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The acceleration effect of p-toluidine on the electroreduction of Zn(II) on the mercury elec-
trode surface in binary mixtures water–methanol and water–dimethylformamide is dis-
cussed. The obtained apparent and true forward rate constants of Zn(II) reduction indicate
that the rate constant of the first electron transfer increases in the presence of p-toluidine.
The acceleration effect may probably be accounted for by the concept of the formation on
the mercury electrode an activated complex, presumably composed of p-toluidine and sol-
vent molecules.
Key words: Acceleration of rate constant; Zinc; Electrochemistry; Electroreduction;
Polarography; Coulometry.

The electroreduction of Zn(II) ion has been frequently studied on a mercury
electrode and used as a model system in electrode kinetics1,2. In aqueous so-
lutions, a simple two-electron reduction mechanism was proposed2,4. Other
studies indicated the occurrence of two one-electron transfer steps5–7.
Andreu et al.8 suggested a multi-step reduction of Zn(II) preceded by a par-
tial desolvation of the reagents.

The electroreduction of Zn(II) ion has also been studied in several
nonaqueous and mixed solvents, such as DMF (refs9–12) and MeOH
(refs13,14). Like in aqueous solutions, single9,13,14 and two-step processes
have been considered12,15.

It is well known that the Zn(II) electroreduction can be accelerated in
presence of adsorbed nonelectroactive species on mercury electrode in
aqueous16,17 and in mixed water–organic solvents18–21. The catalyzing or-
ganic substance always contain sulfur or nitrogen atoms with electron pairs
capable of forming coordinate bonds22.

Among some organic compounds which accelerate the electroreduction
processes of cations on mercury electrode, p-toluidine exerts relatively
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strong influence on the electroreduction of Zn(II) in aqueous solutions23. It
should also be noted that it is a compound utilized in pharmaceutical in-
dustry and in medical diagnostics24,25.

The purpose of this study is to determine the mechanism of the accelera-
tion effect of p-toluidine on Zn(II) electroreduction on the mercury elec-
trode surface in binary mixtures water–MeOH and water–DMF with a
defined form of solvated Zn(II) ion, in the expectation of understanding
better the nature of the catalytic effect.

EXPERIMENTAL

Apparatus and Measurements

Measurements were carried out using a three-electrode cell containing a dropping mercury
electrode constructed according to Randles26, a saturated sodium chloride–calomel electrode
(SSCE), and a platinum spiral as a counter electrode. The ferricinium–ferrocene (Fc) redox
system was used as a solvent-independent reference electrode.

Impedance measurements were carried out with a 9121 FR Analyzer and 9131 Electro-
chemical Interface (Atlas Sollich, Gdańsk, Poland). The potential of zero charge (Ez) was
measured using the streaming mercury electrode27,28. Interfacial tension at Ez was measured
by the maximum bubble pressure following Schiffrin’s method29.

Polarographic measurements were carried out using a polarograph PA-4 (Laboratorní
přístroje, Prague, Czech Republic). Cyclic voltammetric and chronocoulometric experiments
were carried out employing a Model 270 Electrochemical Analysis system (EG&G PAR,
Princeton, NJ) with a static mercury drop electrode (Laboratorní přístroje, Prague, Czech Re-
public).

Absorption spectra were taken with a Zeiss Specord M 42 spectrophotometer using 1 cm
quartz cells to obtain records in the 200–700 nm region at 294 ± 1 K. The spectra were
stored on disk in the format of the Zeiss Specord M 500.

Reagents

Chemicals of analytical grade from Merck were used. Water and mercury were distilled
twice. The electrolyte concentrations were always 10–3 M Zn(ClO4)2·6 H2O, 1 M NaClO4 and
10–5 M HClO4. The concentration of MeOH was 91 vol.%, DMF 90 vol.% and p-toluidine
0.03–0.1 mol l–1. Measurements were carried out at temperature 298 ± 0.1 K. The solutions
used were deaerated by nitrogen which was passed over the solutions during the measure-
ments.

RESULTS

Double Layer Analysis

The double layer capacity in the investigated solutions was measured at the
frequency of 800 Hz. The capacitance was measured with an accuracy of
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±0.2%. In the whole polarisation range, capacitance dispersion was tested
at five different frequencies between 400 and 2 000 Hz. In the potential
range studied, no dispersion of capacitance was observed.

Figures 1 and 2 present C–E curves for the base solution and the solutions
containing p-toluidine at various concentrations. An addition of p-toluidine
(0.03–0.1 mol l–1) to MeOH and DMF solutions, in spite of its better solubil-
ity in these solutions than in water, results in a very slight increase in the
differential capacity of the double layer at the zinc reduction potential. In
all the cases, however, an addition of p-toluidine to investigated solutions
caused its adsorption at the zinc reduction potential.

Figure 3 presents the potential of zero charge, Ez, as a function of loga-
rithm of p-toluidine concentration in 91 vol.% MeOH and in 90 vol.% DMF
solutions. An increase in the active substance concentration shifts the value
of Ez in MeOH and DMF solutions towards negative potentials which is a
regularly observed phenomenon for aromatic compounds. This dependence
is linear.

Polarographic Measurements

The diffusion coefficients of Zn(II) in examined solutions were calculated
from limiting currents using the Ilkovič equation. The polarographic wave
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FIG. 1
Differential capacitance Cd of Hg for 1 M

NaClO4 in 91 vol.% MeOH in the presence
of: ❍ 0.00, ● 0.03, ∆ 0.07, * 0.09, ✧ 0.10 M

p-toluidine
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FIG. 2
Differential capacitance Cd of Hg for 1 M

NaClO4 in 90 vol.% DMF in the presence of:
❍ 0.00, ● 0.03, ✧ 0.05, ∆ 0.07, * 0.09, ❑ 0.1 M

p-toluidine
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of Zn(II) in 0.1 M KNO3 with the value of the Zn(II) diffusion coefficient D
= 6.9 · 10–6 cm2 s–1 was used as a standard30. The reproducibility of results
obtained was ±5%. The values of the diffusion coefficients of zinc in mer-
cury, which are required for further calculations, were taken from the litera-
ture31 as equal to 1.67 · 10–5 cm2 s–1. The presence of p-toluidine had no
effect on the values of diffusion coefficients of Zn(II) in MeOH and DMF so-
lutions.

Formal Potential of the Zn(II)/Zn(Hg) System

The formal potentials of the reduction of Zn(II) were calculated on the basis
of E1 2

r values determined by cyclic voltammetry (sweep rates from 0.005 to
0.02 V s–1). The procedure of measurements was described in ref.32. Formal
potentials for irreversible processes were calculated using the modification
of Randles’ method for cyclic voltammetry32,33 with an accuracy of ±3 mV
and their values are given in Table I as a function of p-toluidine concentra-
tion in MeOH and DMF solutions.

Chronocoulometric Search for Zn(II) Ion Coadsorption

To find out whether or not Zn(II) can be accumulated in the surface layer
by the interaction with adsorbed p-toluidine molecules, chronocoulometric
measurements were carried out in the presence of its 0.1 mol l–1. The plot of
the maximum charge of Zn(II) electroreduction at potential –1.1 V versus
the square root of the integration time was linear and crossed the coordi-
nate origin after subtraction of the double layer charge recorded for blank
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FIG. 3
Dependence of Ez on the concentration of
p-toluidine in: ● 91 vol.% MeOH, ❑ 90 vol.%
DMF
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solution. This points out that under such conditions, cathodic reduction of
Zn(II) is limited by diffusion and that induced adsorption of Zn(II) cannot
be detected within the limits of experimental error.

Spectrophotometric Measurements

To find evidence of complex formation by Zn(II) on addition of an acceler-
ating substance to the investigated solutions, spectrophotometric measure-
ments were carried out. The presence of p-toluidine caused no changes in
the UV spectrum.

The Double Layer Correction

The potentials φ2 at the outer Helmholtz plane at a particular electrode po-
tential E were derived in the usual manner assuming the validity of the
Gouy–Chapman–Stern theory34. Table II lists the charge densities σM and
potentials of the outer Helmholtz plane φ2 as a function of potential E for
91 vol.% MeOH, 90 vol.% DMF solutions in the presence of 0.1 M

p-toluidine.

The Rate of Electroreduction

The complex cell impedance was obtained at 20 different frequencies in the
range from 100 to 30 000 Hz within the faradaic potential region in 10 mV
intervals. The impedance data were analysed by fitting to the expressions
valid in the case of Randles’ equivalent circuit35,36. The results rely mainly
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TABLE I
Formal potentials of Zn(II)/Zn(Hg) system in 91 vol.% MeOH or 90 vol.% DMF, in the ab-
sence and presence of p-toluidine

ctol, mol l–1
MeOH DMF

–Ef

0, V –Ef

0, V

0.00 1.206 1.388

0.07 1.255 1.356

0.10 1.264 1.358



on the analysis of the Rct (charge transfer resistance) values as a function of
dc potential. The values kf

a (apparent rate constants) were computed from
Rct according to ref.8.

As in the case of pure perchlorate supporting electrolyte8 at negative po-
tentials the rate constant of the first electron transfer in two-step process is
determined as kf = klim = k1. At more positive potentials the overall rate is
determined simultaneously by both steps according to the equation:

1/kf = 1/k1 + K1/k2 , (1)

where k2 is the rate constant of the second electron transfer and K1 is the
equilibrium constant of the first electron transfer reaction (at standard for-
mal potential, Ef

0 , K1 = 1).
In MeOH solutions, at p-toluidine concentration of 0.07–0.1 mol l–1, the

values of rate constants remain unchanged, as it was also observed in DMF.
The effective potential difference acting on the activation energy barrier of
charge transfer shoud be E–φ2 rather thean E. Using the Frumkin37 correc-
tion, true rate constants can be obtained. The accelerating influence of
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TABLE II
Charge and potential 2 values at various potentials for 0.1 mol l–1 p-toluidine in 91 vol.% MeOH
or 90 vol.% DMF

Solvent

91 vol.% MeOH 90 vol.% DMF

–E, mV –σM, µC cm–2 –φ2, mV –E, mV –σM, µC cm–2 –φ2, mV

932 6.2 51 1 000 7.9 52

942 6.3 51 1 003 8.0 52

953 6.4 51 1 014 8.1 52

963 6.5 52 1 024 8.2 52

972 6.6 52 1 033 8.2 52

983 6.7 52 1 042 8.2 53

993 6.8 52 1 053 8.3 53

1 004 6.9 52 1 063 8.4 53

1 013 7.0 52 1 072 8.5 53



p-toluidine (0.1 mol l–1) on apparent kf
a and true kf

t rate constants at poten-
tial Ef

0 is presented in Table III.

DISCUSSION

The examination of the effect of p-toluidine on Zn(II) ion electroreduction
in 91 vol.% MeOH and 90 vol.% DMF solutions required a determination of
both p-toluidine adsorption on the Hg electrode in relevant solutions and
the kinetic parameters of the electroreduction process. The choice of the or-
ganic solvent was determined by different abilities to solvate Zn(II) ions.
Whereas in 91 vol.% MeOH solution zinc ion is selectively hydrated14, in
90 vol.% DMF solution it is strongly solvated in the first coordination
sphere10.

The compound p-toluidine accelerates the process of Zn(II) ion electro-
reduction in an aqueous solution23. Preliminary examinations carried out
by the cyclic voltammetry qualitatively demonstrated the acceleration in
MeOH and DMF solutions as well as the fact that the highest acceleration
takes place at concentration [H+] = 10–5 mol l–1.

The presence of p-toluidine slightly increases the differential capacity of
the double layer in solutions such as 91 vol.% MeOH and 90 vol.% DMF
(Figs 1 and 2). Meanwhile, the attempt to determine p-toluidine surface ex-
cesses in above-mentioned solutions failed, in spite of its higher solubility.
An increase in adsorption can be expected if organic solvent significantly
increases solubility of the examined substance considerably lowering its ac-
tivity coefficient. This condition can be met only for substances with low
solubility in water and with relatively high activity coefficients. Low ad-
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TABLE III
Apparent and true rate constants of the first and second electron transfer in Zn(II) reduction
on Hg electrode in 91 vol.% MeOH or 90 vol.% DMF solutions, in the absence and presence
of p-toluidine

Solution
ctol

mol l–1
k1

a·103

cm s–1
k2

a·103

cm s–1
k1

t·103

cm s–1
k1

t·103

cm s–1

MeOH 0.00 0.5 3.1 0.11 0.05

91 vol.% 0.10 4.3 71.0 0.40 1.16

DMF 0.00 1.4 4.4 0.18 0.10

90 vol.% 0.10 4.3 4.6 1.29 0.14



sorption may be associated with the plot position of adsorbed p-toluidine
molecule to the electrode surface in MeOH and DMF facilitating thus inter-
actions between π electrons of evenly arranged rings and the mercury sur-
face. Evidences can be found in the shift of Ez towards more negative
potentials with rising p-toluidine concentration (Fig. 3). The orientation of
p-toluidine molecules on mercury surface may result in small differences in
differential capacity curves for MeOH or DMF in absence and presence of
p-toluidine (Figs 1 and 2). It should also be noted that no adsorption–
desorption peaks can be found in MeOH and DMF although such peaks ap-
pear in aqueous solution23. The curves with p-toluidine added resemble
those obtained in the presence of thiourea, characteristic for anions. The
orientation of p-toluidine molecules on mercury surface does not allow to
compare the accelerating effect of amine on its adsorption.

In MeOH solutions, the values of Ef
0 shift towards negative potentials in

presence of p-toluidine, while in DMF solutions, Ef
0 moves towards positive

values. However, in the bulk of solution no change in UV-VIS spectrum of
Zn(II) was observed by the addition of amine hence Zn(II)/p-toluidine com-
plex formation is unlikely.

The absence of changes in the diffusion coefficients after p-toluidine ad-
dition shows that the form of cation both in the absence and presence of
p-toluidine remains the same.

Thus, even if quantitative determination of p-toluidine adsorption in
MeOH and DMF appears to be impossible, its effects on the Zn(II)
electroreduction rate constants can be observed. Relative acceleration calcu-
lated from ratio of rate constants in the presence and in the absence of
p-toluidine (kStol

a /kS
a ) was about 13 in MeOH and about 2 for DMF. The in-

crease of p-toluidine solubility in MeOH and DMF however, is not accom-
panied by an increase in rate constants. They remain unchanged in MeOH
for p-toluidine concentration from 0.07 to 0.1 mol l–1, which is also ob-
served in DMF. This effect is probably associated with the similar extent of
p-toluidine adsorption.

From the literature it can be stated that Zn(II) undergoes a stepwise re-
duction in aqueous solution, as well as in 91 vol.% MeOH and 90 vol.%
DMF solutions38. The experiments performed also indicate a stepwise
course of Zn(II) ion electroreduction in the presence of p-toluidine in all
the examined solutions but the apparent and true rate constants of the first
electron transfer are higher. Similarly, the rate of the second electron trans-
fer increased in MeOH solution. At higher p-toluidine concentrations ap-
parent and true rate constants reached the value obtained in aqueous
solution8,39. Toluidine had no effect on the rate of the second electron
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transfer in DMF solution. It can be suggested that in aqueous and metha-
nolic solutions the mechanism of the process is the same. In DMF solution
the rate constant of the second electron transfer in the presence of
p-toluidine is different form that in water, giving an independent proof
that the zinc ion exists in different forms in MeOH and DMF solutions.

The studies reported in this paper indicate that the most significant role
in the acceleration process is played by the activated complex formed on
the electrode. In MeOH it may consist of molecules of water and
p-toluidine, while in DMF solution of molecules of water and DMF. Due to
stronger solvation in DMF the Zn(II) reduction is more difficult than in
MeOH, where formation of activation complex is more feassible.

The binding of the first electron is the slow step in Zn(II) electro-
reduction because it is associated with significant change in solvation en-
ergy. The latter results from the fact that the rearrangement of the
solvation sphere during electroreduction requires much higher energy ex-
penditure than the complete removal of dipoles from the neighbourhood
of Zn(I) ion.

Summing up, it can be concluded:
The presence of p-toluidine accelerates the zinc electroreduction in all the

examined systems.
The acceleration follows the rule of the cap-pair effect.
The Zn(II) ion electroreduction consists of two steps. The stage limiting

the overall rate of the electrode process is the rate of the transfer of the first
electron. This step is accelerated in the presence of p-toluidine.
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