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A B S T R A C T

We report the synthesis and characterization of a new silver complex of 5-chloroquinolin-8-ol ([Ag 
(C9H5ClNO)2NO3]). The Ag(I) complex was characterized using elemental analysis and various spectral tech
niques such as Fourier-transform infrared (FT-IR), 1H nuclear magnetic resonance (NMR), and ultraviolet–visible 
(UV-Vis) spectra. Structural features and intramolecular interactions have been investigated with quantum 
mechanical calculations using density functional theory (DFT) calculations. Frontier molecular orbital energies 
revealed an energy band gap of 1.08 eV, indicating that there is charge transfer within the molecule. In 
experimentally recorded UV-Vis spectra, electronic transitions demonstrated the ability to conduct charges. We 
conducted topological analyses such as electron localization function (ELF), localized orbital locator (LOL), 
quantum theory of atoms in molecules (QTAIM), and reduced density gradient (RDG) to identify the van der 
Waals interaction and steric effect, and also forecasted global reactivity parameters and Fukui functions. Natural 
bond orbital (NBO) analysis detects charge transfer, hydrogen bonding, and hyperconjugative interactions that 
stabilize the structure. This work assessed the title complex’s in vitro antioxidant and antidiabetic properties. The 
scavenging effect of the complex on both radicals was observed. In particular, it was determined that the DPPH•

radical-scavenging effect was greater than the ABTS•+ radical. Additionally, in the determination of antidiabetic 
activity, α-glucosidase enzyme activity was found to be higher than α-amylase enzyme activity. The in vitro 
potential was validated utilizing molecular docking investigations against target receptors.

1. Introduction

The 8-hydroxyquinoline skeleton is an intriguing structure for the 
design and synthesis of novel biologically active heterocyclic com
pounds [1]. The 8-hydroxyquinoline (8-HQ) is a tiny planer molecule 
that can chelate metals and has a lipophilic effect. Consequently, 8-HQ 
and its derivatives have anti-inflammatory, anti-cancer, antioxidant, 
anti-neurodegenerative, and antidiabetic effects [2]. Also, the 
8-HQ-based organic compounds are more biologically active molecules 
with several electrophilic and nucleophilic reactive regions [3]. These 
compounds have grown increasingly relevant in recent years due to their 
potential qualities in a variety of sectors, including anticorrosion and 
complexing properties of metals [1]. Quinoline derivatives are also used 

as chelating agents due to their N-donor ligands to form complex com
pounds with metallic ions in coordination chemistry and are of great 
interest for the possibility of enhancing biological activities [4,5]. Metal 
ions, which are a component of coordination complexes for many bio
logical reactions, either promote or suppress biological reactions [6]. 
Several investigations have shown that natural/synthetic 
quinoline-based metal complexes have enormous promise as anticancer 
and antidiabetic medicines, with minimal side effects and maximum 
function [7,8]. Transition metals such as silver, cobalt, and copper play 
an important role in the development of new metal-based medications to 
treat a wide range of human and animal diseases [9]. Recently, scientists 
have been investigating the anti-diabetic properties of hydrox
yquinolinone [8,10]. Recent advances in medicinal chemistry play a 
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significant role in the diabetes mellitus treatment of metal complexes. In 
designing new therapeutic drugs, complexes of transition metal have 
been observed to be forceful in the treatment of this chronic disorder 
that cannot be countered by pure organic compounds [11]. Moreover, 
mixed ligand complexes derived from 8-HQ used as antioxidants have a 
noticeable effect on reducing mortality in brine shrimp, and mixed 
ligand complexes play an important role in the science of luminescence 
because they are highly colorful and stable [12]. Due to these properties, 
it has become important to examine the complexes of 8-HQ-derived li
gands. Kale et al. [2] synthesized the metal (II), (IV), and (VI) coordi
nation compounds of 8-Hydroxyquinoline, Ni2+, Cu2+, Co2+, and 
Mn2+ and characterized them using UV-Visible and ADME, thus 
determining the drug similarity, physicochemicals and pharmacoki
netics. Also, Rodr Mguez-Franco and co-workers [13] reported that 
some 8-HQ-related complexes showed neuroprotective activity, which 
was associated with their ability to complex redox-active metals and 
reduce neurotoxicity, thus becoming novel multitarget-directed ligands 
(MTDLs) for the treatment of Alzheimer’s disease [13].

In the current study, the Ag(I) complex of the bioactive ligand 5- 
chloroquinolin-8-ol (5Cl8HQ) was synthesized and fully characterized 
using standard spectroscopic methods such as 1H NMR, FT-IR, UV-Vis, 
and elemental analysis. The synthesized compounds were subjected to 
quantum chemical calculations at DFT to shed light on their electronic 
and chemical reactivity properties. The DFT studies are appropriately 
used to accelerate large-scale drug evaluation [14] as they provide in
formation on structural stability, reactivity, and spectroscopic proper
ties, as well as biological interactions and activities. A literature search 
reveals that a combination of experimental and computational ap
proaches for molecular structure, spectroscopy, and docking studies of 
organic molecules is currently frequently used [15]. Therapeutic ap
proaches to combat oxidative stress-related diseases are crucial for 
reducing the prevalence of diabetes worldwide and improving the lives 
of those affected, so focus has been placed on the antioxidant and 
antidiabetic activities of the title silver complex. In order to find the 
possible molecular interaction between the α-amylase and α-glucosidase 
enzymes and the compound, we also performed molecular docking 
analysis to determine the efficacy of the compound for the treatment of 
diabetes. The calculated binding energy values of the receptors with Ag 
(I) complex were compared to in vitro studies.

2. Materials and methods

2.1. Computational methods

The DFT calculations were performed using the Gaussian 09 software 
package [16], and the visuals for these computations were generated 
using the Gauss View 5.0.9 software [17]. The [Ag(C9H5ClNO)2NO3] 
complex was optimized using the Becke-3-Lee-Yang-Parr (B3LYP) 
functional [18,19] and the Stuttgart Dresden triple zeta ECPs 
Effective-Core Potential (SDD) basis set [20,21]. Additionally, frequency 
and electronic property calculations for the optimized structure were 
performed using the same functional and basis set in the DFT method. 
UV-Vis calculation for the synthesized complex was performed by 
applying the TD-DFT/CAM-B3LYP/SDD level of theory [22,23] using 
the IEFPCM model [24] in ethanol solvent. The calculation for the free 
ligand was carried out using the 6-311++G(d,p) basis set [25]. The 
Multiwfn software package program was used to generate ELF and LOL 
surface maps, dual descriptor images, RDG, and non-covalent interac
tion (NCI) analysis [26,27]. Given the high computational costs, the 
direct application of DFT to complex biomolecular systems is limited 
and restrictive in terms of the treatable size of the given systems. To 
overcome these limitations, the Autodock program was used for larger 
systems that encapsulate a larger portion of protein molecules. Autodock 
2.2.6 was used to carry out the molecular docking of the chemical 
ligand-protein binding site. RCSB is the main source of protein data bank 
(PDB) structures that are used as target proteins. With Discover Studio 

Visualizer, the nonbonding interactions of the receptor pocket’s active 
site are investigated [28,29].

2.2. Experimental methods

2.2.1. Synthesis
5Cl8HQ (95% purity), silver nitate (99.5% purity), and ethanol 

(99.8%) were obtained from Sigma Aldrich Chemical Company. During 
the synthesis phase, solutions were prepared in ethanol for both mole
cules without an additional purification process. In the first stage, we 
prepared a 2 mmol 5Cl8HQ solution in 20 ml of ethanol and mixed it 
with a magnetic stirrer for 10 min at 50◦C. In the second stage, 1 mmol 
AgNO3 solution in 20 ml of ethanol was prepared and mixed for 5 min at 
50◦C. In the final stage, we added the prepared AgNO3 solution drop
wise to the 5Cl8HQ solution, stirred at 50◦C for 60 min, and obtained a 
white precipitate. We conducted an elemental analysis to ascertain the 
chemical formula of the resulting complex. In the resulting complex, the 
experimental and theoretical percentage ratios for C, H, and N atoms are 
as follows: [Ag(C9H5ClNO)2NO3] CHN Exp: C: 41.47%, H: 2.01%, N: 
7.43%, and Calc: C: 41.01%, H: 1.91%, N: 7.97%. The synthesized 
complex has 79% efficiency.

2.2.2. Antioxidant activity

2.2.2.1. In vitro determination of DPPH• radical scavenging activity. The 
most commonly used spectrophotometric method to measure antioxi
dant activity is the DPPH• radical scavenging method [30]. The anti
oxidant capacity of [Ag(C9H5ClNO)2NO3] was evaluated using the 
radical DPPH• (2,2-diphenyl-1-picrylhydrazyl). For this purpose, 0.5 ml 
was taken from the samples prepared at 25, 50, and 100 µg/mL con
centrations. Then, 2 mL of DPPH• radical solution prepared at a 0.1 mM 
concentration was added. The samples were kept in a dark environment 
for 30 min. Then, the absorbance of the samples was determined at 517 
nm. The standard materials are ascorbic acid and butylated hydrox
ytoluene (BHT). The results were calculated using the formula below. 

%Inhibition=
[(AC − AS)]

AC
× 100 (1) 

AC: Absorbance control
AS: Absorbance sample
The samples’ IC50 (inhibitor concentration) and inhibition percent

ages were computed. The results were compared with the standard 
substance.

2.2.2.2. In vitro ABTS•+ radical scavenging activity. The antioxidant 
activity of the complex was determined using the ABTS•+ [2,2′-Azino-bis 
(3-ethylbenzthiazoline-6-sulfonic acid)] cationic radical [31]. 7 mM 
ABTS solution prepared using pure water and 2.45 mM Na2S2O8 solution 
were mixed at a ratio of 1:05. This mixture was mixed in the dark 
environment for 16 h. In this way, radical formation was achieved. The 
prepared radical solution was tightly wrapped with aluminum foil. The 
absorbance of the radical solution was prepared to be 0.7 by using an 
80% ethanol-water mixture. This radical solution was used in the ex
periments. Samples were prepared from (complex, standard ascorbic 
acid, and BHT) at concentrations of 25, 50, and 100 µg/mL. 50 µl of each 
sample was taken. Then 2 mL of radical solution was added. Complex 
and standard samples were stored in a dark setting for 30 min under 
room temperature. The absorbance of all samples was determined at 734 
nm. The inhibition values of the samples were determined using the 
formula below. 

%Inhibition=
[(AC − AS)]

AC
× 100 (2) 

AC: Absorbance control
AS: Absorbance sample
Again, all samples’ IC50 values were calculated and compared to 
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standard values.

2.2.3. Antidiabetic activity

2.2.3.1. In vitro α-amylase enzyme inhibition. α-Amylase enzyme activity 
was determined in the presence and absence of [Ag(C9H5ClNO)2NO3] 
[32]. For this purpose, 0.5 mL of starch and 0.5 mL of enzyme solution 
were mixed and left at room temperature for 20 min. One milliliter of 
DNS (3,5-dinitrosalicylic acid) solution was added and heated for five 
minutes. The samples were chilled before being diluted with 7.5 mL of 
distilled water. At 540 nm, the samples’ absorbance was measured. 
Samples were generated at doses of 25, 50, and 100 µg/mL to examine if 
the extracts had an inhibiting impact on the α-amylase enzyme. Then, 
the same amount (0.5 mL) of sample and enzyme was mixed and kept at 
37◦C for 15 min. Starch (0.5 mL) was added. Following the addition of 1 
mL of DNS (3,5-dinitrosalicylic acid), the samples were heated to a boil. 
A sample blank was run for each sample. The same procedures were 
applied to standard acarbose. The α-amylase enzyme inhibition values of 
the samples or acarbose were calculated using the formula below. 

%Inhibition=
[(AA − AE)]

AA
× 100 (3) 

AA = Absorbance Amylase (the absorbance of the tube is considered 
100% active)

AE= Absorbance Extract (sample absorbance-sample blank absorbance)

2.2.3.2. α-Glucosidase enzyme inhibition. α− Glucosidase is used in the 
treatment of non-insulin-dependent diabetes. Inhibitors have an 
important place in the antidiabetic drug industry [33]. In determining 
α-glucosidase enzyme activity, it was measured both in the presence and 
absence of the complex [34]. First, the amount of substrate to be added 
to the medium was determined. For this purpose, saturation substrate 
concentration was investigated by studying enzyme activity in different 
amounts (20, 40, 60, 80, 100, and 120 μL) of a 5 mM p-NPG solution. 
This concentration was determined to be 100 μL and added to the re
action medium. Enzyme solutions (20 μL) and 100 μL p-NPG were 
combined, and the mixture was incubated for 15 min at 37◦C to deter
mine the enzyme activity. 80 μL of a 0.1 M Na2CO3 solution was added 
to the samples. Absorbance measurements were made at 405 nm. To 
determine whether the [Ag(C9H5ClNO)2NO3] complex has an inhibitory 
effect on the α-glucosidase enzyme, solutions were prepared at con
centrations of 1, 5, 7, and 10 mg/mL. 50 μL of these solutions was taken 
and incubated with 20 μL of enzyme at 37◦C for 10 min. 100 μL of 
substrate was added to the samples and left at 37◦C for 20 min. 80 μL 
Na2CO3 was added, and absorbance measurements were made at λ =
405 nm. Acarbose, an enzyme inhibitor, was used as a positive control. 
The α-glucosidase enzyme inhibition percentages in each sample were 
determined using the formula below. 

%Inhibition=
[(AG − AE)]

AG
× 100 (4) 

AG= Absorbance Glucosidase (the absorbance of the tube is considered 
100% active)

AE= Absorbance Extract (sample absorbance-sample blank absorbance)

2.2.4. Statistical analysis
Three parallel measurements were made in all experiments. Results 

are presented as the arithmetic mean ± standard deviation. IC50 values 
were computed in addition to the samples’ inhibition percentages. The 
results were expressed in tables and figures.

3. Results and discussion

3.1. Geometric parameters

The synthesized [Ag(C9H5ClNO)2NO3] complex was optimized to 

determine its geometric parameters (bond lengths and bond angles) in 
the minimum energy state. A single crystal structure of the title complex 
could not be obtained. Therefore, to compare the geometric parameters, 
XRD data of different complexes that are structurally similar, as well as 
the main ligand used in the study, were used. Geometric parameters 
were listed in supplementary Table S1, and the optimized geometric 
parameters were presented in Fig. 1.

The Ag atom is coordinated in the N and O atoms of the two 5Cl8HQ 
molecules in the synthesized structure. For the optimized structure, the 
O1-Ag34 and O2-Ag34 bond lengths were calculated as 2.029 Å, and the 
N3-Ag34 and N4-Ag34 bond lengths were calculated as 2.061 and 2.088 Å, 
respectively. For the bis(8-hydroxyquinoline)silver(I) [35] and aqua 
(8-hydroxyquinoline-5-sulfonato-k2N,O8)silver(I) monohydrate [36] 
complexes, the O1-Ag34 and O2-Ag34 bond lengths were reported as 
2.505 and 2.446 Å, while N3-Ag34 and N4-Ag34 bond lengths were re
ported as 2.145 and 2.196 Å. N3-C5/N4-C20 and N3-C16/N4-C30 bond 
lengths were calculated as 1.383 and 1.332 Å. In the crystal data of the 
5-chloro-8-hydroxyquinoline molecule, the values corresponding to the 
N3-C5 and N3-C16 bond lengths are 1.368 and 1.322 Å [37]. While the 
C11-Cl19 and C26-Cl39 bond lengths of the title complex were found to be 
1.823 Å in theoretical calculations, this value was reported as 1.741 Å 
for the crystal data of the 5-chloro-8-hydroxyquinoline molecule [37]. 
The bond lengths of Ag34-O35 and Ag34-O36 between the silver atom and 
the oxygen atoms of the nitrate group were calculated as 3.108 and 
2.457 Å, respectively. The O35-N38, O36-N38, and O37-N38 bond lengths 
between the oxygen atoms and the N atom of the nitrate group were 
calculated as 1.309, 1.337, and 1.277 Å.

The C6-O1-Ag34 and C21-O2-Ag34 bond angles of the synthesized 
complex were calculated as 110.79 and 111.21◦, respectively. In the 
XRD data of bis(8-hydroxyquinoline)silver(I) [35] and aqua(8-hydrox
yquinoline-5-sulfonato-k2N,O8)silver(I) monohydrate complexes [36], 
C6-O1-Ag34 angles were reported as 108.9 and 114.20◦. While 
C5-N3-Ag34 and C20-N4-Ag34 bond angles were calculated as 110.55 and 
110.08◦, C16-N3-Ag34 and C30-N4-Ag34 angles were calculated as 
127.12 and 127.61◦. The C5-N3-Ag34 and C16-N3-Ag34 bond angle values 
of the samples whose XRD data are given supplementary Table S1 are 
reported as 119.7/120.42 [35] and 123.3/122.24◦ [36]. While the 
N3-Ag34-N4 bond angle was calculated as 172.79◦ for the title complex, 
this value was given as 167.9 for the bis(8-hydroxyquinoline)silver(I) 
complex [35]. The O1-Ag34-O2 bond angle calculated for the title com
plex was found to be 170.32◦. For the bis(8-hydroxyquinoline)silver(I) 
complex, this value was reported as 109.9 [35]. Additionally, 
O1-Ag34-N3, O1-Ag34-N4, and O2-Ag34-N3 bond angles were calculated as 
82.58, 97.47, and 96.52◦, respectively. The values corresponding to 
these angles in the bis(8-hydroxyquinoline)silver(I) complex are 71.7, 
113.6, and 117.2◦ [35].

Root mean square deviation (RMSD) values were calculated to show 
the agreement between the XRD data used to compare the calculated 
bond lengths and bond angles for the synthesized complex in supple
mentary Table S1 [38]. In the comparison with the 5-chloro-8-hydroxy
quinoline molecule, RMSD values for bond length and bond angles were 

Fig. 1. Optimized geometric structure of the [Ag(C9H5ClNO)2NO3] complex.
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found to be 0.030 and 2.224, respectively. According to these results, the 
bond lengths and bond angles in the rings of the 5Cl8HQ molecule in the 
structure of the complex are quite compatible with the XRD data. In 
comparison with the bis(8-hydroxyquinoline)silver(I) complex, the 
RMSD value was calculated as 0.132 for bond length and 13.78 for bond 
angles. In comparison with the bis(8-hydroxyquinoline)silver(I) com
plex, the RMSD value was calculated as 0.132 for bond length and 13.78 
for bond angles. The values obtained for bond lengths show that they are 
quite compatible with each other. But the bond angles are not very 
compatible. Additionally, the RMSD values calculated for the aqua 
(8-hydroxyquinoline-5-sulfonato-k2N,O8)silver(I) monohydrate com
plex were calculated as 0.12 for bond length and 4.46 for bond angle. 
These results show that there is harmony between bond lengths, while 
there are not very significant deviations in bond angles. The reason for 
the deviation observed between theoretical calculations and XRD data, 
especially for bond angles, can be explained as follows: Theoretical 
calculations are performed on a single molecule in the gas phase. 
However, in the crystal lattice, the molecule atoms are in coulombic 
interaction. Therefore, differences may be observed [39].

3.2. 1H NMR analysis

The experimental 1H NMR chemical shift values of the C9H6ClNO 
(5Cl8HQ) molecule and the synthesized [Ag(C9H5ClNO)2NO3] complex 
from it are listed in Table 1, and the 1H NMR spectra recorded in DMSO 
solvent are shown in Fig. 2. The signal observed at 10.24 ppm is assigned 
to the OH group attached to the benzene ring of the 5Cl8HQ ligand. The 
signal for the OH group of the 5CL8HQ ligand observed at 10.24 ppm 
was completely lost in the spectrum of the [Ag(C9H5ClNO)2NO3] com
plex when the experimental spectra were looked at. This result provides 
clear evidence that the silver (Ag) atom bonds with the oxygen (O) atom 
of the -OH group in the quinoline ring. Looking at the literature, in one 
study, 8-Hydroxyquinoline derivative (1-(8-Hydroxy quinolin-2yl- 
methyl) thiourea ligand) and its metal (Zn(II), Cu(II), Ni(II), and Co 
(II)) complexes have been studied. In this study, the chemical shift value 
for the H atom belonging to the -OH group of 8-hydroxyquinoline was 
observed at 8.6 ppm, while the signal assigned to this group in the free 
ligand for the synthesized metal complexes completely disappeared, as 
in our study [40]. In another study, the complexation of 8-hydroxyqui
noline-5-sulfonate with vanadium (V) was examined. In this study, 
structures with an almost octahedral geometry in a ratio of 1:2 (metal: 
ligand) were synthesized, with the central metal coordinated to two li
gands. No shift was observed in the 1H NMR spectra in the -OH group of 
these synthesized structures, and chemical shift values were assigned 
only for aromatic protons. That is, in this study, the metal atom bonded 
with the oxygen atom of the -OH group [41].

Aromatic protons of the free ligand are assigned at 8.96 (H17), 8.51 
(H18), 7.74 (H15), 7.63 (H10), and 7.10 (H8) ppm. No significant chem
ical shift was observed in the aromatic protons of the benzene and 
pyridine rings of the synthesized metal complex. The chemical shift 
values for [Ag(C9H5ClNO)2NO3] are 8.98 (H17/H32), 8.55 (H18/H33), 
7.78 (H15/H31), 7.64 (H10/H25), and 7.14 (H8/H23) ppm. While the 
signal assignments for aromatic protons for the 1-(8-hydroxy quinolin- 

2yl-methyl)thiourea ligand were reported in the range of 7.1–7.6 ppm, 
this range was stated as 7.1–7.4 for all synthesized metal complexes. No 
significant chemical shift values were observed for the aromatic protons 
of the metal complexes synthesized in this study [40]. Finally, signals for 
chemical shift values for aromatic protons are recorded in the range of 
approximately 7–8 ppm [42]. It can be said that the signal values ob
tained for the synthesized [Ag(C9H5ClNO)2NO3] complex are also quite 
compatible with this observation range.

3.3. Vibrational analysis

Frequency values for the optimized geometric structure of the [Ag 
(C9H5ClNO)2NO3] complex are calculated at the DFT/B3LYP/SDD level 
of theory [20]. The recorded Far-IR and FT-IR spectra of the free ligand 
and its synthesized Ag(I) complex are presented in Fig. 3. The IR spec
trum obtained from theoretical calculations is presented in supple
mentary Fig. S1. Experimental and calculated frequency values of the 
synthesized complex are also listed in Table 2. Additionally, the recor
ded frequency values of the free ligand are found in this table to compare 
and explain the complexation. Mode assignments were performed ac
cording to the total energy distribution using the VEDA program, and 
those with a value of 10% or more are given.

When the experimental FT-IR spectrum of the synthesized Ag(I) 
complex is compared with that of the free ligand, the new peaks seen at 
1361 (vs) and 956 (s) cm− 1 are not existing in the spectrum of the free 
ligand. These two frequency values are assigned to the N-O stretching 
vibrations of the nitrate group coordinated with the Ag atom. The other 
N-O stretching vibration for the nitrate group was observed at 1196 (w) 
cm− 1. These stretching vibrations corresponding to experimental values 
were calculated at 1364, 1184/1186/1190, and 957 cm− 1, respectively.

In a study found in the literature, the silver nitrate complex of the 3- 
bromoquinoline molecule ([Ag(3BrQ)2NO3]) was synthesized, and its 
spectroscopic characterization was performed. In this study, N-O 
stretching vibrations of the nitrate group were observed at 1579, 1382, 
and 1057 cm− 1 and calculated at 1583, 1371, and 1058 cm− 1 [43]. In 
another study, the silver nitrate complex of the indazole molecule was 
synthesized, and it was reported that the N-O stretching vibration of the 
nitrate group was observed at 1355 cm− 1 and calculated at 1372 cm− 1 

[44].
In another study, it was reported that the two peaks observed at 1516 

and 1361 cm− 1 in the recorded IR spectrum of the synthesized 1,3-ben
zenedimethanaminium bis(trioxonitrate) molecule were assigned to the 
N-O stretching vibrations of the nitrate group [15]

In the synthesized complex, the C=N stretching vibration was 
observed at 1583 (vs) cm− 1, and the C-O stretching vibration for the 
hydroxy group was observed at 1285 (s) cm− 1. These two vibration 
values for the free ligand were observed at 1565 (w) and 1275 (s) cm− 1, 
respectively. The 18 cm− 1 shift in the C=N stretching vibration and the 
10 cm− 1 shift in the C-O stretching vibration show that the Ag atom is 
coordinated with the N and O atoms of the free ligand. Additionally, 
another C=N stretching vibration was recorded at 1457 (m) cm− 1 and 
calculated at 1441 cm− 1. C-N stretching vibration is observed together 
with C-C stretching vibration at 1344 (vc) cm− 1 in the experimental IR 
spectrum. The theoretical value corresponding to this vibration value 
was determined as 1339/1341 cm− 1.

The C-C stretching vibration for the ring attached to the hydroxy 
group of the synthesized complex was observed at 1589 cm− 1, while this 
vibration value was observed at 1615 (m) cm− 1 for the free ligand. 
According to this result, it is clear that the Ag atom and the oxygen atom 
of the hydroxy group are coordinated, and as a result, a shift occurs in 
the C-C stretching vibrations in the ring. Also, the C-C stretching vi
brations of the rings of the ligands in the synthesized complex were 
observed as 1478 (m), 1344 (vs), and 1225 (s) cm− 1. Theoretical results 
corresponding to these experimental values were obtained at 1488 and 
1236 cm− 1.

The C=N, C-N, C-C and C-O vibrations are observed in the regions 

Table 1 
Experimental 1H NMR chemical shift values of 5Cl8HQ molecule and the [Ag 
(C9H5ClNO)2NO3] complex.

C9H6ClNO (5Cl8HQ) [Ag(C9H5ClNO)2NO3]

Atom ppm Atom Ppm

O-H 10.24 O-H -
H17 8.96 H17/H32 8.98
H18 8.51 H18/H33 8.55
H15 7.74 H15/H31 7.78
H10 7.63 H10/H25 7.64
H8 7.10 H8/H23 7.14
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Fig. 2. Experimental 1H NMR spectra of 5Cl8HQ molecule (a) and the [Ag(C9H5ClNO)2NO3] complex (b).
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Fig. 3. Experimental Far-IR and FT-IR spectra of the 5Cl8HQ molecule and the 
synthesized [Ag(C9H5ClNO)2NO3] complex.

Table 2 
Comparison of the observed and calculated vibrational spectra, their detailed 
assignments and total energy distribution of the [Ag(C9H5ClNO)2NO3] complex.

Calculated Observed

Mode Fre IIRa Ligand 
IR

Complex 
IR

TEDb

1 17 0.18 17δNAgN + 11ΓCCCC +

24ΓNAgNC + 13ΓNAgNO

2 19 0.33 12ΓNAgNO + 43ΓAgNCC

3 33 0.50 44ΓONOAg + 26ΓCNAgN

4 39 0.23 19ΓONOAg + 44ΓCNAgN

5/6 43 0.09 11δNON + 40ΓNAgNO +

19ΓONOAg

7 69 1.37 62m 55ΓONOAg

8 78 3.59 77 s 72 s 10υAgO + 25δNON +

20δOAgO

9 86 3.01 84 s 15υAgO + 21δNON +

12ΓCCCC

10 97 1.81 100 vs 12δNAgN + 40ΓCCCC +

11ΓCCCO

11 115 3.81 117 s 136 m 65υAgN

12 144 4.14 144 s 145 m 56δOAgO + 11ΓCCCN +

15ΓCCCC

13 161 3.23 154 s 159 s 56υAgO + 10ΓCCNC

14 173 5.00 173 s 12δAgNC + 10ΓCCCN +

11ΓCCCC

15 179 0.47 13ΓCCCN + 15ΓCCNAg

16 181 2.17 12δAgNC + 11ΓCCCC +

12ΓCCNC

17 198 1.06 199 vs 13ΓCCCN + 15ΓOCCC

18 200 1.07 45δOAgO

19 204 5.26 206 vs 208 m 21δClCC + 12ΓCCNAg +

15ΓCCCN

20 218 1.48 39δNAgN + 23ΓCCNAg

21 225 7.20 227 s 232 m 39δCCN

22 278 4.88 25υAgN + 14υClC

23 298 0.62 31υAgN + 35ΓCNAgN

24 313 3.79 35ΓClCCC
25 317 8.21 62ΓOCCC

26 382 5.16 373 m 382 m 45υClC + 11δCCC

27 404 0.12 39υClC + 12δClCC
28 441 1.15 10δCNAg + 37δClCC

29 454 0.28 10ΓCCCN + 16ΓCAgCN

30 465 0.17 465 vw 10δCCN + 10δOCC +

10δClCC + 18ΓCCNAg

31 468 1.98 27ΓCCCC + 32ΓCCNAg

32/33 486 0.14 488m 491 w 32ΓCCCC

34 506 0.05 10δCCN

35 515 2.30 14δCCN

36 544 1.57 10δOCC

37 555 14.20 569 m 534 m 10υAgN + 10υAgO +

10δCCC

38/39 608/611 3.39 596 w 26ΓCCCC + 12ΓCCNC

40 626 0.01 51δOCC

41/42 636/641 6.44 628 m 10υAgO + 81δONO

43/44 647/652 4.81 637 s 658 m 14ΓCCCN + 27ΓCCNC

45 661 3.68 32δOCC

46 670 0.83 18υClC + 11δCCC

47 680 34.18 14υClC + 20δCCC +

12δOCC

48 721 7.73 725 s 725 m 99ΓOOON

49 745 4.54 24δCCC

50 756 17.33 787 vs 777 s 29δCCC

51/52 799/802 7.82 812 s 807 m 25ΓCCCH + 27ΓClCCC
53/54 828 1.90 831m 822 vs 65δCCC

55/56 856 3.25 53ΓCCCH

57/58 863 35.25 63ΓCCCH + 10ΓClCCC
59 957 6.26 956 s 87υON

60/61 962/970 16.53 945 vs 10υClC + 27δCCN

62/63 984 0.05 982 w 984 m 79ΓCCCH

64/65 1000 0.23 84ΓHCCN

66/67 1041 6.48 1044 
m

1046 s 63ΓHCCN + 23ΓCCCN

68/69 1058/ 
1060

24.70 1074 
m

1077 s 45υCC

(continued on next page)
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1672-1566 [45], 1382-1266, 1650-1200 [46], and 1260-1000 cm− 1 

[47], respectively. Although a shift is observed in the frequency values 
of the synthesized [Ag(C9H5ClNO)2NO3] complex compared to those of 
the ligand, they are compatible with the ranges in the literature.

When the Far-IR and FT-IR spectra recorded for the [Ag 
(C9H5ClNO)2NO3] complex were examined, Ag-N stretching vibrations 
were observed at 136 (m) and 534 (m) cm− 1. Theoretical Ag-N 
stretching vibrations corresponding to these experimental values were 
calculated at 115 and 555 cm− 1. In addition, data were also obtained for 
this stretching vibration at 298 and 278 cm− 1 in theoretical calculations. 
N-Ag-N in-plane bending vibration was observed at 100 (vs) cm and 
calculated at 97 cm− 1. The Ag-N stretching vibrations for the synthe
sized silver nitrate complex of 4-pyridinecarboxaldehyde were observed 
at 645, 137, 90, and 76 cm− 1 [48].

Ag-Onitrate stretching vibrations of the title complex were observed at 
628 (m), 534 (m), 159 (s), and 72 (s) cm− 1 and calculated at 636/641, 
569, 161, and 78 cm− 1. While the Ag-Onitrate vibrations of the synthe
sized silver nitrate complex of 2-methylquinoxaline were measured at 
640 (vw, IR), 643 (w, Ra), 124 (vw/IR), 123 (m, Ra), and 100 (w, IR) 
cm− 1, this vibration frequency was found at 649, 261, 126, and 101 
cm− 1 in DFT calculations [49]. In another study, it was reported that the 
Ag-Onitrate stretching vibration was observed at 642 cm− 1 in the IR 
spectrum for the synthesized [Ag(3-Py-CHO)2NO3] complex [50].

The correlation graph drawn to show the harmony between the 
experimental and theoretical frequency values of the synthesized Ag(I) 
complex is presented in supplementary Fig. S2. The R2 value was found 
to be 0.999. The obtained R2 value shows that the experimental and 
theoretical frequency values are quite compatible with each other. a) 
Far-IR of C9H6ClNO (5Cl8HQ) molecule, b) Far-IR of [Ag 
(C9H5ClNO)2NO3] complex c) FT-IR of C9H6ClNO (5Cl8HQ) molecule, 
d) FT-IR of [Ag(C9H5ClNO)2NO3] complex

3.4. HOMO-LUMO molecular orbital analysis

The highest energy molecular orbital occupied by electrons (HOMO) 
and the lowest energy molecular orbital unoccupied by electrons 
(LUMO) represent the ability to donate and gain electrons from a com
pound, respectively [51]. The energy gap between these molecular or
bitals is used to evaluate the chemical reactivity and kinetic stability of a 
compound. That is, the energy values of HOMO – LUMO orbitals play an 
important role in determining the chemical hardness or chemical soft
ness of the molecular system [52]. Molecules with a high HOMO-LUMO 
energy gap are considered rigid and have low polarization. In contrast, 
soft molecules have a low HOMO-LUMO energy gap and high polari
zation [53]. The HOMO and LUMO energy values of the synthesized [Ag 
(C9H5ClNO)2NO3] complex were calculated using the B3LYP functional 
with the SDD basis set in the DFT method [54]. In addition, after 
calculating the energy values of HOMO and LUMO orbitals, the energy 
values of other quantum chemical properties were calculated with the 
following equations [55]: 

I = − EHOMO (ionization potantial) (5) 

A = − ELUMO (electron affinity) (6) 

η = ( − EHOMO + ELUMO)/2 (global hardness) (7) 

μc = (EHOMO + ELUMO)/2 (chemical potential) (8) 

χ = − μc (electronegativity) (9) 

σ = 1/η (global softnes) (10) 

ω = μ2
c
/
2η (global electrophilicity) (11) 

The energy values obtained are presented in Table 3. The HOMO and 
LUMO energy values for the synthesized title complex were calculated to 
be -5.95 and -4.86 eV, and the energy gap between these two orbitals 
was found to be 1.08 eV. The energy gap has been linked to a variety of 
biological features, including antibacterial, antioxidant, antidiabetic, 
and DNA binding properties [4]. The synthesized [Ag(C9H5ClNO)2NO3] 
complex has a stable structure due to the negative energy values of its 
HOMO and LUMO orbitals [56,57]. The fact that the chemical potential 
value of the title complex is negative means that this compound is stable 
[58]. For this reason, they cannot spontaneously decompose into their 
elements. In addition, the global hardness value was calculated as 0.54 
eV, respectively. In a previous study, the energy gap value for the 
5-chloro-8-hydoxyquinoline ligand used in the synthesis of the title 
molecule was found to be 2.52 eV, and its global hardness value was 
1.48 eV [59]. According to this result, we can say that the synthesized 
complex is more reactive than the free ligand.

Fig. 4 presents the charge distributions of HOMO and LUMO mo
lecular orbitals. When the green color symbolizes the negative phase, 
the red color represents the positive phase [51]. When the charge dis
tribution for the HOMO orbital is examined, it can be seen that the 
electron density is distributed, especially on the nitrogen (N) and oxygen 
(O) atoms in the nitrate group. When the electrons from the HOMO 
orbital were moved to the LUMO orbital as a result of excitation, it was 
determined that the electrons were distributed on the part where the 
pyridine rings and the hydroxy groups attached to the benzene ring 

Table 2 (continued )

Calculated Observed

Mode Fre IIRa Ligand 
IR 

Complex 
IR 

TEDb

70/71 1098 6.27 1095 
w

10υCO + 45υCN +

11δCCH + 10δCCC

72/73 1151 1.56 1147 
m

15υCC + 18δCCH

74/ 
75/ 
76

1184/ 
1186/ 
1190

45.95 1202 
vs

1196 w 45υON

77/78 1236 17.64 1223 s 1225 s 15υCC + 10υCN + 35δCCH

79/80 1260 20.48 1235 
m

1242 s 15δCCH

81/82 1283 76.17 1275 s 1285 s 10υCC + 16υCO + 13δCCH

83/84 1339/ 
1341

17.75 1344 vs 36υCC + 14υCN

85 1364 100.00 1361vs 87υON

86 1403/ 
1405

89.02 1372 s 1388 vs 15δCCH

88/89 1429/ 
1431

6.30 1415 s 1434 m 46δCCH

90 1437 1.28 14υCC + 10δCCH

91 1441 11.06 1457 m 44υCN + 10δCCH

92/93 1488 77.82 1467 
m

1478 m 17υCC + 22δCCH

94/95 1530 42.49 1507 s 1523 vs 21υCC

96/97 1608 8.24 1565 
w

1583 vs 33υCN + 15υCC

98/99 1617 9.34 1589 
w

1615 s 33υCC + 24δCCC

100/ 
101

1641 3.28 44υCC

102/ 
103

3231 1.65 3069 
m

3088 vs 98υCH

104/ 
105

3232 0.91 96υCH

106/ 
107

3240 0.24 98υCH

108/ 
109

3250 0.60 96υCH

110/ 
111

3258 1.74 98υCH

υ: stretching, δ: in-plane bending, Γ: torsion, s: strong, m: medium, w: weak, v: 
very.

a Relative absorption intensities and relative Raman intensities normalized 
with highest peak absorption equal to 100.

b Total energy distribution level (TED) less than 10% are not shown.
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bonded with the silver atom.

3.5. UV-Vis spectrum analysis

The formation of the complex was confirmed by recording the UV- 
Vis spectra of the 5CL8HQ (C9H6ClNO) molecule and the synthesized 
[Ag(C9H5ClNO)2NO3] complex. For both structures, electronic absorp
tion spectra were recorded from 190 to 1100 nm in the ethanol solvent. 
The absorption band of the 5CL8HQ molecule was observed at 328 nm. 
The band obtained for the free ligand was slightly shifted to a longer 
wavelength (batochromic shift) due to complex formation (ligand metal 
charge transfer) and was observed at 340 nm. Experimental UV-Vis 
absorption spectra are presented in Fig. 5. The reason for this shift is 

that the experimental results were obtained for bulk material while the 
theoretical calculations were performed using optimized geometry. 
Additionally, calculated wavelengths, excitation energies, oscillator 
power, and major contributions are given in Table 4 with the experi
mental wavelength. While absorption bands for the 5CL8HQ molecule 
were calculated at 311, 241, and 185 nm, two absorption bands were 
calculated at 359 and 270 nm for the synthesized title complex. The 
absorption band observed at 311 nm due to the HOMO/LUMO transition 
for the 5CL8HQ molecule was observed at 328 nm in the experimental 
spectrum. For the [Ag(C9H5ClNO)2NO3] complex, the band calculated 
due to the HOMO/LUMO+1 and HOMO/LUMO+2 transitions at 359 nm 
was observed at 340 nm. According to the obtained results, the experi
mental and theoretical wavelengths for the absorption bands of both the 

Table 3 
The energy values of the quantum chemical properties of the [Ag(C9H5ClNO)2NO3] complex.

Molecular 
Orbitals

Energy 
(eV)

Energy 
gap 
(eV)

Ionization 
potential 

(I) 
(eV)

Electron 
affinity (A) 

(eV)

Global 
hardness (η) 

(eV)

Electronegativity 
(χ) 

(eV)

Chemical 
potential 

(μc) 
(eV)

Global 
softness  

(σ) 
(eV− 1)

Global 
electrophilicity 

(ω) 
(eV)

H -5.95 ΔEH− L 1.08 5.95 4.86 0.54 5.40 -5.40 1.84 26.93
L -4.86

H-1 -6.42 ΔEH− 1 − L+1 0.48 6.42 5.95 0.24 6.18 -6.18 4.19 80.17
L+1 -5.95
H-2 -6.58 ΔEH− 2 − L+2 3.74 6.58 2.84 1.87 4.71 -4.71 0.54 5.94
L+2 -2.84

H: HOMO, L: LUMO

Fig. 4. HOMO-LUMO moleculat orbital distribution of the [Ag(C9H5ClNO)2NO3] complex.
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free molecule and the complex are in agreement.

3.6. Molecular electrostatic potential surface map (MEP) analysis

The MEP obtained as a result of DFT calculations are quite useful to 
predict the relative reactivity positions of a molecule for electrophilic 
and nucleophilic attacks [60,61]. On the designed map surface, different 
values of the electrostatic potential are represented by different colors. 
Red represents regions with the most electronegative potential, while 
blue represents regions with the most positive electrostatic potential 
[62]. Green represents a region with zero potential. The yellow color 
represents slightly electron-rich regions [63,64]. The color code in the 
MEP map of the synthesized complex presented in Fig. 6 was calculated 
between − 6.517e− 2 a.u. and +6.517e− 2 a.u. When the map designed 
for the [Ag(C9H5ClNO)2NO3] complex is examined, the red-colored re
gion (the electrophilic region) concentrates on the O atoms of the nitrate 
group. In previous studies in the literature, MEP maps of synthesized 
silver nitrate complexes were investigated, and in these studies, it was 
reported that the most negative (electrophilic) regions were distributed 
around the oxygen atoms of the nitrate group [65]. In other words, this 
region has the most negative value and is the site of nucleophilic attack 
during the chemical reaction. The N and O atoms in the structure, co
ordinated with the silver atom of the free ligands, are in the yellow re
gion. Additionally, the Cl atoms of the ligands are in the yellow region. 
For this reason, these atoms are also in the slightly electron-rich region.

3.7. Fukui function analysis

One of the other methods used to determine the electrophilic and 

nucleophilic regions of the molecule is estimated by calculating Fukui 
functions [66,67]. Using a finite difference methodology, Fukui func
tions are calculated from the Hirshfeld charges of the neutral, cationic, 
and anionic states of the synthesized complex with the following 
equations: 

fk
0
= (1 /2)[qk(N+1) − qk(N − 1)] (12) 

fk
−
= qk(N) − qk(N − 1) (13) 

fk
+
= qk(N+1) − qk(N) (14) 

While fk
+ and fk

− in the equations are defined as the nucleophilic and 
electrophilic indices of the synthesized complex, respectively, fk

0 is 
defined as the neutral attack index. Additionally, qk in these equations is 
represented as the electron population in the rth atom. qkN, qk(N+1), 
and qk(N-1) are the total charge amounts in the neutral, anionic, and 
cationic states of the title complex [68]. In many studies in the literature, 
Δf(r) defined by the following equation, called a dual descriptor, is used 
to ensure a clear distinction between electrophilic and nucleophilic 
regions. 

Δf(r) = f+(r) − f − (r) (15) 

If the Δf(r) value obtained from this equation is greater than zero, 
that atom is attractive for nucleophilic attack; that is, it is electrophilic. 
If the Δf(r)value is less than zero, that atom is attractive for electrophilic 
attack; that is, it is nucleophilic [69].

The Fukui function values of the [Ag(C9H5ClNO)2NO3] complex 
were listed in supplementary Table S2, and graphical representations of 
the dual descriptors created by using the Multiwfn program were also 
presented in Fig. 7. The blue areas indicate negative (electrophilic) 
atoms, and the green areas indicate positive (nucleophilic) atoms. When 
Fig. 7 is examined, the oxygen atoms of the nitrate group (O35, O36, and 

Fig. 5. Experimental UV-Vis spectra of the C9H5ClNO (5CL8HQ) molecule and 
[Ag(C9H5ClNO)2NO3] complex.

Table 4 
Experimental and theoretical UV–Vis wavelength (λ), band gap energy (eV), oscillator strength, and major contributions of the (5CL8HQ) molecule and [Ag 
(C9H5ClNO)2NO3] complex.

Molecule Experimental Theoretical

λ 
(nm)

λ 
(nm)

E (eV) f Symmetry Major Contributions

[Ag(C9H5ClNO)2NO3] 340 359 3.45 0.4925 Singlet-A HOMO → LUMO+1 
HOMO-1 → LUMO+2

270 4.59 0.6553 Singlet-A HOMO → LUMO+1 
HOMO-1 → LUMO+2

5CL8HQ 328 311 3.98 0.1920 Singlet-A HOMO → LUMO
241 5.15 1.2106 Singlet-A HOMO-1 → LUMO
185 6.72 0.3173 Singlet-A HOMO-4 → LUMO+1 

HOMO-3 → LUMO+1

λ:wavelengths, E: Energy, ƒ:oscillator strengths.

Fig. 6. Molecular electrostatic potential surface map of the [Ag 
(C9H5ClNO)2NO3] complex.
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O37) are in the blue region. Additionally, C5, C11, C14, C21, C22, and C29 
atoms are also located in the blue region. For this reason, these atoms 
have negative charge values and exhibit electrophilic behavior. The dual 
descriptor image created using the Multiwfn package program and 
presented in Fig. 7 was compared with the dual descriptor results ob
tained from Gaussian calculations, and it was determined that they were 
compatible with each other. In the results obtained from Gaussian cal
culations, it was determined that the most electrophilic atom was the 
oxygen atom of the nitrate atom, and the most nucleophilic atom was the 
silver atom. In addition, the results obtained for Fukui functions also 
support the data obtained from the MEP map.

3.8. Charge analysis

The electronic charge distribution in a molecule has a significant 
effect on the vibrational spectra [52]. It is also one of the important 
computational methods used to predict the electrophilic and nucleo
philic sites of the molecule during a chemical reaction. Therefore, the 
NBO, atomic polar tensor (APT), and Hirshfeld charges for the optimized 
structure of the title complex were calculated. The obtained results are 
presented in supplementary Table S3 and Fig. 8.

According to the results of all three charge analyses, the most 

negative atoms of the [Ag(C9H5ClNO)2NO3] complex were found to be 
O1, O2, N3, N4 atoms, and O35, O36, and O37 atoms of the nitrate 
group. The atoms with the most positive values were found to be the Ag 
atom and the nitrogen atom (N38) of the nitrate group. When these 
results are compared with the MEP map, it is possible to see that there is 
harmony between them. Similarly, it was stated that the atoms with the 
most negative values in the MEP map were the oxygen atoms of the 
nitrate group, and the O1, O2, N3 and, N4 atoms were slightly rich in 
electrons. Additionally, it was determined that the charge analysis re
sults and the Fukui function data were quite compatible.

3.9. Topology analyses

3.9.1. ELF and LOL analyses
ELF and LOL are tools that apply covalent bond analysis to identify 

chemical properties of a molecule, such as molecular bonding, chemical 
shell structure, and lone pair electrons of compounds [70,71]. Both 
maps provide information with a color distribution based on the electron 
density charge. The ELF color map for the title complex was plotted at a 
scale of 0.0–1.0. The plotted ELF value in the range of 0.5 to 1.0 rep
resents bound and nonbonding localized electrons, while a value below 
0.5 indicates regions with non-localized electrons [72]. ELF and LOL 
maps for the synthesized complex are presented in Fig. 9. When the ELF 
map is examined, it is seen that the red-colored regions, that is, the 
bound and unbound localized electrons, are concentrated around the 
hydrogen atoms of the free ligand in the structure. In addition, the blue 
rings observed around some C and Cl atoms of the complex represent 
regions with delocalized electron density. The LOL map is interpreted 
similarly to the ELF map [73]. In the LOL map, red-colored regions 
representing bound and unbound localized electrons were observed 
around H atoms, while blue-colored rings representing delocalized 
electrons were observed around C, Ag, and Cl atoms in the complex.

3.9.2. RDG and NCI analyses
The NCI analysis proved to be a highly effective method for com

prehending the covalent bonds, non-covalent interaction, and the de
gree of charge transfer present inside the compound [70,74,75]. This 

Fig. 7. Dual descriptor image of the [Ag(C9H5ClNO)2NO3] complex.

Fig. 8. Apt, NBO, Hrshfeld electron charge distribution of the [Ag(C9H5ClNO)2NO3] complex.
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approach allows for the identification of NCI using RDG isosurfaces, as 
described by the following relationship [76]. The NCI and RDG were 
plotted against electron density (sin(λ2)ρ) to investigate the attraction 
and repulsive forces (Fig. 10). The 3D color scaling of non-covalent 
interaction shows the solid repulsive effect. The red spheres are at the 
center of quinoline and benzene rings in free ligand, and the other is 

shown in the C-O group with an Ag atom. The spikes around +0.02 to 
+0.05 a.u. represent the steric effect and show ρ>0, λ2>0. Intermo
lecular C16-H17….O2 hydrogen bonding interactions are shown by the 
appearance of green spheres between oxygen and hydrogen atoms, 
which has been verified using atoms in molecules (AIM) analysis.

3.9.3. QTAIM analysis
AIM analysis used a topological study of electronic density to better 

understand non-covalent interactions [70]. An interesting tool for 
determining the strength of the contact is provided by the topological 
characteristics of a number of intra- and intermolecular connections [77,
78]. Fig. 11 depicts the relationship between the silver (Ag) metal atom 
and bonds obtained from each bond critical coint (BCPs), while Table 5
provides the topological and geometric parameters of the bonds gener
ated by the interacting atoms. The topological parameters of the bond 
critical point and Laplacian of electron density ∇2ρ(r), kinetic energy G 
(r), total energy densities H(r), potential energy density V(r), and 
binding energy (Eint) are summarized in Table 5.

Concerning the BCPs of hydrogen bonds, the C16-H17….O2 hydrogen 
bonds were weak with a binding energy 1.07 kJ/mol with ∇2ρ(r) >
0 and H(r) > 0. According to this result, the fact that the Laplace electron 
density ∇2ρ(r) is higher than 0.004 a.u. and the bond critical points ρ(r) 
are higher than 0.002 a.u indicate the existence of hydrogen bonds [79]. 
The interaction energy Eint (45.974 kcal/mol) indicates a strong inter
action between the Ag atom is coordinated with the N and O atoms of the 

Fig. 9. Color-filled map of ELF (a) and LOL(b) for the [Ag 
(C9H5ClNO)2NO3] complex.

Fig. 10. RDG and isosurface density plots of the [Ag(C9H5ClNO)2NO3] complex.

Fig. 11. Graphical representation of the AIM analysis of the [Ag 
(C9H5ClNO)2NO3] complex.
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free ligand. We found that the Ag-N and Ag-O bonds exhibit stretching. It 
was found that ∇2ρ(r) > 0, H(r) < 0 and the ratio |V(r)|/G(r) is 1.2, 
which were used as descriptives to investigate the nature and strength of 
these interactions. These findings characterize the closed-shell in
teractions, including the extremely polar covalent character of the 
examined bonds. Also, the covalent character of Ag...O and N...O in
teractions in the silver complex is dominant because it is in the 0.5<|V 
(r)|/G(r)<1 condition [80]. According to NBO and RDG investigations, 
this hydrogen bond interaction is the most powerful and active biore
gion in the silver metal complex.

3.9.4. Natural bond orbital (NBO) analysis
The NBO analysis provides information about interactions in both 

occupied and virtual orbital spaces, and it can improve the analysis of 
intra- and intermolecular interactions [81]. This method facilitates the 
examination of charge transfer, delocalization, and conjugative in
teractions in molecules, as well as the learning of electronic structural 
aspects and donor-acceptor analysis [14]. The compound’s interactions 
were also confirmed by the NBO analyses, as evidenced by the reduced 
density gradient (NCI-RDG) isosurfaces. It is a potent instrument for 
qualitatively comprehending the behavior of electrons within a nucleus 
system. The B3LYP/SDD level of theory has been utilized to determine 
the NBO analysis as described in Table 6. Metal-ligand bonding (dative 
bonding) interactions between a silver ion and a donor atom are thought 
to be coordination bonds composed of oxygen and nitrogen atoms. The 
E(2) interaction energies quantitatively study the binding and 
anti-bonding interactions caused by second-order disturbance. This 
interaction has led to a transfer of an electron density from the donor 
atoms LP(O) and LP(N) of the free ligand to the antibonding orbital of 
LP*(Ag). In the complex, Ag-N (83.04 and 86.54 kcal/mol) interactions 
are weaker than Ag-O (231.86 and 213.91 kcal/mol) interactions. The 
highest stabilization energy corresponds to O2→Ag, revealing the 
intense charge transfer interaction. On the other hand, calculations have 
shown that interactions with the nitrate anion, Ag...O (12.36 kcal/mol), 
have lower interaction energies compared to Ag-O1 Ag-O2. The inter
action LP(1)(O2)→σ*(C16–H17) with the stabilization energy 1.10 
confirms the presence of intermolecular C16–H17…O2 hydrogen 
bonding interaction. The results are supported by optimized geometry 

and vibrational analysis.

3.10. Antioxidant activity results

3.10.1. In vitro DPPH• and ABTS•+ radical scavenging activity
DPPH• radicals are widely used in antioxidant activity de

terminations because they interact with lipophilic and hydrophilic an
tioxidants as well as the weakest antioxidants [82]. The ABTS radical 
scavenging technique is another way to assess antioxidant levels. 
ABTS•+ radicals are soluble in both aqueous and inorganic environ
ments. Due to these properties, it has an important place in the evalu
ation of the antioxidant activities of both lipophilic and hydrophilic 
substances [83]. In the antioxidant activity determination of the [Ag 
(C9H5ClNO)2NO3] complex, two different radicals (DPPH• and ABTS•+) 
inhibitions were determined. The radical inhibition percentages of both 
this complex and the samples of standard substances (ascorbic acid, 
BHT) at 25, 50, and 100 µg/mL concentrations were determined. The 
IC50 amounts were then calculated from these percent inhibition values. 
The findings are presented in Table 7 with Fig. 12.

The quantity of antioxidant substance necessary to reduce the initial 
radical concentration by 50% is known as the IC50 (inhibitory concen
tration), which demonstrates antiradical activity [84]. A high IC50 value 
indicates low antioxidant activity [85,86]. In this study, the DPPH•

radical IC50 values of the samples were determined to be complex (97.13 
µg/mL), standard ascorbic acid (10.56 µg/mL), and standard BHT (22.64 
µg/mL), respectively. Additionally, the ABTS•+ radical IC50 values of the 
samples were determined to be complex (109.04 µg/mL), standard 
ascorbic acid (14.96 µg/mL), and standard BHT (27.46 µg/mL). From 
these results, it was determined that the complex had strong radical 
scavenging and inhibited both radicals. The complex was found to have 
antioxidant activity when compared to standard substances. It has been 
determined that this complex, in particular, inhibits the DPPH• radical 
more strongly. In a study in which cobalt (II) and oxovanadium (IV) 
complexes were synthesized from quinoline carbaldehyde ligand, the 
antioxidant capacities of these complexes and the ligand were investi
gated. The DPPH• radical-scavenging activity of these substances was 
examined. This study showed that both complexes have greater anti
oxidant activity than the ligand. Additionally, the IC50 values of all 
samples were calculated and reported as complex 1 (9.15 μg/mL), 
complex 2 (34.69 μg/mL), and ligand (42.5 μg/mL) [4]. In a study 
investigating the antioxidant capacity of four complexes produced from 
8-hydroxyquinoline, the DPPH• radical-scavenging activities of these 
substances were determined. The IC50 values of the samples were 
determined as 0.30 mg/mL, 2.97 mg/mL, 10.24 mg/mL, and 15.29 
mg/mL [3]. In determining the antioxidant capacities of halogen and 
nitro derivatives of 8-hydroxyquinoline and copper complexes, the 
ABTS•+ radical scavenging activities of these substances were investi
gated. Especially Cu(BrQ)2 has been reported that the complex (IC50 =

33.33 ± 0.31 µM) showed stronger ABTS•+ radical inhibition than other 
complexes. Additionally, it was determined that the ligand of this 
complex showed higher (IC50 = 8.23 ± 0.52 µM) antioxidant properties 
than the complex [87]. As a result of our study, it can be said that this 
complex exhibits good antioxidant activity by inhibiting both radicals. 
In particular, it was observed that the DPPH• radical inhibition of this 

Table 5 
Topological parameters of Ag(I) complex.

Interactions ρ(r) ∇2ρ(r) H(r) G(r) V(r) Eint(kcal/mol) |V(r)|/ G(r)

Ag-N3 0.10388 0.36797 -0.02681 0.11881 -0.14563 43.59 1.22573
Ag-N4 0.09748 0.35134 -0.02371 0.11155 -0.13527 42.44 1.21262
Ag-O2 0.10141 0.39854 -0.02262 0.12225 -0.14487 45.45 1.18503
Ag-O1 0.10161 0.39632 -0.02282 0.12190 -0.14473 45.41 1.18728

Ag….O36 0.03856 0.17272 0.00011 0.04306 -0.04295 13.47 0.99744
N3….O35 0.01079 0.04284 0.00216 0.00854 -0.00637 1.99 0.74590

C16-H17….O2 0.00564 0.02945 0.00197 0.00538 -0.00341 1.07 0.63382

D (Ǻ): Distance; ρ(r) (a.u.): Density of electrons; ∇2ρ(r) (a.u): Laplacian of electron density; V(r) (a.u): Potential energy density; (Eint) (kcal/mol): Interaction energy

Table 6 
Second-Order perturbation theory analysis of Fock matrix in NBO corresponding 
to the selected charge transfer interactions of the complex.

Donor (i)→Acceptor(j) E(2)(kcal/mol)a εj − εi(a.u.)b F(i. j)(a.u.)c

LP(1)(N3)→LP∗(5)(Ag ) 86.54 0.06 0.090
LP(1)(N4)→LP∗(5)(Ag ) 83.04 0.06 0.085
LP(3)(O2)→LP∗(5)(Ag) 213.91 0.03 0.098
LP(3)(O1)→LP∗(5)(Ag) 231.86 0.03 0.098
LP(1)(O36)→LP∗(Ag) 12.43 0.78 0.090

LP(1)(O2)→σ∗(1)(C16 − H17) 1.10 0.45 0.089

σ : sigma bonds, LP: lone pairs, LP*: anti-lone pairs
aE(2) means energy of hyper conjugative interactions.
bEnergy difference between donor and acceptor i and j NBO orbitals.
cF(i.j) is the Fock matrix element between i and j NBO orbitals
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complex was greater than the ABTS•+ radical inhibition. It seems that 
our antioxidant results are compatible with the literature.

3.11. Antidiabetic activity

3.11.1. In vitro inhibition of α-amylase and α-glucosidase enzymes
Diabetes mellitus is the inability of the pancreas to produce enough 

insulin, or the insulin produced by the body. It is a metabolic disorder 
that results from an inability to use it effectively. Chronic diseases 
caused by diabetes Hyperglycemia (high blood sugar) affects the eyes, 
kidneys, nerves, heart, and blood vessels. It causes serious damage to 
many organs of the body, such as [88]. α-amylase inhibitors prevent 
disorders such as diabetes and obesity. They are also described as very 
good targets for treatment. These inhibitors delay the breakdown of 
carbohydrates by creating a suitable environment in the body and 
increasing satiety. lowers blood sugar [89]. α-Glucosidase, one of the 
digestive enzymes, is involved in the hydrolysis of carbohydrates into 
glucose. It is a key enzyme. Inhibition of this enzyme slows carbohydrate 
synthesis, glucose It delays its release, and thus hyperglycemia is sup
pressed [90]. Recent studies have focused on the discovery of new 
α-amylase and α-glucosidase inhibitors. Both the α-amylase enzyme in
hibition percentages and IC50 values and the α-glucosidase enzyme in
hibition percentages and IC50 values of the [Ag(C9H5ClNO)2NO3] 
complex and standard acarbose in this study are shown in Table 8 and 
Figs. 13, and 14.

The inhibition percentages of both α-amylase and α-glucosidase en
zymes in samples of [Ag(C9H5ClNO)2NO3] complex and standard 

acarbose at 25, 50, and 100 µg/mL concentrations were determined. 
IC50 (inhibitory concentration) values were calculated from these 
percent inhibition results. The α-amylase enzyme IC50 values of the 
complex and standard substance acarbose were determined to be 124.62 
and 36.34 µg/mL, respectively. Additionally, α-glucosidase enzyme IC50 
values were determined to be 113.06 and 27.35 µg/mL, respectively. It 
was determined that the complex’s inhibition of the α-glucosidase 
enzyme was greater than its inhibition of the α-amylase enzyme 
(Figs. 13, 14).

In a study investigating the antidiabetic activity of 8-Hydroxyquino
linium 3,5-Dinitrobenzoate, it was reported that the α-amylase enzyme 
percent inhibition value of this substance at 125 µg/ml concentration 
was 66.33, while that of standard acarbose was 75.55 [91]. In this study, 

Table 7 
Radicals inhibition percentages and IC50 values of the samples.

Samples Concentration 
(µg/mL)

% inhibition (DPPH•) IC50 

(µg/mL)
% inhibition (ABTS•+) IC50 

(µg/mL)

[Ag(C9H5ClNO)2NO3] 25 23.62±1.78
97.13

20.44±1.69
109.0450 38.77±1.59 35.45±1.49

100 49.54±1.56 45.71±1.74

Standard 
(Ascorbic acid)

25 53.28±1.36
10.56

51.32±1.33
14.9650 69.44±1.68 67.22±1.52

100 84.42±2.02 81.33±1.40

Standard (BHT)
25 47.21±1.49

22.64
45.61±1.51

27.4650 66.55±1.95 64.13±2.18
100 79.12±1.78 77.36±1.15

Fig. 12. Inhibition percentages of samples against DPPH• and ABTS•+ radicals.

Table 8 
Inhibition percentages and IC50 values of both enzymes of the samples.

Samples Concentration 
(µg/mL)

α-amylase 
% inhibition

IC50 (µg/mL) α- glucosidase 
% inhibition

IC50 (µg/mL)

[Ag(C9H5ClNO)2NO3] 25 22.11±1.55 124.62 26.83±1.22 113.06
50 32.31±1.56 37.39±1.85
100 42.86±1.02 45.93±1.86

Standard (Acarbose)
25 44.34±1.19 36.34 46.91±1.35 27.35
50 57.42±1.61 60.44±1.52
100 68.97±1.40 70.88±1.28

Fig. 13. α-amylase enzyme percentages of the samples.

Fig. 14. α-glucosidase enzyme inhibition results.
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100 µg/ml The percent inhibition value of the [Ag(C9H5ClNO)2NO3] 
complex α-amylase enzyme at the concentration was determined to be 
42.86±1.02 µg/ml, and that of standard acarbose was 68.97±1.40 
µg/ml. Additionally, in another study, α-amylase and α-glucosidase 
enzyme inhibitions of 2-Hydroxyquinoline and its analogues. It has been 
reported that the IC50 values of the α-amylase enzyme at a concentration 
of 1.000 µg/mL are 2-hydroxyquinoline (130.5±2.2 µg/mL) and 2-meth
yl-8-hydroxyquinoline analogue (215.4±1.4 µg/mL). It has also been 
reported that the IC50 values of the α-glucosidase enzyme at the same 
concentration are 2-hydroxyquinoline (64.4±1.7 µg/mL) and 2-meth
yl-8-hydroxyquinoline analogue (90.7±2.5 µg/mL) [8]. In another 
study, the antidiabetic activities of 4-hydroxyquinolinone-hydrazones 
and their derivatives were investigated using the α-glucosidase 
enzyme. As a result of the study, it was reported that the α-glucosidase 
enzyme IC50 values of these substances varied between 93.5±0.6 and 
575.6±0.4 μM. It has also been emphasized that 4-hydroxyquinolinone-
hydrazone derivatives are α-glycosidase enzyme inhibitors [10]. It is 
observed that the study results are compatible.

3.12. Molecular docking analysis

Molecular docking is a crucial method in structure-based drug 
development because it predicts the interactions and connections be
tween ligands and their target proteins [92]. Molecular docking is an 
important method where molecules get both fast and reliable results 
before experimental procedures for cancer disease. It has been deter
mined that these radicals formed as a result of oxidative stress cause 
many diseases, such as diabetes, asthma, cancer, hypertension, cardio
vascular diseases, pneumonia, hepatitis, and inflammatory diseases 

[93]. Molecular docking is an important method where molecules get 
both fast and reliable results before experimental procedures for 
oxidative stress cause diseases. Thanks to antioxidant systems, the 
harmful effects of free radicals are eliminated [94]. One of the most 
important diseases caused by these free radicals is diabetes mellitus. 
Diabetes mellitus is an endocrine and metabolic disease that occurs as a 
result of insulin hormone deficiency and progresses with disorders in 
carbohydrate, lipid, and protein metabolism [95–97]. Therefore, it is 
important to have antioxidant and antidiabetic substances. In this study, 
it was aimed at determining the in silico biological activity (antioxidant 
and antidiabetic) of the title compound.

Using molecular docking analyses, receptor and ligand binding sites 
in biological systems were identified and examined, thus understanding 
how the silver complex inhibits enzymes. The study of the silver com
plex’s interaction with the proteins was conducted using AutoDock. 
During the investigation, ten conformations were discovered, with the 
best conformation signified by the lowest binding energy. The 2D 
interaction diagrams between the compounds and the proteins are 
effectively illustrated in Fig. 15. These diagrams show the importance of 
binding energy interactions, hydrophobic interactions, and hydrogen 
bonding [98,99]. The results of molecular docking studies between the 
synthesized compound and the crystal structures of the following pro
teins are shown: saccharomyces cerevisiae isomaltase α-glucosidase 
(Pdb: 3aj7), human pancreatic α-amylase (Pdb: 5e0f), and antioxidant 
cytochrome c peroxidase (CCP) (Pdb: 2×08). In accordance with bio
logical studies, we used acarbose, a standard antidiabetic drug, as the 
standard for antidiabetic activity, and ascorbic acid as the standard for 
antioxidant activity. The docking of acarbose with α-glucosidase and 
α-amylase enzymes was done to confirm the docking studies that had 

Fig. 15. 2D diagram of the receptor-compound interactions between CCP (2×08), α-Glucosidase (3aj7), α-Amylase (5e0f).
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been done in previous studies [100–105]. The binding energy values 
that are determined through molecular docking are determined by the 
bond types and lengths that the ligand and proteins form [106]. The 
binding energy between the title compound and the α-amylase and 
α-glucosidase enzymes are 8.3 and 9.5 kcal/mol, respectively, while the 
binding energy between the antioxidant enzyme is 10.5 kcal/mol. The 
results of the docking study also support these data from the experi
mental studies. The binding of α-amylase and α-glucosidase proteins to 
the title compound shows better binding energy than the standard, 
indicating that the synthesized complex is a suitable lead compound for 
antidiabetic drug design. Also, ligand-peroxidase proteins have the 
highest docking activity than standard. When looking at the binding 
energy and inhibition constant (Ki) values, the α-glucosidase enzyme 
appears to be a more powerful potential inhibitor than α-amylase due to 
its lower Ki and favorable binding energy. In the in vitro study, it was 
determined that the complex inhibited the α-glycosidase enzyme more 
than it inhibited the α-amylase enzyme.

It was found that the Ag(I) complex interacts with the α-glucosidase 
and α-amylase enzymes in the same active pocket site as the acarbose 
drug. In the case of acarbose, hydrogen bonds (Gln63) and some amino 
acids (Trp59, Tyr62, and Leu165) formed hydrophobic contacts with 
active site amino acid residues of α-amylase. Looking at the detailed 2D 
interactions (see Fig. 15). of the docked compound within the active site 
of α-glucosidase, Arg279 interacts with the oxygen of the complex to 
provide a conventional hydrogen bond with a distance of 2.89 Å. The 
π-cation bond was formed between the nitrogen of Arg315 and the ox
ygen of the nitrate group. On the other hand, when the Ag(I) complex 
was docked at the binding site of the antioxidant agent, it was done via 
conventional hydrogen bonding with His175 (1.62 Å), carbon hydrogen 
bonding with Thr234 (2.25 Å), and hydrophobic interaction through 
Tpr51, Pro145, Phe158, Thr180, Tyr187, Leu232, and Thr234 (see 
Table 9). These interactions suggested favorable nonpolar contacts be
tween the hydrophobic residues of the protein and the ligand molecule, 
contributing to the stability of the ligand-protein complex. The docking 
result indicated that the protein’s active site had strong interactions with 
the compound, including hydrogen bonding and hydrophobic in
teractions [14]. These results confirm that the in experimental biological 
activity of the Ag(I) complex is in good agreement with the docking 
results and that the compound has potent in vitro antioxidant properties 
as well as inhibitors of α-amylase/α-glucosidase.

4. Conclusion

In this study, the new Ag(I) complex synthesized was characterized 
by modern spectroscopic techniques and tested to determine its ability 
to inhibit α-amylase, α-glucosidase, and antioxidant activity. The 
excellent consistency of the results obtained from DFT calculations and 
experimental and infrared spectra, as well as UV-Vis absorption studies, 

is remarkable in terms of completing the study. Fukui and MEP say that 
nucleophiles and electrophiles can attack the negatively charged nitro
gen atom as well as the positively charged hydrogen (hydrochloride 
group) and oxygen atoms. The FMO of the compounds was assessed 
using DFT, which demonstrated their bioactivity, stability, and charge 
transfer. The NBO assessment revealed important donor–acceptor in
teractions, like LP(O) → LP*(Ag), which has the highest stabilization 
energy of 231.86 kcal/mol, as shown by the QTAIM and RDG analyses, 
demonstrating favorable findings. This topology analysis suggests that 
the title compound is chemically active and hence it may posses NLO 
applications. In vitro studies found that the complex has a stronger 
antioxidant effect than the standard acarbose drug and inhibits the 
DPPH• radical (97.13 µg/mL) more than the ABTS•+ (109.04 µg/mL) 
radical, indicating potent radical scavenger activity. We conclude that 
the compounds mentioned have the potential to be used as therapeutic 
agents in the treatment of metabolic diseases, oxidative stress-related 
diseases, and diabetes mellitus. Molecular docking studies show that 
the inhibitors bind to the active sites of the enzymes and confirm the in 
vitro results. Consequently, it is advised that the compounds be sub
jected to more comprehensive experimental studies of their effects on a 
variety of diseases, and that this compound be further investigated in the 
context of candidate drug discovery.
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constant 
Ki (µM)

Antioxidant CCP 
(2×08)
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*Standard drug: Acarbose [103], Ascorbic [106]
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