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The catalytic polarographic nickel prewave was investigated by making appropriate correlations be-
tween prewave current and complex species concentrations as calculated by means of available for-
mation constants. It was concluded that the active species is (D-penicillaminato-N,S)nickel(II) [NiL],
whereas the bis-ligand complex, [NiL2]

2–, is inert and does not play any role in the electrode process.
The catalytic character of the electrode process originates from the regeneration of [NiL] by the re-
action of adsorbed ligand molecules with free nickel ions available in the bulk of the solution. Con-
versely, all the complex species in the Ni2+–cysteine system are labile. Consequently, the reaction
mechanism in this case may include the dissociation of the complex [NiL2]

2– as an alternative path
for the generation of the active species, [NiL]. The bell-shaped form of the prewave was interpreted
in terms of potential-dependent catalyst adsorption.
Key words: Catalytic currents; Penicillamine; Nickel complexes; Cysteine; Polarography; Electro-
chemistry; Amino acids; Chelates.

D-Penicillamine ((CH3)2C(SH)CH(NH3
+)COO–, H2L, further abbreviated as Pen) forms

strong complex compounds with transition metal ions2. This property is the basis of
various medicinal applications including Ni2+ detoxication3. In a recent paper1 it was
shown that the species [NiL2]

2– is kinetically inert and not reducible on the dropping
mercury electrode whereas the minor species [NiL] is electrochemically active. The
above conclusion was derived from the investigation of the penicillamine effect on the
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nickel polarographic diffusion wave. In this paper, the polarographic reduction of [NiL]
species in the region of the catalytic nickel prewave (CNP) is examined. This is a
continuation of the previous investigations on the CNP induced by cysteine4–7, seleno-
cysteine8, cysteinyl dipeptides9 and glutathione10,11. As compared to the above com-
pounds, Pen shows the unique advantage of forming only two complexes with Ni2+

([NiL] and [NiL2]
2–) whereas the polynuclear species are absent (ref.1 and references

therein). Therefore, it is possible to make a direct correlation between the CNP current
and the concentration of the complex species calculated by means of equilibrium data.
This approach is applied in this paper using the equilibrium constants reported in ref.12,
i.e., log β11 = 10.749, log β12 = 22.886, pK2 = 10.679, pK3 = 8.035. Here β11 and β12

stand for formation constants of [NiL] and [NiL2]
2–, respectively, K2 = [HL–][H+]/[H2L]

and K3 = [L2–][H+]/[HL –], where [HL–] denotes the sum of the concentrations of
(CH3)2C(S–)CH(NH3

+ )COO– and (CH3)2C(SH)CH(NH2)COO–. In this way, it was
possible to draw some general conclusions about the stoichiometry of the catalytic
nickel reduction in the presence of cysteine-like ligands. This topic was recently related
to biomimetic chemistry of nickel13 and the electrochemical simulation of the nickel
center behaviour in hydrogenase14. The results in this paper also provide a basis to the
recently reported method for the determination of various aminothiols by indirect cata-
lytic cathodic stripping voltammetry in the presence of Ni2+ (refs15,16).

EXPERIMENTAL

Most of the experimental details were reported elsewhere1. The background electrolyte consisted of
Na2HPO4 and CH3COONa (0.024 mol l–1 each) with 1 M HClO4 added to adjust the pH. All the
potential values are reported with respect to the SCE. In addition to the DC polarographic investiga-
tions, studies on the electrode–solution interface were done by non-phase selective AC polarography
(60 Hz, 10 mV AC modulating voltage) and by recording drop time–potential curves. Some results
are presented together with complex species distributions (Figs 2–5). Upper diagrams in these figures
have the same abscissa axis as the lower ones.

RESULTS AND DISCUSSION

Effect of Pen Concentration

Figure 1 demonstrates the occurrence of the peak-shaped CNP in the presence of Pen
(curve 2, wave C; peak potential, –0.7 V). The decrease in the nickel diffusion current
(wave A) in the presence of Pen is due to the inert character of the [NiL2]

2– species1. A
further electrode process in this system is hydrogen evolution in the region of the cata-
lytic hydrogen prewave D. The main characteristics of this wave were briefly described
previously1; a detailed approach will be presented in a forthcoming paper.

The potential of the peak C is almost independent of the solution composition. In
contrast, the peak current is strongly dependent on Pen concentration (Fig. 2a, curve 1).
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A comparison with the nickel species distribution (Fig. 2b) proves that the variation of
the CNP current roughly parallels the change in [NiL] concentration. The hypothetical
diffusion current of this species was computed using the Ilkovic constant for the free
Ni2+ ion1 and was plotted as curve 2 in Fig. 2a. Although the computed values are
somewhat higher than the expected ones (the diffusion coefficients of Ni2+ should be
higher than that of [NiL]), a comparison of curves 1 and 2 in Fig. 2a clearly demon-
strates that the CNP current is much higher than the estimated diffusion current of
[NiL]. This is a certain proof for the catalytic character of the wave C process. Conse-
quently, this process should include a chemical step leading to the regeneration of the
electrochemically active species, [NiL]. However, the regeneration step needs the
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Effect of the [Pen]/[Ni2+] t ratio at constant [Ni2+] t

(0.6 mmol l–1) and pH 6.52. a Wave C current; 1
experimental, 2 hypothetical diffusion current of
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FIG. 1
Polarographic catalytic waves in the Ni2+–Pen
system at pH 6.52 and [Ni2+] t = 1 mmol l–1. [Pen]:
1 0; 2 0.48 mmol l–1. Start potential –0.4 V; poten-
tial scale –0.2 V/division. Inset: a comparison of
the Pen and Cys effects (0.2 mmol l–1 each). 3
Cys; 4 Pen, pH 6.52, [Ni2+] t = 2 mmol l–1; the
potential axis as before
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presence of the free Ni2+ ion as it results from the overlapping of curves 1 and 2 in Fig. 2a
at a [Pen]/[Ni2+]t ratio close to 2 ([Ni2+]t stands for the overall Ni2+ concentration). In
this case, the concentration of the free Ni2+ becomes very small and the [NiL2]

2– pro-
portion approaches 100% of overall nickel concentration (Fig. 2b). In accord with its
inert character1, [NiL 2]

2– species cannot supply nickel ion to the regeneration step and
the CNP almost vanishes. The trend illustrated by curve 1 in Fig. 2a was also detected
for other nickel concentrations (0.57 and 0.2 mmol l–1) but, for the sake of simplicity,
the relevant curves were not plotted in the figure.

The inset to Fig. 1 proves that, under similar conditions, cysteine (Cys, curve 3)
produces a much stronger catalytic nickel current than Pen does (curve 4). This dif-
ference is certainly due to the masking of Ni2+ by Pen in the form of the inert [NiL2]

2–

complex; the analogous cysteine species is labile1.

Effect of Nickel Ion Concentration

The effect of nickel concentration is displayed in Fig. 3 as a function of the [Ni2+]t /[Pen]
ratio at constant Pen concentration. CNP current was plotted as a function of this ratio
for two different Pen concentrations (Fig. 3a), whereas the species concentration is
plotted only for 0.2 mM Pen (Fig. 3b) to avoid complications. The species distribution
for 0.5 mM Pen follows an analogous trend.

Two different regions can be distinguished in Fig 3, depending on whether the
[Ni 2+]t/[Pen] ratio is lower or higher than 1 : 2 (i.e., the metal–ligand ratio in [NiL2]

2–).
For [Ni2+]t/[Pen] < 1 : 2, nickel is predominantly present as the [NiL2]

2– complex and
an appreciable amount of free ligand (in the protonated form, H2L) also exists (Fig. 3b).
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a CNP current; [Pen]: 1 0.5 mmol l–1, 2
0.2 mmol l–1. b Nickel species distribution
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Under these conditions, the CNP current is extremely small (Fig. 3a) proving directly
that [NiL2]

2– is not reducible and also it cannot dissociate as to provide reducible
species (Ni2+ or [NiL]).

If [Ni 2+]t/[Pen] > 1 : 2, both free Ni2+ ion and the [NiL] complex occur in the system
in addition to [NiL2]

2–, whereas the concentration of the free ligand (H2L) becomes
extremely low (Fig. 3b). Figure 3a demonstrates that the CNP current steadily increases
under these conditions, mostly because of the increase in the concentration of the Ni2+

ion. Indeed, with a reasonable accuracy, the CNP current is directly proportional to
Ni2+ concentration (I (µA) = 0.07 + 1.564 [Ni2+] (mmol l–1); R2 = 0.996). Because Ni2+

is reduced at more negative potentials (E1/2 = –1.05 V, Fig. 1, curve 1), it is clear that
the species reduced in the potential range of the CNP is [NiL], whereas Ni2+ takes part
only in the chemical reaction which does regenerate the electroactive species. It is
worth noting that the presence of the free ligand in the bulk of the solution is not
essential for the occurrence of the CNP.

A comparison of Pen and Cys effects is shown in Fig. 4, where the results of EDTA
titration at constant nickel concentration are recorded. Current values are therefore
plotted in Fig. 4 as a function of free nickel concentration, computed as the difference
between total nickel and added EDTA concentrations. Both nickel diffusion (squares)
and CNP currents (circles) are plotted in this figure, in the presence of either Pen (a) or
Cys (b). Diffusion current displays the usual trends in the Cys system, whereas, in the
case of Pen, it assumes a linear increase only if the free nickel/Pen ratio exceeds 1 : 2 (i.e.,
the metal/ligand ratio in the inert species [NiL2]

2–). As far as the CNP induced by Pen
is concerned, its dependence on the free nickel concentration shows the same trend as
in Fig. 3a, with a very sharp transition from the region of zero current to the region of
linear dependence on the free nickel concentration. As in Fig. 3, the transition point
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corresponds to the metal/ligand ratio in bis(penicillaminato)nickel complex. In contrast,
although present in the Cys system as well, such a transition occurs gradually because
of the labile character of all complex species in this system (Fig. 4b).

In agreement with the inset to Fig. 1, data in Fig. 4 show that, under identical condi-
tions, the CNP current induced by Pen is 4 to 5 times lower than that of Cys. EDTA
titration also demonstrates that neither Pen nor Cys can displace EDTA in its nickel
complex.

Effect of pH

As shown in Fig. 5a, the CNP current has significant values at pH > 4.5 only and,
after a maximum at about pH 5.5, it falls to a small and almost constant value at pH > 6.5.
The position of the maximum is slightly different for other Pen and Ni2+ concentra-
tions but roughly the same trend is observed under various conditions. A compari-
son of the curves in Figs 5a and 5b proves that the increase in the CNP current in
the pH range 4.5–5.5 parallels the increase in the [NiL] concentration. The concen-
tration of [NiL] remains almost unchanged at higher pH values and the current de-
crease could be ascribed to the decline in the Ni2+ concentration owing to the
formation of the inert [NiL2]

2– species. Actually, in the constant current region
(pH > 6.5), both [NiL] and Ni2+ concentrations are also independent of pH. In con-
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clusion, the maximum on the curve in Fig. 5a is due to two opposite effects of the pH
increase: the increase in [NiL] concentration which is accompanied by a drop in the
free Ni2+ concentration.

Effect of Interface Structure and Reactants Adsorption

The effect of reactants adsorption was investigated by the method of electrocapillary
curves and by non-phase-selective AC polarography (Fig. 6). Taking into account the
electrode processes evidenced by DC polarography (curves 1′–3′, Fig. 6), three differ-
ent potential regions can be distinguished: the regions of the anodic mercury reaction
(E > –0.5 V), the region of the CNP (–0.5 V < E > –0.85 V) and that of the diffusion-
controlled nickel reduction (E < –0.85 V).

In the absence of Ni2+, the formation of mercury(I) Pen thiolate (wave N on curves
2′ and 2′′) leads to the strong decrease in surface tension (curve 2). Apparently, the
anodic reaction occurs like in the case of Cys (ref.17). By analogy with that, it may be
assumed that the more positive anodic wave, Q, involves an additional consumption of
thiol17,18. An excess of Ni2+ induces the increases in the surface tension (curve 3) while
shifting the anodic wave to more positive potentials (curves 3′, 3′′, wave P), whereas
the intensity of the wave decreases. In addition, wave Q vanishes in the presence of
Ni2+. Taking into account the equilibrium data in previous sections, this behaviour
could be accounted for by the formation of the nickel–Pen complexes. Actually, under
the conditions in Fig. 6, the concentration of free Pen is negligible in the presence of
Ni2+ and the single reactive species is [NiL]. The shift in the wave potential reflects the
additional Gibbs energy required for the dissociation of this one before the formation of
the mercury thiolate. Therefore, the overall anodic reaction in the presence of an excess
of Ni2+ can be formulated as follows:

2 Hg        Hg2
2+ + 2 e (A)

2 [NiL] + Hg2
2+        [Hg2L2] + 2 Ni2+  . (B)

It is highly probable that the accumulation of Pen in catodic stripping voltammetry on
the HMDE in the presence of a high excess of Ni2+ (ref.16) occurs according to the
above reactions.

Both the modification of the anodic wave N and the disappearance of the distorted
wave Q are additional proofs of nickel blocking in the inert complex [NiL2]

2–, which is
the predominant nickel form. The adsorption of this negative species can also account
for the change in the surface tension produced by Ni2+ (curve 3). On the other hand, the
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removal of wave Q accounts for the change in the AC current on the positive side of
the Faradaic peak P (curve 3′′). These data demonstrate that the [NiL2]

2– is inert to-
wards nickel substitution by mercury as well. The competitive adsorption of [NiL2]

2–

and the mercury(I) thiolate may account for the occurrence of the small maxima on
curve 3 in the region of the anodic reaction. A more detailed discussion of the anodic
reaction of Pen is beyond the scope of this paper.

It is still interesting to compare the above findings with data on the Ni2+ effect on the
mercury anodic reaction due to Cys (ref.19). In this case, a distinct anodic wave is
produced by mercury oxidation followed by nickel substitution in the [NiL2]

2– com-
plex. The absence of such an effect in the case of Pen (Fig. 6) is surely due to the inert
character of the relevant [NiL2]

2– species.
The most important feature in the region of the CNP is a sharp decrease in the ad-

sorption degree with the potential shift towards more negative value. This trend occurs
both in the absence (curve 2) or in the presence of Ni2+ (curve 3). Both the AC polarograms
and the drop time–potential curves show that the adsorption is negligible at E < –0.85 V.
The species adsorbed in the CNP region (which mostly lies on the negative side of the
electrocapillary curve 3) should be either neutral or positively charged and the most
probable are [NiL] and H2L. The shape of the CNP can therefore be accounted for by
two opposite effects of potential shift towards more negative values. First, an increase
in the rate constant of the charge-transfer reaction occurs, according to the Butler–Volmer
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relationship. Second, the concentration of the adsorbed reactant decreases owing to a
decrease in the adsorption coefficient, according to the Frumkin theory20.

Additional evidence for catalyst adsorption are provided by the effect of surfactants.
CNP is strongly inhibited by both gelatine and tetrabutylammonium ion at trace level.

Although [NiL2]
2– is present within the whole potential range, its adsorption in the

CNP region is apparently prevented by the negative charge and no inhibiting effects
caused by this complex could be detected.

The shape of the AC polarogram 3′′ in the CNP region and the first derivative of the
DC polarogram 3′ are mostly alike. It could consequently be inferred that the AC cur-
rent in the range of the CNP is chiefly due to the Faradaic process, with a negligible
capacitance component. Conversely, the Faradaic AC current is negligibly small in the
range of the nickel diffusion wave. According to the theory of AC polarography21 it
results that the standard rate constant for nickel reduction is much higher in the CNP
region than in direct reduction of hydrated nickel ion.

Finally, the depression of the CNP noticed in the presence of alkali chlorides (in the
sequence Li+ < Na+ ≤ K+) can be assigned to the decrease in Ni2+ concentration at the
boundary of the Helmholtz layer, due to the change in Ψ potential. As a consequence,
the rate of [NiL] regeneration becomes lower in this way. This is an additional evidence
for the occurrence of this reaction at the electrode surface.

Reaction Mechanism

Figure 7 shows the main steps in nickel reduction catalyzed by Pen. According to data
in previous sections, nickel ion exists in three different forms: free (hydrated) Ni2+,
[NiL] and [NiL2]

2–. As previously shown1, complexation by buffer components plays a
minor role and can be neglected. The single reducible species in the CNP region is
[NiL], which, in the bulk of the solution, is in equilibrium with free Ni2+ (step I).
[NiL 2]

2– is in turn an inert complex1 and does not take part in the electrode process.
Because this species is extremely stable, CNP occurs only if [Ni2+] t /[Pen] > 1 : 2 so
that both free Ni2+ and [NiL] occur in significant concentrations. Under these conditions,
the concentration of catalyst itself (i.e. free ligand) in the bulk of the solution is ex-
tremely low at pH > 6. Consequently, the catalytic cycle is initiated by the reduction of
adsorbed [NiL] (step VI). In this way, some free catalyst molecules in adsorbed state
are produced. The reducible species is thereafter regenerated (step VII) by reaction of
the adsorbed catalyst with free nickel ion which is transported by diffusion from the
bulk of the solution (step IV). Catalyst protonation (step VIII) could occur owing to
relatively low pH values, but it does not bring about major kinetic complication as the
proton transfer reaction involving usual Brönsted acids are known as being extremely
fast22.

The occurrence of the parallel regeneration reaction is proved by comparing the CNP
current with the hypothetical diffusion current of [NiL] (Fig. 2a). Temperature effect
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brings about an additional evidence for the kinetic control of the electrode process.
Indeed, CNP current depends on temperature according to Arrhenius equation in the
temperature range of 10–45 °C, with an apparent activation energy of 27 kJ mol–1 (at
pH 6.5, 2 . 10–4 M Pen and 6.5 . 10–4 M total Ni2+).

The occurrence of nickel diffusion was proved by the effect of mercury column
height (h). As long as CNP current is lower than 20% of the nickel diffusion current,
the CNP height is independent of h. Conversely, the CNP current is a linear function of
h1/2 if it is higher than the above value but the intercept of current vs h1/2 lines differs
always from zero proving a partial diffusion control of the overall electrode process.
The diffusing species responsible for this effect should be free Ni2+ (step IV in Fig. 7)
because [NiL] concentration is much lower.

A comparison of the CNP produced by Pen with that of Cys (Fig. 1) proves that in
both cases the waves are alike in terms of peak potential and shape. This demonstrates
that the nature of the electroactive center is identical in both cases. In other words, the
[NiL]-type complex is also reduced in the Ni2+–Cys system. The main difference be-
tween Pen and Cys systems, i.e. the intensity of the CNP, arises from the different
kinetic stability of the [NiL2]

2– complexes. That with Cys is labile and its dissociation
provides an additional amount of [NiL] which is reduced in the CNP process. Such a
process is not possible in the Pen system because of the high inert character of the
relevant [NiL2]

2– species (Fig. 7, step II). This characteristics leads to the blocking of
both catalyst and metal ion in a proportion depending on the metal/ligand concentration
ratio. Regeneration of [NiL] form by a parallel chemical reaction is therefore the single

(Ni2+)sol [NiL]sol [NiL2
2-]sol [NiL2

2-]ads

(NiL)ads

(L2-)ads

(H2L)ads

Ni(Hg)

2e-
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FIG. 7
Proposed reaction mechanism for nickel reduction catalyzed by Pen. The ligand in steps I and II was
omitted for simplicity
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way of providing the electrode process with the reducible species, in addition to the
minor contribution of the [NiL] diffusion from the bulk of the solution (Fig. 7, step V).
From this viewpoint, the catalytic nickel reduction in presence of Pen appears to be a
simpler process compared with its Cys counterpart.

CONCLUSIONS

Pen catalyzes the reduction of nickel ion producing a peak-shaped catalytic prewave at
about –0.7 V vs SCE. The active species in the charge transfer reaction is (D-penicill-
aminato-N,S)nickel(II), [NiL], whereas the bis-ligand complex, [NiL2]

2–, is both chemi-
cally and electrochemically inert. The above conclusion was derived from the
correlation of the catalytic current with the nickel species distribution calculated under
various conditions by means of available equilibrium data. It is interesting to note that
the same stoichiometry of the active complex species was found in the case of cystei-
nyldipeptides by kinetic interpretation of electrochemical data under the assumption of
diffusion-controlled catalyst adsorption9. A comparison of the peak potentials for the
waves produced by either Pen or Cys suggests that the active species in the Cys system
is the same kind of complex.

As the CNP is usually recorded in the presence of an excess of nickel ions, it results
that the catalyst itself is present in the complex form. Therefore, the catalytic cycle is
initiated by the reduction of the [NiL] species. The regeneration of that involves free
nickel ions and adsorbed catalyst molecules released in the previous step.

An additional reaction path is possible in the case of Cys, where the dissociation of
the labile [NiL2]

2– species can provide the reducible [NiL] form. Therefore, in this
system the reaction mechanism could change from CE (at low Ni2+/Cys ratios) to a
process with parallel chemical reaction (at high Ni2+/Cys ratios).

The strong dependence of the adsorption degree on the electrode potential brings
about the typical bell-shaped form of the CNP. The neutral charge of [NiL] species
precludes some important effect of Ψ potential on the surface concentration of this
species. The same applies to the free ligand, taking into account the neutral charge of
the protonated form which is prevalent in the typical pH range. As far as Ni2+ is con-
cerned, a shift of Ψ potential towards more negative values should produce an increase
in its surface excess accompanied by the increase in the CNP current. As the CNP
occurs near the potential of zero charge, this effect is very slight and does not overcome
the influence of the potential on catalyst adsorption degree. Consequently, the peculiar
shape of the CNP cannot be assigned to Ψ potential effects on ionic reactants concen-
tration in the double layer.

The results in this paper confirm the previous assumption on the reaction mechan-
isms in cathodic stripping voltammetry of Pen in presence of Ni2+ (ref.15) as far as both
preconcentration process and catalytic nickel reduction are concerned.
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