATCC 25923 16 16 - - na - -
S. epidermidis ATCC 35984 12 8 - - na - -
L.monocytogenesATCC 35152 10 4 15 8 15 - -
E. faecalis ATCC 29212 10 4 - - 12 - -
B. cereus 709 Roma 18 8 15 8 12 - -
B. subtilis ATCC 6633 10 4 - - 12 - -
E. aerogenes ATCC 51342 12 8 15 16 18 - -
A. hydrophila ATCC 7966 - - 18 16 18 - -
P. aeruginosa ATCC 27853 10 16 - - 16 - -
V. anguillarum ATCC 43312 30 16 15 8 18 - -
S.typhimurium ATCC 14028 10 16 - - 16 - -
K. pneumoniae ATCC 13883 10 128 - - 15 - -
E. coli ATCC 25922 10 32 - - 15 - -
S. dysenteria ATCC 11835 10 64 - - 18 - -
C. albicans ATCC 90028 20 16 18 16 - 21 -
C. violeceum ATCC 12472 22 64 28 32 nt - -

(Antiquorum-sensing activities)

MIC (pg/ml): Minimum Inhibitory Concentration, DIZ (mm): Diameter of inhibition zone (mm),
AMP (10 pg): Ampicillin, nt: not tested, na: no activity, —: no inhibition.
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Fig. 13. 2D visual representations of ligand and its Ag(I) complex-antibacterial proteins.

3.9.2. Molecular docking analysis

Molecular docking analysis is a strong theoretical tool for investi-
gating molecular interactions between ligand and protein, which are
crucial in biological processes [62-64], such as tumors and bacterial
[65,66] diseases. Various antibiotics like echinomycine, levomycin, and
actinoleutin contain quinoxaline rings which are used for inhibiting
gram -+ve bacteria [67]. Many chemical and biological systems contain
a high concentration of quinoxaline moiety, which is formed in protein
and is active in biological applications [68]. In this study, 2-MQ is a
crucial intermediate in the development of biologically active
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antimicrobial compounds. They are also potent bactericides, thus, mo-
lecular docking analysis against the antibacterial proteins were used to
assess 2-MQ and its Ag(I) complex’s antibacterial activity strain. Many
studies have been synthesized and tested as antimicrobial agents of
metal complexes of quinoxaline derivatives [6]. In this work, using
molecular docking calculations, the antibacterial activity of the studied
compounds were compared to the two best bacteria retrieved from the
Protein Data Bank (PDB) website (V.anguillarum, PDB: 6AEM, A.
hydrophila, PDB: 4PJ2), using molecular docking calculations.

Fig. 13 shows the free 2-MQ ligand and its silver complex 2D binding
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Table 9

Docking parameters of ligand and its Ag(I) complex docked with the protein targets.

Inorganic Chemistry Communications 145 (2022) 109935

Receptor Compound H-Bonded residues No of hydrogen bonds Bonded distance (A) Binding Energy (kcal/mol) Inhibition constant K; Reference RMSD (A)
(uM)
6AEM Ligand THR 14 3 3.23 -5.69 186.93 24.37
GLY 16 1.98
GLU 83 2.04
Complex LEU 12 3 2.10 —6.80 10.35 33.63
THR 79 2.39
GLN 81 2.23
4PJ2 Ligand GLY 42 1 2.19 —5.04 8.50 87.64
Complex SER 38 4 2.29 -7.37 3.94 53.48
SER 38 2.03
GLU 39 3.51
GLY 42 2.09
Table 10
Thermodynamic properties at different temperatures of 2-MQ and [Ag(2-MQ)(NO3)].
T(K) €0, mol' K1) S0 (J mol K1) AHO,(kJ mol 1) Georr(kJ mol ™) ezpr(kJ mol ™)
% sk * - * ok * - % sk
100 52.37 110.46 279.05 373.58 1.09 1.93 370.72 410.28 394.04 439.54
200 92.39 164.95 332.67 472.38 2.99 5.41 340.07 367.75 394.04 439.54
300 140.38 223.95 382.46 553.75 5.96 10.25 304.33 316.41 394.04 439.54
400 187.13 279.77 431.77 628.38 10.08 16.47 263.65 257.29 394.04 439.54
500 227.18 326.84 479.83 697.91 15.24 23.94 218.08 190.98 394.04 439.54
600 259.78 368.27 525.75 762.48 21.27 32.41 167.81 117.98 394.04 439.54
700 286.13 394.85 569.13 822.33 28.00 41.69 113.08 38.75 394.04 439.54
800 307.67 419.23 609.90 877.81 35.30 51.62 54.15 —46.23 394.04 439.54
900 325.50 439.22 648.18 929.36 43.06 62.08 —8.73 —136.56 394.04 439.54
1000 340.44 455.81 684.15 977.40 51.22 72.97 —75.32 —231.87 394.04 439.54
*for 2-MQ.

** for [Ag (2-MQ)(NO3)].
Heat capacit: Entropy: Entalphy changes:Gibbs free energy: Zero point energy.

poses, while Table 9 depicts the different interactions between the
investigated compounds and receptors. The binding affinities of the
ligand-protein complexes are —5.69 and —5.04 kcal/mol while the
interaction energies of the Ag(I) complex with this receptors are —6.80
and —7.37 kcal/mol, respectively. This suggests that the newly synthe-
sized its Ag(I) complex interacts more strongly than the free ligand with
the antibacterial proteins. When the electrostatic energy is negative, it
indicates that the molecule is bound to a protein [69]. Also given in the
table, the inhibition constant (Ki value) is an important parameter to
predict whether the synthesized molecule acts as a drug candidate. The
Ki value of a drug molecule should not exceed the 10 nanomolar range
[70]. According to studies on the interactions between the receptor and
the docked compounds, these compounds bind H-bonds with the amino
acids within the active site of the receptors. These H-bonds are formed
between the nitrogen of the pyrazine ring and the residues. While the
free ligand and the 6AEM receptor moieties exhibit interactions with
THR’14, GLY’16, and GLU’83, respectively. Similarly, the silver nitrate
complex exhibit hydrogen bonds with the macromolecule, the nitrat
group forms hydrogen bonds with the -OH and -NH groups of THR’79
and GLN’81 residues with 2.39 A and 2.23 A bond distances, respec-
tively. In addition, the nitrogen atom of the pyrazine ring and the ni-
trogen atom interact with GLY’42 (d = 2.19 f\) for 2-MQ-4PJ2
interaction. The results of docking studies are in good accordance with
the results of the non-covalent interactions (NCI) analysis, which is in
accordance with the experimental antimicrobial study of title
compounds.

3.10. Thermodynamic properties

The thermodynamic properties of materials, which provide impor-
tant information for technological applications, are closely related to
their vibrational properties. For this reason, the entropy, enthalpy
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change, heat capacity, and change in Gibbs free energy due to the in-
crease in the vibrations of the structures depending on the temperature
increase between 100 °K and 1000 °K were investigated. The energy
values of the thermodynamic properties at different temperatures are
given in Table 10. In addition, the zero point energy values, which are
characteristic of the structures, were calculated. The zero point energies
for both structures have a constant value at all temperatures, and this
value is calculated as 394.04 eV for 2-MQ, while this value is found to be
439.54 eV for the Ag(I) complex structure. Heat capacity, entropy, and
enthalpy change values for the free ligand at 100 °K are 52.37, 279.05,
and 1.09 kJ/mol, respectively, while these values increase to 340.44,
684.15, and 51.22 kJ/mol at 1000 °K. Similarly, these parameters
change for the Ag(I) complex increased with the rise in temperature. As
can be seen from the Table 10, the Gibbs free energies for both structures
decreased depending on the temperature increase. In the light of all
these data, we can say that both structures change their thermodynamic
structure depending on the temperature increase.

4. Conclusion

In the present study, we have investigated the theoretical structural,
electronic, topological, thermodynamic and vibrational analysis of 2-
MQ and its Ag(I) complex computed by DFT methods. AIM, ELF, and
RDG approach determine the nature and properties of molecular in-
teractions and reveals clearly the different characteristics of Ag-N and
Ag-O bonds. Hence, H-bonds interactions between the C-H...Ag were
clearly revealed by AIM studies. TD-DFT has been used to determine the
electronic spectrum of title compounds. MEP mapping is determined to
predict the nucleophilic and electrophilic reactions of the title com-
pounds. It is seen that the negative potential regions are located on the
nitrogen atoms of the pyrazine group for the free ligand, while electron-
rich regions for the Ag(I) complex are observed on the nitrate group. The
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HOMO-LUMO energy gap values calculated for the complex (3.17 eV)
and free ligand (4.76 eV) showed that the structures had bioactivity,
while chemical hardness and negative chemical potential provided the
stability of the chemicals. According to molecular docking analysis, the
newly synthesized Ag(I) complex has significant inhibitory activity for
the treatment of antimicrobial diseases. The binding energies of Ag(I)
complex against protein receptors 6AEM and 4PJ2 calculated under
molecular docking are —6.80 kcal/mol and —7.37 kcal/mol. This work
demonstrates a novel application of free ligand and its silver complex for
reducing the virulence factors of V. anguillarum, B. cereus, A. hydro-
phila and C. albicans. This 2-MQ suppresses the QS bacterial system and
prevents bacteria and yeast from forming biofilms. Our findings suggest
that the 2-MQ and [Ag(2-MQ)(NO3)] have powerful antimicrobial
nosocomial infection control and anti-QS properties, and that the pro-
duced title compounds can be employed to treat resistant bacterial in-
fections after additional pharmacological investigations. The
antiquorum-sensing activity of the test compounds against C. viola-
ceum ATCC 12472 was investigated, and both the compound ligand and
the Ag(I) complex demonstrated good antiquorum-sensing activity.
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