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Abstract 

The present study is focused on the electrochemical oxidation of p-phenylenediamine in 

aqueous acid solution. A general view of the process in a wider pH range is first presented to 

highlight the unique features taking place in the acid medium. The oxidation process in this pH 

range involves two electrons and three or two protons to yield the diimine quinone species. A 

quasi-reversible electron transfer with rate constants of 6x10-4 and 6.4x10-4 cm/s are determined 

by cyclic voltammetry and rotating disk voltammetry, respectively. The presence of a second 

reduction peak that is strongly dependent on the scan rate and the solution pH indicates the 

occurrence of a chemical reaction in which the oxidation product is involved. The analysis of the 

cyclic voltammetric curves indicates that the subsequent chemical reaction generates an 

electroactive species that can be reduced within the potential range of the voltammetric scan. 

Controlled potential electrolysis allows us to determine the characteristics of the oxidation 

process as well as the nature of the chemical reaction. A diimine quinone hydrolysis reaction 

involving both imine groups, accounting for the 60% conversion to benzoquinone, together with 

the reaction of the parent diamine with the diimine quinone product to yield the semiquinone 

free radical are proposed to take place immediately after the oxidation reaction. The presence 

of other coupling reaction yielding dimer or trimer species such as the Brandowski’s base cannot 

be discarded. 

 

1. Introduction  

For many years, p-phenylenediamine (pPD) derivatives have been used as precursors in 

oxidation reactions for permanent hair dye formulations, besides they have been qualified as 

potent contact allergens and carcinogenic by the expert panel’s Cosmetic Ingredient Review (CIR) 

[1]. In this sense, electrochemical oxidation reactions, either homogeneous or heterogeneous, 

have been the object of early studies that attempted to clarify the reaction paths as well as the 

final oxidation products [2-10]. However, systematic studies dealing with the heterogeneous 

electrochemical mechanisms in aqueous solutions have not been reported.  

On the other hand, the development of carbon nanomaterials with luminescent 

properties has been the subject of research in recent years, highlighting among them 

multicolored carbon dots (MCDs) [11]. These are small carbon nanoparticles that have emission 

properties in different regions of the spectrum, which makes them potentially applicable in 

various fields such as electronics or health. Among the most used precursors in the synthesis of 

MCDs are the phenylenediamine isomers and much literature has been generated related to the 
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compounds that can be formed and that would be at the origin of the fluorescence, especially 

that produced in the red region [12]. In this sense, a study of the oxidation of pPD in aqueous 

solutions is of the most interest in order to clarify some of the reactions that occur between the 

oxidized species that are generated in that synthesis processes, as well as between them and the 

precursor molecule itself. 

Several research groups have studied the oxidation of pPD derivatives [13-17] that 

should behave in a similar way that the pPD parent, although no systematic studies have been 

reported on the latter compound. By using thin-layer electrochemistry, Plichon et at. [13] studied 

the oxidation of N,N-dimethyl-p-phenylenediamine in acid and neutral aqueous solutions and 

found a two-electron oxidation path taking place in two separate steps a pH > 4. They also tried 

to evaluate the coupled chemical reaction, but they found it too slow to be measured by this 

approximation. However, at lower pH, the oxidation of the intermediate product was facilitated 

by the disappearance of the final product by a chemical reaction that was ascribed to the 

hydrolysis of the quinone diimine final product giving place to the quinone monoimine species. 

In neutral media, the behavior completely changes. It seems that the hydrolysis is now 

substituted by a dimerization reaction. The controlled potential electrolysis of N,N-dimethyl-p-

phenylenediamine at pH 2.2 involves 3 electrons per mol of reactive and the solution changes 

from almost transparent to an intense violet color typical of Wurster red radical cation, within 

the first minutes, that soon disappears. Moreover, the occurrence of a 1,4-adition reaction 

between the parent molecule and the quinone monoimine species was also described to explain 

the involvement of 3 electrons in the overall reaction [14]. 

The complexity of the overall oxidation pathway of N,N-dimethyl-p-phenylenediamine 

was evidenced by studies of the final products obtained by using an on-line electrochemical-

mass spectrometry approach that allows to determine the evolution of the products with the 

time they spent in the reactor chamber [16]. Under these conditions, the system was able to 

detect different homogeneous post-reactions that can help in the elucidation of the behavior 

under different pH in aqueous solutions. Thus, formation of Wurster red cation radical, quinone 

diimine and monoimine as well as dimer and trimer products from coupling reactions of the 

different existing species occur which concentration were dependent on the pH reaction 

medium.  

In a study conducted at pH 7 by using a rotating disk electrode [15], N,N-dimethyl-p-

phenylenediamine showed limiting currents, consistent with a two-electrons oxidation, that 

follow the Levich equation allowing the determination of the diffusion coefficient, that is very 



4 
 

similar to the obtained by the micro-disk experiments. In a study using sonovoltammetry, the 

two-electron global signal is split, because of the diffusional overpotential that affect the second 

electron transfer that get slower than the first one and moves to higher potentials. When the 

study is carried out in organic solvents under hydrodynamic conditions and conventional cyclic 

voltammetry [18, 19], two well defined signals appear that indicate that the oxidation behaves 

as a reversible one-electron charge transfer reaction that can be complicated by chemical 

reactions followed by a second charge transfer, postulating an ECE mechanism for the first wave. 

This wave can also be theoretically simulated to an ECrevECE mechanism, suggesting that the 

second oxidation wave could be due to the oxidation of an addition product formed between 

the parent compound and de diimine species. However, in a recent work [17], the correlation of 

the voltammetric results with the EPR studies that evidence that the radical cation is the major 

product after the first voltammetric wave, point to the fact that the radical cation is not the first 

oxidation product, but there is a time lag in its appearance in solution after the first step. They 

speculate with the formation of a mixed valent dimer that adsorbs on the electrode surface, 

formed by proton transfer and H-bonding between the adsorbed radical cations, that once 

desorbed is converted into the monomers. Thus, the gradual breakup of the dimer in solution 

leads to the appearance of the second wave. 

In an attempt to demonstrate the presence of the semiquinone free radical (pSQH+.) as 

an intermediate in the oxidation pathway of pPD, the oxidation of this molecule was carried out 

in 50% methanol/water mixtures in acid medium (Scheme 1) [20].  

 

Scheme 1. Oxidation pathway of pPD in 50% methanol/water mixtures in acid medium. 

Although an electron spin resonance spectrum similar to that found in aqueous solutions 

was obtained [6], the amount of the pSQH+. free radical was much smaller than that of pPDIH2
2+ 
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species. Finally, the conversion of the pPDIH2
2+ to benzoquinone by hydrolysis is proposed [20]. 

At neutral pH, the RDE behavior of pPD allows the determination of the diffusion coefficient of 

6.6x10-6 cm2/s [21] assuming the transfer of two electron in the oxidation reaction. Under these 

conditions, a subsequent 1,4-addition reaction involving the pPDIH2
2+ and the parent molecule 

is proposed. 

The use of room temperature ionic liquids (RTILs) in electrochemistry provides an ideal 

medium to work in the absence of water. Under these conditions, several pPD derivatives have 

been studied by using microelectrode voltammetry showing that two well separated one-

electron peaks are obtained corresponding to the transformation into the free radical cation and 

the subsequent dication. This fact allows for the determination of the rate constants of every 

charge transfer reaction and the diffusion coefficients of the three species. The higher viscosity 

of the RTIL environment provoke the diffusion coefficients of the involved species to be different, 

something that is not normally taken in account in aqueous or organic solvents [22-25].  

In this work, we study the oxidation of pPD in aqueous solutions by means of different 

electrochemical techniques such as cyclic voltammetry (CV), differential pulse voltammetry 

(DPV), chronoamperometry (CA) and, rotating disc electrode voltammetry (RDE). After a general 

view of the process in a wide range of pHs, a deeper study is presented in acidic conditions. A 

two-electron oxidation mechanism for pPD in acid medium is found that should give the 

corresponding quinone diimine. After exhaustive electrolysis at controlled potential, 

benzoquinone is found as a major final product evidencing the fast hydrolysis reaction of the two 

imine groups of the quinone diimine, under these conditions.   

2. Experimental section 

2.1. Reactants  

p-phenylenediamine (pPD), benzoquinone (BQ) and 4-aminophenol (AP) were obtained 

from Sigma-Aldrich. The rest of reagents were from Merck analytical grade. All the solutions 

were prepared with deionized water (18.2 M/cm). The working solutions were prepared with 

either Britton – Robinson buffer at different pH or HCl and H2SO4 at different concentrations and 

were purged with N2 gas for 30 min to maintain a negligible level of dissolved O2, and a 

continuous N2 gas flow was positioned above the solution to prevent the ingress of O2 during the 

electrochemical experiments. 

2.2. Apparatus and methodology 
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Electrochemical experiments were conducted in an Autolab PGSTAT 30. For cyclic 

voltammetry (CV), differential pulse voltammetry (DPV) and chronoamperometry (CA), the 

working electrode was a glassy carbon (GC) disk (3 mm diameter) from I.J. Cambria LTD. Rotating 

disc experiments were carried out with a GC electrode (3 mm diameter) from Taccusel with an 

analytical rotator speed controller. Reference Ag/AgCl (3M KCl) and platinum counter electrode 

were from Metrohm. The GC electrodes were polished using alumina slurry and submitted to an 

ultrasound bath, before every experiment. The working electrode used in electrolysis was a 

reticulated vitreous carbon electrode of a high surface area from Bioanalytical Systems Inc. This 

electrode was cleaned by immersing it in piranha solution and submitted to an ultrasound bath 

to remove all the adsorbed substances. 

The DPVs were recorded by using a step potential of 5 mV and a modulation time of 0.05 

s at an interval time of 0.5 s. These parameters allowed a scan rate of 10 mV/s.  CA curves were 

measured by equilibrating the system at the initial potential and stepping to a final value where 

the signal was recorded. The monitored time was higher than 10 s. To investigate the 

electrochemical process and the nature of the final oxidation products, a controlled potential 

electrolysis has been carried out. The charge was monitored by chronocoulometry. A 5 mM pPD 

solution in Britton-Robinson buffer at pH 1.8 was placed in the electrochemical cell and, after 

removing the oxygen, the potential was set at 1 V. Aliquots of the electrolysis mixture were taken 

at different time or charge values and diluted in the same buffer up to reach 1 mM concentration. 

Cyclic voltammograms and UV-visible spectra were recorded to follow the process.   The cyclic 

voltammograms were recorded by using the GC electrode of 3 mm diameter to compare the 

results with the rest of experiments carried out. 

Likewise, these solutions have been monitored by absorption spectroscopy using cells 

with two optical pathlengths, in order to obtain appropriate signals in both the UV and visible 

regions, as the visible bands are much weaker. UV-visible absorption spectra were recorded in a 

Jasco V-670 UV-vis-NIR spectrophotometer. Quartz cells of 0.2 and 1 cm pathlength were used. 

 

3. Results and discussion 

3.1. General behavior. Cyclic voltammetry of pPD in aqueous solutions 

The electrochemical oxidation process of pPD in aqueous solution (Britton-Robinsson 

buffer 0.1 M) seems very simple at a first glance. We have carried out a study by cyclic 

voltammetry in a wide pH range by using 1 mM pPD, a concentration that presumably does not 

favor polymerization reactions [26-31]. An anodic peak (O1) is observed by cyclic voltammetry 
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in a wide pH range and one or two reduction peaks (R1 and R2) upon reversing the potential 

scans which occurrence is only observed in acid medium (Figure 1). The peak potentials, Ep, show 

a variation with pH as shown in Figure 2 where three regions (I, II and III) can be distinguished 

with slopes for the direct scans that are similar to those obtained from the parameters measured 

in the reverse scans (Table 1). Although the slopes (Ep / pH) obtained in regions II and III are 

analogous, they define two regions where the irreversibility of the process changes, being more 

irreversible in region III, where a sudden increase in the peak potential separation is clearly 

observed. As it is shown in Figure 2b, the values for the oxidation and reduction peak 

separations, E, change from 100 mV at pH < 4, decreases to 60 mV and finally gets a value much 

higher than 200 mV. Two inflections are observed in this curve at pH around 4 and 8.3 that fairly 

coincide with the changes in the Ep / pH values. 

 

Figure 1. Cyclic voltammograms of pPD with a GC electrode at different pHs. (pPD) = 1 mM in 

Britton-Robinson buffer 0.1 M. Scan rate is 0.1 V/s. 

 

Table 1. Experimental variations of Ep with pH for the direct (Ox) and reverse (Red) scans for the 

redox process of pPD in aqueous solution. 

Region pH interval Ep / pH (Ox) Ep / pH (Red) 

I < 2.5 -82.4 -78.6 

II 2.5 < pH < 8.5 -63.2 -55.6 

III > 8.5 -64.8 -59.5 
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The peak currents for the oxidation process vary with pH, with a higher value at pH  8, 

showing some parallelism with the three mentioned pH regions (Figure 2c). The reduction 

currents are lower than the oxidation ones being this in a ratio from 1 to 1.5, as shown in Figure 

2d. Moreover, the ratio in acid medium reaches a value of 2, probably due to the influence of 

the second reduction peak obtained under these conditions that should compete with the main 

peak R1. These features point to the existence of a fast chemical reaction subsequently to the 

main oxidation process. 

 

Figure 2. Variation of the peak potential, Ep (a), peak potential difference, E (b), peak current 

density, j (c) and, anodic to cathodic current ratio jO1/jR1 (d) as a function of pH, determined from 

the cyclic voltammograms of Figure 1.  O1;  R1;  R2. 

 

The behavior of pPD in aqueous solutions is then strongly related with the acid-base 

equilibrium of this molecule. It is known that pPD has pK values of 2.8 and 6.2, as determined by 

UV-visible absorption spectroscopy (Figure S1, Scheme 2) [5, 17, 32]. Thus, at lower pHs, the 

species in solution is the diprotonated one (pPDH2
2+) which, after losing a proton becomes 

monoprotonated (pPDH+), which must be the electroactive species. This is deduced from the 

somewhat higher variation of the peak potentials at pH < 2.5. From this pH value, the variation 

is the same throughout the studied range, indicating that the same number of protons and 

electrons is involved in the oxidation process, according to the Nernst equation. Hence, the 

general oxidation mechanism for pPD can be proposed as: 
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This reaction scheme agrees with the results obtained so far in the CV study. In acid 

medium, the diprotonated pPDH2
2+ must lose a proton to get the electroactive species (pPDH+), 

and at pH > 2.5, the solution species, pPDH+, is directly oxidized to get the diimine species. At pH 

higher than the second pK (c.a. pH > 6.2) the electroactive species change to the neutral pPD, 

producing an increase in the irreversibility of the system as seen by the increase in peak 

separation observed that give place to region III (Figure 2). This fact would be related with the 

absence of charge in the neutral pPD. 

                            

 𝑝𝐻 > 6.2                    (𝑖𝑖𝑖) 

2.5 < 𝑝𝐻 < 6.2         (𝑖𝑖) 

 𝑝𝑃𝐷𝐻2
2+ ⇄   𝑝𝑃𝐷𝐻+ +  𝐻+ 

 𝑝𝑃𝐷𝐻+ − 2𝑒 − 2𝐻+ ⇄   𝑝𝑃𝐷𝐼𝐻+   

 𝑝𝑃𝐷𝐻+ − 2𝑒 − 2𝐻+ ⇄   𝑝𝑃𝐷𝐼𝐻+                     

 𝑝𝑃𝐷 − 2𝑒 − 2𝐻+      ⇄   𝑝𝑃𝐷𝐼     

 𝑝𝐻 < 2.5                     (𝑖) 



10 
 

  

Scheme 2. Aqueous solution species in all the pH range [17]. The box drawn in an orange broken 
line encloses the proposed path followed by the oxidation of pPD in an acid medium, as 
discussed through the text. 

 

In what follow in this work, we will focus on the behavior of the pPD oxidation in the 

region of acid pH. In an incoming paper, we will report on the different mechanisms taking place 

at either neutral or alkaline pHs. 

 

3.2. Electrochemical process in acid medium 

3.2.1. Differential pulse voltammetry study (DPV) 
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With the aim of investigating the origin of the two reduction peaks observed in acid 

medium, a DPV study in this pH region has been carried out (Figure 3). The DPV curves show a 

main oxidation peak and two reduction peaks with characteristics similar to those found in CV. 

As this technique is more sensitive to the detection of processes [33], together with the lower 

scan rate used, it has been possible to detect the presence of other oxidation and reduction 

peaks of a much lower intensity. The variation of the peak potentials with pH is also shown in 

Figure 3. These additional peaks are found in the region of higher potentials than the main peak 

and must be related to collateral redox processes that take place due to the great reactivity of 

the intermediates and/or reaction products that originate in the electrochemical process. 

However, even at the low scan rate with which these DPV curves are recorded, peaks O1’’/R1’’ 

and O1’/R1’ are imperceptible in the ordinary scale and need to be enlarged (more than 10-fold) 

to be observed (see insert in Figure 3a), which would indicate that these reactions are very slow 

and should not influence the main redox process of pPD that we are studying. 

Continuing the analysis with the description of the behavior of peaks O1, R1 and R2, 

which correspond to the main peaks obtained by CV, it should be noted that the variation of the 

potential of peaks O1/R1 shows slopes somewhat lower than that observed in CV (Tables 1 and 

2), and which has been ascribed to the loss of an H+ ion to give rise to the electroactive species 

pPDH+. Therefore, the DPV results would agree with the involvement of only 2 H+ in the overall 

reaction in this pH range. It is interesting to highlight the virtually zero separation of the anodic 

and cathodic peaks, which would be related to a high reversibility of the electrochemical process, 

under these conditions. An explanation for this could be, again, the very low potential scan rate 

by which these curves are recorded. Peak R2 appears after the oxidation of the redox couple and 

maintains a somewhat higher variation than the first, in accordance with what is also observed 

in CV (Figure 2a). Starting at pH 3.8, however, the peak begins to move with a greater slope, also 

coinciding with its disappearance, so this measurement could be unrealistic. 
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Figure 3. a) DPVs of pPD 1 mM in 0.1 M Britton-Robinson buffer at different pH. Insert: a 
magnification in intensity for part of the DPV at pH 2.0 is shown (red dotted line) to highlight the 
peaks mentioned in the text. b) Variation of Ep vs. pH. 

 

Table 2. Experimental variations of Ep vs. pH for the oxidation and reduction peaks of the redox 
processes of pPD in aqueous solutions obtained by DPV. 

Peak pH interval  Ep / pH (Ox) Ep / pH (Red) 

  O1’’/R1’’ 2 < pH < 5 -42.0 -21.0 

O1’/R1’ 2< pH < 5 -69.2 -36.0 

O1/R1 2< pH < 5 -64.9 -58.6 

R2 2< pH < 3.8 -- -70.5 

 

3.2.2. Influence of the scan rate in CV 

To investigate the electrochemical process, the effect of the scan rate was studied. Firstly, 

pH 1.8 conditions have been chosen as representative of the acid medium interval, which is 

where the R2 peak appears. This pH value is the lowest reached with the Britton-Robinson buffer 

used in this work. However, to see if the observed behavior continues under more acidic 

conditions, cyclic voltammograms have been taken in HCl and H2SO4 media. Although at pH 1, 

the signals are similar to that at pH 1.8, lowering the pH further, the process get more complex 

as it is observed in Figure S2.  

For the analysis of the peak currents, Randles-Sevcik equations for reversible and 

irreversible cases (equations 1 and 2, respectively) [34, 35] can be used to get an initial idea of 

the electrochemical process [36, 37],  

𝑗𝑝 = 0.446𝑛𝐹𝐴[𝐶]𝑜(𝑛𝐹𝐷𝑣 𝑅𝑇⁄ )1 2⁄      (1) 
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𝑗𝑝 = 0.496𝑛√𝑛′ + 𝛽𝑛′+1𝐹𝐴[𝐶]𝑜(𝐹𝐷𝑣 𝑅𝑇⁄ )1 2⁄    (2) 

where jp are the peak current, n is the overall number of electrons transferred, n’ is the number 

of electrons prior to the rate determining step, n'+1 is the electron transfer coefficient of that 

step, F is the Faraday constant, Co is the concentration, A is the electrode area, v is the scan rate, 

D is the diffusion coefficient, R is the gas constant, and T is the absolute temperature. 

Figure 4a shows the comparison between the Randles-Sevcik theoretical predictions for 

three different mechanisms, a two-electron oxidation with and without a prior electron being 

transferred before the rate determining step, and a single two step involving two electrons. To 

obtain these plots, a diffusion coefficient of 8.2 x 10-6 cm2/s has been used that corresponds to 

the average of values obtained by chronoamperometry and rotating disk electrode voltammetry 

(see below). The experimental results are also plotted, indicating that the best fit for the data is 

the single step involving two electrons, at least at low scan rates. The obtained slope (1.52x10-4 

AV-1/2s1/2) agrees with the involvement of two electrons and a diffusion coefficient of 8.2 x 10-6 

cm2/s, a value that is similar to reported literature values [21]. 

Figure 4b presents a set of normalized voltammograms at different scan rates. For 

normalization, equation (1) has been used, following the operation 𝜓 =

 
𝑗𝑝

0.446𝐹𝐴[𝐶]𝑜(𝐹𝐷𝑣 𝑅𝑇⁄ )1 2⁄ =   𝑛3/2, so that the height of the peak will be related to the number of 

electrons involved in the process ( n ~ 2, in the present case) and can report on the rate-

determining step, in the case the system is not reversible. 

 

Figure 4. (a) Plot of the pPD oxidation peak current (error bars correspond to the average of three 
independent measurements) as a function of the square root of the scan rates, compared to the 
theoretical plots of Randles-Sevcik equations, as indicated in the text. (b) CVs of pPD 1 mM in 0.1 
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M Britton-Robinson buffer at pH 1.8. The CVs have been normalized according to eqn. 1, as 
indicated in the text. 

The voltammogram recorded at low scan rate shows an oxidation peak at 0.515 V and 

two reduction peaks at Ep(R1) = 0.430 V and Ep(R2) = 0.300 V. The normalized oxidation current 

decreases moderately (around 15%), from a value of approximately 3 at low scan rates, to 2.6 at 

the highest scan rate studied. These values give an approximate value of n = 2, according to 

equation 1. Meanwhile, the cathodic peaks show a more complex behavior. Thus, the R1 peak 

begins with very low intensity and strongly shifts to lower potentials, with a relative increase in 

current up to v > 0.5 V/s, from where it remains practically constant. The R2 peak also shifts 

towards less positive values, maintaining a separation with R1 that reaches the value of 200 mV, 

disappearing or mixing with R1 from 0.5 V/s. Thus, the current ratio of the two cathodic peaks, 

jR1/jR2, increases with the scan rate until the R2 peak disappears, and from there, the 

voltammogram shows the characteristics of an apparent quasi-reversible two-electron process. 

This behavior would indicate that the electrochemical oxidation of pPD is accompanied by a rapid 

chemical reaction. Hence, when the scan rate is very slow, there is time for the signal to be 

affected, showing this fact as a decrease in jR1 and the appearance of R2. At higher speeds, there 

is an overlap of the two peaks, and it is not possible to discriminate between the two signals. 

With this consideration, R1 must correspond to the reduction of the oxidation product generated 

in the direct scan (O1 peak), whereas R2 should be the reduction of the product of the 

subsequent chemical reaction. 
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Figure 5. Analysis of the CV parameters corresponding of the voltammograms of Figure 4b. 

Variation of the potential peak separations (E(O1) – E(R1), E) (a), potential peak (Ep) (b), peak 
half-width (𝐸𝑝 − 𝐸𝑝/2) (c) against the logarithm of the scan rate. Logarithmic variation of the 

current intensity (d) and current function (e) for the three main electrochemical signals (as 
indicated in the figure label). Variation of the current ratio jO1/jR1 (f) as a function of the square 
root of the scan rate. 

The peak potential separation (E) is of 80 mV at low scan rates and increases up to 200 

mV at higher scan rates (Figure 5a). Considering that the redox process involves two electrons, 

these values would indicate that the system shows a certain degree of reversibility. The rate 

constant for the electrochemical reaction, as determined by the Nicholson method [38], gives a 

value of ko = 6 x 10-4 cm/s. As the scan rate increases, the anodic peak shifts to more positive 

potentials (Ep / logv = 28 mV/dec) (Figure 5b), according to equation (3) [34], that predicts 

potential shifts to higher values and is derived for electrode processes followed for an irreversible 

first-order chemical reaction. 

𝜕𝐸𝑝

𝜕 log 𝑣
=

2.303𝑅𝑇

2𝐹
= 30 𝑚𝑉    (3) 

It can be observed in the voltammograms that the half-width of the oxidation peak 

increases slightly with the scan rate and, as shown in Figure 5c, a drastic change in the 𝐸𝑝 − 𝐸𝑝/2 

parameter occurs at values higher than 0.3 V/s. For a reversible process, the value of this 

parameter is given by equation (4) [34]: 

|𝐸𝑝 − 𝐸𝑝/2| = 2.218
𝑅𝑇

𝑛𝐹
=

47

𝑛
𝑚𝑉 𝑎 298𝑜𝐶  (4)  

Thus, the theoretical value of 23.5 mV predicted for a two-electron process is somewhat 

lower than the 30 mV obtained at low rates. Furthermore, this value increases until it reaches 

60 mV, which would imply that the process is in some way influenced either by the values of the 

formal potentials of the two individual electron transfer reactions (𝐸2
𝑜 𝑦 𝐸1

𝑜) [39] or by the rate 

constants of these electron transfers. 

As shown in Figure 5d, the logarithmic plots of the current intensity present slopes close 

to 0.5, except for R1 at low values, which shows a slope around unity. Although this value is 

indicative of an adsorption process, this is actually apparent, and would account for the evolution 

of the chemical reaction that prevents the reduction of the oxidized form, up to it changes to 

diffusion control, when the scan rate increases. In this way, the system can be treated, in general, 

as diffusion controlled, in particular, regarding the oxidation peak which, as seen in Figure 4a, 

shows a linear variation with the square root of the scan rate (following eqn. 1). In Figure 5e, the 

current function has been represented in the form jp/v1/2 for the three signals, finding that both 

the O1 and the R1 peak current functions (~ 150 A(Vs-1)-1/2) are practically constant, as it is 
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typical of the reversible processes [40]. However, the function for R2 starts with a high value (> 

400 A(Vs-1)-1/2) and sharply decreases until it reaches an almost constant value before the peak 

disappears. The value of jO1/jR1 is very high at low scan rate and drops drastically with increasing 

this variable, remaining practically constant and somewhat greater than unity at v > 0.4 V/s 

(Figure 5f). These results are both in agreement with the presence of a chemical reaction 

preceding peak R2, that is manifested at low scan rates as discussed above.  

It has been described that the oxidation product of pPD is the corresponding quinone 

diimine (pPDI) as stated in reactions (i) to (iii) and Scheme 2 and that, it can suffer a hydrolysis 

reaction in one of the imine groups that would give rise to the corresponding quinone 

monoimine. Under these conditions, the quinone monoimine could be reduced at the potentials 

corresponding to R2 [41]. A proof that this can be the case is obtained by carrying out a second 

consecutive scan in which a second oxidation signal, O2, appears prior to the main oxidation 

peak and which should be due to the product obtained in R2 (Figure S3 and S4). It is interesting 

to note that the O2 peak only appears at low scan rate, disappearing in parallel with the R2 peak. 

It has recently been described that a sulfonamide derivative with a base structure of pPD shows 

a similar behavior in acidic medium. The authors ascribe the signal to the presence of a chemical 

reaction that transforms the oxidation product into an electroactive species [42]. They conclude 

that the chemical reaction is a dimerization. However, in our case, the dependence of the current 

density with the pPD concentration shows a first order behavior (Figure S5), which indicates that 

a dimerization reaction does not occur. 

Thus, the presence of the second reduction peak R2 points to the existence of a 

subsequent chemical reaction that gives rise to an electroactive species that is reduced in that 

peak. As demonstrated in Figure S3, this reaction is first order, so it is assumed that it is the 

hydrolysis reaction of pPDI+ that should occur easily in an acidic medium [8].  

3.2.3. Rotating Disk Electrode voltammetry. 

To complement the study, the electrochemical response of pPD has been analyzed using 

a rotating GC electrode (RDE), at different rotation speeds (), with a scan rate of 5 mV/s. The 

curves show the normal behavior, showing a rise in intensity as  increases. These 

voltammograms are characterized by the mass transport limiting current parameters, jL, and by 

the half-wave potential, E1/2, which corresponds to the point at which the current is j = jL/2. Figure 

6 shows the curves obtained at  between 2.5 and 314.2 s-1 along with the variations of jL and 

E1/2. For this analysis, the Levich equation (equation 5) is used, which relates the limiting current 

to the square root of : 
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𝑖𝐿  =  0.62𝑛𝐹𝐴𝐷2/3𝜐−1/6𝐶𝜔1/2   (5) 

where n is the number of electrons transferred, A is the electrode area,  is the kinematic 

viscosity of the solution and the rest of the parameters have their usual meaning. As can be seen, 

the plot of jL vs 1/2 is linear in a wide range of rotation speeds ( < 150 s-1). From the slope of 

this graph (6.2x10-6) and taking into account that the number of electrons involved in the process 

is 2, a diffusion coefficient of 6.9x10-6 cm2s-1 is determined, very close to that obtained using CV. 

On the other hand, the E1/2 values vary linearly with the log  (< 100 s-1), giving a slope of 23 

mV/dec. At higher rotation speeds the magnitude of the displacement of the curves becomes 

much greater, indicating an increase in the irreversibility of the process. 

 

Figure 6. (a) RDE voltammograms of pPD 1 mM in Britton – Robinson buffer 0.1 M at pH 1.8. (b) 

Levich plot and (c) E1/2 vs log  for the data measured in the RDE voltammograms. 

 

The Levich equation predicts the ideal response of fast electron transfer processes. A 

deviation in a Levich representation from a line intercepted at the origin therefore suggests that 

there is a kinetic limitation on the electron transfer reaction [43]. For processes with slow 

electron transfer, the system shows a mixed kinetic – mass transport control and the Koutecky – 

Levich treatment (equation 6) predicts the proportionality between the inverses of jL vs 1/2, 

according to the equation: 

1

𝑗𝐿
 =  

1

𝑗𝑘
 +  

1

𝑗𝐷
 =  

1

𝑛𝐹𝐴𝑘ℎ𝐶
 + 

1

0.62𝑛𝐹𝐴𝐷2/3𝜐−1/6𝐶𝜔1/2  (6) 

where kh is the heterogeneous electron transfer rate constant, jk represents the kinetic current 

in the absence of diffusion limitation and jD the diffusion current. The Koutecky – Levich 
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representations made at various potentials within the range of the signal are linear, indicating 

that oxidation is controlled by diffusion. In the present case, the intercepts are a function of the 

potential, while the slopes depend on this variable, at low overpotentials, and end up becoming 

independent at high values, that is, when E > E1/2.  

In the case of multielectron mechanisms, such as the one that takes place for pPD, it has 

been described that, when both the intercepts and the slopes of the Koutecky – Levich plots 

depend on the potential, one of the steps of electron transfer is irreversible and the slope is 

proportional to the total number of electrons involved in the process, that is, the sum of the 

electrons that participate in the fast steps plus that of the rate-determining step. Therefore, this 

number will be less than or equal to the total number of electrons obtained by 

chronoamperometry or exhaustive electrolysis [44]. Under these conditions, the number of 

electrons involved in the process can be determined, which turns out to be of 2.1, in agreement 

with the above results obtained by electrolysis and chronoamperometry. 

The intercept corresponds to the kinetic current in the absence of diffusion limitation. 

From the kinetic currents determined in the representations, the values of kh are obtained as a 

function of the applied overpotential. Under these conditions, the Butler–Volmer equation can 

be used to calculate the intrinsic rate constant ko, from equation 7: 

𝑘𝑜  =  
𝑘ℎ

𝑒𝑥𝑝(
𝛽𝑛𝐹(𝐸−𝐸1/2)

𝑅𝑇
)

      (7) 

Figure 7 shows the representation of ln kh versus the overpotential, showing linearity in 

an important range of overpotentials. A ko value of 6.4 x 10-4 cm/s, in agreement with CV, and an 

apparent value of 2 electrons involved in the process are obtained. 
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Figure 7. Plot of ln kh vs. overpotential, determined from the results obtained by representing 
the Koutecky – Levich equation at different overpotentials. (pPD) = 1 mM, Britton – Robinson 
buffer 0.1 M. pH 1.8. 

 

3.2.4. Tafel analysis 

To get more insight into the oxidation mechanism of pPD, Tafel analysis has been carried 

out as a function of both the scan rate and the rotation speed. The equation 8 that gives the 

values of 𝑛′ +  𝛽𝑛′+1 as slopes has been used (these parameters have the same meaning as 

before) [45].  

𝑅𝑇

𝐹

𝜕𝑙𝑛𝑗

𝜕𝐸
=  (𝑛′ +  𝛽𝑛′+1)      (8) 

 

 Figure 8. Variation of the Tafel parameter  𝑛′ + 𝛽𝑛′+1 as a function of the scan rate (a) and 
rotation speed (b). (pPD) = 1 mM, 0.1 M Britton-Robinson buffer, pH 1.8.  
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The values obtained are plotted in Figure 8 and, in both cases, vary from a value of 

approximately 1.5 at lower scan rates or rotation speeds to 1 at the highest values studied. It is 

interesting to note that both techniques give the same behavior. Two regimes are distinguished 

that can be represented by the transfer of two electrons, being the second slower than the first 

one (EEi) at low values followed by an ECiE mechanism at the higher rates [35, 46]. 

From these results, an oxidation mechanism can be established for pPD in the acid region 

that, in general, follows the quasi-reversible two-electron reduction. As shown in Scheme 2 [17], 

starting from the species in solution at pH < 2.8, pPDH2
2+, it must lose a proton to give the 

electroactive species, pPDH+. The loss of this H+ ion is gently observed in the variation of Ep with 

pH in this region (Figure 2), which presents a value of -82.4 mV/pH. However, the release of this 

proton must be rapid since it is not detected in the DPVs, in which the curves are registered at a 

much lower scan rate. Furthermore, in the study as a function of the scan rate, it is observed 

that the current function for the oxidation peak shows a constant value (Figure 5e), which 

indicates the absence of a previous chemical reaction to electron transfer. On the other hand, 

the presence of a single oxidation peak together with the value of the normalized current (Figure 

4b) indicate that the peak involves the transfer of 2 electrons, which is in agreement with the 

RDE study. 

Therefore, the first electron transfer will give rise to the species pSQH2
2+. which, having 

an acid dissociation constant of around 0.7 (determined through a thermodynamic cycle [17]), 

must be promptly transformed to pSQH+. which must be instantly oxidized since its oxidation 

potential practically coincides with the values at which the species is generated. Again, under 

these conditions, the pPDIH2
2+ species that is generated must rapidly transform into pPDIH+, 

which is the stable species in solution, as deduced from its pK value [8, 17].  

At this point, it is interesting to note that when the scan rate increases, the Tafel slope 

decreases to the unity (𝑛′ +  𝛽𝑛′+1 = 1), that means that the rate determining step must be a 

chemical reaction and the number of electrons transferred before this step is the unity. Thus, 

under these conditions, an ECiE mechanism can be contemplated involving the reaction of the 

free radical pSQH2
2+. releasing the H+ ion as rate determining step (Scheme 2).  

3.2.5. Controlled potential electrolysis. 

To complete the picture and get more insight into the fate of the oxidation products of 

pPD and the subsequent chemical reaction evidenced by the reduction peak R2 in the 

voltammograms, a study of controlled potential electrolysis at pH 1.8 has been carried out. The 
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course of the controlled potential electrolysis has been followed by CV and UV-visible absorption 

spectroscopy. Figures 9 and 10 show the voltammograms and spectra recorded for pPD at the 

beginning of the electrolysis, and these at the different electrolysis times.  

As can be seen at short electrolysis times, the voltammograms show decreases in the O1 

and R1 peaks, in parallel with an increase in the R2 peak. Furthermore, a small shoulder is 

observed at potentials less positive than the O1 peak that coincides with the one that appears 

in the second cycle recorded with pPD (see Figures S3 and S4). This fact would indicate that the 

oxidized species (pPDIH2
2+/pPDIH+) rapidly suffers a chemical transformation to an electroactive 

species that is stable and remains in the electrolysis mixture. As the electrolysis time increases, 

the R1 peak continues decreasing, concomitant with the increase of R2 and the development of 

O2, as O1 disappears. After approximately 30 min, the charge exchanged in the electrolysis 

begins to increase very slowly and the voltammetric signals show a certain constancy, so it is 

concluded that the electrolysis is not progressing and should be considered as terminated.  

 

Figure 9. Monitoring the course of the controlled potential electrolysis at 1 V of 5mM pPD in 0.1 
M Britton – Robinson buffer at pH 1.8, using CV. Cyclic voltammograms recorded at different 
electrolysis times, after diluting an aliquot in the corresponding buffer to get 1 mM pPD. v = 0.05 
V/s. The orange curve corresponds to a spectrum taken from a 1 mM BQ solution under the same 
experimental conditions. 
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Figure 10. Monitoring the curse of the controlled potential electrolysis at 1 V of 5mM pPD in 0.1 
M Britton – Robinson buffer at pH 1.8, using UV-visible absorption spectroscopy. The spectra 
were recorded at different electrolysis times, after diluting an aliquot in the corresponding buffer 
to get 1 mM pPD. Optical pathlength: (left) 0. 2 cm; (right) 1 cm. The orange curve corresponds 
to a spectrum taken from a 1 mM BQ solution under the same experimental conditions. 

 

The UV-visible spectra also show a similar trend. The pPD spectrum under these pH 

conditions shows two bands at 232 and 284 nm that, as the electrolysis progresses, transforms 

into a main band at 245 nm that develops until it becomes invariant. At the same time, two bands 

appear at higher wavelengths (380 and 530 nm) that must be responsible for the strong color 

changes of the solution. These bands, however, are of very low intensity, compared to the signal 

at 245 nm. 

The total charge passing through the whole process together with the analysis of the 

partial charge measured at different times against the absorbance variations, allows us to 

determine the number of electrons involved, that results around 2. This contrast with the 

reported value of 3 determined in the electrolysis carried out at pH 2.2 for the pPD derivative 

N,N-dimethyl-p-phenylenediamine [14]. To corroborate this data, chronoamperometric 

experiments have been conducted under similar conditions and the data have been fitted to the 

Cottrell equation. The curves have been registered at different final potentials within the interval 

from 0.7 to 1 V and, in all the cases, values of around 2 have been obtained (Figure S6). Thus, we 

can conclude that the proposed reactions (i), (ii) and Scheme 2 involving 2 electrons and 2 H+ 

ions are operative under these conditions and, the electrolysis leads to the pPDIH2
2+ / pPDIH+ 

species, taking into account the solution pH. However, the observed behavior of the electrolysis 

reaction mixture points to a subsequent homogenous fast reaction that could indicate a 

hydrolysis reaction. As this reaction is not a dimerization (section 3.3.2. and Figure S5), it has 
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been checked if the hydrolysis of one or two imine groups of the pPDIH2
2+ / pPDIH+ species can 

account for the observed changes. Figure S3 shows the voltammograms of pPD, 4-aminophenol 

(AP) and benzoquinone (BQ) under the same experimental conditions. AP signal almost coincides 

with the pPD one and, the anodic new peak observed in the second scan coincides with the BQ 

peak. 

In view of that, the voltammogram and the corresponding absorption spectrum have 

been recorded for a solution of 1 mM benzoquinone (BQ) under the same experimental 

conditions. As can be seen in Figure 9, the voltammogram of BQ coincides in shape and 

potentials with the final electrolysis product and the same can be said for the BQ spectrum 

(Figure 10). This coincidence, monitored by two different techniques, allows us to conclude that 

the electroactive species obtained in the electrolysis of pPD, under these pH conditions, is BQ. 

Therefore, the aforementioned hypothesis of the hydrolysis of pPDI is demonstrated and, 

furthermore, the main subsequent reaction is the hydrolysis of the two imino groups of the 

molecule (Scheme 3) [4, 8, 47], instead of that of a single group as has been also mentioned in 

the literature [20]. With the results obtained, an estimate for the extent of this hydrolysis 

reaction can be made as a 60%. Thus, the rest of the material could follow other minor reactions 

as it has also been described [16] and that could lead to the formation of di- and trimeric adducts 

of the pPD and pPDI molecules, as the Bandrowski base that absorbs at around 550 nm [9]. 

Moreover, the semiquinone free radical pSQH+. (Scheme 2) cannot be discarded as it has been 

reported that it shows absorption at 510 – 550 nm and it can be formed by a combination of pPD 

and pPDI giving 2 molecules of pPSQH+., that are fairly stable in solution [48]. 

 

Scheme 3. Hydrolysis reaction of pPDI+ to BQ. 

 

Finaly, from these results and taking into account the final products after controlled 

potential electrolysis, it can be established that the oxidation mechanism of pPD in the acidic 

range would be described by the route indicated in Scheme 2 (broken orange line) that would 

continue with the hydrolysis reaction of pPDIH+ to give the corresponding quinone (Scheme 3) 
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that undergoes a redox process at potentials somewhat lower than that of the main peak, as it 

has been shown in Figure S3, S4 and 6. 

 

4. Conclusions. 

The electrochemical oxidation of pPD in aqueous solutions follows a general two-

electron oxidation process that is somewhat dependent on the solution pH. This dependence is 

strongly related to the acid-base dissociation equilibria of the molecule and, most importantly, 

to these of the intermediates and final reaction products. Even though the oxidation mechanism 

is simple, there is a high complexity in the global process, as many different subsequent 

homogeneous reactions can take place involving not only the final redox products but also, the 

parent diamine molecule and the intermediates.  

In acidic solutions, the oxidation is a 2e, 3H+ or 2H+ reaction but the voltammetry is 

complicated by the presence of a second reduction peak whose intensity is strongly dependent 

on the scan rate and the solution pH. This second peak is only clearly observed at low scan rates 

under the experimental conditions of the present study. This means that the reaction needs a 

time interval of few seconds to be observed. The controlled potential electrolysis helps in the 

understanding of this process that takes place in parallel with the main oxidation reaction and 

points to the hydrolysis reaction of the two imine groups of the quinone diimine oxidation 

product. 

The presence of this reaction complicates the redox mechanism that shows a quasi-

reversible behavior with a first reversible electron transfer step followed by a quasi-reversible 

second one. Although this EE mechanism should involve an intermediate chemical step, it is not 

observed at low scan rates and/or low rotation speed, as reflected in the Tafel slope values. 

However, at higher values of these parameters, the mechanism is transformed in an ECE, that 

should account for the finite time that would take the intermediate chemical reaction. 
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