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A B S T R A C T

In this study, spectroscopic characterizations (FT-IR, UV–Vis, and NMR) of the ethyl 1H-imidazole-1-carboxylate 
(EIMC) ligand and the new synthesized [Ag(EIMC)2]ClO4 complex were performed. Also, the electronic, optical, 
and biological activity properties of these compounds were investigated. First of all, the EIMC ligand and [Ag 
(EIMC)2]ClO4 complex were optimized by using suitable basis sets. The theoretical equivalent values of the data 
in the experimental FT-IR spectrum were calculated for the optimized structures, and it was determined that the 
theoretical values were in agreement with the experimental results. The spectroscopic characterization stage was 
completed by recording NMR and UV–Vis spectra and performing theoretical calculations. The energy gap value 
between the HOMO and LUMO orbitals was found to be 5.66 and 5.08 eV for the free ligand and the synthesized 
Ag (I) complex. The molecular electrostatic potential maps, electron localization function (ELF) and localized 
orbital locator (LOL) maps, atomic polar tensor (APT), Hirshfeld, and natural bond orbital (NBO) charge ana
lyses, and Fukui functions were calculated for the gas phase. Experimental results regarding antioxidant and 
antidiabetic activity showed that especially the ligand had the highest radical scavenging (DPPH• IC50 = 103.36 
µg/mL) and the complex had the highest α-glucosidase (IC50 = 156.12 µg/mL) enzyme inhibition.

1. Introduction

Imidazole is a planar heterocyclic ring consisting of five members, 
with three carbon and two nitrogen atoms. The ring contains nitrogen in 
the first and third positions [1]. Various significant natural substances, 
including purine, histamine, histidine, and nucleic acid, contain the 
imidazole ring as a component [2,3]. As a polar aromatic chemical, it is 
easily soluble in water [1]. Imidazole derivatives hold a distinct and 
significant position in the realm of medicinal chemistry. The discipline 
of medicinal chemistry benefits greatly from the wide range of synthetic 
techniques available for imidazole and its diverse structural reactions. 
Imidazole medications have expanded their range of applications in 
treating numerous conditions in clinical medicine. Medical chemists 
have been motivated to create several new chemotherapeutic medicines 
because of the significant therapeutic effects of imidazole-related 

medications [4]. The medicinal properties of imidazole encompass a 
wide range of effects, including its ability to inhibit cancer growth, 
β-lactamase enzymes, and the synthesis of 20-Hydroxy-5,8,11,14-eico
satetraenoic acid [5]. Imidazole also acts as an inhibitor for carboxy
peptidase and hemeoxygenase enzymes, making it useful in various 
therapeutic applications. Imidazole-based hybrids display a wide range 
of bioactivities due to their ability to effectively bind to various enzymes 
and receptors in biological systems through weak interactions such as 
hydrogen bonds, ion dipoles, cation-π interactions, π-π stacking, coor
dination, Van der Waals forces, and hydrophobic effects. Additionally, 
imidazole exhibits anti-aging properties and functions as an anticoagu
lant, anti-inflammatory, antibacterial, antifungal, antiviral, antituber
cular, antidiabetic, and antimalarial agent [6–8]. Since the drugs that 
prevent diabetes have limited [9] and side effects, the discovery of drug 
substances with fewer side effects is of vital importance [10]. The silver 
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element is a catalytic agent that effectively catalyzes reduction reactions 
[11,12]. This atom shows high biological activity even at low doses. It 
has many activities, such as inhibiting cellular respiration, binding 
nucleic acids, damaging cell membranes, and binding thiols in the 
structure of proteins and enzymes [13]. It has also been reported that the 
silver (I) element has important pharmacological activities such as 
antibacterial, anti-ulcer, and antifungal [14–16], antitumor [17,18], 
and anticancer agents [14,15]. Therefore, complexes synthesized with 
silver have an important place in pharmacology. In other studies, it has 
been reported that transition metal complexes have many biological 
activities, such as anti-inflammatory, anti-cancer, antidiabetic, and 
antibacterial [19,20]. Substances that are willing to enter into chemical 
reactions, have unpaired electrons in their last orbitals, have high en
ergy, and are unstable are called free radicals [21,22]. These radicals 
cause oxidative damage to the plasma membrane, leading to the 
development of important diseases such as cancer, coronary vascular 
diseases, and diabetes. In particular, experimental studies have indi
cated that diabetes is associated with reactive oxygen species (ROS) 
[23,24,25]. Recently, there has been a significant increase in diabetes 
due to hyperlipidemia, smoking, unhealthy diet, and aging [26]. Dia
betes mellitus is a metabolic disorder that occurs when blood glucose 
levels increase after meals and is called hyperglycemia. This metabolic 
disorder leads to many disorders, such as cardiovascular diseases, nerve 
damage, kidney failure, blindness, and nerve damage [27–29]. 
Computational methods have been used frequently to elucidate and 
predict molecular-level behavior [30]. Density functional theory (DFT) 
has become one of the most widely used tools today because it can 
accurately determine the energy of a molecule and simulate chemical 
processes using quantum mechanical calculation methods [31]. Using 
DFT calculations, researchers can obtain the geometric structure of 
organic or inorganic molecules in their most stable ground state energy, 
define reaction mechanisms, and determine reactive regions by char
acterizing their electronic properties. Additionally, spectroscopic char
acterization calculations such as IR, Raman, NMR, and UV–Vis can also 
be performed [32].

In the first part of this study, spectroscopic characterizations of the 
EIMC ligand and [Ag(EIMC)2]ClO4 complex were performed by 
recording FT-IR, NMR, and UV–Vis spectra. Additionally, theoretical 
values will be obtained through DFT calculations and combined with 
experimental values. In the second part of the study, the energy values of 
the highest occupied molecular orbital (HOMO) and the lowest empty 
molecular orbital (LUMO), the energy gap value between these two 
orbitals, and the spherical hardness and chemical potential values will 
be determined in the gas phase to obtain information about the chemical 
reactivity of the title molecule. Additionally, to determine the reactive 
regions of the EIMC ligand and the [Ag(EIMC)2]ClO4 complex, molec
ular electrostatic potential (MEP), ELF, and LOL maps will be created, 
and charge values and Fukui functions will be calculated. In the last 
section, in vitro antioxidant, α-glucosidase, and α-amylase inhibitory 
activity studies will be carried out to investigate the biological activities 
of both structures due to the reasons mentioned above. The final focus of 
this study is to synthesize a new Ag(I) complex from the EIMC ligand, to 
obtain the geometric structure of the synthesized complex by perform
ing spectroscopic characterization of both structures, to investigate the 
electronic properties of these two structures to determine their reac
tivity, and to evaluate the antioxidant, α-glucosidase, and α-amylase 
activities.

2. Materials and methods

2.1. Computational methods

Structural, spectroscopic, electronic, and optical properties were 
calculated with the Gaussian 16 W package program [33], and images 
were designed with the GaussView 6.1 program [34]. Except for 1H and 
13C NMR calculations, all other calculations were performed using the 
B3LYP functional and 6–311++G(d,p) basis set in density functional 
theory (DFT) for the EIMC ligand [35,36]. NMR calculations were car
ried out using the same theory and functional in the DMSO solvent in the 
IEFPCM model and the 6–311 + G(2d,p) basis set [37]. Optimization, 
spectroscopic, electronic, and optical property calculations for the [Ag 
(EIMC)2]ClO4 complex were performed at the DFT/B3LYP/6–311++G 
(d,p) + DGDZVP level of theory [38]. Also, 1H and 13C NMR calculations 
were carried out using the DFT/B3LYP/6–311 + G(2d,p) + DGDZVP 
theory level in IEFPCM modeled DMSO solvent [39]. UV–Vis calcula
tions were performed by selecting water as the solvent in the IEFPCM 
model with the same method used in the calculation of electronic 
properties for both structures [40]. The Multiwfn program was used to 
generate ELF and LOL surface maps and reduced density gradient (RDG) 
analysis [41]. Hirshfeld surfaces were mapped and two-dimensional 
fingerprint diagrams were generated using the Crystal Explorer 17 
tool [42–44].

2.2. Experimental analyses

2.2.1. Synthesis and recording of spectra
Ethyl 1H-imidazole-1-carboxylate (EIMC) (97 % purity) and silver 

perchlorate AgClO4 (97 % purity) were obtained from BLDpharm and 
Sigma Aldrich Chemical Company, respectively. In the synthesis phase, 
solutions were prepared in ethanol (98 % purity) for the EIMC ligand 
and AgClO4 without an additional purification process. In the first stage, 
a 2 mmol EIMC solution was prepared in 10 ml of ethanol and mixed 
with a magnetic stirrer for 5 min at 30 ◦C. In the second stage, a 1 mmol 
AgClO4 solution was prepared in 10 ml of ethanol and mixed for 5 min at 
30 ◦C. Finally, the prepared AgNO3 solution was added dropwise to the 
EIMC solution, stirred at 30 ◦C for 60 min, and a white precipitate was 
obtained. The resulting precipitate was filtered using filter paper and a 
funnel. The remaining solution was left at room temperature for 
approximately 30 days to get the single crystal structure of the synthe
sized complex, and the single crystal structure of the [Ag(EIMC)2]ClO4 
was obtained.

The FT-IR spectra were recorded between 4000 and 400 cm− 1 using a 
Bruker FT-IR spectrometer with ATR equipment. 1H NMR and 13C NMR 
spectra were recorded in the range of 0–15 ppm and 100–200 ppm, 
respectively, in DMSO solvent using a Bruker Avance NEO 500 Nuclear 
Magnetic Resonance Spectrometer. The UV–Vis spectrum was recorded 
in the range of 190–1100 nm using the T80 + UV/Vis spectrometer.

2.2.2. Determination of antioxidant activity

2.2.2.1. ABTS•+ radical scavenging activity. The ability of ligand, com
plex, and standard substance samples to scavenge free radicals was 
measured using ABTS•+ [2,2′-Azino-bis(3-ethylbenzthiazoline-6-sul
fonic acid)] radical [45]. 7 mM ABTS and 2.45 mM Na2S2O₈ solutions 
were prepared and combined in the ratio (1:0.5). This mixture was 
stirred in the dark for 16 h. The absorbance of the resulting radical 
mixture at 734 nm wavelength was adjusted to 0.7 by diluting with 
ethanol solution (80 %). Ascorbic acid was used as a standard substance. 
50 μL of the samples prepared at concentrations of 25, 50, and 100 μg/ 
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mL were taken and combined with 2 mL of radical solution. The 
absorbance values of the samples kept in the dark for 30 min were 
determined at 734 nm. The same procedures were applied by adding 
ethanol to the control tube instead of the sample. The radical inhibition 
values of all samples in the study were calculated using the equation 
below. In addition, IC50 (inhibitory concentration) values were deter
mined using the % inhibition values.  

2.2.2.2. DPPH• radical scavenging activity. Radical scavenging activity 
of the samples in the study was determined using DPPH• (2,2-diphenyl- 
1-picrylhydrazyl) [46]. Samples were prepared from the ligand, com
plex, and standard ascorbic acid substances in the study at concentra
tions of 25, 50, and 100 μg/mL. A 0.1 mM DPPH radical solution was 
prepared in methanol. 0.5 mL was taken from the samples in the study 
and combined with 2 mL of radical solution. The absorbances of the 
samples kept in the dark for 30 min were measured at a wavelength of 
517 nm. The same experimental method was applied to the control 
sample by adding methanol instead of it. The % inhibition values of the 
samples were determined using the equation below. In addition, IC50 
values were calculated.  

2.2.3. Determination of antidiabetic activity

2.2.3.1. α-Glucosidase enzyme inhibition. α-Glucosidase enzyme activity 
was investigated in the presence and absence of ligand, complex, and 
standard drug acarbose [47]. The α-glucosidase enzyme (0.2 U) to be 
used in the study was prepared in 0.1 M phosphate buffer (pH = 6.8). 5 
mM p-NPG (p-Nitrophenyl-α-D-glucopyranoside) solution was used as 
the substrate. To determine the enzyme activity, 20 μL of enzyme so
lution and 100 μL of p-NPG were mixed. It was kept at 37 ◦C for 20 min. 
After adding 80 μL of 0.1 M Na2CO3 to the medium, the absorbance of 
the sample was measured at the 405 nm wavelength. To determine the 
inhibitory effects of ligand, complex, and standard substances on the 
α-glucosidase enzyme, solutions were prepared at concentrations of 25, 
50, and 100 µg/mL. 50 μL of these prepared solutions were taken and 
mixed with 20 μL of enzyme solution. All samples were kept at 37 ◦C for 
10 min. 100 μL of substrate was added to the samples and kept at 37 ◦C 
for 15 min. Then, 80 μL of Na2CO3 solution was added, and the absor
bance values of the samples were recorded at a 405 nm wavelength. The 
α-glucosidase enzyme inhibition percentage values of the samples in this 
study were determined by the following formula. 

Glucosidase Abs: Absorbance of the tube considered as 100 % active
Sample/Acarbose Abs: Absorbance values of samples − sample blank 

absorbance values.

2.2.3.2. α-Amylase enzyme inhibition. The α-amylase activities of ligand, 
complex, and standard acarbose substances were determined in the 
presence and absence of these samples [48]. A solution of the α-amylase 
enzyme (1.5 U) was made using 20 mM phosphate buffer (pH = 6.8). 

Starch solution (1 %) was used as the substrate. To determine the ac
tivity of the α-amylase enzyme, 0.5 mL of enzyme solution and 0.5 mL of 
starch solution were mixed and kept at 25 ◦C for 15 min. 1 mL of DNS 
(3,5-dinitrosalicylic acid) solution was added to the sample and boiled 
for 5 min. After the sample was cooled, 7.5 mL of pure water was added. 
A control tube was prepared by replacing the enzyme with 0.5 mL of 
buffer. The absorbance values of the samples were determined at a 
wavelength of 540 nm. In order to investigate the inhibitory effect of 
ligand, complex, and standard acarbose substances on the α-amylase 
enzyme, samples of these substances were prepared at concentrations of 
25, 50, and 100 µg/mL. 0.5 mL of sample was taken and combined with 
0.5 mL of enzyme solution. It was kept at 37 ◦C for 15 min. 0.5 mL of 
starch and 1 mL of DNS solution were added to the medium, and the 
samples were boiled. 7.5 mL of pure water was added to the cooled 

samples, and their absorbance was measured at the 540 nm wavelength. 
Blank samples of all samples were prepared at the same time. The 
following formula was used to calculate the enzyme inhibition per
centages of ligand, complex, and standard (acarbose) samples. 

α − amylaseinhibition(%) =
(AmylaseAbs − Sample/AcarboseAbs

AmylaseAbs
x100

(4) 

Amylase Abs: Absorbance of the tube considered as 100 % active
Sample/Acarbose Abs: Absorbance values of samples − sample blank 

absorbance values.

2.2.4. Statistical analysis
Biological activity studies in the study were conducted on three 

samples. The mean and standard deviations of the results were deter
mined. Additionally, inhibitory concentration (IC50) values of all sam
ples were calculated.

2.2.5. X-ray crystallography
X-ray diffraction data were collected on a Bruker D8 QUEST 

diffractometer at 296(2) K using graphite-monochromated Mo Kα ra
diation by applying the φ and ω scan methods. Data collection was 
carried out using APEX2 [49], while cell refinement and data reduction 

%inhibisyonofradicals(ABTS⋅+) =
(ControlAbs − Sample/StandartAbs)

ControlAbs
x100 (1) 

%inhibitionofradicals(DPPH⋅) =
(ControlAbs − Sample/StandartAbs)

ControlAbs
x100 (2) 

α − glucosidaseinhibition(%) =
(GlucosidaseAbs − Sample/AcarboseAbs

GlucosidaseAbs
x100 (3) 
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were applied using SAINT [49]. The structure was solved by a dual-space 
algorithm using SHELXT-2018 [50] and refined by means of the full- 
matrix least-squares calculations on F2 using SHELXL-2019 [51]. Oxy
gen atoms of the perchlorate anion show positional disorder, and the 
refined site-occupancy factors of the disordered atoms are 0.612(7)% for 
the major position and 0.388(7)% for the minor position. All H atoms 
were located in difference maps and then treated as riding atoms, fixing 
the bond lengths at 0.93, 0.97, and 0.96 Å for CH, CH2, and CH3 atoms, 
respectively. The displacement parameters of the H atoms were included 
as Uiso(H) = 1.2Ueq (1.5Ueq for CH3). Crystal data, data collection, and 
structure refinement details are collected in Table 1. Molecular graphics 
were created by using OLEX2 [52].

3. Results and discussion

3.1. Description of the structure

The solid-state structure of [Ag(EIMC)2]ClO4 has been unambigu
ously determined by single-crystal X-ray diffraction analysis and shown 
in Fig. 1.

The structure of the monomeric [Ag(1-Carbim)2]ClO4 complex 
crystallizes as a salt in the triclinic space group P − 1 with Z = 2. The 
asymmetric unit of [Ag(EIMC)2]ClO4 comprised two half-occupied Ag(I) 
cations residing on an inversion center, two 1-carbethoxyimidazole (1- 
Carbim) ligands, and one ClO4

− counter-anion. The Ag(I) is coordinated 
with two 1-Carbim ligand units via the imidazole N-atom, where the two 
ligand units are in the anti configuration to one another. Due to sym
metry considerations the two Ag─N bonds are equidistant [2.148(6) Å 
for Ag1─N1 and 2.118(6) Å for Ag2─N3, and N─Ag─N angles are 180◦]. 
Each of the Ag(I) ions also weakly interacts with the perchlorate anion 
through Ag─O interactions with Ag1─O5 = 2.7829(4) Å and Ag2─O8 =
2.8160(4) Å, which fall within the sum of the van der Waals radii of Ag 
= 1.72 and O = 1.52 Å [53], which is 3.24 Å. The Ag⋅⋅⋅Ag distance of 
3.5491(6) Å is significantly close to the van der Waals radii sum of two 
Ag atoms (3.44 Å) [53], which indicates a weak argentophillic inter
action between the two Ag(I) ions.

3.2. Optimized geometric structure

In this part of the study, by optimizing the initial geometry obtained 
from the XRD analysis of the synthesized complex structure, theoretical 
values corresponding to the experimental bond length and bond angles 
were calculated and compared with each other. Experimental bond 
lengths and bond angles obtained from XRD data and calculated values 
for both the free ligand and the synthesized complex are given in 
Table 2, while the geometries of the optimized structures are presented 
in Fig. 1.

The Ag1—N1 and Ag1—N1i bond lengths were found to be 2.148 Å 
in XRD analysis. In theoretical calculations, these bond lengths were 
calculated as 2.295 Å. In the imidazole ring of the [Ag(EIMC)2]ClO4 
complex, the N1—C1 and N1—C2 bond lengths were found to be 1.293 
and 1.395 Å experimentally, while they were calculated as 1.312 and 
1.388 Å theoretically. These bond lengths of the free ligand were found 
to be 1.301 and 1.388 Å in the calculations.

The N2—C1 and N2—C3 bond lengths were found to be 1.370 and 
1.415 Å, according to XRD data. Theoretical calculations determined 
these bond lengths to be 1.371 and 1.394 Å for the complex and 1.386 
and 1.395 Å for the free ligand. In addition, the C2—C3 bond length in 
the imidazole ring was determined as 1.340 Å in the XRD data of the [Ag 
(EIMC)2]ClO4 complex. This bond length was calculated as 1.358 Å for 
the complex and 1.361 Å for the EIMC ligand.

The N2—C4 bond length connecting the imidazole ring to the 
carboxylate group was found experimentally to be 1.415 Å. It was 
theoretically calculated as 1.419 and 1.405 Å for the complex and free 
ligand.

The O1—C4, O2—C4, and O2—C5 bond lengths were determined as 
1.197, 1.315, and 1.454 Å by XRD analysis. The theoretical values of 
these bond lengths for the Ag(EIMC)2]ClO4 complex were calculated as 
1.198, 1.332, and 1.460 Å, respectively, while for the EIMC ligand they 
were calculated as 1.204, 1.336, and 1.457 Å. The experimental and 
calculated values of the C5—C6 bond of the ethyl group in the complex 
are 1.419 and 1.512 Å. This value for the free ligand was theoretically 
obtained as 1.513 Å.

The C1—N1—C2, C1—N2—C3, N1—C1—N2, C3—C2—N1, and 
C2—C3—N2 bond angles of the imidazole ring of the synthesized 
complex were experimentally found to be 106.8, 108.6, 109.8, 109.3, 
and 105.4◦, respectively. The theoretical values of these bond angles 
were calculated as 106.8, 107.5, 110.3, 109.9, and 105.4◦, respectively. 
These angle values for the free ligand were found to be 105.7, 106.4, 
111.6, 110.9, and 105.2 in theoretical calculations.

The C1—N1—Ag1 and C2—N1—Ag1 bond angles were found to be 
127.5 and 125.6◦ in experimental analysis and 119.9 and 133.2◦ in 
theoretical calculations. The N1—Ag1—N1i angle is 180.0◦ experi
mentally and 156.8◦ theoretically.

Although no significant differences were observed in the values of 
the experimental and theoretical bond angles of the imidazole ring, 
there are deviations in these bond angles. The reason for these de
viations is that the theoretical calculations were made for an isolated 
structure that is not exposed to any coulombic interaction in the gas 
phase. However, the isolated structure in the crystal lattice is exposed to 
coulombic interaction with neighboring structures.

Finally, we calculated root mean square deviation (RMSD) values in 
this section to demonstrate the agreement between experimental and 
theoretical bond lengths and bond angles. For the bond length, the 
calculated RMSD values for both the free ligand and the synthesized 
complex were obtained as 0.03 and 0.67. According to these results, it 
can be said that the calculated bond lengths are in excellent agreement 
with the experimental values. The calculated RMSD values for the bond 
angles are 1.51 for the EIMC ligand and 5.87 for the [Ag(EIMC)2]ClO4 
complex. These values are also at acceptable levels. [54,55].

Table 1 
Crystal data and structure refinement parameters for [Ag(EIMC)2]ClO4 complex.

CCDC depository 2,428,121

Color/shape Colorless/block
Chemical formula [Ag(C6H8N2O2)2]+⋅ClO4

−

Formula weight 487.61
Temperature (K) 296(2)
Wavelength (Å) 0.71073 Mo Kα
Crystal system Triclinic
Space group P − 1 (No. 2)
Unit cell parameters ​
a, b, c (Å) 7.0981(11), 9.6636(16), 14.487(3)
α, β, γ (◦) 103.201(7), 94.174(7), 106.251(4)
Volume (Å3) 918.8(3)
Z 2
Dcalc. (g/cm3) 1.762
μ (mm− 1) 1.290
Absorption correction Multi-scan
Tmin., Tmax. 0.5720, 0.7454
F000 488
Crystal size (mm3) 0.11 × 0.07 × 0.06
Diffractometer Bruker D8 QUEST
Measurement method φ and ω scan
Index ranges − 8 ≤ h ≤ 8, − 12 ≤ k ≤ 12, − 18 ≤ l ≤ 18
θ range for data collection (◦) 2.920 ≤ θ ≤ 26.547
Reflections collected 15,737
Independent/observed reflections 3764/2017
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3764/114/277
Goodness-of-fit on F2 1.031
Final R indices [I > 2σ(I)] R1 = 0.0790, wR2 = 0.1759
R indices (all data) R1 = 0.1601, wR2 = 0.2096
Δρmax., Δρmin. (e/Å3) 1.47, − 0.96
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3.3. Frequency analysis

The FT-IR spectra of the EIMC molecule and [Ag(EIMC)2]ClO4 
complex were recorded, and the theoretical wavenumbers correspond
ing to the experimental values were calculated. The scale factor was 
used to ensure the best fit between experimental and theoretical values. 
A scale factor of 0.983 was used for wavelengths below 1800 cm− 1 [56], 
and a scale factor of 0.955 was used for wavelengths above 1800 cm− 1 

[36]. In addition, the vibration modes corresponding to the wave
numbers were calculated and assigned according to their total energy 
distribution (TED) (≥10 %) using the VEDA program [57]. The experi
mental IR spectra are presented in Fig. 2, and the selected wavenumbers 
are listed in Table 3 and Table 4 with their mode assignments.

3.3.1. C–H vibrations
The region between 3100 and 3000 cm− 1 is primarily where we 

observe the C–H stretching vibrations of molecules. While the C–H 

stretching vibration of the imidazole ring of the free ligand was recorded 
at 3137 (asym, vw), this stretching vibration was assigned at 3138 
(asym, vw) cm− 1 for the synthesized complex. In the calculations, the 
theoretical value corresponding to the experimental value of the EIMC 
ligand was found at 3120 cm− 1. The theoretical value for the complex 
was calculated as 3130 cm− 1. It has been reported in the literature that 
the C–H stretching vibration of the imidazole ring of the 4-(4-chlor
ophenyl)-1H-imidazole molecule was observed at 3113 cm− 1 and 
calculated at 3164 cm− 1 [58]. In another study, the C–H stretching vi
brations for the imidazole ring of the 2-ethylimidazole molecule are 
assigned at 3134 cm− 1 in the FT-IR spectrum and 3141 cm− 1 in the FT- 
Ra spectrum [59].

Asymmetric C–H stretching vibrations were observed for the ethyl 
group of the EIMC ligand at 2990 (vw) and 2947 (vw) cm− 1. For this 
group, the theoretical asymmetric stretching vibrations were calculated 
at 2982 and 2968 cm− 1. Also this vibration was observed at 2296 (cw) 
and calculated 3108 cm− 1 for the synthesized [Ag(EIMC)2]ClO4 

Fig. 1. Molecular structure of [Ag(EIMC)2]ClO4 showing atom-numbering scheme. Displacement ellipsoids are drawn at the 20 % probability level and H atoms have 
been omitted for clarity. Only major part of the disordered oxygen atoms of the perchlorate anion is shown [Symmetry codes: i − x + 1, − y + 1, − z; ii − x + 2, − y + 1, 
− z] (a) and, optimized geometric structure of the EIMC ligand (b) and the [Ag(EIMC)2]ClO4 complex (c).
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complex. In the literature, the symmetric and asymmetric C–H stretch
ing vibrations for the ethyl group of 2-ethylimidazole molecule were 
reported at 3110 and 3045 3022, 2980 and 2889 cm− 1 in the FT-IR 
spectrum [59].

3.3.2. C–C vibrations
In the IR spectrum, the C=C stretching vibrations for the organic 

heterocyclic molecule rings are expected to be observed in the range of 
1650–1400 cm− 1 [59]. For the imidazole ring of the EIMC molecule, 
C=C stretching vibrations were observed at 1529 (vw), 1476 (m), and 
1385 (vs) cm− 1, and the calculated values corresponding to these 

Fig. 2. Experimental FT-IR spectra of the EIMC ligand and [Ag(EIMC)2]ClO4 complex.

Table 2 
Calculated bond lengths and bond angles of the EIMC ligand and [Ag(EIMC)2]ClO4 complex, as well as the XRD data of the [Ag(EIMC)2]ClO4 complex.

Parameters Bond Lengths (Å) Parameters Bond angles (◦)

EIMC [Ag(EIMC)2]ClO4 EIMC [Ag(EIMC)2]ClO4

Calculated Calculated XRDa Calculated Calculated XRD

Ag1—N1 − 2.295 2.148 (6) C1—N1—C2 105.7 106.8 106.8 (6)
Ag1—N1i − 2.295 2.148 (6) N1—Ag1—N1i − 156.8 180.0
N1—C1 1.301 1.312 1.293 (10) C1—N1—Ag1 − 119.9 127.5 (5)
N1—C2 1.388 1.388 1.395 (9) C2—N1—Ag1 − 133.2 125.6 (6)
N2—C1 1.386 1.371 1.352 (9) C1—N2—C3 106.4 107.5 108.6 (7)
N2—C3 1.395 1.394 1.370 (10) C1—N2—C4 124.4 123.9 123.8 (7)
N2—C4 1.405 1.419 1.415 (11) C3—N2—C4 129.1 128.6 127.6 (7)
C2—C3 1.361 1.358 1.340 (12) N1—C1—N2 111.6 110.3 109.8 (7)
O1—C4 1.204 1.198 1.197 (9) C3—C2—N1 110.9 109.9 109.3 (7)
O2—C4 1.336 1.332 1.315 (10) C2—C3—N2 105.2 105.4 105.4 (7)
O2—C5 1.457 1.460 1.454 (11) O1—C4—O2 126.2 127.1 127.9 (9)
C5—C6 1.513 1.512 1.419 (14) O1—C4—N2 123.2 122.9 121.8 (8)

Cl1—O5A − 1.478 1.511 (9) O2—C4—N2 110.5 109.9 110.3 (7)
Cl1—O6A − 1.523 1.437 (9) C6—C5—O2 107.4 107.4 109.8 (8)
Cl1—O7A − 1.478 1.405 (8) C4—O2—C5 115.9 115.7 117.5 (7)
Cl1—O8A − 1.524 1.455 (10) O6A—Cl1—O5A − 110.0 105.1 (8)

RMSD 0.03 0.67 − O7A—Cl1—O5A − 111.7 112.8 (10)
− − − − O8A—Cl1—O5A − 109.5 108.0 (8)
− − − − O7A—Cl1—O6A − 109.6 109.2 (7)
− − − − O8A—Cl1—O6A − 105.8 106.5 (8)
− − − − O7A—Cl1—O8A − 109.4 114.7 (8)
− − − − RMSD 1.51 5.87 ¡

Å: Angstrom; ◦: degree.
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experimental values were found at 1538, 1480, and 1393 cm− 1. Also, 
these vibration values for the synthesized [Ag(EIMC)2]ClO4 were 
observed at 1545 (vw), 1490 (m), and 1385 (s) cm− 1 in the IR spectrum 
and calculated at 1543/1552, 1484/1489, and 1389 cm− 1. In the 
imidazole ring of the 4-(4-fluoro-phenyl)-1H-imidazole molecule, C=C 
stretching vibrations were reported at 1513 and 1293 cm− 1 in the FT-Ra 
spectrum [58]. In another study, the C=C stretching vibrations for the 
imidazole ring of the 4-(4-chlorophenyl)-1H-imidazole molecule were 
found to be 1505 and 1400 cm− 1 in the IR spectrum and 1515 and 1403 
cm− 1 in the Ra spectrum. Theoretical values are calculated as 1528 and 
1401 cm− 1 [60].

3.3.3. C=N and C-N vibrations
The C=N stretching vibrations are observed in the region of 

1672–1566 cm− 1 [61,62]. This vibration value for the EIMC molecule 
was observed at 1529 (vw) cm− 1 and calculated at 1538 cm− 1. This 
vibration value for the synthesized complex was recorded at 1545 (vw) 
cm− 1 with a shift of approximately 16 cm− 1. This shift in the C=N 
stretching vibration is an indication that the Ag atom is coordinated with 
the N atom in the imidazole ring of the EIMC ligand. The C-N stretching 
vibration is usually seen between 1400 and 1200 cm− 1. These stretching 
vibrations for the EIMC molecule were observed at 1413 (s), 1385 (vs), 
1319 (s), and 1279 (vs) cm− 1 in the FT-IR spectrum and were calculated 
at 1412, 1393, 1301, and 1275 cm− 1. For the [Ag(EIMC)2]ClO4, these 
vibration values occurred at 1408 (m), 1385 (s), and 1198 (s) cm− 1 in 
the FT-IR spectrum and were calculated at 1410, 1398, and 1188 cm− 1. 
The C=N and C-N stretching vibrations for the imidazole ring of the 2- 
ethyl-1H-benzo[d]imidazole molecule also appeared in the FT-Ir spec
trum at 1541 and 1407 cm-1, respectively [63].

3.3.4. C=O and C-O vibrations
The C=O stretching vibrations are generally expected to be observed 

in the region between 1700 and 1800 cm− 1 [64]. In the recorded FTIR 
spectrum of the EIMC molecule, the C=O stretching vibration was 
observed at 1756 (s) cm− 1, and the frequency value for this stretching 
vibration was calculated at 1773 cm− 1. In the FT-IR spectrum of the 
synthesized complex, C=O stretching vibrations were observed at 1764 
and 1787 cm− 1 (due to the presence of two ligands in the structure) and 
were calculated at 1781 and 1789 cm− 1. In the literature, this vibration 
band for the ethyl-6-chloronicotinate molecule was observed at 1724 
cm− 1 in the IR spectrum. In theoretical calculations, the unscaled value 
was reported as 1766 cm− 1, while the scaled value was reported as 1692 
cm− 1 [65].

The C-O stretching vibration was observed at 1182 (s) cm− 1 and 
calculated at 1177 cm− 1, while this stretching vibration for the complex 
was recorded at 1198 (s) and calculated at 1188 cm− 1. For the ethyl-6- 
chloronicotinate molecule, the C-O stretching vibration was reported at 
1125 and 854 cm in the IR spectrum [65].

3.3.5. Cl-O vibrations
The peaks observed at 1020 (vs), 948 (m), and 865 cm− 1 in the FT-IR 

Table 3 
Recorded and calculated frequency values with the total energy densities of the 
EIMC ligand.

Calculated Observed

Mode Fre Frea IIRb IR TED

11 604 594 0.72 595 m 84ΓCCCN

12 661 650 4.45 654 s 76ΓCCNC + 13ΓHCNC

13 747 735 6.55 742 m 74ΓHCCN + 10ΓHCNC

14 779 766 9.24 775 s 73ΓHCCO

17 842 828 5.61 835 m 73ΓHCNC + 16ΓCCNC

19 884 869 0.20 868 w 15ΓHCCN + 66ΓHCNC

20 910 895 0.71 902 m 83δCCN

22 1034 1016 42.34 1018 vs 59υCC + 10δCNC

23 1083 1065 0.73 1062 w 20υCN + 42δCCH

24 1122 1103 5.66 1096 m 37υCN + 12δCCH + 31δHCN

26 1177 1157 0.95 1162 w 18δCCH + 57ΓHCOC

27 1197 1177 44.05 1182 s 35υCO + 12υCN + 11δHCN

28 1263 1241 62.24 1242 vs 66δNCH

29 1297 1275 41.51 1279 vs 12υCN + 12δHCN + 14δCNC +

13δCOC

31 1323 1301 78.87 1319 s 34υCN + 12δHCN

33 1417 1393 36.17 1385 vs 12υCC + 12υCN + 40δHCH

34 1436 1412 23.93 1413 s 12υCN + 32ΓHCOC

37 1505 1480 20.43 1476 m 50υCC + 15δCCH + 12δHCN

39 1565 1538 1.02 1529 vw 45υCN(C = N) + 26υCC(C = C) +
16δHCN

40 1804 1773 100 1756 vs 86υCO(C=O)
44 3107 2968 5.51 2947 vw 97υCH(asym/ethyl group)
45 3123 2982 8.26 2990 vw 99υCH(asym/ethyl group)
47 3267 3120 0.89 3137 vw 99υCH(asym/imidazole ring)

υ: stretching, δ: in-plane bending,γ: out-of bending Γ: torsion, s: strong, m: me
dium, w: weak, v: very.
aScaled wavenumbers calculated at B3LYP/6–311++G(d,p) using scaling fac
tors 0.983 for the wavenumber less than 1800 cm− 1 [56] and 0.955 above 1800 
cm− 1 [36].
bRelative absorption intensities normalized with highest peak absorption equal 
to 100.
cTotal energy distribution level (TED) less than 10% are not shown.

Table 4 
Recorded and calculated frequency values with the total energy densities of the 
[Ag(EIMC)2]ClO4 complex.

Calculated Observed

Mode Fre Frea IIRb IR TED

40 557 548 4.27 555 w 12ΓCHOCl + 28ΓOClOH
42 15 605 0.26 619 vs 15ΓCNCH + 10ΓCNCC +

1ΓNCHO + 17ΓCNCO

43/44 662 651 2.87 646 s 11ΓNAgNC + 14ΓCNCH

47/48 779 765 2.58 769 vs 12ΓCNCH + 10ΓOCOC +

22ΓCNCO

54 849 834 2.39 833 m 16ΓAgNCH + 40ΓCNCH

58 882 867 44.86 865 m 15υClO + 10δOClO
63 989 972 59.08 948 m 28υClO + 10δOClO
68 1050 1032 38.24 1020 vs 26υClO + 13δOClO
69 1088 1070 2.17 1066 vs 10υCN + 21δNCH +

14δCCH

70 1091 1073 3.76 1079 vs 10υCN + 16δNCH +

12δCCH

74 1135 1115 1.76 1120 s 14δCCH + 17ΓHCCH

77/78 1209 1188 40.02 1198 s 13υCN + 10υCO +

16δNCH

79/80 1262/ 
1266

1241/ 
1244

21.89 1244 s 23δHCH

81/82 1296/ 
1298

1274/ 
1276

100.00 1285 s 27δNCH

89 1413 1389 25.98 1385 s 10υCN + 10υCC +

18δHCH

91/92 1434 1410 8.12 1408 m 10δHCH + 10δNCN +

10ΓHCCH

97/98 1509/ 
1515

1484/ 
1489

19.27 1490 m 15υCN + 10υCC +

29δNCH + 10δCCH

101/ 
102

1569/ 
1579

1543/ 
1552

0.99 1545 vw 12υCN + 10υCC +

18δNCH + 10δCCH

103/ 
104

1812/ 
1829

1781/ 
1798

50.89 1764/ 
1787 s

21υCO + 10δCNC +

10δNCO

115/ 
116

3255 3108 9.03 2996 vw 40υCH(asym/ethyl 
group)

118 3278 3130 1.25 3138 w 75υCH(asym/imidazole 
ring)

υ: stretching, δ: in-plane bending,γ: out-of bending Γ: torsion, s: strong, m: me
dium, w: weak, v: very.
aScaled wavenumbers calculated at B3LYP/6–311++G(d,p) using scaling fac
tors 0.983 for the wavenumber less than 1800 cm− 1 [56] and 0.955 above 1800 
cm− 1 [36].
bRelative absorption intensities normalized with highest peak absorption equal 
to 100.
cTotal energy distribution level (TED) less than 10% are not shown.
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Fig. 3. Experimental 1H and 13C NMR spectra of the EIMC ligand and the [Ag(EIMC)2]ClO4 complex. a) 1H NMR spectrum of the EIMC ligand b) 1H NMR spectrum of 
the [Ag(EIMC)2]ClO4 complex. c) 13C NMR spectrum of the EIMC ligand. d) 13C NMR spectrum of the[Ag(EIMC)2]ClO4 complex.
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spectrum of the [Ag(EIMC)2]ClO4 complex belong to the Cl-O stretching 
vibration. In the calculations, theoretical vibration values were obtained 
at 1032, 972, and 867 cm− 1, corresponding to these experimental 

values. The presence of these peaks, which are not observed in the 
spectrum of the free ligand, is spectroscopic evidence that complexation 
has occurred. A study in the literature synthesized an N-(pyridin-2-yl) 

Fig. 3. (continued).
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pyridin-2-amine molecule from a C10H9N3 AgClO4 complex. In this 
study, IR spectra of both the synthesized complex and AgClO4 were 
recorded. Cl-O stretching vibrations were recorded at 1095, 1000, 884, 
and 725 cm− 1 in the spectrum of AgCLO4. While these vibration values 
were recorded at 1094, 1048, 928, and 779 cm− 1 for the synthesized 
complex, they were calculated at 1085, 1014, 928, and 779 cm− 1 [66].

Finally, in this part of our study, a correlation graph was drawn to 
show the harmony between the wavenumbers in the recorded FT-IR 
spectrum of the EIMC molecule and the [Ag(EIMC)2]ClO4 complex 
and the calculated values (see Supplementary Fig. S1). The equation of 
this graph was determined, and the R2 value belonging to its slope was 
calculated. The R2 values obtained for the graph slopes are 0.9998 for 
the EIMC ligand and 0.9990 for the Ag(EIMC)2ClO4 complex. According 
to this result, we can say that there is an excellent agreement between 
the experimental and calculated wavenumbers.

3.4. 1H and 13C NMR analyses

Chemical shift analysis is an important method employed in the 
structural investigation of organic and inorganic compounds. The 1H 
NMR spectrum reveals the number of different proton types and their 
immediate surroundings. Additionally, the 13C NMR spectrum provides 
helpful information regarding the structural characteristics of individual 
carbon atoms inside the compounds. Recently, NMR spectroscopy and 
computer modeling techniques have been used together to compre
hensively understand and explain the structure of complex compounds. 
[67]. Experimental spectra of the EIMC ligand and [Ag(EIMC)2]ClO4 
complex were recorded in DMSO, and theoretical calculations were 
performed in the same solvent. While the recorded spectra were pre
sented in Fig. 3, the experimental and theoretical chemical shift values 
are listed in Table 5.

The experimental shift values for H4 and H5 atoms of the EIMC 
ligand were recorded and calculated at 4.42 ppm. The chemical shift 
values of H4/H4i and H5/H5i atoms of the [Ag(EIMC)2]ClO4 complex 
were recorded at 4.43 ppm and calculated at 4.47/4.49 ppm. While the 
experimental value for the H3 atom of the free ligand was observed at 

Table 5 
1H and 13C NMR chemical shift values of the EIMC ligand and [Ag(EIMC)2]ClO4 
complex.

EIMC [Ag(EIMC)2]ClO4

Atoms Experimetal 6–311 + G 
(2d,p)

Atoms Experimetal 6–311 + G 
(2d,p)

H1 8.26 8.32 H1/ 
H1i

8.45 9.18/8.54

H2 7.09 7.23 H2/ 
H2i

7.15 8.02/7.30

H3 7.59 7.67 H3/ 
H3i

7.72 7.78/7.70

H4 4.42 4.42 H4/ 
H4i

4.43 4.47/4.49

H5 4.42 4.42 H5/ 
H5i

4.43 4.47/4.49

H6 1.39 1.48 H6/ 
H6i

1.36 1.51

H7 1.39 1.48 H7/ 
H7i

1.36 1.51

H8 1.36 1.33 H8/ 
H8i

1.36 1.36

C1 137.54 143.15 C1/C1i 137.84 146.94/ 
144.12

C2 130.67 136.27 C2/C2i 129.85 136.33/ 
138.13

C3 117.80 122.69 C3/C3i 117.31 123.39/ 
122.64

C4 148.79 156.44 C4/C4i 147.52 155.41/ 
155.87

C5 64.71 69.05 C5/C5i 64.22 69.94/70.09
C6 14.22 13.97 C6/C6i 13.26 13.96
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7.59, the theoretical value was calculated at 7.67 ppm. The experi
mental value for the H3/H3i atoms of the synthesized Ag(I) complex was 
recorded at 7.72 ppm, while the theoretical value was found at 7.78/ 
7.74 ppm. In the experimental spectrum of the free ligand, chemical shift 
values for H8 and H6/H7 atoms were assigned at 1.36 and 1.39 ppm. 
The theoretical values corresponding to these atoms are 1.33 and 1.48 
ppm, respectively. The chemical shift values for the H6/H6i, H7/H7i, 
and H8/H8i atoms of the complex were observed at 1.36 ppm. Theo
retical values were calculated as 1.36 ppm for H8/H8i and 1.51 ppm for 
the others. For H1 and H2 atoms, the peaks were observed at 8.26 and 
7.09 in the 1H NMR spectrum of the EIMC ligand and were found to be 
8.32 and 7.23 ppm in the theoretical spectrum. The chemical shift values 
of H1/H1i and H2/H2i atoms for the synthesized [Ag(EIMC)2]ClO4 
complex were also observed at 8.45 and 7.15 ppm and calculated at 
9.18/9.54 and 8.02/7.30 ppm.

The shift of the recorded experimental values of the free ligand H1 
and H2 atoms to higher values in the spectrum of the synthesized 
complex indicates that the complexation is correct. The obtained results 
show that these two atoms interact with the oxygen atoms of the 
perchlorate, and the structure is analyzed correctly.

For C6, C5, C4, C3, C2, and C1 atoms of the EIMC ligand, chemical 
shift values of the carbon atoms were recorded at 14.42, 64.71, 148.79, 
117.80, 130.67, and 137.54 ppm and calculated at 13.97, 69.05, 156.44, 
122.69, 136.27, and 143.43 ppm. The chemical shift values of C6/C6i, 
C5/C5i, C4/C4i, C3/C3i, C2/C2i, and C1/C1i atoms for the title complex 
were recorded at 13.96, 64.22, 147.52, 117.31, 129.85, and 137.84 ppm 
in the experimental spectrum, and no significant shift was observed with 
respect to the free ligand. The theoretical values were found to be 13.96, 
69.94/70.09, 155.41/155.87, 123.39/122.64, 136.33/138.13, and 
149.94/144.12 ppm, respectively.

3.5. Molecular orbital descriptor analysis

The HOMO and LUMO molecular orbitals represent the ability of an 
organic or inorganic molecule to donate and take electrons. The gap in 
energy levels among these molecular orbitals is a crucial factor in 
determining the reactivity, hardness, and overall behavior of molecules. 
Also, the value of this energy gap is a feature that also impacts optical 
polarizability. Soft molecules have a lower energy need for excitation, 
making them more susceptible to polarization compared to hard mole
cules [68–70]. The HOMO and LUMO energies, along with other 
quantum chemical property values, of the EIMC ligand and [Ag(EIMC)2] 
ClO4 complex were presented in Table 6. In calculations performed in 
the gas phase, the energy values of the HOMO and LUMO orbitals were 
found to be − 6.92 and − 1.26 eV for the EIMC ligand and − 6.90 and 
− 1.83 eV for the Ag(EIMC)2ClO4 complex, respectively. The energy gap 
value for the free ligand was calculated at 5.66 eV, while the energy gap 
value for the synthesized complex was calculated at 5.08 eV. The 
HOMO-LUMO energy gap value of the [Ag(EIMC)2]ClO4 complex is 
slightly smaller than the EIMC ligand. For the EIMC ligand and its Ag(I) 
complex, global hardness values were found to be 2.83 and 2.54 eV, 
respectively. Also, global softness values were calculated at 0.35 and 
0.39 eV. The chemical potential values are − 4.09 eV and − 4.36 eV. 
Since the chemical hardness values are much greater than the chemical 
softness values and the chemical potential values are negative, both 
structures have low reactivity and a tendency to enter chemical re
actions. Since the energy gap of the synthesized complex is not signifi
cantly lower than that of the free ligand, lower energy is required for its 
excitation.

Fig. 4 displays the HOMO and LUMO molecular orbital distributions 
in the gas phase of the EIMC ligand and [Ag(EIMC)2]ClO4 complex. 

Fig. 4. HOMO and LUMO plots of the EIMC ligand and the [Ag(EIMC)2]ClO4 complex in the gas phase.
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These maps use the color red to represent the positive phase and the 
color green to represent the negative phase [71].

In the HOMO maps of the EIMC ligand, negative regions are 
distributed on the N atoms of the imidazole ring. When a charge tran
sition occurs to the LUMO orbital, they are distributed on the oxygen 

atoms of the carboxylate group. For the synthesized Ag(I) complex, the 
charge distribution in the HOMO orbital is concentrated on Cl4O4, while 
as a result of the charge transfer to the LUMO orbital, the charge dis
tribution is concentrated on the imidazole ring. The negative regions in 
the HOMO orbital are the O atoms of ClO4.

Fig. 5. Experimental and theoretical UV–Vis spectra of the EIMC ligand and the [Ag(EIMC)2]ClO4 complex.
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3.6. UV–Vis spectrum analysis

Experimental and theoretical methods were used to perform the 
UV–Vis spectrum analysis of the EIMC ligand and [Ag(EIMC)2]ClO4 
complex. The UV–Vis spectra were experimentally recorded in water 
solvent. The UV–Vis spectra were presented in Fig. 5, and the corre
sponding peak values were listed in Table 7. The computed findings 
indicate that the EIMC molecule exhibits signals at 196 and 241 nm 
wavelengths in the electronic absorption spectrum. In response to the 
signal originating from the HOMO → LUMO transition calculated at 241 
nm and with an oscillator power of 0.0759, the experimental value was 
observed at a wavelength of 242 nm. In the recorded and calculated 

electronic absorption spectrum of the [Ag(EIMC)2]ClO4 complex, a 
signal was observed at 239 nm, which is due to the HOMO-1 → LUMO 
and HOMO-2 → LUMO transitions with an oscillator strength of 0.0933. 
These wavelengths in the UV–Vis spectra come from the π → π * elec
tronic transition.

3.7. Molecular electrostatic potential surface map (MEP) analysis

The molecular electrostatic potential surface map is a tool used to 
identify the electrophilic and nucleophilic areas of a molecule based on a 
color scale that follows the order red < orange < yellow < green < blue. 
In this map, the red and blue colors represent electron-rich and electron- 

Table 7 
Experimental and theoretical UV–Vis parameters of the EIMC ligand and the [Ag(EIMC)2]ClO4 complex.

Molecule Experimental Theoretical

λ 
(nm)

λ (nm) E (eV) f Symmetry Major Contributions

EIMC 242 241 5.70 0.0759 Singlet-A HOMO → LUMO 

- 196 6.30 0.2157 Singlet-A HOMO-2 → LUMO
Ag(EIMC)2ClO4 239 239 5.16 0.0933 Singlet-A HOMO-1 → LUMO 

HOMO-2 → LUMO

Fig. 6. MEPs of the EIMC ligand (a) and the [Ag(EIMC)2]ClO4 complex (b) in the gas phase.
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Fig. 7. ELF (a) and LOL (b) maps the EIMC ligand and the [Ag(EIMC)2]ClO4 complex.
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poor regions, respectively. The yellow exhibits less negative regions 
than the red. The green color shows neutral regions [72,73]. The created 
MEP maps for the optimized geometric structures of the EIMC molecule 
in the gas phase and the water solvent are given in Fig. 6.

For the calculations in the gas phase, the most negative value of the 
electron density of the EIMC ligand is − 0.05365 a.u., and the most 
positive value is + 0.05365 a.u.. These two values are − 0.07573 a.u. 
and + 0.07573a.u. for the map of the [Ag(EIMC)2]ClO4 complex. In the 
map designed for the EIMC ligand, electron-rich, that is, electrophilic 
regions were found to be the N1 atom of the imidazole ring and the O1 
atom of the carboxylate group. Also, all other atoms were almost found 
to be in the nucleophilic region. When the map of the synthesized 
complex is examined, since the N1 and N1i atoms of the imidazole ring 
of the EIMC ligand are coordinated with the Ag atom, the charge value of 
these atoms is positive, and the electrophilic regions are concentrated on 
the O atoms of ClO4. In other words, when the synthesized structure 
enters a chemical reaction, the nucleophilic attack will be on the O 
atoms of ClO4.

3.8. ELF and LOL analysis

ELF and LOL are the topological analysis methods used to identify 
the chemical properties of a molecule, such as molecular bonding, 
chemical shell structure, and lone pair electrons in compounds. ELF 
describes the electron pair density in a structure. In contrast, LOL defines 
maximum localized orbitals that overlap due to the inclination of the 
orbitals. Both methods allow a similar interpretation of chemical prop
erties depending on kinetic energy density [74]. The limit values for the 
ELF map are 0.00 and 1.00, while for the LOL map they are 0.00 and 
0.80. In these maps, red and blue colors indicate regions with high and 
low ELF and LOL values, respectively. Namely, delocalized electrons are 
specified in this map below 0.5, while bound and unbound localized 
electrons are defined in the range between 0.5 and 1.00 [75].

When the ELF maps designed for the EIMC ligand and [Ag(EIMC)2] 
ClO4 complex in Fig. 7 are examined, the H atoms of the molecule are in 
the red-colored region, and there are bound and unbound localized 
electrons on these atoms. The blue ring appearing around the nitrogen 
and carbon atoms of the imidazole ring, the oxygen and carbon atoms of 
the carboxylate group, and the carbon atoms of the ethyl group also 
indicates that delocalized electrons are concentrated on these atoms. In 
addition, there is a blue ring around the silver atom and the Cl atom of 
the perchlorate group, and the O5 and O7 atoms are in the yellow re
gion. The white color appearing around the H atoms in the LOL map of 
the ligand means that the 0.08 limit has been exceeded. According to the 
LOL map of the ligand, delocalized electrons are concentrated on C, N, 
and O atoms. The LOL map of the complex also gave results similar to 

those of the ELF map.

3.9. APT, Hirshfeld, and NBO charge analysis

Three different charge analyses were performed to confirm and 
support the data regarding the electrophilic (negative) and nucleophilic 
(positive) regions obtained from the MEP maps prepared for the gas 
phase of the EIMC ligand and [Ag(EIMC)2]ClO4 complex [76]. The 
calculated charge values are presented in Supplementary Table S1. 
When the APT, Hirshfeld, and NBO charge analysis results of the EIMC 
ligand were examined, the atoms with the most negative values were 
found to be O1, O2, N1, and N2. APT, Hirshfeld, and NBO charge values 
for the O1 atom are − 0.806, − 0.281, and − 0.596, and − 0.479, − 0.206, 
and − 0.474 for the N1 atom. The APT, Hirshfeld, and NBO charges for 
O1 of the synthesized complex are − 0.771, − 0.248, and − 0.567, while 
the charge values for the N1 atom are − 0.519, − 0.248, and − 0.567, 
respectively. The charge values of the calculated O1i atom are − 0.810, 
− 0.265, and − 0.589, and − 0.566, − 0.113, and − 0.567 for the N1i atom, 
respectively. According to the MEP map of the free ligand, the O1 and 
N1 atoms were the most electrophilic in this molecule during any re
action. Especially the results obtained from the Hirshfeld and NBO 
charge analyses confirm this data. However, the most negative atoms of 
the [Ag(EIMC)2]ClO4 complex were found to be O atoms of the 
perchlorate group. The most positive atoms in the complex are the Cl1 
and Ag1 atoms. The APT, Hirshfeld, and NBO charge values were 
calculated as 2.454, 0.608, and 2.362 for the Cl1 atom and 0.872, 0.271, 
and 0.733 for the Ag1 atom. The data obtained from the charge analysis 
of the synthesized complex was also found to be quite consistent with its 
MEP map. The calculations were very useful in correctly determining the 
electrophilic and nucleophilic regions of both the free ligand and the 
synthesized complex.

3.10. Fukui function analysis

Condensed Fukui functions are one of the important tools used to 
investigate a molecule’s reactive fields for nucleophilic, electrophilic, 
and radical attacks at a constant potential [77]. Fukui functions were 
calculated using the following [78]: 

f −k = qk(N) − qk(N − 1) electrophilic attack (1) 

f+k = qk(N + 1) − qk(N) nucleophilic attack (2) 

f0
k = (1/2)[qk(N + 1) − qk(N − 1) ] neutral attack (3) 

The value of qk represents the total charge at the rth atom. Addi
tionally, qkN, qk(N + 1), and qk(N-1) are the charges in the neutral, 

Fig. 7. (continued).
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anionic, and cationic forms of the molecule. The dual descriptors ob
tained by applying the formula (4) to the Fukui functions offer distinct 
discernment between nucleophilic and electrophilic reactions inside a 
molecule or complex [78,79]. 

Δf(r) = f+(r) − f − (r) (4) 

The Fukui function values for the EIMC ligand and the [Ag(EIMC)2] 
ClO4 complex are listed in Supplementary Table S2. At the same time, 
the dual descriptor images created by the Multiwfn program are also 
given in Fig. 8. In these maps, blue regions represent electrophilic areas, 
which are prone to nucleophilic assaults, while green parts represent 
nucleophilic areas, which are favorable for electrophilic attacks.

In the synthesized complex, the blue-colored regions are mostly 
concentrated on the O atoms of the perchlorate group. In other words, 
these atoms show electrophilic properties during any reaction. In the 
[Ag(EIMC)2]ClO4 complex, oxygen and nitrogen atoms are in the green- 
colored region and show nucleophilic properties. These results are also 
parallel to the data obtained from the Gaussian program and presented 
in Supplementary Table S2. In addition, the results obtained from the 
Fukui functions are quite compatible with the results obtained from the 
MEP map and charge analyses.

3.11. Hirshfeld surface analysis

Using the CrystalExplorer 17 software program, Hirshfeld surface 
analysis and associated two-dimensional fingerprint drawings were 
carried out to examine the contributions of various intermolecular in
teractions in the crystal packing motif [41]. Fig. 9 displays Hirshfeld 
surface analysis maps created using the dnorm, di, and de characteristics. 
The distances between a specific location on the surface and the closest 
atoms inside and outside are de and di. The function of these normalized 
distances is used to map the Hirshfeld surfaces across the norm. Short 
connections, intermolecular distances equivalent to van der Waals radii, 
and longer contacts are indicated by the red, white, and blue hues used 

for dnorm-mapped Hirshfeld surfaces [80,81]. The more prominent in
teractions between oxygen and hydrogen (O–H) atoms are shown by the 
red area on the dnorm Hirshfeld map, whereas other visible spots on the 
Hirshfeld surface represent the H-H or other connections.

The blue spikes on the lower left and right with the middle part of the 
fingerprint plots in Fig. 10 indicate that the O⋯H/H⋯O (47.1 %) in
teractions contribute the most to the Hirshfeld surfaces. Under the O–H 
areas are H⋯H/H⋯H (34.4 %) interactions, and the other highest 
contribution to the Hirshfeld surfaces comes from this interaction.

3.12. Reduced density gradient (RDG) analysis

Reduced density gradient (RDG) analysis is one of the most effective 
methods used to investigate and evaluate the non-covalent interactions 
of a molecule [82]. An approach was designed by van der Walls, 
Johnson et al. to identify and visualize the weak interactions of a 
molecule, including hydrogen bonding and steric effects [83]. This 
method can be considered as a representation of a fundamental 
dimensionless quantity in DFT calculations that characterizes the elec
tron distribution deviation [84]. The graph presenting the nature of 
intramolecular and intermolecular interactions was designed for the Ag 
(I) complex and is presented in Fig. 11. In this graph, blue, green, and 
red colors represent hydrogen bond interaction, van der Waals in
teractions, and steric interactions, respectively [85]. The red colors 
observed in the center of the imidazole rings of the complex structure are 
related to π-π stacking interactions and represent steric interactions. Van 
der Waals interactions are between the H1 and H2i atoms of the imid
azole rings and the O6 and O8 atoms of the perchlorate.

3.13. Biological activity results

3.13.1. Antioxidant activity
The antioxidant activities of ligand (EIMC), complex [Ag(EIMC)2] 

ClO4, and standard (ascorbic acid) substances were determined by 

Fig. 8. Dual descriptor images of the EIMC ligand (a) and the [Ag(EIMC)2]ClO4 complex (b).
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investigating the ability of these substances to inhibit ABTS•+ and 
DPPH• radicals. Samples of each sample to be examined were prepared 
at three different concentrations (25, 50, and 100 µg/mL). The per
centages of inhibition of both radicals and IC50 values of these prepared 
samples were determined. The results are shown in Table 8 and Fig. 12.

The amount of antioxidant substance required to scavenge 50 % of 
the radical concentration in the samples is called the IC50 value. The 
smaller the IC50 value, the higher the antioxidant activity [86,87]. Two 

different radicals were used in the antioxidant activity analyses of the 
ligand and silver complex in the study, and the results were compared 
with standard ascorbic acid results. Since ABTS•+ radicals are well dis
solved in inorganic and water solvents, they are used especially in the 
determination of antioxidant activities of hydrophilic and lipophilic 
substances [88]. ABTS•+ radical IC50 values of the samples were deter
mined as ligand (123.84 µg/mL), complex (173.79 µg/mL), and stan
dard ascorbic acid (16.33 µg/mL), respectively. The DPPH• radical 

Fig. 9. The Hirshfeld surface maps of the [Ag(EIMC)2]ClO4 mapped over dnorm, di and de.
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easily reacts with lipophilic, hydrophilic, and weak antioxidants. 
Therefore, it is frequently used in antioxidant capacity studies [89]. The 
DPPH• radical scavenging IC50 values of the ligand, complex, and 
standard ascorbic acid in the study were determined as 103.36, 162.64, 
and 11.94 µg/mL, respectively. The radical scavenging activity results of 
the samples show that these substances inhibit both radicals, and 
especially their inhibition of the DPPH• radical is higher. In addition, it 
was determined that the inhibition power of these two radicals of the 
ligand was greater than that of the silver complex. In a study on 2,4,5- 
trisubstituted imidazole derivatives, the antioxidant activity of these 
substances was determined. For this purpose, ABTS•+ and DPPH• radi
cals were used, and as a result of this study, it was determined that the 

ABTS•+ radical IC50 values varied between 0.162 ± 0.006 mg/mL and 
42.158 ± 2.697 mg/mL, and the DPPH• radical IC50 values varied be
tween 0.141 ± 0.094 mg/mL and 16.89 ± 0.636 mg/mL [90]. In 
another study, the antioxidant activities of 1H-benzo[d]imidazole-5-car
boxamide derivatives were investigated, and it was concluded that the 
DPPH• radical IC50 values varied between 72.14 ± 0.21 µM and 115.36 
± 1.16 µM [91]. Studies have shown that imidazole-containing sub
stances have significant antioxidant properties [92]. It was determined 
that our results were compatible with the studies in the literature.

3.13.2. Antidiabetic activity
α-amylase and α-glucosidase enzymes play an important role in 

Fig. 10. 2D fingerprint plots order with a dnorm view of the O⋯H/H⋯O(47.1%), H⋯H/ H⋯H (34.4%), contacts in the [Ag(EIMC)2]ClO4.

Fig. 11. 2D scattering and isosurface intensity plots showing the non-bonded interactions of the [Ag(EIMC)2]ClO4 complex.
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accelerating the decomposition and absorption of carbohydrates into the 
bloodstream. Therefore, they are in a regulatory position in the control 
of diabetes. In particular, α-amylase hydrolyzes α-1,4-glycosidic bonds 
in carbohydrates and breaks them into smaller oligo- and disaccharide 
units. On the other hand, α-glucosidase enzyme breaks down the 
degraded carbohydrates into glucose [93,94]. It is important to find and 
develop new antidiabetic drugs with less toxic effects that inhibit the 
enzymes α-amylase and α-glucosidase. The inhibition percentages of 

both enzymes (α-amylase and α-glucosidase) and IC50 values of the 
ligand, silver complex, and standard drug acarbose substances in the 
study were calculated. Three different concentrations of the samples, 25, 
50, and 100 mg/mL, were studied. The results are shown in Table 9 and 
Fig. 13.

When the α-glucosidase enzyme IC50 values of the ligand, silver 
complex, and standard drug acarbose samples were examined, it was 
determined that they were 161.64, 156.12, and 27.66 µg/mL, respec
tively. In addition, the IC50 values of α-amylase enzyme were deter
mined as 165.19, 158.30, and 30.94 µg/mL, respectively. The 
α-glucosidase enzyme inhibition of twenty-three synthesized carbazo
le–imidazole derivatives was investigated. It was reported that the IC50 
values of these synthesized substances ranged from 74.0 ± 0.7 to 298.3 
± 0.9 µM and that they had stronger inhibitory effects than standard 
acarbose [95].

In another study, it was reported that the α-glucosidase enzyme IC50 
values of twenty-four synthesized imidazole-thiadiazole compounds 
varied between 1.4 ± 0.01 and 13.6 ± 0.01 μM, and the α-amylase 
enzyme IC50 values varied between 0.9 ± 0.01 and 12.8 ± 0.02 μM 
[96]. When our study results were compared with the studies in the 
literature, it was determined that our ligand and silver complex 
inhibited α-glucosidase and α-amylase enzymes. In particular, it was 
determined that the α-glucosidase enzyme inhibition of the samples was 
higher than the α-amylase enzyme inhibition. In addition, when 
compared with standard acarbose, it can be said that the silver complex 
has a moderate antidiabetic capacity.

4. Conclusion

In this study, the structural and spectroscopic properties of the EIMC 

Table 8 
Radicals inhibition percentages and IC50 values of the EIMC ligand, the [Ag 
(EIMC)2]ClO4 complex, and standard ascorbic acid.

Samples Concentration 
(µg/mL)

% 
inhibition 
(ABTS•+)

IC50 

(µg/ 
mL)

% 
inhibition 
(DPPH•)

IC50 

(µg/ 
mL)

Ligand 
(EIMC)

25 23.21 ±
1.34

123.84 24.93 ±
1.44

103.36

50 32.37 ±
1.40

36.95 ±
1.38

100 43.26 ±
1.32

48.08 ±
1.36

Complex [Ag 
(EIMC)2] 

ClO4

25 10.19 ±
1.48

173.79 15.22 ±
1.36

162.64

50 19.22 ±
1.36

25.07 ±
1.40

100 30.25 ±
1.31

34.10 ±
1.38

Standard 
(Ascorbic 

acid)

25 51.93 ±
1.34

16.33 53.16 ±
1.36

11.94

50 64.43 ±
1.40

66.28 ±
1.43

100 80.42 ±
1.31

81.31 ±
1.45

Fig. 12. Radical inhibition percentages of EIMC ligand, the [Ag(EIMC)2]ClO4 complex, and standard.

Table 9 
α-glucosidase and α-amylase enzyme inhibition percentages with IC50 values of the EIMC ligand, the [Ag(EIMC)2]ClO4 complex, and standard acarbose.

Samples Concentration (µg/mL) % inhibition 
(α-glucosidase)

IC50 

(µg/mL)
% inhibition 
(α-amylase)

IC50 

(µg/mL)

Ligand 
(EIMC)

25 17.61 ± 1.36 161.64 16.78 ± 1.32 165.19
50 28.30 ± 1.25 25.39 ± 1.23
100 35.29 ± 1.17 34.51 ± 1.40

Complex [Ag(EIMC)2]ClO4 25 23.57 ± 1.22 156.12 19.51 ± 1.28 158.30
50 30.81 ± 1.43 28.29 ± 1.41
100 38.62 ± 1.37 36.58 ± 1.47

Standard 
(Acarbose)

25 47.10 ± 1.34 27.66 46.32 ± 1.22 30.94
50 60.33 ± 1.42 58.81 ± 1.36
100 72.56 ± 1.36 71.53 ± 1.40
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ligand and the its Ag(I) complex synthesized from it were investigated 
by experimental and theoretical calculation methods and compared 
with each other, and it was seen that the results were quite compatible. 
The electronic properties of both structures were investigated in the gas 
phase. According to these results, it was determined that these two 
molecules have a low tendency to enter into chemical reactions and a 
high tendency to remain stable. MEP, ELF, and LOL maps were designed, 
and the electronic properties were evaluated by calculating the charge 
values and Fukui functions. As a result of this study, it was determined 
that the most active site for the EIMC ligand was the N1 atom, and in the 
synthesized complex, the Ag atom reacted with the N1 atom. In the 
synthesized complex, the oxygen atoms of the perchlorate group were 
found in the atoms with the highest negative value. As a result, the 
electrophilic and nucleophilic regions of these two structures were 
determined in detail with all the calculation methods for electronic 
properties. The ligand had a greater inhibition and the IC50 values of the 
α-glucosidase and α-amylase enzymes were close to one another when 
the radical scavenging action of the title compounds whose biological 
activity was researched was examined. It was also determined that the 
α-glucosidase enzyme activity was higher than the α-amylase enzyme 
activity. It was concluded that the silver complex had stronger antidia
betic activity than the ligand. When the results were compared with the 
standard drug acarbose, it could be said that the complex and the ligand 
had moderate antidiabetic properties. Finally, in vitro analyses were 
performed to determine the antioxidant, α-glucosidase, and α-amylase 
activities of both structures, and extremely significant biological activity 
values were obtained.
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[7] M. Boiani, M. González, Imidazole and benzimidazole derivatives as 
chemotherapeutic agents, mini-reviews, Med. Chem. 5 (2005) 409–424, https:// 
doi.org/10.2174/1389557053544047.

[8] A.R. Spasov, I.N. Iezhitsa, L.I. Bugaeva, V.A. Anisimova, Benzimidazole derivatives: 
Spectrum of pharmacological activity and toxicological properties (a review), 
Khim. Farm. Zhurn. 33 (1999) 6–17, https://doi.org/10.1007/BF02510042.

[9] L. Sim, K. Jayakanthan, S. Mohan, R. Nasi, B.D. Johnston, B.M. Pinto, D.R. Rose, 
New glucosidase inhibitors from an ayurvedic herbal treatment for type 2 diabetes: 
structures and inhibition of human intestinal maltase-glucoamylase with 
compounds from Salacia reticulate, Biochemistry 3 (2010) 443, https://doi.org/ 
10.1021/bi9016457.

[10] J.K. Grover, S. Yadav, V. Vats, Medicinal plants of India with anti-diabetic 
potential, J. Ethnopharmacol. 1 (2002) 81–100, https://doi.org/10.1016/S0378- 
8741(02) 00059-4.

Fig. 13. α-glucosidase and α-amylase enzyme inhibition percentages of the EIMC ligand, the [Ag(EIMC)2]ClO4 complex and standard.

C. Kucuk et al.                                                                                                                                                                                                                                  Inorganic Chemistry Communications 179 (2025) 114876 

20 

https://doi.org/10.1016/j.inoche.2025.114876
https://doi.org/10.1016/j.inoche.2025.114876
https://doi.org/10.1155/2013/329412
https://doi.org/10.1016/j.ejmech.2011.05. 005
https://doi.org/10.1016/j.ejmech.2011.05. 005
https://doi.org/10.1007/s00044-010-9472-5
https://doi.org/10.1007/s00044-010-9472-5
https://doi.org/10.1002/slct.202101038
http://refhub.elsevier.com/S1387-7003(25)00993-1/h0025
http://refhub.elsevier.com/S1387-7003(25)00993-1/h0025
https://doi.org/10.1016/j.ejmech.2009.02.013
https://doi.org/10.1016/j.ejmech.2009.02.013
https://doi.org/10.2174/1389557053544047
https://doi.org/10.2174/1389557053544047
https://doi.org/10.1007/BF02510042
https://doi.org/10.1021/bi9016457
https://doi.org/10.1021/bi9016457
https://doi.org/10.1016/S0378-8741(02) 00059-4
https://doi.org/10.1016/S0378-8741(02) 00059-4


[11] V.S. Suvith, D. Philip, Catalytic degradation of methylene blue using 
biosynthesized gold and silver nanoparticles, pectrochim, Acta - A: Mol. Biomol. 
118 (2014) 526–532, https://doi.org/10.1016/j.saa.2013.09.016.

[12] S. Navalon, A. Dhakshinamoorthy, M. Alvaro, H. Garcia, Metal nanoparticles 
supported on two-dimensional graphenes as heterogeneous catalysts, Coord. Chem. 
Rev. 312 (2016) 99–148, https://doi.org/10.1016/j.ccr.2015.12.005.

[13] A. Kedziora, M. Speruda, E. Krzyzewska, J. Rybka, A. Łukowiak, G. Bugla- 
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