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ABSTRACT
The possibilities of highly sensitive and selective electrochemical determination of copper(II) ions using the organic reagent 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione (HR₁) were studied. Chronoamperometry and cyclic voltammetry were employed to analyze the kinetics and mechanism of the process. The obtained results showed that the reduction of the reagent on the electrode surface was observed at 0.93 V, while the shift of the potential to 0.52 V after the addition of copper(II) ions confirmed the formation of a complex. Based on the cyclic voltammetry and chronoamperometry results, the involvement of two electrons in the reaction calculated. The developed method exhibited a linear relationship in the concentration range of 1.12 to 9.40 μg/mL for copper(II) ions. The results obtained by the "spiked-found" method (R = 0.9948; Sr = 0.013–0.067) confirm the high accuracy, repeatability, and reliability of the method. Due to its low cost, simple preparation, no requirement for expensive laboratory equipment, and rapid analysis, the proposed method is considered as promising for wide application in the ecological and toxicological monitoring of copper(II) ions in soil, food, and biological samples.
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1. INTRODUCTION. 
Copper is one of the most widely used non-ferrous metals in the world. Due to its high thermal and electrical conductivity, corrosion resistance, and ease of processing, it is extensively used in electrical engineering, construction, mechanical engineering, and daily life. At the same time, copper is an important biogenic element: it is present in small amounts in the bodies of humans, animals, and plants, and participates in hematopoiesis (blood formation), enzyme activity, and cellular respiration. However, the biological significance of copper is strictly dependent on its concentration. Exceeding the permissible limit of Cu²⁺ ions in the organism leads to poisoning. The toxic effects of copper manifest as oxidative stress, damage to cell membranes, and impairment of liver and kidney function. Due to the danger of excessive amounts of copper ions, the Environmental Protection Agency (EPA) has set the maximum allowable concentration of Cu²⁺ in drinking water at 20 μM [1, 2]. The World Health Organization (WHO) has also determined that the maximum allowable concentration of copper in blood is 100–150 μg/dL [3]. Consequently, developing a highly sensitive and selective approach for the determination of Cu²⁺ is crucial for health and environmental monitoring. Therefore, the determination of trace amounts of copper(II) ions in environmental objects (water, soil, food products) is one of the important tasks of ecological and toxicological monitoring. It is this balance between a necessary micronutrient and a dangerous toxicant that makes the study of copper not only interesting but also vitally important.
Among the modern methods used in recent years for the determination of copper(II) ions, a colorimetric method [4] utilizing an enzoxazole-spiropyran derivative has been reported. When this derivative interacts with Cu²⁺, the colorless solution changes to a red-wine color, and complex formation occurs with almost no interference from other ions. The limit of detection was found to be 10⁻⁷ M (0.1 µM). Reference [5] presents data on a fluorescence method using carbon dots (CDs). Upon complexation of iCDs with Cu²⁺, a loss of their fluorescence property was observed. In turn-off sensors, an increase in Cu²⁺ concentration led to a decrease in fluorescence intensity. The magnetic nanocomposites (Fe₃O₄/CD@SiO₂-QD) used in that study not only allowed the determination of copper(II) ions but also their removal from the solution. The limit of detection for Cu(II) ions was found to be 0.23 µM.
Currently, traditional methods for the determination of Cu²⁺ are mainly based on inductively coupled plasma optical emission spectroscopy (ICP-OES) [6], inductively coupled plasma mass spectrometry (ICP-MS) [7], atomic absorption spectroscopy (AAS) [8], potentiometry [9], and atomic emission spectrometry [10]. However, although these methods ensure the accuracy and reliability of the data, they are complex, time-consuming, and require expensive instruments [11–13]. Therefore, electrochemical methods are also widely used by many researchers. In [14], the authors developed a DNA-aptamer + magnetic nanoparticle sensor. Using the obtained Fe₃O₄@Au + DNA material for environmental monitoring of copper ions, the limit of detection was found to be 0.4 pM. Reference [15] is dedicated to food analysis, while the authors of [16] applied their sensors to plant samples, and [17] to biological and ecological improvements. Electrochemical methods, including cyclic voltammetry and chronoamperometry, are characterized by high sensitivity and reliability of analytical results for the determination of metal ions [18]. Using these methods, [19] conducted protein research, while [20] synthesized a chalcogenide glassy-crystalline Cu-As-S electrode and evaluated its selectivity and sensitivity toward copper(II) ions using electrochemical impedance spectroscopy. The literature shows that the use of heteroatom-containing reagents in the determination of copper(II) ions increases the sensitivity of the developed method.
In this article, we conducted electrochemical studies of Cu(II) ions using the reagent 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione. For this purpose, cyclic voltammetry and chronoamperometry, which are cost-effective, efficient, and highly accurate methods, were employed.
2. MATERIALS AND METHODS
2.1. MATERIALS
Preparation of copper(II) ion standard solution: To prepare a 1·10⁻³ M solution of copper(II) ions in this research work, 0.0182 g of dark green crystalline Cu(CH₃COO)₂ salt was taken and placed into a 100 mL volumetric flask, then dissolved in bidistilled water. The flask was filled to the mark with bidistilled water, mixed, and standardized.
Preparation of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione standard solution: 0.0193 g (0.001 M) of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione was taken and placed into a 100 mL volumetric flask, and the solution was prepared by dissolving it in acetone.


Figure 1. Structural formula of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione.

5-(o-Aminophenyl)-1,3,4-oxadiazole-2-thione is a heterocyclic organic compound with the chemical formula C₈H₇N₃OS. It is a crystalline solid that melts at 155–157 °C. It has low solubility in water but is soluble in polar organic solvents such as ethanol, acetone, DMSO, and similar solvents, Rf = 0.45. Its molecular mass is 193.23, and its CAS number is 32058-76-7. The purity of the reagent was determined by thin-layer chromatography [21, 22].
2.2. METHODS
Chronoamperometry is based on the qualitative and quantitative analysis of a substance through the dependence of current changes on time [23,24]. This analysis was performed using a CS-350 digital potentiostat/galvanostat with two platinum electrodes and an AgCl||Ag reference electrode. The electrochemical properties of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione were studied by chronoamperometric method in various background electrolytes such as ethanol, acetic acid, DMF, and butanol media.
Cyclic voltammetry detailed information about the kinetics and thermodynamics of many chemical systems can be obtained using cyclic voltammetry, which is one of the electrochemical research methods [25]. 5-(o-Aminophenyl)-1,3,4-oxadiazole-2-thione is a compound capable of forming complexes with metal ions. In this work, the complex formation process between copper(II) ions and the reagent 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione was studied using cyclic voltammetry. Cyclic voltammetry is considered one of the powerful analytical methods that allows studying the dynamics and mechanism of electrochemical processes.
3. RESULTS AND DISCUSSION
3.1 CHRONOAMPEROMETRIC METHOD
In chronoamperometry, the dependence of potential (E) and current (I) on time (T) is important for understanding the dynamics of the process. The relationship between them shows the following aspects: the change in potential (E) indicates how quickly the reaction is occurring on the electrode surface. The change in current is related to the oxidation or reduction of ions at the electrode depending on the potential. The reagent 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione and ethanol were placed into a 50.00 mL cell, three electrodes were immersed, and the solution was stirred at 400 rpm. Then, the stirring was stopped, and the dependence of current on time was studied while applying a voltage in the range of 0.1–1.2 V to the electrode. The possibility of determining copper(II) ions with 0.1% (19.3 μg/L) of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent was studied by chronoamperometric method, in which the time dependence of the complex formation process between metal ions and the organic reagent is determined. The analysis is performed through the curves of the dependence of time on voltage (I, V) or on the current density at the electrode surface (I, A/cm²)(Figure 2).
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	Figure 2. Chronoamperograms of the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent: on the left – dependence of voltage on time; on the right – dependence of current on time.



As can be seen from the obtained chronoamperograms, the reductive electrochemical interaction of the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent on the working electrode surface was observed at 0.93 V (or 0.00026 A/cm²). When the voltage was changed, reduction occurred within a very short time, and upon further voltage change, it can be observed that the reagent molecules overcome diffusion at a voltage of 0.32 V (or a current of 0.009–0.003 A/cm²) and interact again with the electrode surface through reductive electrochemical interaction. The study was also carried out on a solution of the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent in ethanol together with copper(II) acetate, and the results are presented in Figure 3.
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	Figure 3. Chronoamperograms for the solution of the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent with copper: on the left – dependence of voltage on time; on the right – dependence of current on time



It can be seen that the chronoamperograms obtained for the solution of the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent with copper(II) ions differ significantly from the chronoamperograms of the initial 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent, i.e., a strong shift in potential is observed. The shift of the potential from 0.93 V to 0.52 V indicates the formation of a complex between the reagent and copper ions.
[bookmark: _GoBack]3.2. CYCLIC VOLTAMMETRIC METHOD
In this work, the complex formation process between copper(II) ions and the reagent 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione was studied using cyclic voltammetry. Cyclic voltammetry allows studying the dynamics and mechanism of electrochemical processes. A solution of the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent and copper(II) ions was prepared. Ethanol was chosen as the solvent, and the measurement results are presented in Figure 4.
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	Figure 4(a). CV of a solution of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent in ethanol at 50 mV/s.
	Figure 4(b). CV of a solution of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent in ethanol after the addition of Cu(II) ions at 50 mV/s.



The results of the complex formed between the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent and Cu(II) ions are presented. Calculations showed that ethanol provides the optimal conditions for complex formation, with two electrons participating in the reaction.

Table 1
Results of the complex of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent with copper(II) ions in ethanol medium at a scan rate of 50 mV/s

	Substance
	Ep, a
V
	Ep, c
V
	Ep·103,
V
	E1/2,
v
	Ip, a,
А
	Ip, с,
А

	ethanol
	0.318
	0.355
	0.05
*103
	9,39
*10-3
	9.3
*10-6
	9,4
*10-6



This was calculated using the Cottrell equation, which describes the behavior of electrons from copper(II) ions.
Effect of copper(II) ion concentration on the analytical signal
In the developed chronoamperometric method, the dependence of copper(II) ion concentration on current was found to be linear, and the error was determined. To study the effect on the chronoamperogram curve, using the optimal conditions obtained in the previous analysis, 1.0 mL of 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent and varying amounts of Cu²⁺ ions were added, and the volume was made up to 50 mL with ethanol. The three electrodes were then immersed, and the analysis was performed. The results are presented in Figure 5.
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Figure 5. Graph of the dependence of copper(II) ion concentration on the analytical signal
	
Based on the results of the chronoamperogram presented in Figure 5, a linear relationship between the Cu²⁺ concentration and the analytical signal was observed in the range of 1.12–9.40 μg/mL, while deviations occurred at higher concentrations. This is related to the correlation laws between molecular weight and diffusion coefficients (D) in certain solvents.
Table 2
Evaluation of the accuracy of the chronoamperometric method for the determination of copper(II) ions using the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent (n=3)
	Added, Cu (μg/ml)
	I, mkA
	
Found, μg/mlХ
	S
	Sr

	1.12
	17.75
	1.120,17
	0,075
	0,067

	2.60
	31.77
	2.590,23
	0.123
	0,048

	4.22
	56.50
	4.210,29
	0,156
	0,037

	6.40
	75.18
	6.390,36
	0,195
	0,030

	9,40
	110.02
	9,390,22
	0,121
	0,013


To verify the accuracy of the developed method, the "spiked–found" method was applied based on the voltammogram values obtained from the chronoamperometric method using the 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione reagent. The errors were determined, and the correlation coefficient was calculated. The obtained results are presented in table 2
For copper(II) ions in the concentration range of 1.12 μg/mL to 9.40 μg/mL, the correlation coefficient (R) of the dependence on the analytical signal was found to be 0.9948. The proximity of this value to 1 indicates the accuracy of the developed method.
4. CONCLUSION
A method has been developed that allows the determination of copper(II) ions with high sensitivity and selectivity. The reagent 5-(o-aminophenyl)-1,3,4-oxadiazole-2-thione forms a stable complex with copper(II) ions. This interaction was analyzed using cyclic voltammetry and chronoamperometry. The developed method can determine copper(II) ions with a linear relationship in the concentration range of 1.12 to 9.40 μg/mL. The results obtained by the "spiked–found" method (correlation coefficient R = 0.9948) confirm the high accuracy and repeatability of the method. The errors (Sr = 0.013–0.067) and standard deviations (S = 0.075–0.195) demonstrate the reliability of the method. The proposed method has the following advantages: it is inexpensive and easy to prepare; compared to traditional methods (ICP-OES, AAS), it does not require expensive equipment; it offers fast and simple analysis; it is considered promising for monitoring copper(II) ions in water, soil, food, and biological samples.
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