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In this work, the electrochemical behavior of 4-(2-pyridylazo)resorcinol (PAR) azo dye was studied in 

Britton-Robinson (BR) buffer (pH 2.0-12.0) media by employing square wave voltammetry (SWV), 

differential pulse polarography (DPP), direct current polarography (DCP) and cyclic voltammetry (CV) 

techniques. From the polarographic and voltammetric results, the electrochemical reaction mechanism 

of the azo dye has been proposed. At the same time, the electrochemical behavior of the copper(II) 

complex with PAR was investigated by using SWV in 0.1 M KNO3 supporting electrolyte. SWV 

behavior of Cu(II)-PAR complex at different metal and ligand concentrations have been determined in 

KNO3 supporting electrolyte media. The metal:ligand molar ratio and stability constant of the Cu(II)-

PAR complex were determined to be 1:2 and 5.42x1010, respectively. 

 

 

Keywords: Azo dye, reduction, reaction mechanism, metal complex. 

 

 

1. INTRODUCTION 

Heterocyclic azo dyes are commonly employed as complexometric agents for 

spectrophotometric detection of numerous elements [1-3]. To date, many workers have used 

polarographic and voltammetric methods to develop improved sensitive techniques for detecting metal 

ions with heterocyclic azo dyes as complexing indicators [4-14]. 

Azo dyestuffs are always considered worth researching due to their scientific studies, since they 

have carcinogenic properties and have a wide application area in the paint and textile industry. In the 

textile industry, the creation of colors in different characteristics is usually achieved with the help of the 

complexes from which the dyestuffs are formed. Therefore, it is necessary to define the properties of the 

complexes formed by the relevant azo dyestuffs. At the same time, metals are selectively determined 
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with the help of the complexes they form. Due to these properties, suitable solution mediums are 

preferred for analytical adaptations so that they are least affected by matrix effects [6, 11]. 

Azo dyestuffs form stable complexes with many metals. Dyestuffs increase selectivity in analytic 

applications, especially in the analysis of metal ions. Extractants suited to this class contain 1-(2-

pyridylazo)-2-naphthol (PAN), PAR, 4-(2-thiazolylazo)resorcinol (TAR) and similar group dyes. PAN, 

PAR, and TAR produce complexes with numerous metal ions containing copper, cadmium, zinc etc., 

though the pH has a deep influence on the complexation process [15]. 

 PAR is one of the derivative of 2-pyridylazo used as chromogenic chelator for the quantitative 

analysis of different metal ions in trace amounts. The metal:ligand ratios of complexes of copper(II) with 

PAR in different media have been found to be 1:1 and 1:2 by spectrophotometric methods. The logarithm 

stability constants of the Cu(PAR)2 complex were found to be as 12.31 and 11.83 for molar ratio and 

continuous variation methods, respectively [16].  

 Heterocyclic azo dyes are of great interest because they are sensitive and selective chromogenic 

reagents. To determine the sensitivity and selectivity of these compounds and their metal complexes, the 

electrochemical behavior of the dyes and their metal complexes have been investigated [4-14]. 

The goal of the study is to investigate the electrochemical reaction mechanism of PAR and 

determine the metal:ligand ratio and stability constant of the copper(II)-PAR complex by using 

polarographic and voltammetric techniques. 

 

 

2. EXPERIMENTAL 

4-(2-Pyridylazo)resorcinol monosodium salt hydrate was bought from Sigma-Aldrich and 

employed without pretreatment. A 10-3 M stock solution of PAR was prepared in ultrapure water. A 0.04 

M BR buffer solution has been prepared by mixing 0.04 M H3PO4, 0.04 M CH3COOH and 0.04 M 

H3BO3. Concentrated sodium hydroxide solution was employed for desired pH adjustment. All 

chemicals used were of p.a. purity. 

The electrochemical studies were performed with a Metrohm 757 VA Computrace 

Electrochemical Analyzer in BR buffer (pH 2.0-12.0) solutions at room temperature. The three electrode 

system was composed of multimode electrode (dropping mercury electrode (DME), static mercury drop 

electrode (SMDE) and hanging mercury drop electrode (HMDE)), a Ag/AgCl reference electrode and a 

Pt wire auxiliary electrode. The electrochemical experiments were conducted by employing SWV, DPP, 

DCP and CV methods. Before starting the electrochemical analysis, clean dry nitrogen gas was passed 

through the solutions for five minutes to remove the dissolved oxygen gas. The copper(II) nitrate 

hexahydrate (Cu(NO3)2.6H2O) solution used in the experiments was prepared employing ultrapure 

water. The transition metal complex studies of the azo dye were performed in 0.1 M KNO3 medium. 
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Scheme 1. Molecular structure of the 4-(2-pyridylazo)resorcinol monosodium salt hydrate. 

 

 

 

3. RESULTS AND DISCUSSION 

The polarographic and voltammetric behavior of PAR was examined by employing SWV, DPP, 

DCP and CV methods in BR (pH 2.0-12.0) buffer. Voltammograms and polarograms of PAR are 

presented in Fig. 1. As stated in Fig. 1, one cathodic peak was seen at all pH values. The peaks obtained 

from the SWV and DPP techniques correspond to the reduction of the azo group in BR buffer (Fig. 1). 

The variation of peak potentials (Ep) versus pH of PAR is presented in Fig. 2 for the SWV and DPP 

methods. The shift of the reduction peak potentials towards more negative values with increasing pH 

shows that hydrogen ions take part in the electrode reaction mechanism [17-23]. 

Linear variations in the reduction peak potentials of PAR versus pH are shown in Table 1 for the 

SWV and DPP methods. The linear variations in the peak potentials with pH can be given as  Ep(V) = 

0.0125-0.0751pH and Ep(V) = 0.2146-0.0853pH for the SWV and DPP methods, respectively, in BR 

buffer solutions. 

 

 

 

 

Figure 1. Voltammograms and polarograms of 9.90.10-6 M PAR in BR buffer (0.04 M) (a) SWV, pH 

3.02, 5.07, 7.04, 9.02, and 11.02, scan rate (v) = 200 mV/s, (b) DPP, pH 3.08, 5.01, 7.00, 9.07, 

and 11.07, v = 4 mV/s.  
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Figure 2. Dependence of the reduction peak potentials versus pH in BR buffer for 9.90x10-6 M PAR a) 

SWV, v = 200 mV/s  b) DPP, v = 4 mV/s, drop time 1 s. 

 

Figure 3. The variation in cathodic peak currents versus pH in BR buffer for 9.90x10-6 M PAR a) SWV, 

v = 200 mV/s b) DPP, v = 4 mV/s. 

 

As shown in Fig. 3, with SWV, the peak current of the dyestuff increases between pH 2.0 and 

5.0 and a decrease is observed with increasing pH after pH 5.0. An increase is seen in the peak current 

of the dyestuff between pH 2.0 and 6.5 and a decrease is observed after pH 6.5 with the DPP technique. 

These results showed that the protonation of the nitrogen atom changes at pH 2.0–5.0 and 2.0-6.5 for 

two techniques.  

 

Table 1. Dependence of peak potentials on pH. 

 

Medium pH Peak equation 

r2  

(Regression 

coefficient) 

Method 

BR (0.04 M) 2.0-12.0 Ep (V) = 0.0125-0.0751pH 0.9970 SWV 

BR (0.04 M) 2.0-12.0 Ep (V) = 0.1316-0.0821pH 0.9882 CV 

BR (0.04 M) 2.0-12.0 Ep (V) = 0.2146-0.0853pH 0.9962 DPP 

a b 
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3.1. DCP studies 

Fig. 4 demonstrates characteristic DC polarograms of the azo dye in BR buffer; one reduction 

wave is seen in the pH range of 2.0 to 12.0 with a scan rate of 4 mV/s. It follows from the dependence 

of the limiting current on the pH that twice as many electrons are replaced in the strongly alkaline region 

as in the acidic region.  

 
 

Figure 4. DC polarograms of 9.90x10-6 M PAR in BR (0.04 M) buffer pH 2.52, 3.52, 5.07, 6.06, 7.04, 

8.04, 9.02, 10.01 and 11.02 media, v = 4 mV/s. 

 

 

Logarithmic analyses were made from DCP data for cathodic waves in BR buffer (2.0–12.0). 

The Heyrovsky-Ilkovic equation was employed to calculate the αn values [24-26]. 

Figure 5. Plot of E1/2 values versus pH in BR buffer, v = 4 mV/s. 
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in the pH range of 2.0 to 10.5. This behavior conforms to the reality that the electrode reaction of the 

azo dye proceeds with two and four electrons in acidic and strongly basic solutions, respectively. In 

strongly basic media, the azo dye undergoes a two-step reaction. In the first stage, the dye is reduced to 

a hydrazo and then, in the second stage, hydrazo form is reduced to aniline species. The peak potentials 

of the two stages are approximately equal. The reduction of PAR at the SMDE is altered depending on 

the pH. The E1/2 potentials shift to higher values with an increase in the pH (Fig. 5). 

Additionally, the Ep-pH graphs for the reduction wave of PAR are straight lines, with the slope 

(S) values given in Table 1. The number of protons and electrons taking part in the rate-determining 

reaction was determined by using the slopes obtained from the E versus log (I/Id-I) and pH versus E1/2 

graphs, respectively (Figs. 5, 6). At pH 2.0-10.5 range, the αn values show that the electrode reaction 

involves two electrons, corresponding to a reduction of the azo dye to the hydrazo form, while a four-

electron process proceeds in strongly alkaline media (pH ≥ 11.0), which corresponds to cleavage of the 

azo bridge. The results suggest that two protons and two electrons (pH 2.0-10.5) participate in the rate-

limiting step of the reactants. 

 

 
Figure 6. Plot of αn values versus pH for PAR in BR buffer. 

 

3.2. CV studies 

The CV technique is necessary to elucidate the electrochemical behavior of azo compounds [26]. 

Generally, pH is an important factor that usually affects the appearance of voltammograms, so it is 

significant to elucidate the impacts of pH on electrochemical processes. The CV voltammograms of the 

azo dye recorded in the range of pH 2.0-12.0 are presented in Fig. 7. Variations in cathodic peak 

potentials and peak currents versus pH are given in Fig. 8 for the CV technique. The linear variation of 

the peak potential with pH can be given as Ep (V) = 0.1316-0.0821pH for the CV analysis in BR buffer 

(Table 1). 
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In strongly alkaline media (pH  11.0), the cathodic process is not reversible because no anodic 

peak was seen on the reverse scan. However, in the range of pH 2.0–10.5, a reversible electrode reaction 

was observed, as evidenced by the anodic peak present in the reverse scan. 

The peak potential values shift to more negative values with each increasing pH, which 

confirmed the contributed of hydrogen ions in the cathodic electrode reactions as determined by means 

of SWV, DPP and DCP (Figs. 2, 5) [27-29]. 

The dependence of the scan rate (v) on the reduction peak current (Ip) of the azo dye at a HMDE 

was studied in BR buffer at various pH values (pH 4.52, 7.08, and 9.53). As seen from the equation Ip = 

Avx, there is a linear relationship between the peak current and scan rate (v). x can take the values 1.0 

and 0.5 for adsorption and diffusion-controlled reactions, respectively. For PAR, the regression of log(Ip) 

versus log(v) gave slope values of 1.11, 1.04 and 0.93 for pH 4.52, 7.08 and 9.53, respectively, indicating 

that the electrode reaction is adsorption-controlled [30].  

 
 

Figure 7. CV voltammograms of 9.90x10-6 M PAR in BR (0.04 M) buffer (pH 3.06, 5.08, 7.00, 9.04, 

and 11.93) solutions, v = 200 mV/s. 
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mV/s, (Fig. 9) [31,32]. The Ip versus v1/2 relation is not linear, and the Ip/v
1/2 slope increases with 

increasing scan rate. This result confirms that the azo compound undergoes a complex electrochemical 

reaction on the electrode surface [33]. Such behavior is determinative of an EC mechanism, as 

demonstrated in previous studies [34-39]. 
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Figure 8. Plot of cyclic voltammetric a) reduction peak potentials and b) reduction peak currents versus 

pH in BR buffer for 9.90x10-6 M PAR, v = 200 mV/s. 

 

Figure 9. a) The variation in cyclic voltammograms of 9.90x10-6 M PAR with scan rate at pH 7.08 in 

BR (0.04 M) buffer, b) The variation in cathodic peak currents with scan rate at pH 7.08, c) The 

variation in cathodic peak currents with square root of scan rate at pH 7.08, d) The variation in 

cathodic peak potentials with scan rate at pH 7.08, (v = 5-1000 mV/s). 
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Scheme 2. Reaction mechanism of PAR. 
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PAR monosodium salt 

hydrate 

electrolyte are presented in Fig. 10. Examining the SW voltammograms in Fig. 10, two different 

reduction peaks are observed at potential values of -0.054 V and -0.613 V for the azo dye. 

 

 

Figure 10. SW voltammograms obtained by adding 100-800 µl 10-4 M PAR in 0.1 M KNO3 medium, v 

= 200 mV/s. 

 
Figure 11. SW voltammograms of the Cu(II)-PAR complex () and PAR (- -) obtained in 0.1 M KNO3 

medium, v = 200 mV/s. 
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Reduction peaks of the Cu(II)-PAR complex and PAR were observed at potentials of -0.288 V 

and -0.609 V, respectively, obtained by adding 100-3500 µl 10-4 M Cu(II) solution to 800 µl 10-4 M 

PAR, as shown in Fig. 11. 

A possible analytical feature is noticed when the peak height of the dye gradually decreases as 

the concentration of metal ions increases, as seen in SWV when the concentration of the dye is fixed at 

7.41x10-6 M (Figs. 12, 13). The peak due to the azo dye disappears when the molar ratio of copper to 

azo dye reaches approximately 1:2, as shown in Figs. 11 and 12. 

As given in Fig. 14, the cathodic peak potentials of the complex and PAR remain approximately 

constant with increasing concentration of Cu(II). 

 
Figure 12. The variation in the complex reduction peak current versus added Cu(II) concentration in   

0.1 M KNO3 medium. 

 
Figure 13. The variation in the ligand reduction peak current versus added Cu(II) concentration in 0.1 

M KNO3 medium. 
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Figure 14. The variation in the complex and ligand reduction peak potentials versus added Cu(II) 

concentration in 0.1 M KNO3 medium. 
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voltammograms were recorded (Fig. 15). The peak potentials of Cu(II), Cu(II)-PAR complex and ligand 

were determined to be 0.0293 V, -0.312 V and -0.605 V, respectively. 

 

Figure 15. SW voltammograms of the Cu(II)-PAR complex () and copper(II) (- -) obtained in 0.1 M 

KNO3 medium, v = 200 mV/s. 
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Figure 16. The variation in the complex reduction peak current versus added PAR concentration in 0.1 

M KNO3 medium. 

 
Figure 17. The variation in the ligand reduction peak current versus added PAR concentration in 0.1 M 

KNO3 medium. 
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Figure 18. The variation in the complex and ligand reduction peak potentials versus added PAR 

concentration in 0.1 M KNO3 medium. 

 

 

 

Figure 19. The graph of –log[ I / (Imax – I)] versus –log[PAR] in 0.1 M KNO3 medium at a HMDE. 
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In this equation, I is the peak current of the Cu(II)-PAR complex, Imax is the maximum peak 

current when all the copper ions form the complex and [PAR] is the concentration of PAR. The plot of  

-log[ I / (Imax – I)] versus -log[PAR] is linear. The slope of the graph and intercept give n and –logβ, 

respectively (Fig. 19). The formation constant of the complex (β) was calculated from the intercept 

(logβ) of the equation as 5.42x1010, and the molar ratio of the ligand to metal (n) was determined to be 

2.06 from the slope of the equation (r2 = 0.96). The proposed structure of the Cu(PAR)2 complex is given 

in Scheme 3. Copper azo complexes have been encountered in different forms depending on the solution 

medium and pH. Especially the formation constants and complex ratios of the complexes of ortho 

hydroxy azo dyestuffs are more common 1:2. In this study, similar results were found with copper azo 

dye complexes in spectroscopic, polarographic and voltammetric studies [5, 40-49]. 
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N
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Scheme 3. The structure of the Cu(PAR)2 complex. 

 

4. CONCLUSIONS 

The polarographic and voltammetric behavior of PAR at a SMDE and HMDE has been 

investigated in BR buffer media by employing SWV, DPP, DCP and CV techniques. The reduction of 

PAR gives irreversible electrode reaction mechanism behavior in strongly basic media and reversible 

behavior at pH < 11. Electrode reaction mechanism of PAR has been proposed from the electrochemical 

data (Scheme 2). At the same time, the molar ratio of the metal to ligand in the Cu(II)-PAR complex 

was determined by SWV by adding ligand solution to the metal and metal solution to the ligand in 0.1 
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M KNO3 supporting electrolyte. From these data, the metal:ligand molar ratio of the Cu(II)-PAR 

complex was found to be 1:2. The stability constant of Cu(PAR)2 was calculated to be 5.42x1010. 
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