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The effect of penicillamine on nickel diffusion current demonstrates that NiL2
2− is a kinetically inert

complex whereas NiL is labile (L2– = (CH3)2C(S–)CH(NH2)COO–)). The difference in kinetic sta-
bility between the analogous bis-ligand complexes of Ni(II) with either penicillamine or cysteine is
tentatively explained taking into account their structures. It is suggested that nickel detoxication by
chelate ligands depends on the inert character rather than on the thermodynamic stability of the rele-
vant nickel complex.
Key words: Amino acids; Chelates; Penicillamine; Nickel complexes; Nickel toxicology; Electro-
chemistry.

D-Penicillamine (Pen), (CH3)2C(SH)CH(NH2)COOH), is the main product of penicillin
decomposition1. It forms very stable complexes with various transition metal ions2 and
this property is employed for the drug treatment of the Wilson disease, heavy metal
intoxication, rheumatoid arthritis and cystinuria, where, however, serious side effects
could occur owing to complexing capacity3.

The interest in the complexes of Ni2+ with Pen has several reasons. Apparently such
complexes are involved in the mechanism of nickel(II) detoxication by Pen4. On the
other hand, the electrochemistry of nickel complexes with α-aminothiols could offer
useful insights on the function of nickel center in hydrogenases5,6. In this regard, cys-
teine (Cys) and its derivatives in particular were employed in previous investigations5

owing to the occurrence of this amino acid in natural proteins. As the number of Pen-
based complexes is limited by the steric effect of additional methyl groups, a much
more reliable description of the complex equilibria in the Ni2+–Pen system is avail-
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able7–15. It allows a more accurate interpretation of electrochemical data. Finally, nickel
reduction catalyzed by Pen was recently investigated by cathodic stripping voltam-
metry leading to a sensitive method for the determination of Pen at concentrations
down to 10–9 mol l–1 (ref.16). Further electrochemical investigations in the Ni2+–Pen
system bring theoretical ground to this method.

This paper decribes the influence of Pen complexation on the nickel diffusion current
in connection with the kinetic stability of relevant complexes. Investigation of other
electrochemical processes occurring in this system is under progress and will be pub-
lished in forthcoming papers.

EXPERIMENTAL

The DC and AC polarographic measurements were performed in a thermostated cell at 25 ±0.1 °C by
means of a Radelkis OH-105 polarograph. The dropping mercury electrode was characterized by the
drop-time of 4.94 s; flow-rate of 1.509 mg s–1 in 1 M KCl at 0.00 V vs SCE and by the mercury
column height of 66.2 cm. The reported potential values refer to the SCE. Solution was deoxygenated
by bubbling of pure hydrogen.

The reagents used NiCl2 (Riedel de Haen), D-penicillamine (Fluka) and other chemicals were of
analytical grade and were used without further purification. The stock solution of 0.05 M NiCl2 was
standardized by amperometric titration with EDTA. Fresh Pen solutions were prepared daily.

In most of the experiments the supporting electrolyte was a buffer system prepared from
Na2HPO4⋅12 H2O and CH3COONa⋅3 H2O (0.024 mol l–1 of each in the test solution) with proper ad-
ditions of 1 M perchloric acid according to ref.17. A borax buffer pH > 8 was prepared by mixing
appropriate volumes of 0.05 M borax and 0.1 M hydrochloric acid.

RESULTS

Electrode Processes in the Ni(II)–Pen System

According to curve 1 in Fig. 1, the reduction of nickel ion in the phosphate–acetate
buffer is irreversible in the region of the wave A with a half-wave potential of –1.03 V
and the apparent transfer coefficient of 0.35. Pen in the absence of Ni2+ gives only the
anodic wave B (Fig. 1, curve 2) attributed to the formation of sparingly soluble mer-
cury thiolate18. In the presence of Ni2+ (curve 3) the wave shifts by about 0.05 V to-
wards more positive potentials and at the same time its limiting current decreases.
These effects are in an agreement with the observation of anodic oxidation of mercury
to insoluble compounds19 and are ascribed to the decrease in the concentration of free
Pen due to the formation of Ni2+–Pen complexes. Additionally, the catalytic nickel
prewave (C) and the catalytic hydrogen prewave (D) are also formed. The assignment
of waves C and D is made by the analogy with Cys under similar conditions17,20–23. In
contrast to the Cys system however, the limiting current of nickel diffusion wave (A)
on curve 3 becomes lower compared to the value recorded in the absence of the ligand
(curve 1).
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It is obvious that the effects illustrated by curve 3 are the consequences of nickel
complexation by Pen. Straightforward correlation between the electrochemical data and
the complexes occurrence can be made by means of the wave A.

The Effect of Pen Concentration

The effect of the gradual increase in Pen concentration is depicted in Fig. 2. Accord-
ingly, the rise in Pen concentration induces the depression of the nickel diffusion cur-
rent (INi) until its complete decay in the presence of an excess of ligand (curve 5). This
effect cannot be attributed to the inhibition by Pen adsorption. Neither electrocapillary
curves or alternating current data indicated significant changes in the double layer
structure in presence of Pen at potentials negative from –1.00 V. Also, the conversion
of nickel ion into a species reducible in the range of the prewave C cannot be responsible
for the depression of Ni2+ current either. There are no relevant correlations between the
prewave and main wave currents and, in addition to it, the catalytic prewave also van-
ishes in presence of an excess of Pen (Fig. 2). Finally, there are no reasons for ascribing
the above effect to the shift of nickel reduction in the region of the wave D which
shows all the characteristics of the catalytic hydrogen prewave17,20–23. Like the analo-
gous wave produced by Cys (ref.17), the wave D occurs in a limited pH range around 7
and has the shape of the irreversible polarographic wave with E1/2 of about –1.22 V and
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FIG. 2
Effect of Pen concentration on the nickel waves
at pH 6.52 in the phosphate–acetate buffer and
0.6 mM Ni2+. Concentration of Pen in mmol l–1:
1 0; 2 0.12; 3 0.44; 4 0.87; 5 1.4. Initial poten-
tial –0.400 V
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FIG. 1
Typical polarograms recorded in the Ni2+–Pen
system. Phosphate–acetate buffer pH 6.64. 1 1 mM

Ni2+; 2 0.7 mM Pen; 3 1 mM Ni2+ and 0.7 mM

Pen. A nickel diffusion wave; B anodic wave of
Pen; C catalytic nickel prewave; D catalytic
hydrogen prewave
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αn = 0.45. On the other hand, the wave D does not appear in presence of an excess of
Pen (Fig. 2, curve 5) proving that it is not due to the simple reduction of a nickel
complex.

It is therefore obvious that a non-reducible nickel complex is formed in presence of
Pen. The remaining reducible species are reduced either in the region of the wave A or C.
Doubtless, the species reduced in the region of the wave A in presence of Pen is still the
hydrated nickel ion, as follows from the value of the half wave potential. Further inves-
tigation in this paper aims to identify the non-reducible species and attempts to provide
an explanation for their inert character.

The Nature of the Rate-Determining Step in the Region of Wave A

Since several complexes are present in the system under investigation, it is important to
assess whether chemical equilibria are disturbed by the electrochemical reaction occur-
ring in the region of the wave A. To this end, the effect of the temperature and the
mercury column pressure on the limiting current of the wave A have been studied under
various conditions.

The temperature coefficient, defined in ref.24 as ω = 100(∆INi/INi∆T) was found to be
1.6% K–1 in the absence of Pen which is in accord with the typical value for diffusion
currents. The temperature coefficient determined at various Pen concentrations (2–5 . 10–4

mol l–1) in the temperature region of 15–40 °C varies between 1.4 and 1.5% K–1, indi-
cating the diffusion control of the wave A even in the presence of the ligand. The same
conclusion results from the study of effects of the mercury pressure (column height, h)
at various nickel and Pen concentrations. Under all the investigated conditions the INi

vs h1/2 plot is represented by straight lines crossing the origin of both axes. The slope
values (in µA cm–1/2) at pH 6.52 for various nickel and Pen concentrations (in mmol l–1),
respectively, are as follows: 0.073 (0.12; 0); 0.046 (0.12; 0.10); 0.310 (0.65; 0.50);
0.057 (0.56; 1.00). Taking into account the above results, the wave A recorded in the
presence of Pen is further approached as a typical diffusion wave and the experimental
data are analysed in terms of the Ilkovi  equation.

The above results demonstrate that the non-reducible nickel complex is also chemi-
cally inert. Indeed, although the reduction of free nickel ion in the region of the wave A
does disturb the complexation equilibria, this wave does not show any characteristic
that could be assigned to the conversion of the non-reducible form into the reducible
one.

Composition of the Non-Reducible Complex

In order to find the metal/ligand ratio in the non-reducible complex, the effect of Pen
concentration on the limiting current of wave A was studied in both the phosphate–acetate
(Fig. 3) and borax (Fig. 4) buffers at several pH values and various nickel concentra-
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tions (cNi). Under all the investigated conditions, the limiting current decreases linearly
with growing Pen concentration as a consequence of gradual conversion of nickel into
the non-reducible form. Intercepts of lines in Figs 3 and 4 with the abscissa axis give
the Pen concentration required for the completion of the reaction (cPen,0). The ratio
cPen0/cNi gives the ligand/metal ratio in the non-reducible complex. The values of the
cPen,0/cNi ratio determined from the plots in Fig. 3 are as follows: 2.01 (curve 1), 2.08
(curve 2) and 2.10 (curve 3). Analogously, the following values results from Fig. 4:
2.12 (curve 1), 2.02 (curve 2) and 2.05 (curve 3).

These results indicated that the ligand/metal ratio in the non-reducible species is 2/1,
in accord with the stoichiometry of the NiL2

2− complex previously detected by other
methods7,8,10–15 (L2– = (CH3)2C(S–)CH(NH2)COO–). However, there is not a convincing
proof about whether or not NiL, which is a minority species, also takes part in the
electrode process of the wave A. The next section present some additional tests aiming
to elucidate this question.
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FIG. 4
Effect of Pen concentration on nickel
diffusion current in the borax buffer; pH
and Ni2+ concentration in mmol l–1: 1
8.00, 0.54; 2 8.10, 0.4; 3 8.50, 0.54
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FIG. 3
Effect of Pen concentration on nickel
diffusion current in the phosphate–ace-
tate buffer at pH 6.52. Concentration of
Ni2+ in mmol l–1: 1 0.59; 2 0.57; 3 0.20
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Nickel Species Distribution; Effects on Nickel Diffusion Current

In the pH range covered in this work, the carboxyl group of Pen is ionized (pK1 < 2.5,
ref.8) and the subsequent protonation equilibria involve four different species. Although
the values of the microconstants are available25, complex equilibria are usually dealt
with by assuming that one single intermediate species (HL–) occurs. This symbol stands
for both forms with the labile proton bound to either sulfur or nitrogen7–15. The values
of the ionization macroconstants measured by potentiometric titration are pKa1 = 8.032
and pKa2 = 10.679 (ref.7).

It is generally accepted that Pen forms only mononuclear species in contrary to Cys
which gives polynuclear complexes with nickel7,26. It is in a consequence of the steric
hindrance by the additional methyl groups. With one single exception9, it is assumed
that the complex species occuring in the Ni2+–Pen system are NiL and NiL2

2−. The
formation constants for the above mentioned species reported by various authors7,8,10–15

agree fairly well. The data reported by Perrin and Sayce7 can be assumed as typical (log β110 =
10.749; log β120 = 22.886) and were used in the present work to calculate the species
distribution under various conditions. A different model advanced in ref.9 assumes the
occurence of ML2

2− and ML2H
– species (log β120 = 22.92, log β121 = 27.06). It appears

that the β120 constant has almost the same value in both models.
As shown in Fig. 5a, the rise in pH at constant Pen and Ni2+ concentrations leads to

the decrease of the nickel diffusion current. This behaviour is obviously due to the shift
of the complex equilibria towards the formation of the non-reducible NiL2

2− species. In
order to confirm this assumption the difference between the diffusion current in ab-
sence of the complexation (INi,0) and the current measured at various pH values in

FIG. 5
Influence of pH on the Ni2+ diffusion current (INi) in phosphate–acetate buffer at following Ni2+ and
Pen concentrations in mmol l–1: 1 0.50, 0.50; 2 0.31, 0.50; 3 0.22, 0.20. a pH dependence of INi;
b dependence of (INi,0 – INi) on NiL2

2− concentration calculated from data plotted in Fig. 5a: ▲ curve
1, ❐ curve 2, ❍ curve 3
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presence of Pen (INi) was plotted in Fig. 5b as a function of the NiL2
2− concentration

calculated from available equilibrium data7. Owing to the interference of the catalytic
hydrogen evolution, the data at pH > 6 are less reliable and were omitted. Small systematic
errors can also occur at higher pH due to the formation of complex species Ni(HPO4),
with log K = 2.08 (ref.27). This is not a major drawback as the most important pH effect
occurs at lower pH values.

Figure 5b shows that data obtained under different conditions (curves 1–3 in Fig. 5a)
fit to the same straight line crossing the coordinate axis close to the origin. The resid-
uals of the correlation in Fig. 5b are normally distributed (according to the Ryan–Joiner
test) with the average value –4 . 10–5 µA and the standard deviation 0.06. The slope of
this line (4.92 µA per mmol l–1) does not differ too much from the Ilkovi  constant
found in the absence of Pen (5.15 µA per mmol l–1). No attempts was made to perform
the same test in borax buffer due to uncertainties regarding the composition and sta-
bility of nickel–polyborate complexes28.

An analogous treatment was used for the data collected at variable Ni2+ concentra-
tions (Fig. 6). This shows that the current is negligibly small as long as the Ni2+/Pen
ratio does not exceed 2/1. The data in Fig. 6 were analysed by plotting the diffusion
current (INi) as a function of computed concentration of reducible species. It was found
that the data on both curves in Fig. 6 fit the same straight line with the regression
equation: INi = 0.038 + 5.33 ([Ni2+] + [NiL]) where INi is in µA and the concentration
in mmol l–1. The residuals for this correlation are normally distributed (Ryan–Joiner
test) with the average 4.2 . 10–5 µA and the standard deviation 0.05 µA (i.e. approxi-
mately 2.5% of the maximum current value in Fig. 6). The intercept of the above re-
gression line is negligible, indicating the Ilkovi -type dependence of INi on the
concentration of reducible species and its slope, 5.33 µA mmol–1 l of concentration, is
very close to the value of the Ilkovi  constant for free Ni2+ ion as measured in the
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FIG. 6

Effect of Ni2+ concentration on the diffu-
sion current INi at pH 6.52 and Pen con-
centration in mmol l–1: 1 0.2; 2 0.5
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absence of Pen (5.15 µA mmol–1 l). Alternatively, the plot INi vs [Ni 2+] is also linear but
the slope value of 6.20 is anomalously high compared with the Ilkovi  constant of Ni2+.

The results of various tests presented in this section are summarized in Table I. Each
kind of correlation included in this table is linear, with a negligible intercept. Conse-
quently, the direct proportionality between INi and concentrations of considered species
is not sufficient to decide the proper model. However, a comparison of slopes with the
Ilkovi  constant for Ni2+ clearly demonstrates that the non-reducible species is NiL2

2−

whereas both Ni2+ and NiL species take part in the diffusion-driven process preceding
the electron transfer in the region of the wave A.

DISCUSSION

As follows from the experimental results in this paper, the main chemical and electro-
chemical processes involving nickel ion in the presence of Pen can be represented by
Scheme 1.

Accordingly, the species Ni2+ and NiL are in equilibrium whereas the back conver-
sion of the species NiL2

2− is extremely slow and the corresponding complexation step
(2) can be considered as irreversible. Consequently, Pen displays a masking effect on
the nickel ion. Conversely, the species NiL is electrochemically active as its direct
reduction occurs in the region of the wave C by a catalytic mechanism. This involves
the regeneration of the reactant by the reaction of the nickel ion with ligand molecules
released after the electron uptake. The occurrence of the regeneration is proved by the
fact that the wave C current is much higher than the diffusion current of the species
NiL computed by means of the Ilkovic constant for Ni2+, although this gives a slight
overestimation of the result.

The irreversible wave A correspond to the reduction of free Ni2+ ion even in presence
of Pen, as it follows from values of characteristic potentials. Data in Table I demon-
strate that the transport of nickel towards the electrode surface occurs by the diffusion
of both free nickel ion and the labile NiL complex. The last one dissociates inside the
diffusion layer where the concentration of free nickel ion is brought below the equili-
brium value due to the reduction process.

A comparison with the behaviour of the analogous complexes of Cys reveals a strik-
ing difference as far as the reactivity of the NiL2

2− species is concerned. The masking

Ni
2+

 +   L
2- NiL

+ 2e Wave C+ 2e Wave A

Ni(0)Hg Ni(0)Hg + L2-

(1)
NiL2

(2)

2- + L
2-

SCHEME 1
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effect of Pen on the nickel ion is similar to that produced by EDTA despite the over-
whelming difference in chemical structure. As the effect of Pen is not dependent on the
buffer composition, it cannot be assigned to the occurrence of some mixed complexes.
Conversely, under similar conditions Cys does not influence the limiting current of
nickel ion although both the catalytic prewaves of nickel and hydrogen occur17,20–23.
Similar behaviour was observed in the case of various cysteine analogues, for example
selenocysteine29,30, various cysteinyl-dipeptides31,32 and cysteine ethyl ester33. An im-
portant effect of Cys on the nickel diffusion current was still noticed in the ammonia
buffer34. There are, nevertheless, some peculiar features in this case. First, the nickel
diffusion current is not completely suppressed even in the presence of a high Cys/Ni2+

concentration ratio (up to 10). Conversely, the amount of reducible nickel species
corresponds to, at least, one half of the total amount of nickel in the solution. Second,
it is not possible to find a well defined relationship between the Cys effect and the
stoichiometry of complex species, although the data in ref.34 suggest that the metal/li-
gand ratio in non-reducible species is 1/2. It is interesting that the decrease in the nickel
diffusion current parallels the increase in the Brdicka wave current. Hence it can be
suggested that this process is related to the occurrence of a nickel–Cys complex of the
above mentioned ratio. However, the masking effect of Cys does not occur at pH < 8
and in absence of a secondary ligand originating from the buffer composition, such as
ammonia.

The difference in reactivity between the analogous Pen and Cys NiL2
2−-type com-

plexes cannot be explained in terms of the thermodynamic stability because the dif-
ference between the formation constants is only about 2 logarithmic units (ref.7). A
kinetic interpretation based on the differences in the structure of complexes is therefore
attempted.

TABLE I
Testing of various hypothesis about the nature of the reducible and non-reducible complex species in
the Ni2+–Pen system. Slope is in µA per mmol l–1

Hypothesis Correlation Slope
Source of

data

INi,0 vs [Ni2+] (in absence of Pen) 5.15 independent
measurements

1. Both Ni2+ and NiL are reduced INi vs ([Ni2+] + [NiL]) 5.30 Fig. 7

2. Only Ni2+ ion is reduced INi vs [Ni2+] (in presence of Pen) 6.20 Fig. 7

3. NiL2
2+ is the single non-reducible

species
(INi,0  – INi) vs [NiL2

2−] 4.92 Fig. 5

4. Both NiL2
2− and NiL are non-reducible (INi,0  – IN) vs ([NiL2

2−] + [NiL]) 3.56 Fig. 5
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The structures of Cys and Pen bis-ligand complexes with nickel(II) have been deter-
mined by X-ray diffraction35–37. Both of them have a square planar structure but, des-
pite of the similarity of coordinating sites, there are still some important differences, as
shown in Fig. 7. First, the two ligands are in the cis configuration in the Pen complex
whereas the trans arrangement occurs in the Cys analogue. Second, the carboxyl groups
in the Cys complex have an axial orientation relative to the coordination plane. Conver-
sely, in the Pen complex carboxyl groups are assumed to be in an equatorial conforma-
tion. This is evidently due to the steric effect of the additional methyl groups in Pen.
These substituents bring about a hydrophobic character to the complex molecule and, in
addition, shift the hydrophilic carboxyl groups far from the coordination center. These
structural characteristics allow the interpretation of the complexes reactivity in terms of
the general rules for the substitution reaction at nickel square planar complexes38. As
the decomposition of the complex starts with axial binding of a water molecule, this is
promoted by a high local water activity in the case of Cys complex caused by carboxyl
groups (Fig. 7a). This interpretation is supported by X-ray diffraction data evidencing
the simultaneous presence of several water molecules and counter-cations (e.g. K+) in
contact with the carboxyl groups. On the contrary, the position of the carboxyl groups
in the Pen complex (Fig. 7b) does not stimulate the approach of the water molecule to
the nickel ion and the hydrophobic character of the methyl groups even makes this step
more difficult.

During the next step the breaking of a nickel–nitrogen bond occurs rather than the
cleavage of the stronger sulfur–nickel one. The subsequent breaking of the second ni-
trogen–nickel bond is thereafter facilitated by the trans effect in the case of Cys com-
plex. Trans effect should be much less effective in the case of Pen because the sulfur
ccordinand in the trans position forms a much stronger chemical bond as compared to
nitrogen. Consequently, the splitting of the second coordinate bond may proceed much
more slowly in the case of Pen complex.

It can be concluded that a combined effect of polar group orientation, coordinating
group position and absence of steric hindrance makes [Ni(Cys–)2]

2– less kinetically
stable than its Pen analogue despite the small difference in thermodynamic stability.
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FIG. 7
Structure of bis-ligand Ni(II) complexes of Cys (a) and Pen (b). Adapted from refs35–37
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This conclusion suggests that the kinetic factors could play a decisive role in the
mechanism of nickel(II) detoxication by chelating agents explaining thus the lower
detoxifying effect of Cys compared with Pen4, despite of small difference in the sta-
bility constants. On the other hand, this also could explain strong detoxifying effect of
polyamino carboxylic acids4 which yield much weaker nickel complexes compared to
both Cys and Pen. Kinetically inert nickel complex appears therefore as more efficient
excretion form compared to the species that are thermodynamically stable but kineti-
cally labile. This could be an attractive explanation for the paradoxical conclusion of a
recent paper39 stating that no definite relationship exists between the structure of the
chelating agents and their ability to counteract the toxic effects of nickel.

The above interpretation could also have some relevance for the reactivity of nickel
hydrogenase. It is assumed that dihydrogen splitting by this enzyme occurs via forming
hydride ion intermediate bonded to the nickel ion5,6. As previously demonstrated, some
subtle differences in vicinal group polarity and orientation could bring about important
effects in nickel center reactivity.

Finally, it is worth noting the potential analytical applications of the inert NiL2
2−

complex for masking either Pen or Ni2+.
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