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Abstract  
 

 Electrochemical oxidation of catechol has been studied in the presence of imidazole as 

nucleophile in aqueous solution, using cyclic voltammetry. The results indicate the 

participation of catechol in 1, 4- Michael reaction with imidazole to form the corresponding 

catechol thioethers. Based on the observed EC mechanism, the homogeneous rate constants 

(kfcal) of the reaction of o-benzoquinone with imidazole were estimated by fitting the 

theoretical working curve with the experimental working curve. 
 
Key words: EC mechanism, cyclic voltammetry, catechol and imidazole. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 1

1. Introduction 
 

1.1. Coupled Chemical Reaction 

A heterogeneous electron transfer reaction may be accompanied by a homogeneous 

chemical reaction. Particularly a reactive intermediate of a redox reaction is more 

susceptible to coupled reactions. An electrode reaction which is coupled to a 

homogeneous chemical reaction exhibits different behavior than a simple electron 

transfer reaction. Cyclic voltammetry (CV) may be used to diagnose such a ‘complex’ 

reaction. For a complex reaction a variety of possibilities exist including chemical 

reactions preceding or following a reversible or irreversible electron transfer. In one 

special case a chemical reaction is sandwiched between two electron transfer reactions 

(ECE mechanism). Some times a substance is intentionally added to a solution of the 

electroactive substance in order to study the rate of homogeneous reaction and the nature 

of interaction of the original substrate. The results of CV studies are helpful in 

interpreting the sequence of electron transfer and chemical reactions at the interface. 

Mechanistic studies require a knowledge of the nature of intermediate(s) produced, effect 

of additive on the substrate and the speed of the reaction(s) involved. The interest in 

mechanism elucidation has accelerated the development of various electrochemical 

techniques. Moreover coupling of spectroscopic techniques with electrochemical 

techniques has enabled precise monitoring of several coupled reactions. 

 

 Diagnosis of coupled chemical reactions is often based on the relative heights of the 

anodic and cathodic peak currents. Nicholson and Shain [1] have given tables of current 

functions from which the peak currents can be calculated for coupled chemical reactions. 

With the advancement in computer technology, digital simulation has proved a very 

useful tool to characterize the voltammograms or spectra for selected electrochemical 

reactions alone or coupled to homogeneous chemical reactions. 
 

One of the most important applications of cyclic voltammetry is for the qualitative 

diagnosis of a chemical reaction that precedes or follows a redox process. Such reaction 

mechanisms are commonly classified by using the letters E and C (for redox and 



 2

chemical steps, respectively) in the order of the steps in the reaction scheme. The 

occurrence of such chemical reactions, which directly affect the available surface 

concentration of the electroactive species, is common to redox processes of many 

important organic and inorganic compounds. Changes in the shape of the cyclic 

voltammograms, resulting from the chemical competition for the electrochemical reactant 

or product, can be extremely useful for elucidating these reaction pathways and for 

providing reliable chemical information about reactive intermediates [2]. 
 

Electrochemical reactions, which are heterogeneous reactions at the interface electrode–

electrolyte, are intrinsically more complex than typical (thermal) chemical 

transformations (Figure 1). We mostly neglect the exact structure of the interface in the 

following description. Transport of the substrate from the bulk of the electrolyte to the 

electrode plays an important, often rate-determining role. The electron transfer step 

occurs at the interface. The product of the redox reaction is transported back to the bulk. 

Purely chemical reactions may precede or follow these steps. Specific interactions of any 

species present in the electrolyte with the electrode surface leads to adsorption, which 

may considerably influence the overall process [3]. 
 
 
 

 
 

Figure 1. Steps constituting a typical organic electrode reaction; E, E’: substrate, P, P’: 
product; circles indicate adsorbed molecules. 
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1.2. Literature review 
` 
 
Electrochemistry provides very interesting and versatile means for the study of chemical 

reactions. Recently, the terms molecular electrochemistry or dynamic electrochemistry 

have been used for that part of electrochemistry that studies the mechanistic events at or 

near an electrode on a molecular level. The majority of organic electrode reactions are 

characterized by the generation of a reactive intermediate at the electrode by electron 

transfer and subsequent reactions typical for that species. These are often assumed to 

occur in a homogeneous solution, and not at the electrode surface itself. 
 

The main goal of the electrochemical studies is the elucidation of the sequence of 

electron transfer and chemical reactions that occur near the electrode surface and their 

applications to electrosynthesis of organic compounds. The electrochemical generation 

and study of the intermediates may be advantageous because of the mild reaction 

conditions employed and the additional selectivity introduced in controlled-potential 

experiments [4]. Among the organic compounds, catechols (1) can be easily oxidized to 

the corresponding reactive o-benzoquinones mainly due to their low oxidation potentials. 

It is worth mentioning that catechols are used in a variety of applications including 

photography, dying, rubber and plastic production and pharmaceutical industry [5]. In 

addition, catechol derivatives play an important role in mammalian metabolism, and 

many compounds of this type are known to be secondary metabolites of higher plants. 

Also, many drugs such as doxorubicin, daunorubicin and mitomycin C which are used in 

cancer chemotherapy contain quinones.  The catechol derivatives are a promising group 

of compounds which may lead to the discovery of selective acting, biodegradable 

agrochemicals having  high human, animal and plant compatibility and, thus, worthwhile 

for further investigation. On the other hand, because electrochemical oxidation very often 

parallel the cytochrom catalyzed oxidation in liver microsomes, it was interesting to 

study the anodic oxidation of catechol derivatives in different conditions [6]. In recent 

years researchers have been mainly focused on the electrooxidation of catechols to 

produce o-benzoquinones as reactive intermediates in many useful homogeneous 

reactions. Thus, based on these valuable experiences, here we wish to focus on the 
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mechanistic study of homogeneous reactions coupled with electrochemical oxidation of 

catechols. 

 
Electrochemical oxidation of catechols has been studied by many authors [7-10]. 

Electrochemical oxidation of catechols leads to the o-quinone as the first oxidation product. 

Electrochemical study on a glassy carbon electrode using cyclic voltammetry has shown that 

the first oxidation step involved a number of electrons per molecule equal to two which likely 

correspond to the formation of o-quinone [11]. The widespread availability and ease of 

oxidation of catechols in the presence of other functionalities make these compound 

attractive substrates for oxidative functionalization reactions. Electrooxidation of catechols 

and reactions of formed o-quinone with nucleophiles are well known and often comprise 

useful synthetic processes [12-16].   
 

Electrochemical oxidation of catechols in the presence of phenyl-Meldrum’s acid as a 

nucleophile in aqueous solution has been studied in detail by means of cyclic 

voltammetry and controlled potential coulometry. The results indicate that the o-

benzoquinone derived from catechols participates in 1, 4-Michael addition reaction   with 

phenyl-Meldrum’s acid to form corresponding products [17]. 
 

O-benzoquinones are extremely reactive compounds and have been utilized as important 

intermediates for the synthesis of various biologically active products. O-Benzoquinones 

are well known to react with nucleophiles following a 1, 4-Michael addition reaction   or 

with diverse dienophiles performing a [4+2] cycloaddition [18].  
 

Because most of o-benzoquinones are unstable (in contrast to p-benzoquinones), they are 

generally prepared in situ from their precursors, namely, catechols and 2-

methoxyphenols. Organic electrochemical synthesis in aqueous medium provides an 

alternative strategy for the transformation of o-benzoquinones. Catechol can be oxidized 

electrochemically to the corresponding highly active o-benzoquinones, followed by a 

Michael addition reaction when nucleophiles are present in the system. Electrochemical 

processes use electrons as oxidants and thus avoid the utilization of toxic metal-based 

reagents. Also, such transformations are performed under mild reaction conditions, such 

as ambient temperature and normal pressure. From the viewpoint of green chemistry, it 
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would be more attractive [19, 20] to generate in situ o-benzoquinones through 

electrochemical methods.  Indeed, this approach was investigated firstly by Tabakovic´et 

al. [21] and then by Nematollahi and coworkers [22–26]. They investigated the anodic 

oxidation of catechols in the presence of different nucleophiles, such as C–H acids, 

amines, thiols and sulfinic acids, and obtained the corresponding coumestans, 

benzofurans and substituted catechols. Recently researchers demonstrated that the 

electrochemically formed o-benzoquinone also undergo [4+2] cycloaddition reaction with 

cyclopentadiene [27]. 
 

A vast number of quinones with great structural diversity are provided by nature, some of 

which play a major role in the redox electron-transport chains of living system [28-31]. In 

addition, many drugs such as doxorubicin, daunorubicin and mitomycin C in cancer 

chemotherapy contain quinones, whereas various other quinones have found uses in 

industry [32, 33].  
 

As reported in the literature [34, 35, 36, 37, 38], the electrochemical oxidation of catechol 

in different conditions leads to the formation of final products via various mechanisms 

such as CE, EC', EC, ECE, ECEC, etc. The mechanism depends on catechol type, nature 

of nucleophile, electrode potential and electrolysis medium. Catechol is known as a 

polyphenol in which two hydroxyl groups are substituted onto benzene ring. The other 

four remaining substituents are important parameters on determining the reaction 

mechanism. The presence of poor leaving groups or bulky groups on the reactive 

positions of   electrochemically generated o-benzoquinone, i.e., C-3 and C-4, inhibit or 

slowdown the coupled chemical reactions. 
 

                

OH

OH                  
N NH

 

                      1                              2                   

                       Scheme 1         

Because of high reactivity of o-benzoquinone, the most coupled chemical reactions are 

following nucleophilic attacks and, thus, the nature of nucleophile plays an important role 
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in these reactions. The nucleophilic attacks that lead to the formation of catechol 

derivatives with more or less positive oxidation potentials are followed by more E steps 

and C steps depends on the structure of intermediates by EC reaction and even more E 

and C steps[39]. 
 

All of the chemical and electrochemical reactions of catechol derivatives depend on the 

nature of solvent and reaction media, specially the pH of the solution. The oxidation 

potential of catechol, reactivity of nucleophile, reactivity of catechol and produced 

quinone are strongly pH dependent. Solubility of final product or intermediate as well as 

the other reaction conditions is also important. For example low solubility or insolubility 

of intermediate inhibits the following chemical reactions [39]. 
 

The existence of nitrogen nucleophile in imidazole (2) (scheme 1) and biological media 

makes their investigations very important, particularly from their anti-oxidation and/or 

pro-oxidation properties when they attach to cellular species [40]. It is well-known that 

catechols can be oxidized electrochemically to o-benzoquinones. The o-benzoquinones 

formed are quite reactive and can be attacked by nucleophiles. In this connection, the 

electrochemical oxidation of catechols in the presence of a variety of nucleophiles such 

as thiotriazines [41-44], barbituric acids [45], 4-hydroxy-6-methyl-2-pyrone [46], 2-

mercaptopyridine  [47], 2-mercaptobenzoxazole [48],3-mercapto-1,2,4-triazole [49], 

nitrogen and carbon nucleophiles[50], 4-amino-3-methyl-5-mercapto-1,2,4-triazole  

[51]1-phenyl-5-mercaptotetrazole [52],2-thiazoline-2-thiol  [53] and 6- mercaptopurine  

[54] and 1-methylimidazole-2-thiol [55] have been studied using cyclic voltammetry and 

controlled-potential coulometry.  
 

The electrochemical oxidation of catechols [47-56] has been studied and it has been 

shown that these compounds can be oxidized to related o-benzoquinones. The 

electrochemically generated o-benzoquinones are quite reactive and can be attacked by a 

variety of nucleophiles under various mechanisms such as EC, CE, EC', ECE, ECEC, etc. 

The mechanistic pathways and final products depend on some parameters such as 

electron withdrawing or donating properties of nucleophile, electrolysis medium (solvent, 

acidity or pH) and nature of catechol. The results revealed that the quinones derived from 
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catechols participate in a Michael type addition reaction via an EC mechanism converted 

to the corresponding catechol derivatives.  
 

In order to obtain some kinetic information for the system, the scheme for the 

electrochemical oxidation of catechols in the presence of nitrogen,carbon and thiols  

nucleophile were proposed and tested by digital simulation [55, 56]. The kobs values for 

the reaction of o-benzoquinone with nucleophile were estimated by comparison of the 

simulation results with experimental cyclic voltammograms at various pH and scan rates. 

The simulation was performed based on an EC mechanism and the calculated value of 

observed homogeneous rate constant (kobs) for reaction of o-benzoquinone with 

nucleophile was dependent on the nature and position of the substituted group on the 

catechol ring. The presence of an electron-donating group such as tertbutyl on catechol 

ring causes a decrease in kobs [55]. 
 

A typical reaction of substituted o-quinones with imidazole is shown in scheme 2[57]. 

 

O
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Where NADA stands for N-acetyldopamine and NBAD stands for N-β-ananyldopamine. 

      

Scheme 2 
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1.3. Objective of the study 
 

The objective of this project work is to carry out a cyclic voltammetric study of an 

electron transfer followed by a chemical reaction (EC mechanism) and to determine the 

kinetic parameters of the preceding homogeneous chemical reaction. The system 

investigated was the oxidation of catechol in the presence of imidazole as a nucleophile.    
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 2. Characterization of chemical reactions coupled with 

         electron transfer by cyclic voltammetry 
 

  2.1. Basics of cyclic voltammetry 
 

Among many electrochemical techniques presented for the study of chemical reactions, 

cyclic voltammetry has become a very popular technique for initial electrochemical 

studies of new systems. It is easy to apply experimentally, readily available in 

commercial instruments and has proven as very useful tool in obtaining information 

about fairly complicated electrode reactions. Cyclic voltammograms are frequently and 

routinely used today to define the redox properties of newly synthesized organic 

compounds, similar to the use of NMR spectra for structural characterization [58]. The 

time scale of a cyclic voltammetry experiment is determined by the scan rate, i.e., 

increasing scan rate decreases the experimental time scale; therefore, an important 

parameter in determining the effect of chemical reaction is the ratio of rate constant of 

chemical reaction to the scan rate, k/v [2]. The detailed quantitative study of the chemical 

reactions coupled with electron transfer has been reported by Nicholson and Shain [1]. 

More complicated systems, involving slow heterogeneous kinetics, coupled ho- 

mogeneous reactions or equilibria or more complex forms of mass transfer have been 

most easily treated by digital simulation. All of these results will often allow the defining 

of reaction steps. 
 

The voltammetric current-potential curve is more mathematically challenging, but several 

solutions of the appropriate differential equations have appeared during the past three 

decades. Nicholson and Shain[1] revolutionized the voltammetric experiment with their 

elegant development and demonstration of linear-sweep and cyclic voltammetry. 

In their approach the current-potential curve is presented as 

                       i = nFACb(πDa)1/2χ(at)                                                                  (1) 

where A is the area, Cb is the bulk concentration, D is the diffusion coefficient  and π1/2χ(at) 

is the current function for charge transfer followed by an irreversible chemical reaction. 

The relation between π1/2χ(at) and n(E-E1/2) is given in tabulated form, a is defined by 
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         a = nFν/RT = nν/0.026 [59]. 

and E1/2  is the half-wave potential of the electrochemical process. For simplicity the term 

π1/2χ(at) can be presented as χrev and equation(1) takes the form  

                               i = nFACb (Da)1/2χrev                                                              (2) 

For a given potential (E) the value of χrev can be obtained from Nicholson and Shain’s[1] 

table. A similar approach was used to obtain quantitative relations of irreversible rocesses 

as well as for those complicated chemical reactions. 
 

For reversible process the peak potential can related to the polarogaphic half-wave 

potential E1/2 by the expression 

                    0285.011.1 2/12/1 −=−= E
nF
RTEE p  at 250c                                        (3) 

Another useful parameter of the voltammetric curves is the half-peak potential Ep/2, 

which is the potential at which the registered current reaches half its maximum value. For 

a reversible process E1/2 is located half way between Ep and Ep/2. 
 

The ratio of peak current for the cathodic process relative to the peak current for the 

anodic process is equal to unity for reversible electrode process. For measurement of the 

peak current for the anodic process, the extrapolated baseline going from the foot of the 

cathodic wave to the extension of this cathodic current beyond the peak must be used as a 

reference, as shown in Figure 2. 

 
 

Figure .2 a) Excitation waveform and b) response obtained for the reversible by cyclic 
      Voltammetry 
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The difference in the peak potentials between the anodic and cathodic waves of the 

reversible process is given by the relationship  

                       
n

EEE pcpap
059.0

=−=Δ    at 250c                                             (4) 

which provides a rapid and convenient means for determining the number of electrons 

involved in the electrochemical reaction. For a reversible system ip is a linear function of 

ν1/2, and also Ep is independent of ν. 
 

The peak current for an irreversible reduction may be expressed in terms of a 

heterogeneous rate constant ks and the peak potential by the relation  

             ⎥⎦
⎤

⎢⎣
⎡ −
−

= )(exp227.0 ,EE
RT

n
knFACi ps

b
p

αα
                                              (5)                               

where ks represents the heterogeneous rate constant of the electrode process for the 

condition that the electrode has a potential equal to the formal potential for the electrode 

process E’, nα  represents the number of electrons in the rate-controlling step and α is the 

transfer coefficient (normally a value between 0.3 and 0.7). A somewhat simpler form of 

this expression is possible if the instantaneous current of the wave is measured at appoint 

that is less than 10% that of the peak current. For this condition the measured current is 

related to the kinetics parameters by the expression [59]. 

 

                    ( )ips
b EE

RT
Fn

knFACi −
−

= αα
exp                                               (6) 

where E is the potential at the measured current and Ei is the potential at which the scan 

was initiated. 
 

Because of the dynamic nature of voltage-sweep voltammetry, irreversible processes give 

the following expression for the peak current  

                      ip = 2.99x105 n(αnα)1/2AD1/2Cb ν ½                                                        (7)                                         
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The value of αnα  can be evaluated by taking the difference between the peak potential 

and the half- peak potential: 

        
αα αα nFn

RTEE pp
048.085.12/

−
=−=−      at 250c                                            (8)     

                

An alternative approach is to scan the voltammogram at two different rates. Under these 

condition  α and nα may be evaluated by the expression  

         
2

1
12 ln)()(

ν
ν

α α Fn
RTEE pp =−                                                                            (9) 

 

For irreversible systems the peak potential is shifted toward more negative potential by 

about 0.030V for a decade increase in the scan rate (equation 9). By analogy, a peak of an 

anodic process is shifted toward more positive potentials. 
 

The most characteristic feature of a cyclic voltammogram of a totally irreversible system 

is the absence of a reverse peak. However, it does not necessarily imply an irreversible 

electron transfer but could be due to a fast following chemical reaction [59]. 
 

2.2. ErCi mechanism 

                              O +  ne-  ⇆   R 

                               R Z
kf

 
This mechanism contains one electron transfer step followed by a coupled chemical 

reaction. The cyclic voltammogram observed depends on the relative rates of the two 

steps. The simplest situation is when the electron transfer is totally irreversible; the 

presence of chemical reaction has no effect on the voltammogram obtained and no kinetic 

data related to the chemical reaction can be derived. The effect of a following chemical 

reaction is of course greatest on the reverse sweep where R is reoxidized. If the chemical 

reaction is fast, R is rapidly removed from the region near the electrode.  

 



 13

Figure 3 shows normalized theoretical cyclic voltammograms for the case of reversible 

electron transfer followed by irreversible chemical reaction for a range of values of the 

variable λ given by, λ = k(RT/nF)/ν [60]. 
 

 
 

Figure 3. Cyclic voltammograms for ErCi case at 25°C. The current scale is normalized to 

the peak current, for several values of λ = k(RT/nF)/ν [61]. 
 

In the region where no reverse peak is observed, the pure kinetic zone, it can be shown 

that the chemical reaction has the effect of shifting the Epc value for the reversible 

electron transfer. This is because the coupled chemical reaction reduces the concentration 

of R at the surface from the value it would have had for a simple electron transfer 

reaction. The electrode reaction therefore has to work harder to maintain Nerstian 

equilibrium at the surface. However, the peak shifts back 30/n mV in a negative direction 

for each ten fold increase in scan rate, provided the chemical reaction is first order in the 

intermediate produced at the electrode surface. Eventually as the sweep rate is increased a 

reverse peak starts to appear, and the rate of change of Ep with sweep rate decreases. The 

ratio of the cathodic to anodic peak current continues to increase with the sweep rate until 

eventually reversible behavior is observed. It is from the region where a reverse peak is 

observed, but the ratio of |Ipa/Ipc| is less than one, that kinetic data can be obtained. This is 

the region where 5 ≥ λ ≥ 0.1 (a relatively small range) and in the kinetic region, Ep given 

by 

                λln
2

780.02/1 nF
RT

nF
RTEE p +−=                                                             (10) 
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The rate constant is obtained by comparing experimental |Ipa/Ipc| ratios with the working 

curve described by Nicholson and Shain [1] where this ratio is plotted as a function of 

log kfτ where τ  is the time required to traverse the potential range from the polarographic 

half wave potential(E1/2) to the switching potential Eλ, (the potential at which the sweep 

is reversed). Such a working curve is shown in figure 4.  

 

 
Figure 4. Ratio of anodic to cathodic peak current as a function of kf τ, where τ  is the 

time between E1/2 and the switching potential Eλ[61]. 
 

To insure reliable values of the rate constant a range of switching potentials and sweep 

rates should be used. The value of the half wave potential can be obtained from data 

under reversible conditions. Epc and Epc/2 are related by equation (11). 

                     mV
nnF

RTEE pcpc
5.28109.12/

−
=−=−        at 250c                       (11) 

 

 An alternative approach based on peak potential measurements arises from the kinetics 

analysis. For values of log λ < -0.95 the behavior corresponds to a diffusion controlled 

system, i.e. the peak potential does not shift with sweep rate, whilst for log λ ≥ 0.28, Epc 

shifts 30 mV in a negative direction for each ten fold increase in scan rate. If 

experimental peak potential data obtained over a sufficiently wide sweep range are 

plotted as a function of log ν,  there should be horizontal linear region (diffusion control) 



 15

an oblique linear region (kinetic control) and a curved region (mixed control) linking 

them. From the log ν values at which the range occurs, the value of k can be found by 

using the λ values given above. 
 

The peak, which is generally positive of the reversible Ep value because of the following 

reaction, shifts in a negative direction (toward the reversible curve) with increasing v 

(Figure 5). 
 

 
Figure 5. Variation of peak potential as a function of λ for the ErCi case [61].  
 

2.3. Diagnostic test [60] 
 

Diagnostic tests for a reversible electron transfer process at 250C 

      1. ΔEp = Epa - Epc = 59/n mV 

       2. ΔEp =  |Ep-Ep/2| = 59/n mV 

        3. |Ipa/Ipc| = 1 

       4. Ip α ν1/2 

        5. Ep is independent ν 

       6.  At potentials beyond Ep, I -2 α t 
 

Diagnostic tests for a quasi-reversible electron transfer process at 250C  

1. |Ip| increases with ν1/2 but is not proportional to it 

2. ΔEp is greater than 59/n mV and increasing ν. 

3. Epc shifts negatively with increasing ν. 
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Diagnostic tests for a totally irreversible electron transfer process at 250C   

1. no reverse peak 
2. Ipc α ν1/2 

3. Epc shifts -30/αcnα mV for each decade increase in ν 

4. |Ep-Ep/2| = 48/αcnα mV 

 

Diagnostic tests for EC mechanism at 250C  

      1.  Ipc/ν1/2 decreases slightly with increasing ν 

2.  Εpc
 is positive of the value for the reversible case 

3. Epc shifts negatively with increasing ν, in the pure kinetic region shifts by 30/nmV 

      per 10 fold increase in ν 
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3. Experimental part 
 

3.1. Reagents and chemicals 
 

The reagents and chemicals used were Catechol (BDH Poole, England), imidazole 

(Sigma-Aldrich Co.Ltd, UK), disodium hydrogen phosphate (Wagtech International Ltd, 

UK), sodium dihydrogen phosphate (Riedel-deHaen, Germany), HCl (Riedel-deHaen, 

Germany), NaOH (BDH Poole, England). 
  
3.2. Instrumentation 
 

The cyclic voltammetry experiments were performed using the BAS 100A, 

electrochemical analyzer [Bioanalytical systems (BAS), USA], which was connected to a 

Dell computer (Pentium 4). A magnetic stirrer with a hot plate from Cole Palmer 

instrument company was also used for stirring in pH adjustments. The pH of the buffer 

solution was measured with a Hanna digital pH 301 meter with combination glass 

electrode. All the potentials are determined with respect to a Ag/AgCl (3.0MKCl) 

electrode as a reference electrode. 
 

3.3. Electrolytic cells and electrodes 
 

This work was performed using a three-electrode system with a one-compartment glass 

voltammetric cell, a Ag/AgCl (3.0MKCl) electrode as a reference electrode and platinum 

wire as an auxiliary electrode. The working electrode was the glassy carbon electrode 

(GCE) with a diameter of 3mm. 
 

3.4. Procedure 
 

Supporting electrolyte of phosphate buffers (NaH2PO4 –Na2HPO4) in the pH range 4-8 

were prepared from 0.2 M NaH2PO4 and 0.2 M Na2HPO4 in double distilled water. The 

pH of the solutions was adjusted by adding drops of concentrated HCl and NaOH. The 

working electrode was pretreated by polishing it with an alumina and rinsing in distilled 

water. Doubly distilled water was used through out the work. Finally, by adjusting all the 
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necessary parameters cyclic voltammetry measurements were run. All measurements 

were performed at room temperature. 
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4. Result and discussion 
 

4.1. Electrochemical investigations of catechol 
 

Electrochemical properties of catechol were studied by cyclic voltammetry. Cyclic 

voltammograms of 1.0 mM catechol in aqueous solution containing phosphate buffer   

(pH 7.00) at various potential scan rates are shown in Figure 6. As can be seen, there are 

two anodic peak (a0) and (a), but the first anodic peak (a0) may be the intermediate 

quinone. The second anodic peak (a) related to the oxidation of catechol to o-

benzoquinone and one corresponding cathodic peak(c) related to reduction of  o-

benzoquinone to catechol. 
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Figure 6. Typical voltammograms of 1.0 mM catechol at the glassy carbon electrode, in 

0.2 M phosphate buffer of pH 7.0 at scan rates 25, 50, 100,150, 200, 250mV s-1. 
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It is quite common for a process that is reversible at low sweep rates to become 

irreversible at higher ones after having passed through region known as quasi-reversible 

at intermediate values. This transition from reversibility occurs when the relative rate of 

the electron transfer with respect to that of mass transport is insufficient to maintain 

Nernstian equilibrium at the electrode surface. In quasi-reversible region both forward 

and backward reactions make a contribution to the observed current. This change from 

reversible, to quasi-reversible and finally irreversible behavior can readily be seen from a 

plot of Ip as a function of ν1/2 (square root of scan rate) as shown in Figure 7[60].  
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Figure 7. Variation of Ip

 versus square root of scan rate in electrochemical oxidation of 
1.0mM catechol at a glassy carbon electrode in aqueous solution containing 0.2 M 
phosphate buffer of pH 7.0. 
 



 21

0 50 100 150 200 250
320

340

360

380

400

420

440

460

ΔE
p/m

V

Scan rate/m Vs-1

 
Figure 8. Variation of ΔEp versus scan rate in electrochemical oxidation of 1.0mM 
catechol at a glassy carbon electrode in aqueous solution containing 0.2 M phosphate 
buffer of pH 7.0. 
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Figure 9. Variation of Epc

 versus scan rate in electrochemical oxidation of 1.0 mM 
catechol at a glassy carbon electrode in aqueous solution containing 0.2 M phosphate 
buffer of pH 7.0. 
 

The peak separation potential, ΔEp at different scan rate is greater than 59/n mv (Figure 8) 

and Epc shifts negatively with increasing scan rate (Figure 9). These diagnostic citations 

fulfill the requirement for a quasi-reversible electron transfer process [60]. 
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4.2. Electrochemical investigation of Catechol in the Presence of                                        

       imidazole  
 

The oxidation of catechol yields o-benzoquinone, which frequently undergoes nucleo-                  

philic attack. The nucleophile usually reacts by a 1, 4-Michael addition reaction to form a 

substituted o-benzoquinone. If the substituent is such that the potential for the oxidation 

of product is higher, the reaction will be complete after the first oxidation-addition 

process [62]. Cyclic voltammogram of 1.0 mM of catechol in aqueous solution 

containing 0.2 M phosphate buffer of pH 7.0 shows one anodic (a) and corresponding 

cathodic peak (c), corresponding to the transformation of catechol  to o-benzoquinone  

and vice versa within a quasi-reversible two electron process (Figure 10, curve 3). A peak 

current ratio (Ipc/Ipa) of nearly unity, particularly during the recycling of potential, can be 

considered as criteria for the stability of o-benzoquinone produced at the surface of 

electrode under the experimental conditions. As it is shown in Figure 10, curve 2, in the 

presence of imidazole as a nucleophile causes there is an anodic potential shift with 

decrease in the anodic current of peak a1, and a decrease of the cathodic counterpart c1 of 

the anodic peak a1. The positive shift of the anodic peak a1 in the presence of imidazole, 

which is enhanced during the repetitive recycling of potential, is probably due to the 

formation of a thin film of product at the surface of the electrode inhibiting to a certain 

extent the performance of the electrode process [63]. In this Figure 10, curve 1, is the 

voltammogram of 1.67 mM of imidazole. For the reaction between o-benzoquinone and 

imidazole, please refer to scheme 3, page 31. 
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Figure 10. Cyclic voltammograms of 1.0 mM catechol in the absence (3) and presence of 

1.67 mM imidazole (2), and that of a 1.67 mM imidazole in the absence of  catechol (1) 

at the glassy carbon electrode in 0.2 M aqueous phosphate buffer of pH 7.0 at a scan rate 

of 100 mV s-1. 
 

4.3. Effect of pH 
 

The oxidation of catechol in the presence of imidazole was studied by cyclic voltammetry 

at various pHs (Figure 11). The results show that the peak current ratio (Ipc/Ipa) increases 

with increasing pH up to 7.0 (Figure 12). This is related to protonation of imidazole at 

lower pHs and its subsequent inactivation towards a 1, 4-Michael addition. On the other 

hand, the basic media increases the rate of the coupling reaction between anion formed 

from deprotonation(s) of catechol and o-benzoquinone (dimerization reaction) [64]. Thus, 

because of the decreased rate of dimerization reaction and increased rate of the coupling 

reaction between deprotonated imidazole and o-benzoquinone, a solution containing 0.2 

M phosphate buffer of pH 7.0 was selected as solvent system for the electrochemical 

study and synthesis of these aminoquinone derivatives (Figure 11).  
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Figure 11. Cyclic voltammograms of 1.0 mM catechol in the presence of 1.67 mM 
imidazole at glassy carbon electrode at a scan rate of 100mVs-1and various pH: (a) 4, (b) 
5, (c) 6, (d) 7, (e) 8. 
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Figure 12. Variation of peak current ratio (Ipc/Ipa) versus pH in electrochemical oxidation 

of 1.0mM catechol in the presence of 1.67 mM imidazole at a glassy carbon electrode in 

aqueous solution containing 0.2 M phosphate buffer at a scan rate of 100 mV s-1. 
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The dependence of Epa on the solution pH shows a straight line (Figure 13) whose slope is 

-66.6mV pH-1 (r = -0.9902). This slope has been usually determined for phenolics 

systems in aqueous media, which stands for electrochemical reactions followed by 

deprotonation involving the same number of protons (m ≈  2) and electrons (n ≈  2) 

which was determined by equating the theoretical slope (2.303mRT/2F) with the 

experimental slope(-66.6mVpH-1)[65, 66]. 
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Figure 13. Variation of Epa versus pH in electrochemical oxidation of 1.0 mM catechol in 

the presence of 1.67 mM imidazole at a glassy carbon electrode in aqueous solution 

containing 0.2 M phosphate buffer at a scan rate of 100 mV s-1. 
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4.4. Effect of scan rate 
 

The cyclic voltammograms of catechol in the presence of imidazole at various scan rates 

are shown in Figure 14. It is seen that proportional to the augmentation of potential sweep 

rate, the height of the cathodic (c) peak of catechol increases. A similar situation is also 

observed when the 3 to 1 concentration ratio is decreased. On the other hand, the 

decreasing current function and decreasing current ratio (Ipa/Ipc) with increasing scan rate 

are good indications of the reactivity of deprotonated imidazole toward o-benzoquinone 

(Figure 15).    
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Figure 14. Typical voltammograms of 1.0 mM aqueous catechol in the presence of  

1.67 mM imidazole at the glassy carbon electrode, in 0.2 M phosphate buffer of pH 7.0 at 

scan rates of 10, 25, 50, 80,100, 200, 250,350, 500, 800,1000 mVs-1.  



 27

0 200 400 600 800 1000

1.0

1.2

1.4

1.6

1.8

2.0
I pa

/I pc

Scan rate/mVs-1

 
Figure 15. Variation of peak current ratio (Ipa/Ipc) versus scan rate in electrochemical 
oxidation of 1.0mM catechol in the presence of 1.67 mM imidazole at the glassy carbon 
electrode in 0.2 M aqueous phosphate buffer of pH 7.0. 
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Figure 16. Variation of Ipa/ υ1/2 versus scan rate in electrochemical oxidation of 1.0 mM 
catechol  in the presence of 1.67 mM imidazole at the glassy carbon electrode in 0.2 M 
aqueous phosphate buffer of pH 7.0. 
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A decrease of the peak current function (Ipa/ υ1/2) (Figure 16) as a function of scan rate is 

in good agreement with that of occurrence of a chemical reaction after the electron 

transfer process (EC mechanism). 
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Figure 17. Variation of peak current ratio (Ipc/Ipa) versus scan rate in electrochemical 
oxidation of 1.0 mM catechol in the Presence of 1.67 mM imidazole at the glassy carbon 
electrode in 0.2 M aqueous phosphate buffer of pH 7.0. 
 
 

The increasing peak current ratio (Ipc/Ipa) with increasing scan rate (Figure 17) and 

decreasing of current function (Ipa/υ1/2) (Figure 16) with increasing scan rate have been 

adapted as being indicative of the EC  mechanisms [46,66]. 
 

For irreversible homogeneous chemical reaction the cathodic peak potential (Epc) is 

shifted toward more negative potential as the scan rate increases (Figure 18) and the 

relation between Ipc
 and square root of scan rate (ν1/2) is linear (r = 0.99994) (Figure 19).  

By analogy, a peak of an anodic process is shifted toward more positive potentials. These 

diagnostic citations fulfill the requirement for irreversible homogeneous chemical 

reaction [59].  
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Figure 18. Variation of Epc versus scan rate in electrochemical oxidation of 1.0 mM 

catechol in the presence of 1.67 mM imidazole at the glassy carbon electrode in 0.2 M 

aqueous phosphate buffer of pH 7.0.  

 

0 5 10 15 20 25 30 35

0.0

10.0µ

20.0µ

30.0µ

40.0µ

50.0µ

60.0µ

 Ipc = -2.0865μ + 1.7465μν1/2

r = 0.99994

I pc

Square root of scan rate/(mVs-1)1/2

 
Figure 19. Variation of Ipc versus square root of scan rate in electrochemical oxidation of 

1.0 mM catechol in the Presence of 1.67 mM imidazole at the glassy carbon electrode in 

0.2 M aqueous phosphate buffer of pH 7.0. 
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Figure 20. Variation of Epa versus scan rate in electrochemical oxidation of 1.0 mM 
catechol in the presence of 1.67 mM imidazole at a glassy carbon electrode in aqueous 
solution containing 0.2 M phosphate buffer of pH 7.0. 
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Figure 21. Variation of ΔEp versus scan rate in electrochemical oxidation of 1.0 mM 

catechol in the Presence of 1.67 mM imidazole at the glassy carbon electrode in 0.2 M 

aqueous phosphate buffer of pH 7.0. 
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Increasing the scan rate shifts the anodic peak potential (Epa) to more positive direction 

(Figure 20). This supports the irreversibility of the homogeneous chemical reaction. It 

was also observed that the potential difference ΔEp was greater than 59/n and it increases 

with increasing scan rate (Figure 21); these indicate that the concentration of redox 

species cannot establish at the surface of the electrode according to the Nernst equation 

[67]. 
 

According to the obtained results, it seems that deprotonated form of imidazole 

participates in a 1, 4-Michael addition reaction with o-benzoquinone to result in the final 

product 4 (see scheme 3 below).  

                                                                                                                                                              

 Mechanism 
 

In the work of Adams and Co-workers [68] and Nematollahi and Co-workers [22, 23, 24, 

26, 69], they have demonstrated that the anodic oxidation of catechol and its derivatives 

in aqueous medium affords o-benzoquinones by two electron (2e-) anodic process, which 

undergo a Michael addition to form substituted catechol derivatives (by an EC type 

mechanism) in the presence of imidazole. Scheme 3 describes the anodic oxidation of 

catechol to the corresponding highly reactive o-benzoquinone which undergoes a Michael 

reaction with imidazole, to finally generate 4. 
OH

OH
-2e--2H+

O

O
E step

 
  1                                          3 

N NH
N N -H+-

 
        2                               2 

N N - +
O

O

OH

OH

N
N

C                 step+H+

 
    2                           3                                                     4 

 Scheme 3 
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4.6. Kinetics study 
 

The ratio of the currents, I
rev

/I
fwd

, can be conveniently measured by the empirical method 

of Nicholson and Shain [70], that requires the evaluation of I
pa

, I
pc

, and I
λ
, where I

λ 
is the 

value of the current at the switching potential, E
λ 

(where the direction of the CV scan is 

reversed). These quantities are then used to obtain the current ratio, I
rev

/I
fwd 

in equation. 

(12).  

                       I
rev

/I
fwd 

= I
pc

/I
pa 

+ 0.48 I
λ 
/I

pa 
+0.086                                                  (12) 

 

The electrochemical oxidation of catechol in the presence of imidazole is proposed and 

tested by the experimental cyclic voltammograms results with the theoretical working 

curve. On the basis of an EC mechanism, the calculated homogeneous rate constants 

(kfcal) of reaction of o-benzoquinone with imidazole have been estimated by inserting the 

experimental Irev/Ifrd into the theoretical working curve (Figure 4) to determine kfτ. From 

the experimental τ, the average value of kf was then determined as 0.0646s-1 . Figure 22 

shows variation of experimental Irev/Ifrd as a function of interpolated log kfτ. 
 

Table 1. Irev/Ifrd values as a function of the theoretical and experimental values   of kfτ. 
 

kfτ ∗ 

(theort’l) 

log kfτ ∗     

(theor) 

I
rev

/I
fwd * 

(theort’l) 

I
rev

/I
fwd 

(expt’l) 
        τ  

(expt’l) 

Log kfτ 

(interpolated) 

kfτ 

(interpolated) 

Kf 

(calculated)/ 

s-1 

0.004 -2.3979 1.00 0.907 0.595 -1.013 0.097 0.813 
0.023 -1.6383 0.986 0.901 0.743 -1.013 0.097 0.131 
0.035 -14559 0.967 0.899 1.196 -0.959 0.109 0.091 
0.066 -1.18046 0.937 0.893 1.714 -0.928 0.151 0.088 
0.105 -0.97881 0.900 0.89 2.412 -0.959 0.109 0.040 
0.195 -0.70997 0.828 0.863 3.023 -0.832 0.118 0.039 
0.35 -0.45593 0.727 0.856 6.095 -0.821 0.147 0.024 
0.525 -0.27984 0.641 0.85 7.619 -0.821 0.151 0.019 
0.550 -0.25964 0.628 0.80 12.290 -0.704 0.198 0.016 
0.778 -0.10902 0.551 0.707 24.80 -0.437 0.366 0.015 

 

 

* Theoretical values [1, 70]. 
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Figure 22.Variation of experimental Irev/Ifrd as a function of interpolated log kfτ. 
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Figure 23. Variation of experimental peak potential as a function of λ = k(RT/nF)/ν. 

 

Using the value of kfcal from the experimental result (table 1) the peak, which is generally 

positive of the reversible Epc values because of the following reaction, shifts in a negative 

direction (to ward the reversible curve) with increasing scan rate (Figure 23), indicating 

an irreversible homogeneous chemical reaction[61]. 
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5. Conclusion 
 

The overall reaction mechanism for electrochemical oxidation of catechol in presence of 

imidazole is presented in Scheme 3. According to obtained results, the mechanism of 

electrooxidation reaction of catechol in the presence of imidazole is an EC mechanism. 

The kinetics of the reactions of electrochemically generated o-benzoquinone with 

imidazole was studied by cyclic voltammetric technique. The electrochemical oxidation 

of catechol in the presence of imidazole is proposed and tested by the experimental cyclic 

voltammograms results with the theoretical working curve. On the basis of an EC 

mechanism, the calculated homogeneous rate constants (kfcal) of the reaction of o-

benzoquinone with imidazole estimated was 0.0646s-1 by fitting theoretical working 

curve with experimental working curve.  
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