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The catalytic polarographic nickel prewave was investigated by making appropriate correlatiol
tween prewave current and complex species concentrations as calculated by means of availe
mation constants. It was concluded that the active speciespen{cillaminatoN,S)nickel(ll) [NiL],
whereas the bis-ligand complex, [N]E", is inert and does not play any role in the electrode proc
The catalytic character of the electrode process originates from the regeneration of [NiL] by t
action of adsorbed ligand molecules with free nickel ions available in the bulk of the solution.
versely, all the complex species in the*Ntysteine system are labile. Consequently, the reac
mechanism in this case may include the dissociation of the complex]{Nis an alternative path
for the generation of the active species, [NiL]. The bell-shaped form of the prewave was inter
in terms of potential-dependent catalyst adsorption.

Key words: Catalytic currents; Penicillamine; Nickel complexes; Cysteine; Polarography; Ele
chemistry; Amino acids; Chelates.

D-Penicillamine ((CH),C(SH)CH(NH)COO, H.L, further abbreviated as Pen) forrr
strong complex compounds with transition metal for&his property is the basis o
various medicinal applications including 2Nidetoxicatiod. In a recent papéit was

shown that the species [NjJ?~ is kinetically inert and not reducible on the droppil
mercury electrode whereas the minor species [NiL] is electrochemically active.
above conclusion was derived from the investigation of the penicillamine effect o

* Ppart 1: see ref.
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nickel polarographic diffusion wave. In this paper, the polarographic reduction of [
species in the region of the catalytic nickel prewave (CNP) is examined. This
continuation of the previous investigations on the CNP induced by cysteiseleno-
cysteiné, cysteinyl dipeptidesand glutathion®'L As compared to the above con
pounds, Pen shows the unique advantage of forming only two complexes With
(INiL] and [NiL,]?) whereas the polynuclear species are absent émd. references
therein). Therefore, it is possible to make a direct correlation between the CNP ¢
and the concentration of the complex species calculated by means of equilibriur
This approach is applied in this paper using the equilibrium constants reported?jn
i.e, log B, = 10.749, logB;, = 22.886, K, = 10.679, K; = 8.035. Here3;; and 3;,
stand for formation constants of [NiL] and [N]E, respectivelyK, = [HL™][H*J/[H,L]
and K3 = [LZ][H*J/[HL"], where [HL] denotes the sum of the concentrations
(CH3),C(S)CH(NHZ )COO™ and (CH),C(SH)CH(NH,)COO'". In this way, it was
possible to draw some general conclusions about the stoichiometry of the ca
nickel reduction in the presence of cysteine-like ligands. This topic was recently re
to biomimetic chemistry of nick&l and the electrochemical simulation of the nick
center behaviour in hydrogend$eThe results in this paper also provide a basis to
recently reported method for the determination of various aminothiols by indirect
lytic cathodic stripping voltammetry in the presence of* iiefs'>19.

EXPERIMENTAL

Most of the experimental details were reported elsewhdiee background electrolyte consisted
Na,HPO, and CHCOONa (0.024 mol-t each) with 1m HCIO, added to adjust the pH. All the
potential values are reported with respect to the SCE. In addition to the DC polarographic inv
tions, studies on the electrode—solution interface were done by non-phase selective AC polarc
(60 Hz, 10 mV AC modulating voltage) and by recording drop time—potential curves. Some r
are presented together with complex species distributions (Figs 2-5). Upper diagrams in these
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
(curve 2, waveC; peak potential, —0.7 V). The decrease in the nickel diffusion cur
(waveA) in the presence of Pen is due to the inert character of thg]fNgdpecies A
further electrode process in this system is hydrogen evolution in the region of the
Iytic hydrogen prewav®. The main characteristics of this wave were briefly descril
previously; a detailed approach will be presented in a forthcoming paper.

The potential of the peak is almost independent of the solution composition.
contrast, the peak current is strongly dependent on Pen concentration (Fig. 2d).cL
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A comparison with the nickel species distribution (Fig. 2b) proves that the variatic
the CNP current roughly parallels the change in [NiL] concentration. The hypothe
diffusion current of this species was computed using the llkovic constant for the
Ni%* ion! and was plotted as cun in Fig. 2a. Although the computed values a
somewhat higher than the expected ones (the diffusion coefficients o$hdiuld be
higher than that of [NiL]), a comparison of curvésand?2 in Fig. 2a clearly demon-
strates that the CNP current is much higher than the estimated diffusion curre
[NiL]. This is a certain proof for the catalytic character of the w@verocess. Conse-
quently, this process should include a chemical step leading to the regeneration
electrochemically active species, [NiL]. However, the regeneration step need

Fe. 1

Polarographic catalytic waves in the 2NiPen
system at pH 6.52 and [Nj, = 1 mmol I, [Pen]:
10; 20.48 mmol T%. Start potential —0.4 V; poten-|
tial scale —0.2 V/division. Inset: a comparison of
the Pen and Cys effects (0.2 mmot éach). 3
Cys; 4 Pen, pH 6.52, [Nif], = 2 mmol % the
potential axis as before
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presence of the free Niion as it results from the overlapping of cundeand?2 in Fig. 2a
at a [Pen]/[N"], ratio close to 2 ([Ni'], stands for the overall Rfi concentration). In
this case, the concentration of the freé*iecomes very small and the [N]& pro-
portion approaches 100% of overall nickel concentration (Fig. 2b). In accord wit
inert charactéy [NiL ,]?~ species cannot supply nickel ion to the regeneration step
the CNP almost vanishes. The trend illustrated by cdriweFig. 2a was also detecte
for other nickel concentrations (0.57 and 0.2 mmbl 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, 8un
produces a much stronger catalytic nickel current than Pen does @urVais dif-
ference is certainly due to the masking of iy Pen in the form of the inert [NjI?-
complex; the analogous cysteine species is labile

Effect of Nickel lon Concentration

The effect of nickel concentration is displayed in Fig. 3 as a function of thg, [iiffen]
ratio at constant Pen concentration. CNP current was plotted as a function of thi
for two different Pen concentrations (Fig. 3a), whereas the species concentra
plotted only for 0.2 m Pen (Fig. 3b) to avoid complications. The species distribuf
for 0.5 mm Pen follows an analogous trend.

Two different regions can be distinguished in Fig 3, depending on whethe
[Ni?*]/[Pen] ratio is lower or higher than 1 :i2e(, the metal-ligand ratio in [Ni®).
For [Ni?*]/[Pen] < 1 : 2, nickel is predominantly present as the jJNiLcomplex and
an appreciable amount of free ligand (in the protonated forix), &so exists (Fig. 3b).

1.6
I, pA
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0.15 ‘ | ‘ — 0.3
T: b L NS
goiofL _\ 27 «Ni, > do.2
S
Q
0.05}- ) Jo.1 Fe. 3
<« NiL ' . .
Effect of the [N¥*], /[Pen] ratio at pH 6.52.
0.00 I L . lpo a CNP current; [Pen]Z 0.5 mmol T, 2
0 0.5 1.0 %;5 2.0 0.2 mmol T, b Nickel species distribution
[Ni*"]; /[Pen] at 0.2m Pen
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Under these conditions, the CNP current is extremely small (Fig. 3a) proving dit
that [NiL,]?" is not reducible and also it cannot dissociate as to provide redu
species (Ni* or [NiL]).

If [Ni ?*]/[Pen] > 1 : 2, both free Kiion and the [NiL] complex occur in the systel
in addition to [NiL)]?-, whereas the concentration of the free ligandLjHbecomes
extremely low (Fig. 3b). Figure 3a demonstrates that the CNP current steadily inci
under these conditions, mostly because of the increase in the concentration &f tt
ion. Indeed, with a reasonable accuracy, the CNP current is directly proportior
Ni?* concentration|((uA) = 0.07 + 1.564 [Ni*] (mmol I%); R?= 0.996). Because Rli
is reduced at more negative potentidts,{= —1.05 V, Fig. 1, curvd), it is clear that
the species reduced in the potential range of the CNP is [NiL], wheréaskés part
only in the chemical reaction which does regenerate the electroactive species
worth noting that the presence of the free ligand in the bulk of the solution i
essential for the occurrence of the CNP.

A comparison of Pen and Cys effects is shown in Fig. 4, where the results of E
titration at constant nickel concentration are recorded. Current values are the
plotted in Fig. 4 as a function of free nickel concentration, computed as the diffe
between total nickel and added EDTA concentrations. Both nickel diffusion (squ
and CNP currents (circles) are plotted in this figure, in the presence of either Pen
Cys (b). Diffusion current displays the usual trends in the Cys system, whereas,
case of Pen, it assumes a linear increase only if the free nickel/Pen ratio exceeds. 1
the metal/ligand ratio in the inert species [)Jft). As far as the CNP induced by Pe
is concerned, its dependence on the free nickel concentration shows the same t
in Fig. 3a, with a very sharp transition from the region of zero current to the regit
linear dependence on the free nickel concentration. As in Fig. 3, the transition

15
I, pA
1.0

Fic. 4 1=
Effect of free Nf* concentration when varied by
adding EDTA. [N#*], = 0.5 mmol 1% pH 7.11.a
[Pen] = 0.5 mmol 1 b [Cys] = 0.5 mmol . m 0 : ' :

0 0.2 0.4 0.6
Wave A, e waveC [Niz"],—[EDTA], mmol It
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corresponds to the metal/ligand ratio in bis(penicillaminato)nickel complex. In coni
although present in the Cys system as well, such a transition occurs gradually b
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 ¢
tions, the CNP current induced by Pen is 4 to 5 times lower than that of Cys. E
titration also demonstrates that neither Pen nor Cys can displace EDTA in its |
complex.

Effect of pH

As shown in Fig. 5a, the CNP current has significant values at pH > 4.5 only
after a maximum at about pH 5.5, it falls to a small and almost constant value at pH
The position of the maximum is slightly different for other Pen arid Bincentra-
tions but roughly the same trend is observed under various conditions. A con
son of the curves in Figs 5a and 5b proves that the increase in the CNP curt
the pH range 4.5-5.5 parallels the increase in the [NiL] concentration. The co
tration of [NiL] remains almost unchanged at higher pH values and the currer
crease could be ascribed to the decline in th& Boncentration owing to the
formation of the inert [NiL]?~ species. Actually, in the constant current regi
(pH > 6.5), both [NiL] and Ni* concentrations are also independent of pH. In ci

0.8

I, pA

—1

¢, mmol [

FGc. 5
a pH Effect on the CNP currenty
species distribution as a function of pk
[Ni%], = 0.3 mmol T [Pen] = 0.5 mmol T
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clusion, the maximum on the curve in Fig. 5a is due to two opposite effects of tf
increase: the increase in [NiL] concentration which is accompanied by a drop i
free NP* concentration.

Effect of Interface Structure and Reactants Adsorption

The effect of reactants adsorption was investigated by the method of electroca
curves and by non-phase-selective AC polarography (Fig. 6). Taking into accoul
electrode processes evidenced by DC polarography (cufv8s Fig. 6), three differ-
ent potential regions can be distinguished: the regions of the anodic mercury re
(E > -0.5 V), the region of the CNP (-0.5 V&> —0.85 V) and that of the diffusion
controlled nickel reductionH < —0.85 V).

In the absence of Kii, the formation of mercury(l) Pen thiolate (waMeon curves
2" and 2") leads to the strong decrease in surface tension (&@)rv&pparently, the
anodic reaction occurs like in the case of Cys {fefBy analogy with that, it may be
assumed that the more positive anodic w&¥einvolves an additional consumption c
thiol'”18 An excess of Nif induces the increases in the surface tension (cBrvehile
shifting the anodic wave to more positive potentials (cu¥es"”, waveP), whereas
the intensity of the wave decreases. In addition, waweanishes in the presence «
Ni%*, Taking into account the equilibrium data in previous sections, this beha
could be accounted for by the formation of the nickel-Pen complexes. Actually,
the conditions in Fig. 6, the concentration of free Pen is negligible in the preser
Ni%*and the single reactive species is [NiL]. The shift in the wave potential reflect
additional Gibbs energy required for the dissociation of this one before the formati
the mercury thiolate. Therefore, the overall anodic reaction in the presence of an
of Ni?* can be formulated as follows:

2Hg+=— Hg'+2e ®

2 [NiL] + Hg"«— [HgL,] + 2 Ni#* . B)

It is highly probable that the accumulation of Pen in catodic stripping voltammett
the HMDE in the presence of a high excess of*Niief.!®) occurs according to the
above reactions.

Both the modification of the anodic wae and the disappearance of the distort
waveQ are additional proofs of nickel blocking in the inert complex piit, which is
the predominant nickel form. The adsorption of this negative species can also a
for the change in the surface tension produced By (blirve 3). On the other hand, the
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removal of waveQ accounts for the change in the AC current on the positive sid
the Faradaic peaR (curve 3"). These data demonstrate that the P&t is inert to-
wards nickel substitution by mercury as well. The competitive adsorption of]fNiL
and the mercury(l) thiolate may account for the occurrence of the small maxin
curve 3 in the region of the anodic reaction. A more detailed discussion of the al
reaction of Pen is beyond the scope of this paper.

It is still interesting to compare the above findings with data on tfieeMect on the
mercury anodic reaction due to Cys (t3f. In this case, a distinct anodic wave
produced by mercury oxidation followed by nickel substitution in the JNiLcom-
plex. The absence of such an effect in the case of Pen (Fig. 6) is surely due to tt
character of the relevant [Nj]*~ species.

The most important feature in the region of the CNP is a sharp decrease in t
sorption degree with the potential shift towards more negative value. This trend c
both in the absence (cunzor in the presence of Ni(curve 3). Both the AC polarograms
and the drop time—potential curves show that the adsorption is negligible 20.85 V.
The species adsorbed in the CNP region (which mostly lies on the negative side
electrocapillary curve3) should be either neutral or positively charged and the n
probable are [NiL] and §L. The shape of the CNP can therefore be accounted fo
two opposite effects of potential shift towards more negative values. First, an inc
in the rate constant of the charge-transfer reaction occurs, according to the Butler—\
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relationship. Second, the concentration of the adsorbed reactant decreases owi
decrease in the adsorption coefficient, according to the Frumkin #eory

Additional evidence for catalyst adsorption are provided by the effect of surfac
CNP is strongly inhibited by both gelatine and tetrabutylammonium ion at trace I¢

Although [NiL,]%" is present within the whole potential range, its adsorption in
CNP region is apparently prevented by the negative charge and no inhibiting €
caused by this complex could be detected.

The shape of the AC polarograsf in the CNP region and the first derivative of t
DC polarogram3’ are mostly alike. It could consequently be inferred that the AC
rent in the range of the CNP is chiefly due to the Faradaic process, with a neg!
capacitance component. Conversely, the Faradaic AC current is negligibly small
range of the nickel diffusion wave. According to the theory of AC polarograjihy
results that the standard rate constant for nickel reduction is much higher in the
region than in direct reduction of hydrated nickel ion.

Finally, the depression of the CNP noticed in the presence of alkali chlorides (i
sequence li< Na' < K*) can be assigned to the decrease it dbincentration at the
boundary of the Helmholtz layer, due to the chang® ipotential. As a consequencs
the rate of [NiL] regeneration becomes lower in this way. This is an additional evic
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 t
in previous sections, nickel ion exists in three different forms: free (hydratéd)
[NiL] and [NiL,]?~. As previously showh complexation by buffer components plays
minor role and can be neglected. The single reducible species in the CNP reg
[NiL], which, in the bulk of the solution, is in equilibrium with free “Ni(step I).
[NiL ,]>" is in turn an inert compléxand does not take part in the electrode proce
Because this species is extremely stable, CNP occurs only?f|[fiPen] > 1 : 2 so
that both free Ni* and [NiL] occur in significant concentrations. Under these conditic
the concentration of catalyst itselfe( free ligand) in the bulk of the solution is e»
tremely low at pH > 6. Consequently, the catalytic cycle is initiated by the reductit
adsorbed [NiL] (step/I). In this way, some free catalyst molecules in adsorbed ¢
are produced. The reducible species is thereafter regenerated/[gtey reaction of
the adsorbed catalyst with free nickel ion which is transported by diffusion frorm
bulk of the solution (stepV). Catalyst protonation (steglll) could occur owing to
relatively low pH values, but it does not bring about major kinetic complication a:
proton transfer reaction involving usual Bronsted acids are known as being extr
fast?

The occurrence of the parallel regeneration reaction is proved by comparing the
current with the hypothetical diffusion current of [NiL] (Fig. 2a). Temperature ef

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1004 Banica, lon:

brings about an additional evidence for the kinetic control of the electrode pro
Indeed, CNP current depends on temperature according to Arrhenius equation
temperature range of 10-4&, with an apparent activation energy of 27 kJ it
pH 6.5, 2. 16*M Pen and 6.5 . 16™ total NFY).

The occurrence of nickel diffusion was proved by the effect of mercury col
height f). As long as CNP current is lower than 20% of the nickel diffusion curr
the CNP height is independenttofConversely, the CNP current is a linear function
h'/2if it is higher than the above value but the intercept of cuwsrt’? lines differs
always from zero proving a partial diffusion control of the overall electrode proc
The diffusing species responsible for this effect should be frég(NeplV in Fig. 7)
because [NiL] concentration is much lower.

A comparison of the CNP produced by Pen with that of Cys (Fig. 1) proves tf
both cases the waves are alike in terms of peak potential and shape. This demo!
that the nature of the electroactive center is identical in both cases. In other wort
[NiL]-type complex is also reduced in the ?Cys system. The main difference b
tween Pen and Cys system®. the intensity of the CNP, arises from the differe
kinetic stability of the [Nil]>~ complexes. That with Cys is labile and its dissociati
provides an additional amount of [NiL] which is reduced in the CNP process. St
process is not possible in the Pen system because of the high inert character
relevant [Nil,]?~ species (Fig. 7, stel). This characteristics leads to the blocking
both catalyst and metal ion in a proportion depending on the metal/ligand concent
ratio. Regeneration of [NiL] form by a parallel chemical reaction is therefore the s

1
2  » . " s .2- > L2-
(Ni +)sol -~ [NiL]sol - [NiL2™ ]sol - [NiL2™ Jads
fast very slow
v VJ diffusion
diffusion R
(NiL)ads fze
Ml >
2-
(¥)ad \ .
o Ni(Hg)

i

(H2L)ads

Fe. 7
Proposed reaction mechanism for nickel reduction catalyzed by Pen. The ligand ihatdplswas
omitted for simplicity
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way of providing the electrode process with the reducible species, in addition t
minor contribution of the [NiL] diffusion from the bulk of the solution (Fig. 7, st¢p
From this viewpoint, the catalytic nickel reduction in presence of Pen appears tc
simpler process compared with its Cys counterpart.

CONCLUSIONS

Pen catalyzes the reduction of nickel ion producing a peak-shaped catalytic prew
about —0.7 Ws SCE. The active species in the charge transfer reactianpsr{icill-
aminatoN,S)nickel(ll), [NiL], whereas the bis-ligand complex, [Ni, is both chemi-
cally and electrochemically inert. The above conclusion was derived from
correlation of the catalytic current with the nickel species distribution calculated L
various conditions by means of available equilibrium data. It is interesting to note
the same stoichiometry of the active complex species was found in the case of
nyldipeptides by kinetic interpretation of electrochemical data under the assumpti
diffusion-controlled catalyst adsorptibnA comparison of the peak potentials for tt
waves produced by either Pen or Cys suggests that the active species in the Cys
is the same kind of complex.

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

An additional reaction path is possible in the case of Cys, where the dissociat
the labile [NiL,]?~ species can provide the reducible [NiL] form. Therefore, in t
system the reaction mechanism could change from CE (at I6WQys ratios) to a
process with parallel chemical reaction (at high*/dys ratios).

The strong dependence of the adsorption degree on the electrode potential
about the typical bell-shaped form of the CNP. The neutral charge of [NiL] spt
precludes some important effect Wf potential on the surface concentration of tt
species. The same applies to the free ligand, taking into account the neutral ch:
the protonated form which is prevalent in the typical pH range. As far ZssNion-
cerned, a shift o potential towards more negative values should produce an inci
in its surface excess accompanied by the increase in the CNP current. As the
occurs near the potential of zero charge, this effect is very slight and does not ove
the influence of the potential on catalyst adsorption degree. Consequently, the pe
shape of the CNP cannot be assignel tpotential effects on ionic reactants conce
tration in the double layer.

The results in this paper confirm the previous assumption on the reaction me
isms in cathodic stripping voltammetry of Pen in presence f(Nif.!%) as far as both
preconcentration process and catalytic nickel reduction are concerned.
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