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ABSTRACT 

The thiadiazole-based ligand (L1) and its Co(II), Ni(II), and Cu(II) complexes were synthesized and characterized 

using physicochemical methods, as well as supported by various spectroscopic techniques. FT-IR and UV–Visible 

spectroscopy, along with molar conductivity studies, supported the intended mode of coordination of ligands with metal 

ions and authenticated the proposed geometry of the complexes. Cyclic voltammetry studies were carried out to get an 

insight into the redox properties of the synthesized complexes. The redox couples were assigned, and reversibility of the 

reaction was assessed by calculating various electrochemical parameters like the ratio of anodic- to cathodic peak current 

(Ipa/Ipc) and peak potential difference (ΔEp). Results showed that the metal complexes displayed encouraging redox 

features, which are indicative of metal influence on the ligand electron attributes. Preliminary in vitro cytotoxicity 

screening of the free ligand L1 was performed against HBL-100 human breast epithelial cells and the MCF-7 breast cancer 

cells. Compound L1 did not reach 50% inhibition at the tested concentrations (15, 30, and 45 µg/mL); therefore, the IC₅₀ 

value was not determined under the experimental conditions. 
Keywords: 1,3,4- thiadiazole; metal complexes; spectroscopic characterization; cyclic voltammetry (CV); molar 

conductivity; anticancer activity; electron density distribution 

1. Introduction 
Heterocyclic compounds are of major importance in medicine and 

in pharmaceutical chemistry, primarily due to their structural diversity, 

but also due to their wide range of biological activities, which is quite 

significant for research and treatment[1,2]. Among the most significant 

are the thiadiazole ring and, in particular, the 1,3,4-thiadiazole isomer[3], 

which is one of the most important sulfur-containing five-membered 

ring systems in the field of rational drug design[4,5]. The great interest 

in the 1,3,4-thiadiazole ring stems from its bioisostericity to the 

pyrimidine ring, which forms the structural basis of the three 

nitrogenous bases that make up DNA. This gives derivatives of this ring 

the ability to interfere with DNA replication processes. Furthermore, 

the mesoionic behavior of this ring grants it the ability to penetrate 

biofilms and interact with target proteins with high efficiency[6,7]. 

Numerous studies have demonstrated that thiadiazole derivatives 

constitute an important class of heterocyclic compounds owing to their 

wide spectrum of biological activities, including antibacterial, 

antifungal, anti-inflammatory, antiviral, anticonvulsant, and 

antioxidant activities, in addition to anticancer activity, which is a 

highly active area of research in this context due to the increasing global 
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burden of cancer, as reported by the World Health Organization[7]. Additionally, the reaction of organic ligands 

containing donor atoms such as sulfur and nitrogen, as is the case with thiadiazole derivatives, with transition 

metal ions such as cobalt, nickel, and copper often yields the formation of coordination complexes with distinct 

physicochemical and biological properties compared with free ligands. Coordination of organic ligands 

containing donor atoms with transition metal ions can modify their structural, electronic, and physicochemical 

properties compared with the corresponding free ligands[8]. Moreover, cyclic voltammetry is an analytical 

technique that is useful to study the electrochemical behavior of such complexes so as to elucidate the redox 

processes and the electron-transfer mechanism at the metal core. This method gives firm information about the 

stability of different oxidation states of the metal and reversibility of the electrochemical process[9,10]. The 

present study aimed to synthesize and characterize a new thiadiazole-derived ligand (L1) and its complexes 

with cobalt(II), nickel(II), and copper(II) ions; to investigate their electrochemical behavior using cyclic 

voltammetry; to evaluate the electron density distribution of the ligand (L1); and to conduct a preliminary 

cytotoxicity assessment of the free ligand (L1) against MCF-7 and HBL-100 cells. 

In light of the findings obtained,  Jain et al. (2013)[4] performed an extensive review of derivatives of the 

1,3,4-thiadiazole scaffold, showing that this heterocyclic ring is present in various clinically used drugs and 

possesses antimicrobial, anticancer, and anti-inflammatory effects, making it a promising pharmacophore for 

the discovery of novel therapeutic agents. In a later review, Hu et al. (2014)[5] reviewed the synthetic methods 

for 1,3,4-thiadiazole derivatives and highlighted their importance in medicinal chemistry, agricultural, and 

materials chemistry, highlighting the ring's structural versatility and its potential for structural modification to 

suit diverse biological purposes. Similarly, Li et al. (2013)[6] indicated that the thiadiazole ring represents a 

promising structure in modern medicinal chemistry due to its wide range of biological activities. More 

specifically focusing on the anticancer aspect, Indelicato et al. (2025)[7] presented a recent review highlighting 

the latest developments in the use of 1,3,4-Thiadiazole derivatives, which have emerged as promising 

molecular scaffolds for the discovery and optimization of novel anticancer compounds, including those 

targeting breast cancer and pancreatic ductal adenocarcinoma. The review also examined the role of molecular 

factors in determining the biological behavior of these derivatives. Obakachi et al. (2021)[11] also presented a 

similar review focusing on the synthetic aspects and anticancer activity of thiadiazole compounds, emphasizing 

the important role of the sulfur atom in the ring in z enhancing cellular permeability and biological selectivity. 

In a direct experimental study, Janowska et al. (2022)[12] reported the synthesis of novel 1,3,4-thiadiazole 

derivatives and investigated their biological activity against cancer cells. Biological evaluation was performed 

against two representative human breast cancer cell lines with different estrogen receptor profiles, including  

MCF-7 (ER-positive) and MDA-MB-231 (ER-negative), to investigate the compounds' anticancer potential, 

compared to a normal human cell line (fibroblasts). The results indicated that several derivatives exhibited 

significant anticancer activity and selectivity in inhibiting cancer cells without significantly affecting normal 

cells, supporting the hypothesis that this ring could serve as a baseline structure for developing anti-breast 

cancer agents. At the level of transition metal complexes, Daravath et al. (2017)[8] conducted a study to prepare 

copper-cobalt-nickel binary complexes with Schiff base ligands derived from benzothiazole. They 

characterized these complexes spectroscopically and investigated their interaction with DNA and biological 

activity. The greater biological activity of the metal complexes compared with the free ligands may be 

attributed to the chelation effect, which can improve lipophilicity and facilitate cellular uptake, supporting the 

chelation theory in explaining the enhanced biological activity following metal-coupled interaction. From an 

electrochemical viewpoint, Kuate et al. (2020)[9] examined the electrochemical behavior of cobalt, nickel, and 

copper complexes with a three-tooth Schiff base-derived ligand through cyclic voltammetry analysis. They 

found that the Co(II) and Cu(II) systems displayed quasi-reversible behavior with a single-electron transfer 

process, while the Ni(III)/Ni(II) system displayed irreversible electrochemical behavior. They further 

investigated the antibacterial, antifungal, and antioxidant activity of these complexes. Similarly, Venkatesh et 

al. (2024)[10] used cyclic voltammetry to study the electrochemical properties of metal Schiff base complexes, 
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along with spectroscopic characterization, theoretical calculations (DFT), and biological activity, including 

antioxidant and antimicrobial activity. An examination of earlier studies shows that most studies focused on 

either the spectral and biological aspects of thiadiazole complexes or other similar cyclic compounds, or the 

electrochemical behavior of Schiff base complexes in general, while only a limited number of studies 

combined the complete spectral characterization, the electrochemical properties by cyclic voltammetry, and 

the anti-breast cancer activity specifically, for the same ligand system and its complexes with cobalt, nickel, 

and copper in one integrated research framework, a gap addressed in the present work. Based on the foregoing,  

although numerous thiadiazole have been studied due to their structural diversity and significant biological 

properties still some important points have not been sufficiently addressed. In fact, only synthesis and 

spectroscopic studies of these compounds were undertaken in most cases. However, comparatively little 

attention has been given to correlating structural characterization with electrochemical investigations and 

bioactivity evaluation within one integrated investigation. 

Particularly, the connection between the electrochemical performance of thiadiazole metal complexes and 

their biological activity remains inadequately understood. The electrochemical characteristics of metal 

complexes affect their stability, ability to transfer electrons, and interactions with biological targets. Therefore, 

finding relationships between cyclic voltammetric parameters and anticancer activity could give insight into 

potential mechanisms of action. Even so, such correlations have only rarely been addressed in previous 

investigations[13,14]. Moreover, comparative investigations involving Co(II), Ni(II), and Cu(II) thiadiazole-

based complexes coordinated with the same thiadiazole ligand under identical experimental conditions are 

scarce. Therefore, the role of the coordinated metal ion in governing the structural, electrochemical, and 

biological properties of these complexes has not yet been fully elucidated. Besides, numerous thiadiazole 

derivatives have been evaluated for their activity against many cancer cell lines, but no work has been reported 

on the activity of such derivatives against the HBL-100 breast epithelial cell line. This demonstrates the need 

for further investigation to assess the biological potential of these complexes and to investigate the potential 

correlation between their molecular structure, redox properties, and their anti-proliferative activity. Thus, the 

present work aims to fill these gaps by synthesizing new thiadiazole-based Co(II), Ni(II), and Cu(II) complexes 

and subsequently scrutinising the spectroscopic properties and electrochemical behaviour of these complexes 

by cyclic voltammetry. In addition, a preliminary cytotoxicity assessment of the free ligand L1 was carried out 

against the MCF-7 and the HBL-100 breast epithelial cell line. Overall, this integrated approach should provide 

a broader kind of insight into how coordination chemistry, redox characteristics, and biological performance 

connect together, almost like one influencing the other. 

2. Materials and methods 

2.1. Preparation of 5-Hydrazinyl-1,3,4-thiadiazol-2-amine 

Step 1: Preparation of Dipotassium 1,3,4-thiadiazole-2,5-bis(thiolate) 

Potassium hydroxide (11.2 g, 0.2 mol) was taken up in ethanol (50 mL) and transferred to a 100 mL 

round-bottom flask. Hydrazine hydrate (5 mL, 0.1 mol) was then added, and the reaction mixture was heated 

until complete dissolution was achieved. After dissolution, the mixture was subjected to cooling in an ice 

bath  to approximately 5 °C. Carbon disulfide (15.2 mL, 0.2 mol) was subsequently added portionwise, and 

the reaction mixture was refluxed for 20 h. The progress and completion of the reaction were monitored by 

the cessation of hydrogen sulfide gas evolution using lead acetate solution  as an indicator. Once the reaction 

was complete, the reaction mixture was concentrated to approximately half of its original volume, and the 

resulting precipitate was allowed to cool gradually to room temperature. The crude product was then 

recrystallized from ethanol to afford pale yellow needle-shaped crystals of dipotassium 1,3,4-thiadiazole-

2,5-bis(thiolate) ]15 [. The product exhibited a melting point of 260–262 °C and was obtained in an 89% yield, 

as illustrated in Scheme 1. 



4 

 

 
 

Step 2: Reaction with Hydrazine Hydrate (NH₂NH₂.H₂O) 

Compound A (10 g, 0.1 mol) was reacted with hydrazine hydrate (8 mL, 0.2 mol) in a 100 mL round-

bottom flask using ethanol (50 mL) as the reaction solvent. The reaction was conducted under reflux for 25 h, 

while its progress was followed by detecting the evolution of hydrogen sulfide gas using a filter paper 

impregnated with lead acetate solution, which turned black upon exposure to the gas. After completion of the 

reaction, the resulting precipitate was collected by filtration to afford Compound B as an off-white (yellowish-

white) solid. The product exhibited a melting point of 199–201 °C and was obtained in an 83% yield, as shown 

in Scheme 2[16,17]. Table 1 provides information about compounds A and B. 

 

 
 

 

Table 1. Molecular formula, structural formula, and selected physical properties of the synthesized compounds. 

Compound Formula M. wt Color M. pc Yield% Rf 

 

C2N2S3K2 226 Pale Yellow 

 

260-262 89 0.69 

S

N N

NH

NH2

NH
NH2

 

C2H6N6S 146 Off-white 199-201 83 0.77 

 

2.2. Preparation of ligand L1 

The ligand was synthesized by the reaction of Compound B (1.5 g, 0.0102 mol) with aldehyde (L1) using 

a 1:2 molar ratio of Compound B to 2,4-dimethoxybenzaldehyde. 

Compound B was mixed with 2,4-dimethoxybenzaldehyde (2.78 g) using a 100 mL round-bottomed 

reaction flask, and the reaction mixture was solubilized in ethanol (60 mL) [18]. The course of the reaction 

was monitored by TLC with ethyl acetate/hexane as the developing solvent  (3:7, Rf value). Once the reaction 

was complete after 8 h, the resulting mixture was cooled and filtered. The obtained precipitate was 

recrystallized from ethanol[19] to yield dark yellow crystals. The synthesized ligand exhibited a melting point 

of 213–215 °C and was obtained in a 71% yield, as shown in Scheme 3. 
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2.3. Preparation of metal complexes 

The Co(II), Ni(II), and Cu(II) complexes were prepared through the complexation reaction of the 

corresponding metal ions with the synthesized ligand in a 1:1 molar ratio (metal: ligand), as described below. 

In a 50 mL round-bottom flask, the ligand (L1) (1 mmol), dissolved in ethanol (30 mL), was mixed separately 

with 1 mmol of the corresponding transition metal salts. The complexation reaction mixtures were refluxed 

under continuous stirring for 2–3 h, and the progress of the reactions was monitored by thin-layer 

chromatography (TLC). After completion of the complexation reactions, the mixtures were allowed to cool, 

resulting in the formation of colored precipitates[20]. The precipitated complexes were filtered off and washed 

with distilled water to remove any excess metal salts. The physical properties of the prepared complexes, like 

the molecular formulas, the amounts of ligand and metal salts used, and the yields from the final complexation 

reactions, can be found in Table 2 below. 

.and its metal complexes 1Molecular formulas and selected physical properties of ligand L .2Table  

NO. Formula M.wt color M.pc Yield % 

L1 C20H22N6SO4 442 Dark Yellow 213-215 71 

1 ]Co( L1 )Cl2.2H2O [  608 Brown 225-228 87.5 

2 ]Ni( L1 )Cl2[ 2H2O 608 Gold 220-222 62.5 

3 ]Cu( L1 )Cl2  [2H2O   613 Yellow 230-232 73.9 

      

2.4. Ultraviolet–visible spectroscopy (UV–Vis) 

The electronic absorption spectra of the synthesized ligands and their corresponding metal complexes 

were documented using a UV–Visible spectrophotometer at ambient temperature. Solutions of all compounds 

at a concentration of 1×10⁻⁴ mol L⁻¹ were produced by dissolving the accurately calculated mass of each 

compound, based on its molar mass, in N,N-dimethylformamide (DMF) using a polymer tube. The solution 

volume was made up to 3 mL, followed by thorough mixing to promote complete solubilization and the 

formation of a homogeneous solution]21[  . Before spectral measurements, the prepared solutions were 

transferred into a 1 cm quartz cuvette. The instrument was standardized using DMF as the blank solution, after 

which the absorption spectra were measured over the wavelength range of 200–800 nm. The maximum 

absorption wavelength (λmax) together with the corresponding absorbance values were extracted for each 

compound. The mass required for preparing each solution was calculated using the following equation, and 

the corresponding values were listed in Table 3. 

 Mass (grams) = Concentration (mol/L) × Molar mass (g/mol) × Volume (L). 

 Table 3. The mass of ligand and metal complexes for ultraviolet–visible spectroscopy.  

Comp. L1 CoL1 NiL1 CuL1 

Mass (g) 0.00013 0.00018 0.00017 0.00018 
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2.5. Molar electrical conductivity 

The molar electrical conductivity of the synthesized ligand and its corresponding metal complexes was 

measured using a conductivity meter at ambient laboratory temperature. Prior to measurements, the 

conductivity meter was calibrated using a standard potassium chloride (KCl) solution, and the cell constant 

was determined to be 5.152 cm⁻¹. The solutions of all investigated compounds were prepared at a concentration 

of 1×10-³ mol.L⁻¹ using dimethylformamide (DMF) as the solvent. The required mass of each compound was 

calculated and accurately weighed according to its molecular weight. Afterwards, the weighed samples were 

placed in polymer tubes and dissolved in DMF. The volume was brought up to 10 mL, and the solutions were 

well stirred to get complete dissolution and homogeneity of the solution. After the instrument had been 

calibrated, the conductivity electrode was immersed into each prepared solution, and the electrical conductivity 

values were recorded[22]. The molar electrical conductivity values of the synthesized compounds were then 

calculated from the obtained conductivity measurements. The required masses were calculated using the 

previously described UV equation, and the results are presented in Table 4.  

Table 4. The mass of ligand and metal complexes for molar electrical conductivity. 

Comp. L1 CoL1 NiL1 CuL1 

Mass (g) 0.004 0.006 0.005 0.006 

 

2.6. Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) measurements were carried out using a PARSTAT4000 POTENTIOSTAT/GA 

LVANOSTAT/EIS ANALYSER (AMETEK, France) under an inert atmosphere, where a continuous 

flow of argon gas was maintained at room temperature. The electrochemical measurements were performed in 

the Department of Chemistry, College of Science, University of Thi-Qar. A conventional single-compartment 

three-electrode electrochemical cell was employed for all cyclic voltammetric experiments. 

Tetrabutylammonium perchlorate (TBAP) was utilized as a supporting electrolyte in an anhydrous 

dimethylformamide (DMF) medium at a concentration of 0.1 M. A freshly polished glassy carbon disk 

electrode (3 mm diameter) was used as the working electrode for recording the cyclic voltammograms. All CV 

experiments were performed at a potential scan rate of 100 mV s⁻¹[23]. The surface of the working electrode 

was polished with alumina powder (0.05 μm) before each measurement and then washed by 

dimethylformamide to eliminate residual impurities. The auxiliary electrode was made of platinum wire, and 

the reference electrode was a silver wire pseudo-reference electrode. The calibration was done by measuring 

the formal potential of the ferrocenium/ferrocene (Fc⁺/Fc) redox couple in DMF, which was found to be +0.07 

V under the experimental conditions[24]. Cyclic voltammetric measurements were performed after switching 

on the automatic iR compensation function, so as to minimize the ohmic potential drop and to improve the 

accuracy of the potentials recorded. The total volume of DMF required for all samples was calculated 

according to the following equation: 

Total solvent volume = Volume required for one sample × Number of samples = 14 × 7 = 98 mL 

Therefore, a total volume of 98 mL of DMF was required for the preparation and measurement of all 

investigated samples. The required mass of TBAP was calculated using the following equation: 

Mass of TBAP (g) = Conc. (mol L
−1) × Molecular weight (g mol

−1) × Volume (L)0.1 × 341.91 ×
98

1000
= 3.35 g 

Accordingly, 3.35 g of TBAP was dissolved in DMF to prepare the supporting electrolyte solution. 
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The required masses of the synthesized ligand and metal complexes were calculated according to the 

following equation:  Mass (g) = 10−3 × 2 × Molecular weight (g.mol
−1) ×

14

1000
 

The concentrations of the ligand and complexes were adjusted to 2 × 10⁻³ mM, as summarized in Table 

5. 

Table 5. The mass of ligand and its metal complexes for cyclic voltammetry.  

Comp. (2 ×10-3 mM) L1 CoL1 NiL1 CuL1 

Mass (g) 0.012 0.017 0.016 0.017 

     

2.7. Cell culture and in vitro cytotoxicity assay 

MCF-7 breast cancer cells and HBL-100 human mammary epithelial cells were used to conduct a 

preliminary *in vitro* cytotoxicity assessment of the free thiadiazole-based ligand (l1). The cells were obtained 

from the Iraq Biotech Cell Bank Unit in Basra. They were maintained in RPMI-1640 culture medium 

supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin. Cell 

subculturing was performed using Trypsin-EDTA solution, and the cells were incubated at 37°C in a 

humidified atmosphere containing 5% CO₂. HBL-100 cells were included as a non-tumorigenic human 

mammary epithelial cell model for comparison with the MCF-7 breast cancer cells. 

For the cytotoxicity assay, cells were seeded in 96-well plates at a density of 1 × 10⁴ cells/well and allowed 

to grow for 24 hours or until a confluent monolayer was formed prior to treatment. Subsequently, the cells 

were treated with compound l1 at concentrations of 15, 30, and 45 µg/mL, and cell viability was assessed 72 

hours post-treatment. 

Cell viability was determined using the MTT assay. Seventy-two hours after treatment, the culture 

medium was removed, and 28 µL of MTT solution (2 mg/mL) was added to each well, followed by a two-

hour incubation at 37°C. Subsequently, the MTT solution was removed, and the formed formazan crystals 

were dissolved by adding 100 µL of dimethyl sulfoxide (DMSO), with incubation for 15 minutes at 37°C 

under agitation. Absorbance was measured at a wavelength of 620 nm using a microplate reader. The assay 

was performed in triplicate. 

The proliferation rate (PR) was calculated using the equation: PR (%) = (B/A) × 100, where A represents 

the mean optical density of untreated cells and B represents the optical density of treated cells. The inhibition 

rate (IR) was calculated using the equation: IR (%) = 100 − PR (%). 

3. Results and discussion 
3.1. FT-IR spectra of ligands L1 and metal complexes 

The FT-IR spectrum of the ligand L1 exhibited a broad band centered at 3147 cm-1 which was assigned 

to the N–H stretch[25]. Characteristic bands related to the CH=N and C=N stretching vibrations were observed 

at 1573 and 1600 cm⁻¹, respectively[26]. In addition, the symmetric stretching vibration of the C–S–C group 

appeared at 1205 cm⁻¹, while the skeletal vibration of the thiadiazole ring was detected at 1024 cm⁻¹. The 

spectra of the metal complexes exhibited noticeable shifts in the positions and intensities of the ligand bands, 

particularly those assigned to the C=N and CH=N groups, confirming their involvement in coordination with 

the metal ions[17]. Furthermore, new absorption bands attributed to the M–O and M–N stretching vibrations 

appeared at approximately 642 and 536 cm⁻¹, respectively, whereas the M–Cl stretching bands appeared within 

the 435–445 cm⁻¹ region, consistent with the proposed coordination mode. The characteristic FT-IR spectral 

data are given in Table 6 and Figures 1 to 4. 
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Table 6. FT-IR spectra of ligand L1 and complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group L1 CoL1 NiL1 CuL1 

N-H 3147 3157 3142 3143 

C-H (aromatic) 3007 3007 3007 3007 

C-H (aliphatic) 2976 2976 2976 2976 

C=N (Azo) 1602 1602 1602 1600 

CH=N (endo) 1573 1575 1573 1573 

C-SC (sy) 1163 1163 1163 1163 

C-SC (asy) 1205 1205 1203 1205 

Structural Movement 1024 1024 1024 1024 

O-CH3    Ortho site   -  2947 2947 2947 2945 

O-CH3   Para site    2837 2837 2837 2837 

C-O 1269 1267 1267 1267 

M-N    --- 536 536 586 

M-Cl    --- 435 445 437 

M-O    --- 642 642 642 

Group L1 CoL1 NiL1 CuL1 

N-H 3147 3157 3142 3143 

C-H (aromatic) 3007 3007 3007 3007 

C-H (aliphatic) 2976 2976 2976 2976 

C=N (Azo) 1602 1602 1602 1600 

CH=N (endo) 1573 1575 1573 1573 

C-SC (sy) 1163 1163 1163 1163 

C-SC (asy) 1205 1205 1203 1205 

Structural Movement 1024 1024 1024 1024 

O-CH3    Ortho site   -  2947 2947 2947 2945 

O-CH3   Para site    2837 2837 2837 2837 

C-O 1269 1267 1267 1267 

M-N    --- 536 536 586 

M-Cl    --- 435 445 437 

M-O    --- 642 642 642 

Figure 4. FT-IR spectrum of L1. .1CoL IR spectrum of-FT .4Figure  

.1IR spectrum of NiL-FT .4Figure  .1CuL IR spectrum of-FT .4Figure  
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3.2. ¹H and ¹³C NMR spectra of ligand L1 

The proposed structure of ligand L1 was confirmed by ¹H and ¹³C NMR spectroscopy. In the ¹H NMR 

spectrum, a broad resonance at δ 10.19 ppm was assigned to the NH proton, with its broadening attributed to 

proton exchange[27].  The azomethine (CH=N) proton appeared as a characteristic signal at δ 8.82 ppm, which 

is consistent with the deshielding effect of the adjacent nitrogen atom and the conjugated electronic system. 

The aromatic protons resonated at δ 7.92–7.90 and 6.66–6.62 ppm, while the upfield shift of part of these 

signals was attributed to the electron-donating effect of the methoxy (OCH₃) substituents. In addition, two 

well-defined singlets observed at δ 3.89 and 3.84 ppm were assigned to the protons of the OCH₃ groups [28]. 

Their integrated intensities corresponded to approximately 12 protons, confirming the presence of four 

methoxy groups in agreement with the proposed molecular structure[29]. As shown in Table 7 and Figure 5. 

The chemical structure proposed was further confirmed by the ¹³C NMR spectrum. A characteristic 

resonance for the azomethine carbon (C=N) was observed at δ 160.62 ppm[30], while the resonance observed 

at δ 155.97 ppm was attributed to the carbon that is bonded to the methoxy oxygen atom (Ar–C–OCH₃). The 

aromatic carbon resonances were observed at δ 128.19, 115.22, 107.05 and 98.75 ppm, whereas two other 

resonances at δ 56.36 and 56.00 ppm were assigned to carbon atoms of the OCH₃ groups[28]. The characteristic 

resonances in these spectra provide spectroscopic evidence for the presence of the methoxy substituents and 

corroborate the proposed structure of L1. As shown in Table 7 and Figure 6 . 

 

.1H and ¹³C NMR spectra of ligand L¹ .7 Table 

Structural formulas  
Type of 

NMR 
 NMR Data of (L1) 

 

¹H-NMR  

δ 10.19 (2H, br s, NH), 8.82 (2H, s, CH=N), 7.92–7.90 (2H, m, 

Ar-H), 6.66–6.62 (4H, m, Ar-H), 3.89, 3.84 (12H, s, OCH₃) 

ppm 

13C-NMR  
δ 160.62 (C=N), 155.97 (Ar–C–OCH₃), 128.19, 115.22, 

107.05, 98.75 (Ar-C), 56.36, 56.00 (OCH₃) ppm 

 

 

 

.1L Figu 

 

3.3. Mass spectra  

The mass spectra of ligand L1 and its metal complexes provided further evidence for the proposed 

molecular structures. The molecular ion (M⁺) peaks were observed at m/z 442 for ligand L1, m/z 608 for the 

Co(II) and Ni(II) complexes, and m/z 613 for the Cu(II) complex, in good agreement with their calculated 

molecular weights [31]. In all spectra, the same base peak was detected at m/z 149, corresponding to the 

fragment ion [C₈H₉N₂O]•, indicating that this structural fragment possesses high stability and is preferentially 

.1NMR of L-C13 .6Figure  1NMR of L-H1 .6 Figure 
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formed during the fragmentation process [32]. The complete mass spectral data and the proposed fragmentation 

pathways of the synthesized compounds are presented in Figures 7 to 10 and Tables 8 to 11.  

.ligand 1Mass fission of L .8Table  

  
 

  
 

   

 

  

 

.1Mass fission of CoL 9. Table 
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.1Mass fission of NiL .10Table  

 
  

   

 

  

 

.1Mass fission of CuL .11Table  
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3.4. UV–visible spectroscopy (UV–Vis) 

The electronic absorption spectra of these synthesized ligands were obtained in DMF at 1 × 10⁻⁴ mol L-¹ 

from 200–800 nm. The presence of several conjugated chromophoric units comprising the phenyl ring, 

azomethine (C=N) linkage, and thiadiazole ring resulted in the presence of characteristic π→π* and n→π* 

type of electronic transitions in the ligands. In general, the π→π* transitions were observed at shorter 

wavelengths, with relatively high absorption intensities, while the n→π* transitions were observed at longer 

wavelengths with relatively low intensities. The assignment of the absorption bands was based on the observed 

λmax values together with their absorption intensities and the structural features of the ligands[33]. Particular 

consideration was given to the extended π-conjugation and the presence of heteroatoms. The factors mentioned, 

particularly the presence of non-bonding electron pairs, may affect the electronic distribution and can give rise 

to overlapping or close absorption bands, notably corresponding to the azomethine group and the thiadiazole 

ring. 

  UV–Visible Spectra of Ligand L1 and Its Metal Complexes  : 

Ligand L1 exhibited four absorption bands at 280, 285, 291, and 421 nm, with molar absorptivity (ε) 

values of 5720, 5560, 5360, and 4870 L·mol⁻¹·cm⁻¹, respectively. The band centered at 421 nm was identified 

as the n→π* transition, while bands at 291, 285, and 280 nm were assigned to π→π* transitions of the 

azomethine group, the thiadiazole ring, and the phenyl ring, respectively[34]. The relatively large molar 

absorptivity values are consistent with the presence of allowed electronic transitions related to the extended π-

conjugated system of the ligand. The π→π* transitions showed little change in wavelength, which indicates 

only electronic environment changes after complex formation when coordinated with Co(II), Ni(II), and Cu(II) 

ions, respectively. The n→π* band, however, showed a hypsochromic shift from 421 nm in the free ligand to 

397, 395, and 401 nm for CoL1, NiL1, and CuL1, respectively, which suggested the involvement of a nitrogen 

donor atom in coordination to the metal center[35]. Furthermore, a new band emerged at about 359 nm in all 

complexes, which was assigned to ligand-to-metal charge transfer (LMCT)[36]. The electronic spectra of the 

.1of L spectrumMass  .10Figure  .1of CoLspectrum Mass  .10Figure  

.1of NiL spectrumMass  .10Figure  .1of CuL spectrumMass  .10Figure  
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complexes also showed weak absorption bands at 537, 729 and 744 nm for CoL1, NiL1 and CuL1, respectively. 

These bands were attributed to d-d transitions, having a molar absorptivity of 1740, 370 and 2430 L·mol⁻¹·cm⁻¹, 

respectively[37]. The relatively low intensities of their bands are typical of Laporte-forbidden d–d transitions 

and agree with the suggested coordination geometry of the complexes synthesized[38]. As shown in Table 12 

and Figures 11 to 14. 

.and its metal complexes 1visible spectra of ligand L–UV .12Table  

Comp. Λmax (nm) Abs. ε  L.mol-1.cm-1 Transitions and assignment 

L1 

421 

291 

285 

280 

0.487 

0.536 

0.556 

0.572 

4870 

5360 

5560 

5720 

n→π* 

π→π* (C=N) Azo 

π→π*(C=N) 1,3,4-Thiadiazole ring 

π→π* (C=C) Phenyl ring 

CoL1 

537 

397 

359 

300 

297 

277 

0.174 

0.550 

0.640 

0.348 

0.358 

0.431 

1740 

5500 

6400 

3480 

3580 

4310 

(d-d Transition) 

n→π* 

Charge Transfer(CT) 

π→π* (C=N) Azo 

π→π*(C=N) 1,3,4-Thiadiazole ring 

π→π* (C=C) Phenyl ring 

NiL1 

729 

395 

359 

294 

288 

253 

0.037 

0.609 

1.008 

0.630 

0.638 

0.240 

370 

6090 

10080 

6300 

6380 

2400 

(d-d Transition) 

n→π* 

Charge Transfer(CT) 

π→π* (C=N) Azo 

π→π*(C=N) 1,3,4-Thiadiazole ring 

π→π* (C=C) Phenyl ring 

CuL1 

744 

401 

359 

297 

289 

277 

0.243 

0.588 

0.684 

0.401 

0.431 

0.474 

2430 

5880 

6840 

4010 

4310 

4740 

(d-d Transition) 

n→π* 

Charge Transfer(CT) 

π→π* (C=N) Azo 

π→π*(C=N) 1,3,4-Thiadiazole ring 

π→π* (C=C) Phenyl ring 
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3.5. molar conductivity 

The molar conductivity data can also be useful in determining the ionic nature of coordination compounds 

and whether there are counter ions present in the outer sphere. The measured molar conductivity values showed 

that all the synthesized metal complexes are not electrolytes in solution, implying that there were no ions 

present in the outer sphere[39], as shown in Table 13. 

The results were also confirmed through silver nitrate (AgNO₃) test results, where no white precipitate 

and no turbidity were seen after adding the reagent to the complex solutions. The overall conductivity and 

AgNO₃ test results are thus in accordance with the proposed molecular formulae and substantiate the non-

electrolytic nature of the synthesized complexes[40].   

Table 13. Molar electrical conductivity of the prepared complexes. 

NO. Complexes Ʌm (s.cm2.mole-1) Electrolyte type 

1 CoL1 15.8 Non-electrolyte 

2 NiL1 11.1 Non-electrolyte 

3 CuL1 18.3 Non-electrolyte 

 

3.6. Cyclic voltammetry (CV) 

The electrochemical properties of this ligand (L1), its respective Co(II), Ni(II), and Cu(II) complexes, as 

well as the precursor metal salts (CoCl₂·6H₂O, NiCl₂·6H₂O, and CuCl₂·6H₂O), were explored using cyclic 

voltammetry (CV) in 0.1 M tetrabutylammonium perchlorate (TBAP)/DMF under an Ar atmosphere at room 

temperature. Electrochemical measurements were performed using a conventional single-compartment three-

electrode cell consisting of a freshly polished 3 mm glassy carbon disk as the working electrode, a platinum 

wire as the counter electrode, and a silver pseudo-reference electrode. The reference electrode was calibrated 

against the Fc⁺/Fc redox couple in DMF, giving a formal potential of +0.07 V under the employed experimental 

conditions, while iR compensation was automatically applied throughout the measurements[41]. Before each 

experiment, the working electrode was polished with 0.05 μm alumina paste, thoroughly rinsed with distilled 

water, and finally washed with DMF. All voltammograms were recorded at a scan rate of 100 mV s⁻¹, and all 

reported potentials are referenced to the silver pseudo-reference electrode[26,42]. The cyclic voltammograms of 

the ligands, their metal complexes, and the corresponding metal salts are presented in Figures 15 to 17 and 

Table 1. 

 

 

 

 

 

.1visible spectrum of NiL–UV .14Figure  

 

.1CuLspectrum of visible –UV .14Figure  
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Figure 17. Cyclic voltammetry of L1, CuL1, CuCl2. 6H2O. 

 

., its metal complexes and salt1of ligand L Cyclic voltammetry .14Table  

compound 

Concentrat

ion 

(mM) 

Voltage 

Scan 

rate 

(V/S) 

Epc 

(V) 

ipc 

(μA) 

Epa 

(V) 

ipa 

(μA) 

E1/2 

(V) 

∆Ep 

(V) 

ipa /ipc 

(μA) 

 

L1 2 

0.1 

 

 

 

 

 

 

≈-1.336 

-1.636 

-2.276 

--- 

--- 

≈1.551 

--- 

-5.565 

-58.888 

-73.019 

--- 

--- 

28.83 

--- 

--- 

≈-1.534 

--- 

-0.664 

1.121 

1.675 

≈1.92 

--- 

-10.02 

--- 

2.807 

103.751 

168.307 

40.561 

--- 

-1.585 

--- 

--- 

--- 

1.613 

--- 

 

--- 

0.102 

--- 

--- 

--- 

0.124 

--- 

--- 

0.170 

--- 

--- 

--- 

5.733 

--- 

CoL1 2 0.1 

-1.641 

-2.083 

-2.365 

--- 

--- 

--- 

≈1.559 

--- 

-68.087 

-15.557 

-61.365 

--- 

--- 

--- 

27.036 

--- 

-1.534 

--- 

--- 

≈-2.217 

-0.734 

1.103 

1.676 

>1.92 

14.105 

--- 

--- 

-37.027 

3.912 

69.318 

147.311 

58.427 

-1.587 

--- 

--- 

--- 

--- 

--- 

1.617 

--- 

0.107 

--- 

--- 

--- 

--- 

--- 

0.117 

--- 

-0.207 

--- 

--- 

--- 

--- 

--- 

5.448 

--- 

Figure 15. Cyclic voltammetry of L1, CoL1, CoCl2.6H2O 

 

,1, NiL1Cyclic voltammetry of L .16Figure  
.O2.6H2NiCl 
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NiL1 2 0.1 

-1.351 

-1.631 

-2.281 

--- 

≈1.596 

--- 

135.46 

113.834 

-73.555 

--- 

34.504 

--- 

--- 

≈-1.542 

--- 

1.13 

1.68 

>1.92 

--- 

150.574 

--- 

90.478 

135.487 

46.849 

--- 

-1.586 

--- 

--- 

1.638 

--- 

--- 

0.089 

--- 

--- 

0.084 

--- 

--- 

1.322 

--- 

--- 

3.926 

--- 

CuL1 2 0.1 

-1.623 

>-2.098 

-2.314 

--- 

--- 

--- 

≈1.569 

--- 

-67.151 

-93.834 

-165.879 

--- 

--- 

--- 

20.28 

--- 

-1.526 

--- 

--- 

>-2.199 

-0.706 

1.108 

1.655 

≈1.873 

5.153 

--- 

--- 

-63.616 

3.673 

74.253 

174.055 

176.041 

-1.574 

--- 

--- 

--- 

--- 

--- 

1.612 

--- 

0.097 

--- 

--- 

--- 

--- 

--- 

0.086 

--- 

-0.076 

--- 

--- 

--- 

--- 

--- 

8.582 

--- 

CoCl2.6H2O 3 0.1 

-1.06 

-1.205 

<-1.213 

-1.718 

--- 

≈1.032 

-11.907 

-4.01 

-3.734 

-8.963 

--- 

-6.019 

--- 

-1.221 

--- 

--- 

1.51 

--- 

--- 

51.16 

--- 

--- 

116.943 

--- 

--- 

-1.213 

--- 

--- 

--- 

--- 

--- 

-0.016 

--- 

--- 

--- 

--- 

--- 

12.758 

--- 

--- 

--- 

--- 

NiCl2.6H2O 3 0.1 

-0.913 

--- 

--- 

-111.805 

--- 

--- 

--- 

≈-2.173 

1.627 

--- 

-28.843 

99.833 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

CuCl2.6H2O 3 0.1 

-0.301 

-0.510 

<-1.55 

≈-2.15 

--- 

--- 

-6.204 

-2.923 

3.382 

-21.814 

--- 

--- 

--- 

--- 

--- 

--- 

-0.39 

≈1.15 

--- 

--- 

--- 

--- 

61.601 

17.956 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

 

“---” indicates that no corresponding anodic or cathodic peak was observed for the respective redox 

process; therefore, the related electrochemical parameters could not be determined. 

The first reduction process of the free L1 (Epc
1 =-1.636 V) was anodically shifted and noted at -1.631 V 

and -1.623 V after complexation with Ni2+ and Cu2+ ions, respectively; see Figures 17 and 18. These anodic 

shifts for the complexed L1 agree well with the decrease in electron density for the complexed ligand, which 

leads to reduced reduction ease. The easier first reduction was noted in CuL1 (-1.623 V) compared to NiL1 (-

1.631 V). In the case of CoL1, a harder first reduction process was noted at -1.641 V compared with that (-

1.636 V) of the free ligand L1. This cathodic shift is consistent with possible back-bonding in the CoL1 complex 

[43]. The second cathodic peak potentials (Epc
1) for the complexed L1 in CoL1, NiL1 and CuL1 were cathodically 

shifted compared with that of the free ligand (Epc
2 =-2.276 V). They occurred respectively at -2.365 V, -2.281 

V and -2.314 V. These difficult second reductions for complexed L1 correspond to the stability of the 

complexed  L1
-. This L1

-. Stability and hence the increase in difficulty of the second reduction follow the order: 

NiL1 < CuL1 < CoL1. Interesting weak reduction waves are noted in CoL1 and CuL1 at -2.083 V and >-2.098 V, 

respectively. These reductions are assigned to the whole complex systems themselves. The irreversible weak 

oxidation process of the free ligand noted at -0.664 V is cathodically shifted in CoL1 (-0.734 V) and CuL1 (-

0.706 V), which refers to the difficulty of this oxidation after complexation. Like the free ligand L1, its 

complexes showed two main oxidation processes and a third weak oxidation process. The first oxidation 
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process in CoL1 and CuL1 is easily compared with that of the free L1 (1.121 V), noted respectively at 1.103 V 

and 1.108 V. This cathodic shift is attributed to the possible back-bonding in these two complexes. The absence 

of back-bonding in NiL1 renders the complexed L1 to be oxidized at a harder potential (1.13 V) compared with 

that of the free L1. As noted before for ligands and L1 complexes, the second oxidation occurs at a more positive 

potential in L1 complexes than in free L1, which is attributed to the stability of the complexed L1
+. (formed 

after the first oxidation).  

The cyclic voltammograms (CVs) of the precursor metal salts were recorded and are presented in Figures 

15, 16, and 17, while the corresponding oxidation and reduction peak potentials are summarized in Table 14. 

No distinct metal-centered redox processes were observed for the synthesized complexes, indicating that the 

recorded electrochemical responses are predominantly associated with ligand-centered electron-transfer 

processes. 

The first cathodic peak potential (Epc₁) provides insight into the electron density of the coordinated ligand. 

A less negative Epc₁ value corresponds to a more favorable reduction process and therefore reflects a lower 

electron density around the ligand framework. Based on the Epc₁ values, the electron density of the complexes 

increased in the following order: CuL1 < NiL1 < CoL1. The second cathodic peak potential (Epc₂) was used to 

evaluate the stability of the reduced radical species (Lₙ⁻•) generated after the first reduction step. More negative 

Epc₂ values indicate more stabilization of the reduced intermediate. Accordingly, the stability of the reduced 

species increased in the order: NiL1 < CuL1 < CoL1. 

In conclusion, the electrochemical study showed significant differences between the free ligand and its 

metal complexes. The appearance, disappearance, and displacement of the redox waves are indicative of 

changes in the electronic environment as a result of Ligand coordination, and evidence for variations in electron 

density, complex stability, electron delocalization, and the possibility of metal-to-ligand back-donation 

interactions[44]. 

3.7. Computational analysis of the electron density distribution 

The Gaussian package was used for the computational calculations, while GaussView 6.0 was used for 

constructing and visualizing the molecular structures. Electron density calculations were performed on the 

prepared ligand to study the electron density distribution and identify the most probable coordination sites. 

The proposed metal complexes were constructed and visualized using GaussView 6.0 based on experimental 

spectral data and the coordination behavior of the ligands. No quantum chemical calculations were performed 

on the metal complexes[45]. 

The calculated electron density distribution of compound L1 was used to identify the most probable 

coordination sites. Subsequently, metal complexes were constructed as proposed coordination models using 

GaussView 6.0 software, based on experimental spectroscopic and electrochemical data. No quantum-

chemical optimization was performed on these metal complexes. Based on experimental spectroscopic data 

and proposed coordination models, the tetrahedral geometric structure of the Ni(II) and Cu(II) complexes was 

determined, while the octahedral geometric structure of the Co(II) complex was proposed[46]. As shown in 

Figures 18 to 22. 
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 .of EMP1 L .21Figure  .1Molecular Structure of L .21Figure  

 1Proposed structure of CoL .21Figure 
constructed using GaussView 6.0. 

 1Proposed structure of NiL .21Figure 
constructed using GaussView 6.0. 

Figure 21. Proposed structure of CuL1 

constructed using gaussview 6.0. 

 



19 

3.8. Preliminary in vitro cytotoxicity of L1 against MCF-7 and HBL-100 cells 

The synthesized ligand was tested for its in vitro anticancer activity against MCF-7 cells, commonly used 

as an in vitro model in breast cancer research. The non-tumorigenic human breast epithelial cell line, HBL-

100, a non-tumorigenic human mammary epithelial cell line, were included as a comparative model. Both cell 

lines were used so that the compound's effect on the growth of cancer cells could be compared with its toxicity 

to normal cells[47]. 

The preliminary in vitro cytotoxicity of the free thiadiazole ligand (L1) was evaluated against MCF-7 

breast cancer cells and HBL-100 human mammary epithelial cells at concentrations of 15, 30, and 45 µg/mL. 

As shown in Figure 23, the growth inhibition rates for MCF-7 cells were 2.32%, 13.11%, and 6.85% at 

concentrations of 15, 30, and 45 µg/mL, respectively; consequently, the highest inhibition rate for MCF-7 cells 

was observed at a concentration of 30 µg/mL (13.11%). In contrast, the inhibition rates for HBL-100 cells 

were 4.88%, 4.51%, and 6.77% at concentrations of 15, 30, and 45 µg/mL, respectively, remaining relatively 

low across the tested concentration range. Since the inhibition rate for MCF-7 cells did not reach 50% at any 

of the tested concentrations, it was not possible to determine the half-maximal inhibitory concentration (IC₅₀) 

value under the experimental conditions employed.[48].  These results indicate that additional testing at higher 

concentrations is necessary to establish if increasing growth inhibition can be achieved. Further, comparison 

of L1 with other cancer cell lines could help explain its biological activity since the cellular response might 

differ between tumor types[12]. The inhibition results are presented in Figure 23. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Percentage inhibition of MCF-7 and HBL-100 cells by L1 at different concentrations. Data are presented as the mean ± SD 

of triplicate measurements 

 

4. Conclusions 
A thiadiazole-based ligand (L1) and its complexes with Co(II), Ni(II), and Cu(II) ions were prepared and 

characterized using FT-IR, UV-Visible, ¹H/¹³C NMR, and mass spectrometry, as well as molar conductivity 

measurements. Conductivity measurements and silver nitrate (AgNO₃) tests confirmed the non-electrolytic 

nature of the prepared complexes. Cyclic voltammetry revealed that coordination with the metal altered the 

redox behavior of ligand L1, although no distinct metal-centered redox couple was clearly observed under the 

experimental conditions employed. Electron density calculations were performed for ligand L1, while the 

structures of the metal complexes were constructed as proposed coordination models based on experimental 

data; no quantum-chemical optimization of the metal complex structures was conducted. Based on the 
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experimental spectroscopic data and proposed structural models, a tetrahedral geometry was assigned to the 

Ni(II) and Cu (II) complexes, whereas an octahedral geometry was proposed for the Co(II) complex. 

Additionally, a preliminary cytotoxicity assessment of the free ligand L1 alone was conducted against MCF-7 

and HBL-100 cell lines. Ligand L1 did not achieve 50% inhibition at concentrations of 15, 30, or 45 µg/mL; 

consequently, an IC₅₀ value could not be determined under these test conditions. As no biological evaluation 

of the metal complexes was performed, no conclusions can be drawn regarding the enhancement of anticancer 

activity resulting from metal coordination. 
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Highlights 

• A new thiadiazole-based ligand (L1) and its Co(II), Ni(II), and Cu(II) complexes were synthesized and 

characterized by FT-IR, UV–Vis, ¹H/¹³C NMR, mass spectrometry, and molar conductivity. 

• Molar conductivity confirmed that all complexes are non-electrolytic, supporting the proposed 

coordination geometry with no counterions outside the coordination sphere. 

• Cyclic voltammetry revealed ligand-centered (not metal-centered) redox behavior, with electron 

density and reduced-species stability trends established across the CoL1, NiL1, and CuL1 complexes. 

• Electron density calculations were performed for compound L1, while the structures of the metal 

complexes were constructed as proposed coordination models using the GaussView 6.0 software. 

• A preliminary in vitro cytotoxicity assay was conducted for the free ligand L1 against MCF-7 and 

HBL-100 cells. 

Novelty: This is the first study to integrate spectroscopic and electrochemical (cyclic voltammetry) data 

for a single thiadiazole ligand system across Co(II), Ni(II), and Cu(II) complexes under identical conditions, a 

combination not previously addressed in the literature.  Furthermore, the study includes a preliminary 

cytotoxicity assessment against  MCF-7 breast cancer cells and HBL-100 human mammary epithelial cells. 
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