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A B S T R A C T   

In this study, experimental and computational analyses were performed on free indazole and its silver metal 
complex. By using spectral methods, thermal studies, and analytical analysis, a new synthesized Ag(I) complex 
has been characterized. The geometric structures were optimized, structural parameters were calculated, and the 
chemical reactivity of the synthesized compound was investigated using the DFT calculations. Topological (AIM, 
RDG) investigations were done to look into molecular properties in order to learn more about the complex’s 
attractive bonds and van der Waals interactions. The antioxidant activities of indazole and its silver metal 
complex were determined in vitro using the DPPH (2,2-diphenyl-1-picrylhydrazyl) method. Ascorbic acid and 
BHT (butylatedhydroxytoluene) were used as the standard substances. As a result, it was determined that the 
antioxidant capacity of the indazole substance was higher than the Ag (I) complex. The antimicrobial activity of 
the Ag(I) complex against both Gram-negative and Gram-positive bacteria was superior to that of the free ligand. 
The result analyses were supported by molecular docking approaches to explore the possible interaction of each 
compound with anti-microbial and antioxidant agents.   

1. Introduction 

Free radicals are high-energy atoms or molecules with one or more 
unpaired electrons in their outer orbitals [1,2]. Free radicals are all 
important components of cells such as lipids, proteins, DNA, carbohy
drates, and enzymes [3]. Therefore, it has become important to research 
and develop compounds with higher antioxidant activity for the treat
ment of injuries and diseases caused by free radicals. Indazoles are ar
omatic heterocyclic organic compounds. Indazole and its derivatives 
have a variety of biological activities [4]. Especially in recent years, 
studies have focused on the investigation of the broad bioactivities of 
indazole derivatives in concentrated form [5,6]. The ring systems of 
indazole and its derivatives contribute to the formation of many drug 
molecules. Therefore, they are pharmacologically important com
pounds. These drug molecules are granisetron, a 5HT3 receptor antag
onist and antiemetic, analgesic, antipyretic, anti-inflammatory, 
anticancer, antiviral, and antimicrobial, and have been reported to 
exhibit antispermatogenic activity [7–12]. It has been reported that 
indazole and indazole-based compounds have antagonistic effects on the 
glucagon receptor [13] and the thrombin receptor [14]. In addition, 7- 

Nitroindazole (7-NI) is a strong hydroxyl radical (OH) and has been 
reported to be a cleaner [15]. In the treatment of cancer, indazole and its 
analogs are especially important [16,17]. Tetrahydroindazole and its 
derivatives have been obtained synthetically. Studies have shown that 
this substance has good antioxidant properties. [18–21]. In addition, it 
has been reported that synthetically prepared indazole derivatives have 
many biological and pharmacological properties [22]. In particular, 
Bendazac is a non-steroidal anti-inflammatory. It is used as an anti- 
cataract drug. It investigated whether 7-nitro indazole and its de
rivatives could be used in alcohol treatment. As a result of the research, 
it was concluded that these compounds are non-narcotic, analgesic, and 
antipsychotic drugs [23]. It has been noted that the toxicological side 
effects of silver, a bioactive species [24] with low toxicity, are less severe 
when it complexes with organic compounds [25]. Silver metal com
plexes can interact with proteins and enzymes, bind to or cleave DNA 
sequences, and more [26]. Silver metal compounds have shown promise 
as potential antimicrobial agents [27,28], anti-inflammatory candidates 
[29], and chemotherapeutic agents [27,28,30–32]. Additionally, tran
sition metal complexes demonstrated significant antioxidant activity 
(HO, O2, etc.). Meanwhile, the synthesis of silver complexes [33] is used 
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to create potential drug molecules as well as test their suitability for 
homogenous catalysis, which is used to create new compounds by 
activating C–C and C–N bonds [34]. Based on the benefits of silver(I) 
and the emerging challenges in disease treatment, there is great interest 
in the development of new silver metal compounds with high pharma
cological activity. This is part of a larger effort to develop new drugs to 
complement existing drugs and increase the fight against disease [35]. 
In particular, the development of the use of silver metal ions in a new 
fluorescent-based detection technology has been considered important 
due to desirable properties such as high selectivity, high sensitivity, real- 
time imaging, and easy manipulation both in vitro and in vivo in recent 
years, [36]. Additionally, compared to the free ligand alone, the metal 
complexes can insert and stack between DNA base pairs more readily 
and profoundly, which ultimately results in cell death. In this regard, it 
may open up new avenues for cancer therapy and diagnosis in the 
future. 

In this study, the silver metal complex of indazole [Ag(indz)2NO3] 
was synthesized and characterized by elemental analysis, 1H NMR, 13C 
NMR, FT-IR, UV–Vis, mass spectroscopy, and thermogravimetric anal
ysis methods. The structural and spectroscopic properties of indazole 
and its silver complex are investigated in order to correlate experimental 
and computational theoretical studies. The DFT computational ap
proaches and applications were successfully used for the structure 
determination of the ligand and its Ag(I) complex, and then the spec
troscopic characterization and comparison with the observed data. The 
theoretical calculations, such as electronic, nonlinear optical, and 
thermodynamic properties, and topological (AIM, RDG) analyses were 
performed. In addition, the thermal behavior of the Ag(I) complex in 
terms of DSC/TG were given. Further, the antioxidant capacity assay 
(DPPH) and antimicrobial activities of free ligand and the Ag(I) complex 
were studied in vitro. Molecular docking studies were also conducted to 
better understand the ligand’s and its corresponding Ag(I) complex’s 
molecular interactions with antioxidant and antimicrobial proteins. 

2. Material and methods 

2.1. Experimental methods 

2.1.1. Synthesis of silver complex 
Indazole (98% purity, with MDL Number: MFCD00005691) and 

silver nitrate (at 99% purity, with MDL Number: MFCD00003414) were 
supplied by Sigma-Aldrich Chemical Company. They were used in 
chemical synthesis and spectral analysis studies without further purifi
cation. Firstly, a 2 mmol solution of the indazole molecule in 20 mL of 
ethanol and a 1 mmol solution of AgNO3 in 10 mL of ethanol were 
prepared. They were mixed separately for about 30 min at 50 ◦C using a 
magnetic stirrer. Then, the prepared AgNO3 solution was gradually 
added to the indazole solution. The mixture was stirred for 3 h at 50 ◦C 
to allow the chemical reaction to take place without allowing the solvent 
to evaporate, and then the mixture, prepared at room temperature, was 
stored for one week, wrapped in aluminum foil, and not exposed to light. 
After one week, it was kept at + 4 ◦C for three months [37]. The syn
thesized chemical has a 78% yield. The ligand-to-metal ratio in the 
produced chemical is 2:1. For elemental (C, H, and N) analyses, the 
following experimental and calculated values were reported: [Ag(C7 
H6N2)2NO3], CHN Exp: C: 41.40 %, H: 2.14 %, N: 16.80 % and, Calc: C: 
41.40 %, H: 2.84 %, N: 17.24 %. 

2.1.2. DPPH antioxidant activity 
Pure indazole and AgNO3 salts were used in this study (Merck). In 

addition, the DPPH radical (Merck) was used to assess antioxidant ca
pacity. The chemicals used are of the highest analytical purity. 

The free ligand indazole and its Ag complex were tested for antiox
idant activity in vitro using the DPPH (2,2-diphenyl-1-picrylhydrazil) 
free radical scavenging method described in a previous paper [38]. 
Methanol was used to make a DPPH solution with a concentration of 0.1 

mM. Aluminum foil was wrapped around the prepared DPPH solution. 
Samples at three different (25, 50, and 100 µg/mL) concentrations were 
prepared from indazole, indazole Ag(I) complex, standard BHT, and 
ascorbic acid. 1 mL of each of these prepared samples was taken and 
placed in test tubes. The tubes were then filled with 3 mL of a 0.1 mM 
DPPH solution. At room temperature, the absorbances of all samples 
were measured at 517 nm for 0 min, 30 min, 3 h, and 24 h using a 
UV–visible spectrophotometer (SP-3000 + OPTIMA). All of the samples 
tested were measured in triplicate, and the results were expressed as the 
mean standard deviation. The following equation was used to calculate 
the percent radical scavenging activities of the samples: 

%Radicalscavengingactivity=
ControlAbsorbance − SampleAbsorbance

ControlAbsorbance
x100

(1) 

In addition, the IC50 values of all samples prepared at 25, 50, and 
100 µg/mL concentrations were calculated. 

2.1.3. Antimicrobial scanning 
The following 10 microorganisms, consisting of 9 bacteria and 1 

yeast, were studied: Staphylococcus aureus (ATCC 25923), Bacillus cereus 
(709 Roma), Bacillus subtilis (ATCC 6633), Enterococcus faecalis (ATCC 
29212), Escherichia coli (ATCC 25922), Aeromonas hydrophila 
(ATCC7966), Pseudomonas aeruginosa (ATCC 27853), Vibrio anguillarum 
(ATCC 43312), Klebsiella pneumoniae (ATCC 13883) and Candida albi
cans (ATCC 90028). 

The antimicrobial activity of free ligand and its Ag(I) complex were 
assessed in vitro using the agar-well diffusion method [39]. The syn
thesized compound stock solution (10 mg/ml) was made by dissolving it 
in dimethyl sulfoxide (10 % DMSO). The suspensions were adjusted to 
0.5 McFarland standard turbidity, and the bacteria were cultured in 
tripticase soy broth (TSB) at 37◦ C for 24 h. After that, sterile trpticase 
soy agar (TSA) was produced and put into Petri dishes. The agar was 
then given 1 h at 4 ◦C to solidify. The agar was punctured using sterile 
cork borers (6 mm). DMSO was utilized as a control, and 75 µl of the 
chemical solution was administered to the holes. C. albicans and the test 
microorganisms were grown at 37 ◦C for 18 to 24 h. At the end of the 
time period, the inhibition zones that had formed on the medium were 
measured in millimeters (mm). Tetracycline (10 mg/ml) and natamycin 
(30 mg/ml) antibiotics were used as positive controls. 

The microtiter plate assay technique was used to calculate the min
imum inhibitor concentration (MIC) of title compounds. The free ligand 
and Ag(I) complex compound were serially diluted at two-fold serial 
doses (512, 256, 128, 64, 32, 16.8, 4, and 2 µg/mL) before 1 × 106 CFU/ 
ml of actively growing bacterial and yeast strains were introduced to the 
wells. Each well received 100 µl of tripticase soy broth [40]. The positive 
control consists of wells containing test strains injected with medium, 
while the negative control consists of wells containing media. The 
minimum inhibitory concentrations (MIC) of title compounds were 
established. 

2.1.4. Test of quorum sensing inhibitions (QSI) of free ligand and its Ag(I) 
complex 

The QSI activity of the free ligand and Ag(I) complex was evaluated 
using C. violaceum ATCC 12472. The inoculum included only colonies of 
C. violaceum ATCC 12472. At 28 ◦C with 200 rpm shaking, broth me
dium was used to develop Luria Bertani (LB). 15 mL of sterile trypticase 
soy agar (TSA) was placed onto the plates after being thawed at 55 ◦C. 
Following swab-spinning with 100 µl of C.violaceum ATCC 12472 cul
ture, the plate was allowed to fully solidify before cork drill wells (7 mm 
in diameter) were drilled into the agar. Both compounds were dissolved 
in DMSO at a concentration of 5 mg/ml. 75 µl of the free ligand and Ag(I) 
complex were added to the agar wells. After 2 days of incubation at 
28 ◦C, the amount of purple color around the well was measured, and its 
suppression was determined to be positive QSI activity. DMSO was used 
as a negative control [41]. 
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2.1.5. Instrumentation for recording spectra and DSC/TGA measurements 
Infrared spectra in the region of 4000–550 cm− 1 and 45000–100 

cm− 1 were recorded using Bruker Vertex 80 FT-IR and Bruker IFS 66/S 
spectrometers, respectively. 1H and 13C NMR spectra were recorded 
using a liquid Bruker 400 MHz AV model NMR spectrometer with an 
operating frequency of 400 MHz in DMSO solution. An Agilent HP 8453 
spectrophotometer was used to record the UV–Vis spectrum in a quartz 
cell using DMSO as the solvent in the range of 190–1100 nm. The mass 
spectrum of the Ag(I) complex was recorded with a Waters Synapt G1 
model spectrophotometer using high-resolution mass spectrometry 
(HRMS) in the positive mode (ES + ) range of 50–1000 Da. The differ
ential scanning calorimetry thermogravimetry analysis (DSC/TGA) was 
performed in a dynamic N2 atmosphere (40 mL/min) with a heating rate 
of 25 ◦C/min from a surrounding temperature of 1400 ◦C/min using a 
Mettler Toledo thermal analyzer. 

2.2. Computational methods 

The density functional theory (DFT) calculations were performed 
using GAUSSIAN 09 and visualized with the Gaussian View 5.0 program 
[42,43]. The geometric optimization, frequencies, electronic, optical, 
and thermodynamic properties of the indazole molecule are calculated 
using the 6–311++G(d,p) basic set with the B3LYP function in the DFT 
method [44], while the same properties for its silver nitrate complex 
structure are calculated by applying the combination of the 6–311++G 
(d,p) and the LanL2DZ basis sets [45]. Total energy distribution analysis 
for vibrational modes was performed by the VEDA program [46]. The 
theoretical UV–Vis values of the title complex were calculated in the 
DFT/B3LYP method using a combination of 6–311++G(d,p) (for C, N, 
H, and O atoms) and LANL2DZ (for Ag atom) basis sets. NMR calcula
tions were performed with the GIAO method by using the 6–311 + G(2d, 
p) basis set for the free indazole molecule [47], and were performed 
using a combination of 6–311 + G(2d,p) and LanL2DZ for the [Ag 
(indz)2NO3] complex [48]. Multiwfn [49] and the molecular visualiza
tion program VMD [50] were used to determine the intensity of non- 
covalent interactions (NCIs), the isodensity surface plot, and the 
reduced density gradient (RDG) surface. Auto dock 4.2.6 Tools were 
used to construct the initial structures to run the docking simulations. 
The world’s largest online protein database, RCSB, is the major source 

for collecting the PDB structures used as target proteins. The receptors of 
gram positive bacteria (Staphylococcus aureus, PDB ID: 5FPO), Candida 
albicans (PDB ID: 4LEB), and an antioxidant enzyme (PDB ID: 3MNG) 
were obtained from the RCSB Protein Data Bank (www.pdb.org) [51]. 
The docked poses were visualized using the Discovery Studio Visualizer 
[52] and USCF Chimera software [53]. 

3. Results and discussion 

3.1. Molecular structure 

The [Ag(indz)2NO3] complex was optimized using a combination of 
6–311++G(d,p) (for C, H, and N atoms) and LanL2DZ basis sets (fort he 
Ag atom). The geometric parameters (bond length and bond angles) of 
the optimized structure are listed in supplementary Table S1, and these 
parameters are compared with the XRD parameters of indazole [54] and 
Bis(4,5-dihydro-1H-benzo[g]indazole) [55]. The optimized geometric 
structure of the title molecule is presented in Fig. 1. Also, the coordinates 
of the optimized geometry of the ligand and the Ag(I) complex were 
listed in the supplementary Table S2. 

The lengths of the N1-N2 and N16-N17 bonds in the pyrazole rings of 
the complex were calculated as 1.354 and 1.363 Å. The bond lengths of 
N1-C3, N2-C7, N16-C18, and N17-C22 were also found to be 1.358, 1.325, 
1.365, and 1.321 Å, respectively. The C3-C4 and C4-C7 bond lengths in 
the pyrazole rings were calculated as 1.419 Å, while C18-C19 and C19-C22 
were calculated as 1.416 and 1.423 Å. While the benzene rings in the 
[Ag(indz)2NO3] complex have C–C bond lengths ranging from 1.379 Å 
to 1.423 Å. Five of the C–H bond lengths were found to be 1.083, two of 
them 1.084, and one of each 1.081 and 1.079 Å. The distances of N2 and 
N17 atoms to Ag31 atoms were calculated as 2.236 and 2.244 Å, 
respectively. In addition, the distance of the Ag31 atom to the O32 and 
O33 atoms of the nitrate group was calculated as 2.735 and 2.531 Å. 
Finally, the O32-N35, O33-N35, and O34-N35 bond lengths of the nitrate 
group were found to be 1.281, 1.270, and 1.223 Å. 

When the geometric parameters of the newly synthesized [Ag 
(indz)2NO3] complex and the XRD data of previously studied Bis(4,5- 
dihydro-1H-benzo[g]indazole) are compared, the Ag-N, Ag-C, and N–O 
bond lengths in nitrate groups are quite compatible. Furthermore, with 
the exception of very small deviations, the bond lengths of the indazole 

Fig. 1. Optimized geometric structure with atom numbering of the [Ag(indz)2NO3)] complex.  
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molecule in the complex structure are compatible with those of both 1H- 
indazole and Bis(4,5-dihydro-1H-benzo[g]indazole [55]. Finally, the 
bond angles of the title complex were compared with the both XRD data 
studied in the literature. The results were found quite compatible with 
the data of the 1H-indazole molecule [54]. In addition, when compared 
with the bond angles of Bis(4,5-dihydro-1H-benzo[g]indazole), it is seen 
that their bond angles are compatible except for C7-N2-Ag31, N1-C3-C5, 
and C22-N17-Ag31 [55]. The reason for the deviations determined for the 
bond length and bond angles is that the calculations are made in the gas 
phase without interactions in the crystal lattice, and the structures are 
not exactly the same. 

3.2. Vibrational analysis 

Modes assigned for the experimental and theoretical wavenumbers 
of the [Ag(indz)2NO3] complex were performed by accounting for the ≥
10% total energy distribution (TED) contributions. Supplementary 
Table S3 presents scaled theoretical and measured wavenumbers of the 
Ag(I) complex as well as recorded wavenumbers of the indazole ligand. 
Scaling factors of 0.983 [56] and 0.961 [57] were used for wavenumbers 
below and above 1800 cm− 1, respectively. In addition, experimental 
Far-IR and FT-IR spectra of the indazole molecule and the [Ag 
(indz)2NO3] complex are presented in supplementary Fig. S1 and 
Fig. S2, respectively. 

The N–H stretching vibrations of the heterocyclic molecules are 
expected to be observed in the region of 3500–3000 cm− 1 [58]. These 
stretching vibrations of the [Ag(indz)2NO3] complex were observed at 
3735 and 3154 cm− 1 in the FT-IR spectrum and calculated at 3534 and 
3182 cm− 1. These vibrational modes for the indazole molecule were 
experimentally observed at 3742 and 3148 cm− 1. According to these 
results, no significant change occurred in the experimental N–H 
stretching vibrations. The C–H stretching vibration peaks of hetero
aromatic molecules are observed in the region of 3100–3000 cm− 1 [56]. 
These vibration values were observed at 3070 and 2930 cm− 1 for the 
complex structure and at 3053 and 2917 cm− 1 for the free ligand. 
Theoretical values corresponding to the experimental vibration values of 
the complex structure were calculated at 3109 and 3048 cm− 1. The 
other calculated C–H stretching vibration values of the Ag(I) complex 
were found to be within the required range. 

The specification of C–N stretching vibrations is quite difficult, as 
different bands are also observed in this region. The C–N stretching 
vibrations of the Ag(I) complex were measured at 1630, 1446, 1372, 
1353, and 1120 cm− 1 in the FT-IR spectrum. The C–N vibrations for 
free ligand are seen at 1620, 1355, and 1122 cm− 1. The shift of the C–N 
vibration peak observed at 1620 cm− 1 in the FT-IR of free ligand to a 
higher value of 1630 cm− 1 in the spectrum of the complex indicates that 
the indazole molecule is involved in coordination with the silver metal. 
In a previous study, the C═N bands were measured at 1610 cm− 1 for the 
free 2-chloroquinoxaline ligand and at 1540 cm− 1 for both [Ag(2Cl- 
quinox)(NO3)]n and [Ag(2Cl-quinox)2(NO3)]. In this study, the shift of 
the C═N bands to a lower frequency was reported as an indication of the 
coordination of silver metal and free ligand [59]. The theoretical C–N 
stretching wavenumbers corresponding to the experimental values of 
the title complex were also found to be 1636, 1444, 1397, 1358, and 
1127 cm− 1. The ring C–C stretching vibrations are mostly seen between 
1650 and 1200 cm− 1 [47]. The C–C stretching vibrations for the 
complex structure were observed at 1630, 1508, 1120, and 999 g cm− 1. 
Also, these vibrations were calculated at 1636, 1518, 1127, and 1008 
cm− 1. The other theoretical values of this vibration are given in 
Table S3. When these experimental vibrational values are compared 
with those of the indazole ligand, no significant shifts are observed, and 
they are quite similar to each other. 

The band observed at 1355 cm− 1 in the FT-IR spectrum of the free 
ligand was broadened and cleaved in the spectrum of the complex 
structure. The new peak that appeared at 1372 cm− 1 of this broadened 
and cleaved band indicates the presence of the nitrate group that doesn’t 

exist in the spectrum of the free ligand. Two strong Ag(I) complexes with 
quinoxaline ligand were synthesized and their FT-IR spectra were 
analyzed in the literature. The Ag atom is attached to two O atoms in the 
nitrate group of the synthesized [Ag(2Cl-quinox)(NO3)]n and [Ag(2Cl- 
quinox)2(NO3)] complexes. The presence of a sharp spectral band at 
1383 cm− 1 was detected in the FTIR spectra of both synthesized com
plexes [59]. It was stated that these bands also show the presence of a 
nitrate group, which is not found in the FT-IR spectrum of the free 
ligand. For the [Ag2L2(NO3)2]⋅H2O complex (L: malonamide type 
ligand), a new band emerging at 1383 cm− 1 is attributed to the N–O 
stretching vibration of the nitrate group [60]. In another study, a silver 
nitrate complex of 2-methylquinoxaline [Ag(2-MQ)(NO3)] was synthe
sized. Similarly, in this study, the Ag atom bonds with two O atoms of 
the NO3 group. In the frequency analysis part of this study, O–N vi
bration bands were observed at 1389 cm− 1 in the FT-IR spectrum and at 
1387 cm− 1 in the FT-Ra spectrum [51]. In addition, two peaks of the 
N–O vibration for the title complex were observed at 1286 and 697 
cm− 1 in the experimental measurements and were calculated at 1481, 
1260, 711, and 697 cm− 1. The N–O stretching vibrations of the 
[C10H9N3]4AgNO3] complex were calculated at 1325, 1168, and 934 
cm-1. Also, in that study, these vibration bands were observed at 1337 
(FT-IR)/1334 (FT-Ra), 1196 (FT-IR)/1204 (FT-Ra), and 954 (FT-IR) 
cm− 1 [62]. Another useful example is IR analyses for the synthesis of [Ag 
(N2C11H10)2]NO3 complex salt. In this synthesized structure, the Ag 
atom bonds with two O atoms of the nitrate group. In the theoretical 
calculations of this structure, the O–N vibration frequencies were found 
to be 1377.6, 959.8, and 720.5 cm− 1, respectively [55]. 

While stretching vibrations of the Ag-N bond were measured at 424 
and 95 cm− 1, they were calculated at 426, 189, 178, 94, and 85 cm− 1. 
The peaks observed at 424 and 95 cm in the FT-IR spectrum of the 
complex are not found in those of the free ligand. These observed new 
spectral peaks indicate that the Ag(I) complex of the free ligand is 
formed. In the vibration analysis of the [Ag(methyl-4-pyridyl keto
ne)2NO3] complex, Ag-N stretching vibration values were found to be 
368, 179, 164, 103, and 82 cm− 1 in theoretical calculations. In experi
mental measurements, it was observed in the IR spectrum at 382, 190, 
163, 102, and 76 cm− 1, while it was also observed at 364 and 84 cm− 1 in 
the Raman spectrum [57]. In another study, the Ag-N stretching vibra
tions for the silver nitrate complex of 2-Methylquinoxaline were 
observed at 719 (IR)/704 (Ra), 271 (Ra), and 141 (IR) cm− 1 and were 
computed at 711, 286, and 138 cm− 1 [61]. 

Finally, a correlation graph was drawn for linear regression analysis 
to show the agreement between experimental and theoretical wave 
numbers of the complex structure with silver nitrate and was presented 
in supplementary Fig. S3. The equation and correlation constant R2 

obtained from this graph are as follows [63]: 

νcal = 1.0031νexp − 2.4772R2 : 0.9978 (2) 

According to this R2 value, there is a good harmony between the 
experimental and theoretical wavenumbers of the [Ag(indz)2NO3] 
complex. 

3.3. 1H and 13C NMR analyses 

1H and 13C NMR analyses of the indazole molecule and its Ag(I) 
complex were performed using theoretical and experimental methods. 
While the experimental chemical shift measurements were taken in 
DMSO, the theoretical calculations were carried out at the DFT/B3LYP 
level of theory and using the GIAO method. In addition, the 6–311 + G 
(2d,p) basis set [45] and a combination of the 6–311 + G (2d,p) and 
LanL2DZ basis sets [48] were used in calculations for the indazole 
molecule and the Ag(I) complex, respectively. The chemical shift values 
are listed in Supplementry Table S4, while the experimental and theo
retical spectra are presented in Supplementary Fig. S4. 

Experimental 1H and 13C NMR chemical shift values for the indazole 
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molecule are as follows: H10(7.78), H11(7.54), H13 (8.08), H14 (7.35), 
and H15 (7.10) ppm, and C3 (140.14), C4 (120.63), C5 (110.50), C6 
(120.94), C7 (133.76), C8 (126.25), and C9 (123.27) ppm. These 
chemical shift values measured for the H and C atoms of the [Ag 
(indz)2NO3] complex are either very close to or have the same value as 
those of the free indazole molecule. According to these results, the 
complexation of the free ligand with AgNO3 did not show an important 
shift in the experimental 1H and 13C NMR spectra. Many studies in the 
literature support our findings, and they all agree that this is generally 
true for Ag(I) complexes of N-donor ligands with relatively weak Ag-N 
and Ag-O interactions [59,60]. 

In a study conducted by Soliman et al. in 2018, [Ag2L2(NO3)2], a 
silver nitrate complex of a manlonamide-type ligand (L), was synthe
sized, and 1H NMR spectrum assignments of both free and coordinated 
ligand were carried out. In this study, it was reported that the 1H NMR 
chemical shifts were similar for the free ligand and the complex struc
ture due to the relatively weak complexation of the Ag (I) atom with 
both the nitrate group O atom and the N-donor ligands [60]. Ag(2Cl- 
quinox)(NO3)] and [Ag3(2Cl-quinox)4(NO3)3] complexes of the 2-chlor
oquinoxaline ligand have been synthesized in the literature. In that 
study, 1H NMR analyses of both the free ligand and the two synthesized 
complexes were performed. Some data from Ag(I) complexes showed 
the same shift as the free ligand, while others did not, according to the 
findings [59]. Another study evaluated the Ag(I) complex with isoni
azid, an antimicrobial drug. When the spectrum of the ligand was 
compared with that of the metal complex, the most remarkable change 
was in the signals of the hydrogen atoms of the NH2 group, while the 
others showed less significant shifts [64]. Another example of a study is 
the NMR analysis of the [RuCl3(H2O)(Hind)2] complex of indazole. The 
same signal sets were observed in the 1H NMR spectra for both the 
metal-free indazole and the coordinated indazoles with the same mul
tiplicity [65]. Also, there are no significant differences between the 
experimental and calculated chemical shift values of both the ligand and 
the complex. 

3.4. UV–Vis spectral analysis 

The experimental and calculated wavelengths, excitation energy, 
oscillator strength, and major contribution are listed in Table 1. A broad 
absorption band for the free indazole ligand was determined at 299 nm. 
The experimental spectrum of the [Ag(indz)2NO3] complex shows 3 
absorption bands at 299, 286 and 260 nm in Fig. 2. From the theoretical 
calculations, the absorption peak was found at 251 nm, resulting from 
the Homo-4/Lumo + 1 and Homo-4/Lumo transitions, and it is quite 
compatible with the experimental values at 260 nm. When the experi
mental UV–Vis spectra of the free ligand and the complex were 
compared, the formation of new absorbance peaks in the spectrum of the 
[Ag(indz)2NO3] complex and the wavelength shifts after complexation 
supported the coordination of the free ligand with the Ag(I) ion. 

3.5. Mass spectrometry 

Mass spectrometry is the most important structural characterization 
technique used in coordination chemistry to elucidate the main 

molecular ion peaks of synthesized complexes. The mass spectrum of the 
complex presenting fragmented ion peaks in the x-axis and m/z value is 
given in Fig. 3. The mass spectrum shows the molecular peaks at 
224.9651 (15%) for [AgC7H6N2]+, 265.9923 (10%) for 
[AgC7H6N2(H2O) + Na]+, 343.0184 (10%) for [AgC14H12N4]+, and 
465,0517 (10%) for [AgC14H12N4(H2O)2 + Na + NO3 + H]+. 

3.6. Global molecular reactivity descriptor 

The tendency of a molecule to donate and receive electrons is 
determined by the energy values of the highest-energy occupied mo
lecular orbital (HOMO) and the lowest-energy unoccupied molecular 
orbital (LUMO) by electrons [66,67]. The energy difference between 
these molecular orbitals has an important role in the electronic, optical 
luminescence, photochemical reaction, UV–Vis, and even biological 
activity of a free ligand or metal complex [68–70]. If the energy values of 
the HOMO-LUMO orbitals are known, the ionization potential (I), 
electron affinity (A), global hardness (η), electronegativity (χ), chemical 
potential (μc), global softness (σ), and global electrophilicity (ω) values 
can be calculated with the equations below [67]: 

I = − EHOMO (3)  

A = − ELUMO (4)  

η = (− EHOMO + ELUMO)/2 (5)  

μc = (EHOMO + ELUMO)/2μ (6)  

χ = − μc (7)  

σ = 1/η (8)  

ω = (μ2
c)/2η (9) 

Table 2 shows the energy values of the quantum chemical properties 
of the indazole molecule and the [Ag(indz)2NO3] complex. Calculations 
for the free ligand were carried out using the 6–311++G(d,p) basis set, 
while the calculations for the complex structure were performed using 
the 6–311++G(d,p) and LanLDZ basis sets together. Calculated high 
HOMO energy values indicate that the molecule tends to donate elec
trons to the appropriate acceptor molecules with a low-energy empty 
molecular orbital. The lower value of LUMO energy suggests the mole
cule easily accepts electrons from the donor molecules. The EHOMO and 
ELUMO energies, indicating the ease of electron donation and electron 
acceptance between the substrate and target proteins, were found to be 
− 6.36 and − 1.19 eV for free ligand and − 6.158 and − 1.876 eV for the 

Table 1 
Experimental and calculated UV–Vis wavelength (λ), excitation energy (eV) and 
oscillator strength for the [Ag(indz)2NO3] complex.  

Experimental  Theoretical 

λmax (nm)  λmax 
(nm) 

E (eV) f Symmetry Major 
Contributions 

260  251  4.9445  250.75 Singlet-A HOMO-4 
LUMO + 1 
HOMO-4 
LUMO  

Fig. 2. Experimental UV–Vis spectra of indazole ligand and [Ag 
(indz)2NO3] complex. 
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silver nitrate complex. As a result of the calculations, title compounds 
have the highest HOMO level and the lowest LUMO level, and these 
compounds appear to have the ability to donate electrons. The energy 
gaps (Eg) between LUMO and HOMO were calculated as 5.17 and 4.28 
eV, respectively. The LUMO value of the synthesized complex structure 
is more negative and the HOMO value is more positive than that of the 
free ligand, and as a result, the HOMO-LUMO energy gap of the complex 
structure was found to be smaller. That is, the binding of silver nitrate to 
the free ligand increased its reactivity. Also, the η and σ values for the 
indazole molecule were determined as 2.58 and 0.38 eV, while these 
parameters were found to be 2.14 and 0.47 eV for the complex. Ac
cording to ΔE, η, and σ values, both the indazole molecule and the [Ag 
(indz)2NO3] complex have low reactivity and tend to be chemically 
stable. In addition, there are many studies in the literature on different 
structures that support the obtained results [67,71,72]. The HOMO- 
LUMO distributions of both the indazole molecule and the title com
plex were given in Fig. 4. The HOMO and LUMO distributions for the 
indazole molecule are over almost the entire molecule. HOMO was 
distributed over the silver atom and nitrate group in the Ag(I) complex 
of indazole, while LUMO was distributed over the ligand on the left. 

3.7. Molecular electrostatic potential (MEP) map analysis 

The MEP map is one of the important analyses used to predict elec
trophilic (negative potential) and nucleophilic (positive potential) re
gions of organic or inorganic molecules. That is, it is a pretty good 
estimator for estimating charge density [73]. It also provides informa
tion on chemical reactions, hydrogen bond interactions and biological 
activity prediction. The electrostatic potential magnitude is defined by a 
color scale as follows: red < orange < yellow < green < cyan < blue 
[74]. The red, yellow, green, and blue in this color scheme indicate 
negative, slightly electron-rich, zero potential, and positive regions, 

respectively [75]. Fig. 4 presents 3D MEP maps prepared for the inda
zole molecule and [Ag(indz)2NO3] complex. When the MEP map of the 
indazole molecule is examined, it is seen that the N2 atom is in the red 
(negative/electrophilic) region. In addition, all the C atoms in the ben
zene and pyrazole rings and the N1 atoms of the indazole molecule are in 
the yellow (slightly electron-rich) region, while all the H atoms are in 
the positive, that is, blue-colored region. According to the MEP map of 
the complex structure, the negative region is concentrated on the O 
atoms of the nitrate group. When the free indazole molecule formed a 
compound with silver nitrate, the C and N atoms in its rings had a more 
positive value than in the free state. That is, the electron density is 
shifted on the O atoms. Similar results were obtained in previous studies 
on silver nitrate complexes in the literature [37,61]. 

3.8. Fukui functions 

Fukui functions give information about the tendency of organic or 
inorganic molecules to lose and gain electrons. That is, it is used to 
determine electrophilic and nucleophilic atom sites in molecules. In 
other words, it indicates which atom is more susceptible to an electro
philic or nucleophilic attack [76]. Fukui functions are defined with the 
following equations for the neutral, cationic, and anionic states of the 
molecule using finite difference methodology: 

f −k = qk(N) − qk(N − 1) (10)  

f +k = qk(N + 1) − qk(N) (11)  

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

f+k f −k f0
k In these equations and are defined as nucleophilic and elec

trophilic attack indexes according to the electron loss and gain status of 
a molecule, respectively. is also the neutral attack index [77]. The 

Fig 3. The mass spectrum of the [Ag(indz)2NO3] complex.  
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electron population in the rth atom is represented by qk, and the charge 
amounts of the molecule in the neutral, anionic, and cationic states are 
qkN, qk(N + 1), and qk(N-1). In order to provide a clear distinction be
tween nucleophilic and electrophilic regions, Δf(r) which is a new dual 
descriptor, is used and calculated by the following equation [78]. 

Δf (r) = f +(r) − f − (r) (13) 

When Δf(r) > 0, the region is electrophilic (is favored for a nucleo
philic attack), and when Δf(r) < 0 the region is nucleophilic (is favored 
for an electrophilic attack) [79]. The Fukui function values for the 
indazole molecule and the [Ag(indz)2NO3] complex are presented in 
supplementary Table S5. Also, graphical representations of the dual 
descriptors of the indazole molecule and [Ag(indz)2NO3] complex are 
presented in supplementary Fig. S5 [80]. 

The blue and green colors indicate negative and positive sites, 
respectively, in the dual descriptor Fukui function images [79]. The N1, 
C7, and C9 atoms of the indazole molecule are in the blue-colored region. 
Therefore, these atoms are located in the electrophilic region. The dual 
descriptor image of the indazole molecule is also consistent with the 
results calculated with the Gaussian 09 program and given in supple
mentary Table S5. According to the image created for the [Ag 
(indz)2NO3] complex, the N1, C9, N16, Ag31, O33, O34, and N35 atoms are 
located in the blue-colored (electrophilic) region, and this image is quite 
in harmony with the results presented in supplementary Table S5. 

3.9. Charge analyses 

NBO, Hirshfeld, and APT charges were calculated to investigate the 
bonding ability of the atoms of the indazole molecule and the [Ag 
(indz)2NO3] complex. The 6–311++G(d,p) basis set was used in the 
calculations for the free ligand, while the 6–311++G(d,p) and LanL2DZ 
basis sets were used together in the complex structure calculations. With 
these charge analysis calculations, the electronic charges and binding 
potentials of atoms were explained [81]. The calculated charge values 
are listed in supplementary Table S6 and are presented graphically in 
supplementary Fig. S6 for both the indazole molecule and the Ag(I) 
complex. 

According to APT, NBO, and Hirshfeld charge analyses, N1, N2, C4, 
C5, and C9 atoms have a negative value, while C3 and all H atoms have a 
positive value. These results are also similar to the results obtained from 
the MEP map. Similarly, N1 and C9 atoms have also been found to be in 
the electrophilic region in Fukui function analyses. According to the 
results of all three charge analyses of the Ag(I) complex structure, all C 
atoms except for C3, C7, C18, and C23 atoms, N1, N2, N16, N17, O32, O33, 
and O34 atoms have negative values, and Ag31, N35, and all H atoms are 
also found to have positive values. The results obtained from the charge 
analyses for the complex structure are also similar to those obtained 
from both the MEP map and the Fukui functions. The most negative 
atom for the indazole molecule is N1. As a result of the complexing of the 
indazole molecule with silver nitrate, the N1 atom has a less negative 
value, while the atoms with the highest negative values are the O33 and 
O34 atoms in the nitrate group. These results are also similar to those 
obtained from the MEP map. 

3.10. AIM and NCI-RDG calculations 

The atoms in molecules (AIM) and non-covalent interactions (NCI) 
were calculated to investigate the intramolecular and intermolecular 
interactions between the Ag(I) cation and the indazole molecule. The 
QTAIM method, when applied to the complex system, identifies the 
bond paths between specific atoms and the corresponding BCPs, or 
critical points of chemical bonds, in the electron density distribution. 
Around the Ag atom, there are four close neighbors. The metal center is 
coordinated by two nitrogen atoms and two oxygen atoms among these 
neighbors. 

Graphical representations of the AIM analysis of the Ag(I) complex Ta
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are shown in supplementary Fig. S7 using Multiwfn. R. Bader 
[32,33,82,83] has developed the innovative approach AIM [84], which 
proposes that the electron density ρ(r) is a local function of the molec
ular system. This approach is widely used to determine inter- and intra- 
atomic interaction calculations. The topological parameters, which are 
the electron density ρ(r), the Laplacian, ∇2ρ(r) the kinetic energy den
sities G(r), the total energy densities H(r), the potential V(r), and the 
bond energy E give a lot of information on the properties of BCPs and 
CPs. Hence, the different topological properties of the title complex are 
collected in detail in Table 3. According to Rozas et al. [85], these 
hydrogen bonds are strong hydrogen bonds if the electron density is 

∇2ρ(r) < 0, and the total energy density is H (r) < 0. If ∇2ρ(r) > 0, H(r) 
> 0 it is considered a weak hydrogen bond. According to the results, the 
Laplacian of charge density values are positive, indicating that the 
electronic charge is depleted along the binding pathway and the pres
ence of ionic interaction [86]. The AIM results showed that the Ag(I) 
complex is characterized by BCPs, which define the BCPs are located at 
O… H links, these bonds with the energy densities of C–H…O and 
N–H…O are weak and medium hydrogen bonding, respectively. As 
seen from Table 3 indicates that in the intramolecular contacts N–H…. 
O in complex has the highest value of interaction energy, so it is the 
strongest interaction. Jenkins and Morrison [87], and Espinosa [88] 

Fig. 4. FMO diagrams and MEP maps of the indazole molecule and the [Ag(indz)2NO3] complex.  

Table 3 
Topological parameters (in a.u) obtained by QTAIM analysis for Ag(I) complex.  

Interactions ρ(r) ∇2ρ(r) H(r) G(r) V(r) Ebond(kJ/mol) |V(r)|/G(r) λ1 λ2 λ3 

Ag-N17  0.06511  0.28922  − 0.0011  0.08248  − 0.09266  121.63  1.1234  − 0.07415  − 0.07024  0.43362 
Ag-N2  0.06688  0.29444  − 0.0109  0.08455  − 0.09550  125.36  1.1295  − 0.07651  − 0.07247  0.44343 
Ag….O32  0.02223  0.08571  0.00067  0.02082  − 0.02021  26.53  0.9707  − 0.01820  − 0.01745  0.12137 
Ag….O33  0.03280  0.14712  0.00053  0.03624  − 0.03571  46.87  0.9853  − 0.03295  − 0.03063  0.21071 
C22-H28….O33  0.01182  0.04301  0.00167  0.00907  − 0.00739  9.70  0.8147  − 0.01214  − 0.01014  0.06529 
N1-H12….O32  0.03551  0.12728  0.00038  0.03143  − 0.03105  40.76  0.9879  − 0.05537  − 0.05130  0.23396  
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et al. proposed that bond interactions are sorted according to the |V(r)|/ 
G(r) ratio. In the ratio |V(r)|/G(r) < 1, the bonded interaction is regar
ded as the closed shell, when |V(r)|/G(r) > 2, it is considered as the 
typically covalent interaction, and when 1 < |V(r)|/G(r) < 2, it is the 
intermediate character. The mean |V(r)|/G(r) ratio for the H⋅⋅⋅O in
teractions is<1.0, as shown result, these interactions are mostly the 
closed shell for the complex model. The CPs of Ag-N interactions 
constitute the covalent character (∇2ρ(r) > 0 and H(r) < 0) bonds in the 
optimized geometry of the title complex. Moreover, the metal ion and 
oxygen (Ag…O) interactions have a covalent character of the bonds. 

The reduced density gradient (RDG) shows intra- and inter 
nonbonded interactions in a chemical system [89]. Fig. S7 displays the 
RDG scatter graph, which displays the various regions through spikes. As 
can be seen, these interactions are indicated by regions that are colored 
blue, red, and green, which correspond to the stabilization of H-bonds, 
the destabilization of steric interactions, and van der Waal’s in
teractions, respectively. There is a light blue dot, which shows that there 
are strong attractive interactions N1-H12….O32. The red elliptical plate 
in the center of the pyrazole and benzene rings describes the destabi
lizing steric interaction, and the green plates represent the regions of 
weak interaction C22-H28….…O33, which are attributed to the VDW 
interactions. These results are in line with what the AIM study and the 
assessment of atomic charges found. 

3.11. ELF and LOL analaysis 

Electron localization function analysis (ELF) and localized orbital 
locator (LOL) analyses based on covalent bonding were performed with 
the Multiwfn program to reveal the regions where the probability of 
electron pairs on the molecular surface is high [90]. While ELF is an 
analysis method based on electron pair density, LOL is usually observed 
when localized orbitals overlap. But both analysis methods have similar 
chemical content and give results depending on kinetic energy density. 
The ELF isosurface 2D maps plotted in the range of 0.0–1.0 for free 
ligand and complex structure are presented in Fig. 5. In this map, the 
range of 0.5–1.0 indicates the presence of bonding and nonbonding 
localized electrons, while the range of 0.0–0.5 indicates the presence of 
delocalized electrons [66,90]. 

For both molecules, the red color on the H atoms represents a strong 
electronic localization. Also, the blue color around the C, N, and Ag 
atoms represents a depletion region between the inner shell and the 
valence shell, that is, it indicates the delocalized electron density. 
Similarly, values>0.5 in LOL maps also indicate high localization of 
electrons due to the presence of a nuclear shell [91]. 

3.12. Nonlinear optical properties 

Because of the growing interest in non-linear organic and inorganic 
materials’ technical applications, the electric dipole moment, average 
polarizability, anisotropy of polarizability, and first hyperpolarizability 
values for the indazole molecule and Ag(I) complex structures were 
calculated in this section of the study [79,92]. The results are listed in 
supplementary Table S7. While the dipole moment value of the indazole 
moment was calculated at 1.84 Debye, this value was found to be 9.62 
Debye for the [Ag(indz)2NO3] complex. The initial polarizability values 
of the free ligand and complex were found to be 1.48 × 10-30 and 5.08 ×
10-30 esu, respectively. When these two values are compared to the value 
of urea, which is used as the brink value in determining a structure’s 
nonlinear properties, the indazole molecule has a value that is approx
imately 4 times higher, and the Ag(I) complex has a value that is 
approximately 14 times higher [93,94]. According to these results ob
tained from theoretical calculations, while the free indazole molecule 
has moderate non-linear optical properties, its complex formation with 
silver nitrate increased its non-linear optical properties. Therefore, we 
can say that the complex structure has very good non-linear properties. 

3.13. Thermodynamic properties 

The thermodynamic parameters of a compound can explain its sta
bility and reactivity. The supplementary Table S8 lists the thermody
namical parameters such as entropy (S), enthalpy (H), zero-point 
vibration energy (ZPVE), Gibbs free energy (G), and geat capacity (Cp) 
of the free ligand and its Ag(I) complex in the gas phase at various 
temperatures ranging from 100 to 1000 K using the B3LYP/6–311++G 
(d,p) basic set. These theoretical results are helpful in estimating the 
chemical reaction direction. The thermodynamic function also increased 
linearly as the temperature increased from 100 to 1000 Kelvin, as shown 
in Table S8. This linear variation indicates that the vibrational in
tensities of molecules increase with temperature [95]. 

In Table S8, the enthalpy is calculated as a function of temperature. 
When compared to free indazole structures, the Ag(I) complex has an 
almost exponential behavior as the temperature rises, a higher intensity 
level, and its energy is less likely to be removed as heat. Furthermore, it 
was found that as the temperature increased, the entropy of the complex 
structure was higher than that of the free ligand. For both of the struc
tures under consideration, we see that as temperature rises, enthalpy 
and entropy both rise while Gibbs free energy falls. All of these reactions 
are endothermic in this way. Additionally, we see that the indazole 
structure has a significantly lower free energy than the complex 
structure. 

3.14. Thermal analysis (DSC-TGA) of the metal complex 

Thermal properties such as thermal behavior, thermal stability, and 
thermiogravimetric analysis for compounds are identified using the 
DSC-TGA method [96]. Supplementary Fig. S8 depicts the differential 
scanning calorimetry (DSC) curve for measuring temperature differ
ences and the thermogravimetric analysis (TGA) curve for measuring 
sample weight loss. The TGA curve illustrates that the Ag(I) complex 
thermally decomposes in four steps that follow one another in supple
mentary Fig. S8. The TGA curve stands for a couple of steps in the mass 
loss, with the main mass loss of 37.71% placed between 650 and 700 ◦C. 
The first step occurs in the temperature interval from 150 to 200 ◦C with 
an experimental mass loss of 18.1% corresponding to the decomposition 
of the nitrate anions. The second step occurs in the temperature interval 
from 250 to 300 ◦C with a mass loss of 20.8% corresponding to the 
decomposition of indazole ligand molecules. In the final step, the 
remainder of the complex, representing 11.7% of its mass, was decom
posed. The DSC curves appear sharp, which suggests that the material is 
highly pure, that there was no phase transition prior to melting, and 
further, that the compound is fragmented gradually [97]. In the thermal 
decomposition of the complex, an exothermic process (at 117.6 ◦C) and 
two endothermic processes (at 189.2 ◦C and 234.2 ◦C) are also repre
sented by the DSC curve (see Fig. S8). 

4. Biological activities 

4.1. Antioxidant activity (DPPH• free radical scavenging activity) 

The DPPH method was used to assess the antioxidant activity of 
indazole and its Ag(I) complex in vitro. To compare the results, ascorbic 
acid and BHT were used as the standard antioxidants. One of the most 
widely used spectrophotometric methods for measuring antioxidant 
activity is the DPPH method [98]. An illustration of the inhibition study 
is shown in Fig. 6. 

Table 4 and Fig. 7 show the results. 
The antioxidant activity of the free ligand indazole and silver com

plex at low concentrations (100 µg/ml) was compared. The percent 
DPPH radical inhibition of ligand, complex, and standards (ascorbic acid 
and BHT) at 0 min, 30 min, 3 h, and 24 h was calculated. After 30 min, 
the percent inhibition values of all samples decreased. Therefore, all 
comparisons were made according to the 30th minute. Indazole ligand 
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Fig. 5. ELF (a,c) and LOL (b,d) map of indazole molecule and [Ag(indz)2NO3] complex.  
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was found to have higher percentages of inhibition values than its Ag(I) 
complex. The DPPH radical scavenging activities of the samples were 
determined in this study as ascorbic acid > BHT > free ligand > Ag(I) 
complex. 

There is a relationship between DPPH percentage and antioxidant 
capacity. The higher the inhibition percentage, the higher the antioxi
dant capacity. However, the IC50 value is defined as the amount of an 
antioxidant substance required to reduce 50% of the initial DPPH con
centration [99,100]. In other words, lower IC50 values indicate higher 
anti-radical activity. In addition, the IC50 values of the samples at 30th 
minutes were calculated in this study. In this study, inhibition per
centages and IC50 values of the free ligand and silver complex were 
calculated. For this purpose, solutions were prepared from indazole, [Ag 

(indz)2NO3] complex, and standard substances (BHT and ascorbic acid) 
at 25, 50, and 100 µg/mL concentrations. The percent inhibition values 
of each sample against three different concentrations were calculated. 
Graphs with % inhibition values versus concentrations were drawn. The 
IC50 values of each sample were calculated from the correct equation of 
the graphs. The IC50 values of indazole and [Ag(indz)2NO3] complex 
were compared with the IC50 values of standard (BHT, ascorbic acid) 
substances. As a result, it was determined that ascorbic acid (11.22 µg/ 
mL) > BHT (23.91 µg/mL) > indazole (90.97 µg/mL) > Ag(I) complex 
(117.57 µg/mL). In a study, the antioxidant capacity of coordination 
compounds formed by 4,5,6,7-tetrahydro-1H-indazole with Cu (II), Co 
(II), and Ag (I) was investigated by the DPPH method. The 4,5,6,7-tetra
hydro-1H-indazole-Ag complex has a % inhibition value of 57.89 and an 
IC50 value of 82 µg/mL at 125 µg/mL concentration [101]. In a study, 
total antioxidant capacity analyses of tetrahydroindazoles and their 
derivatives were performed, and the percent inhibition and IC50 values 
of these substances were calculated. It has been reported that the per
centages of inhibition of these substances at 100 concentrations ranged 
from 13.51 ± 1.5 to 47.72 ± 4.4. In addition, it was determined that the 
IC50 values of these substances were > 100 [79]. The IC50 values of 7- 
carbo-substituted 5-bromo-3-methylindazoles and their derivatives 
were calculated and reported to vary between 0.91 ± 0.004 and 88.66 
± 0.001 µM [102]. Our findings were found to be compatible with the 
literature. 

 

           A                       B                       C                    D                      E 
Fig. 6. A (Control), B (Indazole), C (Indazole-Ag complex), D (standart BHT), E (standart Ascorbic acid).  

Table 4 
% DPPH free radical inhibition of samples*.  

Compound 0 min 30 min 3 h 24 h 

Indazole (Free ligand) 48.32 ±
1.29 

52.11 ±
1.41 

49.95 ±
1.22 

47.11 ±
1.59 

Ag(I) complex 39.29 ±
1.34 

43.82 ±
1.63 

40.95 ±
1.38 

37.98 ±
1.65 

Standard (BHT) 70.12 ±
1.86 

76.82 ±
1.34 

72.85 ±
1.24 

66.93 ±
1.57 

Standard (Ascorbic 
acid) 

81.68 ±
2.23 

84.11 ±
2.65 

82.21 ±
1.86 

79.45 ±
1.43 

*Again, numbers (n = 3) were analyzed for each group examined in this study. 
The study’s results are given as the mean ± standard deviation. 

Fig. 7. Percentage of DPPH radical inhibition in samples (100 µg/mL).  

C. Kucuk et al.                                                                                                                                                                                                                                  



Polyhedron 241 (2023) 116469

12

4.2. Antimicrobial study 

Four gram-positive bacteria (S. aureus, B. cereus, E. faecalis, and B. 
subtilis), five gram-negative bacteria (P. aeruginosa, V. anguillarum, K. 
pneumoniae, E. coli, and A. hydrophila), and a yeast strain (C. albicans) 
showed the particular antimicrobial activity of the Ag(I) complex. 
Table 5 presents the findings. In the control, there was no inhibition 
zone (DMSO). In this investigation, the metal complex showed strong 
antimicrobial activity against the microorganisms tested. The antimi
crobial activity of the Ag(I) complex was nearly identical to that of the 
widely used medication tetracycline. 

Ag(I) complex, S. aureus (DIZ:30 mm and MIC: 8 mg/ml), B. cereus 
(DIZ: 28 mm, MIC 16 mg/ml), P. aeruginosa (DIZ: 26 mm, MIC: 8 mg/ 
ml), V. anguillarum (DIZ: 25 mm, MIC: 8 mg/ml), K. pneumoniae (DIZ: 22 
mm, MIC: 8 mg/ml) and C. albicans (DIZ: 25 mm, MIC: 8 mg/ml) against 
exhibited strong antimicrobial activity. 

The Ag(I) complex was identified as the most effective enhancer of 
antimicrobial activity against S. aureus in the test set. Silver ions cling to 
the proteins in bacterial cell membranes, enter cells, and bind to DNA to 
stop cell division. Additionally, silver ions stop the bacterial respiratory 
system and kill the cell’s ability to produce energy. At some point, the 
bacterial cell membrane ruptures, killing the bacteria [103]. 

Microbiological resistance to antiseptics is a hotly debated subject as 
a result of the increased attention being paid to bacterial resistance to 
antibiotics. Compared to antibiotics, topical antiseptics like silver have a 
lower chance of bacterial resistance because they have several antimi
crobial sites of action on their target cells. According to reports, the 
danger of resistant pathogens to silver in wound healing is low, and 
silver-containing creams remain an extremely important tool in wound 
infection management [104,105]. 

As a result of tested free ligand biological studies, diameter of inhi
bition zone (DIZ, mm) and minimum inhibitory concentration (MIC, µg/ 
ml), (DIZ: 17 mm, MIC: 16 µg/ml), (DIZ: 12 mm, MIC: 16 µg/ml) and 
(DIZ: 18 mm, MIC: 16 µg/ml) were found to show good activity against 
S. aureus, B. cereus and C. albicans, respectively. The free ligand was 
compared with standard tetracycline and natamycin. The inhibition 
zone and MIC values for the substances that were examined are shown in 
Table 5 below. 

4.2.1. Testing for QSI action of indazole and its Ag(I) complex 
By inhibiting the growth of the violacein pigment to a diameter of 26 

mm and 16 mm after 24 h at 28 ◦C, the Ag(I) complex and free ligand 

demonstrated a significant QSI action against C. violaceum ATCC 12472. 
(Table 5). According to the strong quorum sensing inhibition (QSI) 
value, the [Ag(indz)2NO3] complex can fight infection pathogenesis and 
spread via QSI. Whereas free ligand showed a more moderate inhibition 
of quorum sensing inhibition (16 mm). 

4.3. Docking results 

In-silico molecular docking studies aid in predicting the probable 
binding mode and mechanism of action of bioactive chemical constitu
ents against metabolic key proteins [106]. The results of in-vitro anti
oxidant and antibacterial activities were used to calculate molecular 
docking in order to obtain a more accurate description of the inhibitory 
capability of the compound and to establish a correlation between these 
activities. In our study, we investigated how the title compounds, which 
are a component of the structure of many biologically active compounds 
containing the indazole ring system [107,108], are docked against 
antioxidant enzymes and antibacterial proteins. While examining 
ligand-enzyme interactions, which play a critical role in drug design and 
discovery, two microbial pathogen proteins (S. aureus and C. albicans), 
which show the highest activity according to their in vitro antimicrobial 
results, were selected and examined. Also, the antioxidant potential 
exhibited by performing docking studies with the receptors Peroxir
edoxin (3MNG) is a well-known human antioxidant enzyme that consists 
of an electron donor and a catalyst species, i.e., thioredoxin and essential 
cysteine residues, respectively. These species contribute to the cellular 
metabolic response to reactive oxygen species and assist in peroxide 
scavenging [109]. The result parameters of the docking study related to 
the antioxidant and antimicrobial potential exhibited by the free inda
zole ligand and its Ag(I) complex are presented in Table 6. The 2D 
representation of the investigated ligand-receptor interaction and the 3D 
representation are given in Fig. 7. According to the free binding energy 
values in Table 6, these complexes bind to their respective enzyme 
targets reasonably. The stronger the binding affinity between complex 
molecules and receptor proteins, the more stable the ligand-enzyme 
complexes form [110]. Ag(I) complexed with S. aureus (5FPO) has a 
binding energy of − 8.43 kcal.mol− 1 and C.albicans (4LEB) has a binding 
energy of − 6.67 kcal.mol− 1, whereas the free ligand has binding en
ergies of − 5.60 and − 4.67 kcal.mol− 1. In this case, the metal complex 
showed stronger inhibitory activity compared to the free ligand. The 
docking study results were found to be in good agreement with the in 
vitro antimicrobial results and to follow the antimicrobial activity order 

Table 5 
Antimicrobial properties of the medication reference and the Indazole and ıts Ag(I) complex against the examined bacteria.  

Compounds  

Indazole [Ag(indz)2NO3]  

Organisms DIZ (mm) MIC 
(µg/ml) 

DIZ 
mm) 

MIC 
(µg/ml) 

Tetracycline 
(10 mg/ml) 

DMSO AgNO3 

Gram (þ)        
S. aureus (ATCC 25923) 17 16 30 8 23 – 10 
B. cereus(709 Roma) 12 16 28 8 26 – 10 
B. subtilis (ATCC6633) 10 512 12 128 25 – 8 
E. faecalis (ATCC29212) – – 16 16 24 – 5 
Gram (-)        
E. coli (ATCC 25922) – – 15 32 21 – 8 
A. hydrophila (ATCC7966) – – 12 64 22 – 5 
P. aeruginosa (ATCC 27853) – – 26 8 21 – 8 
V. anguillarum (ATCC 43312) – – 25 8 20 – 8 
K. pneumoniae (ATCC 13883) 10 256 22 16 23 – 10 
Yeast      Natamycin (30 mg/ml)   

C. albicans (ATCC 90028) 18 16 25 8 24 – 10 
Anti-quorum sensing activity        
C. violaceum (ATCC 12472) 16 32 26 8 – – 8 

Notes: Inhibition zones include diameter of hole (6 mm). Sample amount 50 µl. _, not active. DIZ: Diameter Inhibition Zone, MIC: Minimum Inhibitory Concentration, 
DMSO: Dimetil sülfoksit. 
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of the complexes. When the docking results for the antioxidant potential 
of the studied complexes were examined, it was understood that the 
active site inhibitory activity of the metal complexes was less than that 
of the free ligand (see Table 6). The binding energies of complexes and 
proteins are determined by hydrogen bonding, Van der Waals in
teractions, and electrostatic interactions [111]. When electrostatic and 
Van der Waals interactions are coupled, H-bonds form. The total internal 
and binding energy is significantly influenced by interactions that can be 
seen in 2D and 3D shapes. The group (-C––N-) is present in the investi
gated structures, which makes them active pharmacophores with 
excellent binding affinity for nucleophilic and electrophilic groups 

found in the active site of the enzyme and is the cause of their active 
nature for enzyme inhibitory activity [112]. In both compounds, nitro
gen atoms of the pyrazole ring in all three receptors and amino acids 
intermolecular hydrogen bond H-bond interaction has occurred. As 
displayed in Fig. 8, indazole ligand was located in the antioxidant re
ceptor 3MNG with the help of hydrogen bonds (GLU 16, VAL 94, LEU 
96). Also, the Ag(I) complex represented three intermolecular hydrogen 
bonds between GLU16 (2.06,1.83, and 2.84 Å). Likewise, as shown in 
Fig. 8, the free ligand complexing with C.albicans exhibited two inter
molecular hydrogen bond interactions between PHE 60 (2.02 Å and 
1.96 Å). Similarly, the Ag(I) metal complex displayed two different 

Table 6 
Docking parameters of title compound docked with the antioxidant and antimicrobial targets.  

Protein 
(PDB ID) 

Compound  H-Bonded residues No of hydrogen bonds Bonded distance (Å) Hydrophobic interacting residues Binding energy (kcal/mol)  

3MNG Free 
ligand 

GLU 16 3 2.05 ARG 86, ALA 90, LEU 96  − 4.83   

VAL 94  2.14    
LEU 96  1.77   

Ag(I) 
complex 

LEU 96 5 2.61 GLU 16, ARG 95, LEU 96  − 8.89   

GLU 16  2.06       
1.83       
2.84     

GLY 92  2.37   
4LEB  Free 

ligand 
PHE 60 2 2.02 THR 65, PHE 81  − 4.67    

1.96    
Ag(I) 
complex 

LYS 59 2 2.95 PHE 81, PRO 29, 
THR 61,ALA 83,VAL 172  

− 6.67  
THR 62  2.03   

5FPO Free 
ligand 

ILE 218 3 2.24 GLU 110, PHE 217, TYR 219, ASN 247  − 5.60  
ASN 247  2.29   
ARG 250  2.23   

Ag(I) 
complex  

LYS 112 
ILE 113 

3 2.12 
1.93 
1.70 

LEU 80, LEU 82  − 8.43   

Fig. 8. 2D visual representations and 3D docking result representation of free ligand and its Ag(I) complex association with chosen targets.  
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intermolecular H-bonds between the pyrazole moiety’s N-atom and LYS 
59 (2.95 Å) and THR 62 (2.03 Å). Other analysis results show that the 
interactions have three π-Alkyl and one π-cation interactions with 
different active sites: PHE 81, PRO 29, ALA 83, VAL 172, and LYS 59 
have bond lengths ranging from 3.05 to 3.56. The ligand and its metal 
complex have demonstrated significant interactions within the active 
sites of the S. aureus protein through key amino acids such as ASN 247. 
ILE 218, ARG 250, LYS 112, and ILE 113. All these interactions allow the 
stabilization of a ligand at the protein active sites. As a result of the 
findings, we can conclude that our compound has the potential to be an 
important antibacterial and antioxidant inhibitor. 

5. Conclusion 

The calculated characteristic vibrational modes of each grouping 
correspond to those observed in the experimental spectrum. The syn
thesized complex was characterized by 13C and 1H NMR, UV–Vis, and 
mass spectroscopy. The measurement of a linear optical parameter re
veals that materials with low band gaps, which support the bioactivity of 
the molecule, are best suited for nonlinear optics. It has been detailed 
how there is a theoretical relationship between temperature and the 
thermodynamic functions, heat capacities, entropies, and enthalpies. 
Furthermore, the thermal stability of the synthesized Ag(I) complex was 
determined using TG/DSC analyses. According to QTAIM analysis, the 
Ag-N bonds have a covalent character, and the C–H…O and N–H…O 
hydrogen bonds are weak and moderate. According to the RDG analysis 
of non-covalent interactions, the complexes were stabilized by van der 
Waals interactions between the planes of the ligand molecules and 
bonds between the metal ions and the oxygen and especially nitrogen 
atoms. The discovery of new substances with effective and potent bio
logical activities is one of the most important goals of pharmacological 
research today. Indazole and silver complexes showed DPPH radical 
scavenging activity even at low concentrations (100 µg/mL). It was also 
determined that indazole has a higher DPPH radical scavenging capacity 
than the silver complex. With this study, it was concluded that the ligand 
and its metal complex have moderate antioxidant capacity. According to 
the results of the biological activity tests, it was determined that while 
the free ligand showed good antimicrobial activity, the Ag(I) complex 
showed stronger antimicrobial properties. In this case, it is thought that 
the Ag(I) complex can be used as a building block in the synthesis of 
important new compounds that can be used as antimicrobial agents in 
the food and pharmaceutical industries. In molecular docking studies, 
the binding energies of the ligand and its metal complex to the active site 
of the enzymes were calculated. The results demonstrate that the Ag(I) 
complex is more active than the free ligand, indicating that better bio
targets for the complexes are required. 
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