Electrochemical Reduction of Rh(bpy)33+ at Hg/Phosphate Electrolyte Interface
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Abstract

The electrochemical reduction of tris(2,2'-bipyridine)rhodium(III), Rh(bpy)33+, in phosphate buffer solutions was investigated by cyclic voltammetry, alternating current voltammetry, chronoamperometry and exhaustive electrolysis. The cyclic voltammograms exhibit a series of sharp peaks indicating surface confined processes. The major features of the electroreduction are strong adsorption of Rh(bpy)33+, participation of mercury in the electroreduction process and the simultaneous loss of bipyridine ligand. The complex forms condensed layer in a narrow potential region around -0.8 V vs. Ag/AgCl. The chemical bond between Rh(bpy)33+ and mercury is required for the formation of binuclear complex of rhodium(II), [Rh2bpy3(H2O)Cl]3+, at the potentials about –0.9 V. At the potential of –1.1 V further reduction of [Rh2bpy3(H2O)Cl]3+ leads to the concomitant oxidation of the mercury electrode, resulting in a mixed Rh(I)-Hg(II) complex and elemental rhodium deposited on the electrode.
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1. Introduction

Rhodium(III) complexes containing 2,2'-bipyridine (bpy) and the related ligands have received much attention due to their rich electrochemical and photophysical properties. They exhibit various supramolecular structures and might have a number of interesting potential applications in various photomolecular and electronic devices [1-6]. They act as efficient molecular catalysts for the processes such as hydrogenation, photochemical reduction of water [7-13] and reduction of CO2 [14,15]. Complexes of Rh(III) have been reported to be active in the electrocatalytic reduction of NAD(P)+ to NAD(P)H [16-21]. The electrocatalytic process includes the regioselective transfer of two electrons and a proton to NAD(P)+. In these systems, hydrido-rhodium species are assumed to be the active catalytic moiety. 

A number of earlier studies have dealt with the electrochemistry of these types of complexes, electrochemical behavior of which has been found to show a wealth of details and to depend on experimental conditions such as the type of ligand, the concentration of the complex, the pH or the electrode support. The importance of the redox chemistry of rhodium complexes has led to the modification of various electrode surfaces with rhodium complexes for the use in electrocatalytic hydrogen generation and in electroenzymatic syntheses [22-24].

The electrochemistry of Rh(bpy)33+ has been studied mainly at solid electrodes. Kew et al. [25] investigated the electrochemistry of Rh(bpy)33+ on platinum in acetonitrile. Up to four one-electron reductions were identified which were consistent with the proposed reaction scheme. First and second reductions were followed by the fast release of bpy ligand into the solution. Two more stepwise, reversible electron transfers produced Rh(bpy)20 and Rh(bpy)2- successively. Electroreduction mechanism of Rh(bpy)33+ complex in aqueous solutions at solid electrodes has been proposed by several authors [7,26-27]. Voltammetric and coulometric measurements indicated that, depending on experimental conditions, either one dielectronic or two monoelectronic processes take place in the course of electrochemical reduction with the simultaneous loss of bpy ligand. Enea [26] postulated that when gold or vitreous carbon were used in solutions having 4 < pH < 12, voltammograms showed two cathodic peaks at –1.4 V and –1.75 V vs. mercurous sulfate reference electrode corresponding to the succesive reduction of Rh(bpy)33+ to its Rh(II) and Rh(I) counterparts. However, the electron transfers were accompanied by a chemical reactions most probably being the release of bpy ligand. When the electrochemical reduction of Rh(bpy)33+ was carried out in higly basic solutions of 0.05 M NaOH at pyrolitic graphite, only one reduction current peak at –0.77 V vs. SCE was observed in cyclic voltammograms [27]. This current peak was interpreted as Rh(III)/Rh(II) reduction with the concommitant rapid chemical reaction. Although, no second current peak ascribable to Rh(II)/Rh(I) reduction was observed, the authors proposed that such reduction occurs in the range of –0.8 to –1.0 V vs. SCE.

Our present interest is focused on the electrochemistry of tris(bipyridine)rhodium(III), Rh(bpy)33+ at the mercury electrode in phosphate buffer solutions. A complex methodological approach comprising CV and ac voltammetry, chronoamperometry and exhaustive electrolysis has been used. The studies have been carried out in order to elucidate the mechanism of electrochemical reduction of Rh(bpy)33+ on mercury and to reveal its adsorption behavior. A new challenge for us was to perform the investigations on a liquid electrode such as mercury electrode. Furthermore, this electrode has a smooth and easily renewable surface that ensures more clear determination of the adsorption processes and orientational transitions in the adsorbed state.
2. Experimental

2.1 Reagents 

Rh(bpy)33+ was synthesized as a Rh(bpy)3Cl3 salt according to the procedure already described [7]. The structure and the purity of the complex were confirmed by NMR, MS and CHN elemental analysis. The solutions of Rh(bpy)33+ were prepared by diluting 20 mM stock solutions.  The concentration of phosphate buffer solutions was 0.1 M, which was obtained from stock solutions of reagent grade NaH2PO4 and Na2HPO4. 

2.2 Cyclic voltammetry

Cyclic voltammetry experiments were carried out using the standard three-electrode setup with PAR M283 potentiostat and a PAR 303A HMDE system. Mercury drop of 0.015 cm2 surface area was used. The counter electrode was platinum wire, and the reference electrode was an Ag/AgCl electrode. All potentials in this paper are expressed versus Ag/AgCl electrode. The experiments were performed in phosphate buffer solutions at a wide range of scan rates and in the pH range from 5 to 9. The concentration of Rh(bpy)33+ in the experiments ranged between 0.042 and 12 mM. The HMDE cell solutions were deoxygenated by purging with nitrogen both through the solutions prior to the experiments and above the solutions while the runs were carried out. All experiments were carried out at room temperature.

2.3 Exhaustive electrolysis

Exhaustive electrolyses were carried out with 1mM Rh(bpy)33+ in phosphate buffer, pH = 7, using a PAR M283 potentiostat. A conventional H-type electrolysis cell was used with the compartments separated by a glass frit. Mercury pool and graphite rod were employed as cathode and anode, respectively. The reference Ag/AgCl electrode was positioned in the catholyte as close to the cathode as possible. Nitrogen was bubbled during the whole duration of the electrolysis and the solution was stirred with magnetic stirrer. All electrolyses were carried out at room temperature.

2.4 Alternating current (ac) voltammetry, chronoamperometry

For the study of the adsorption of Rh(bpy)33+, phase-sensitive ac voltammetry was used. Ac voltammetric measurements were performed with AUTOLAB PGSTAT 20 (Ecochemie, the Netherlands). The frequency of the ac voltage was 170 Hz, the amplitude 0.01 Vrms, the step potential 0.01 V, the interval time 0.29 s and the modulation time 0.19 s. The experiments were carried out in the three-electrode system with a hanging mercury drop electrode (Metrohm, Switzerland). The measurements were performed on mercury drop surface area of 0.014 cm2. An Ag/AgCl electrode was used as the reference electrode and a platinum wire as the auxiliary electrode. The values of differential capacitance were calculated from the measured capacity current. The concentrations of Rh(bpy)33+ in the experiments ranged between 0 and 12.8 mM.

Chronoamperometric measurements were performed with the same instrument. In chronoamperometric measurements potential step was performed from E1 = - 0.63 to different potentials in the range from -0.78 V to -1.0 V vs. Ag/AgCl electrode.

2.5 Mass spectroscopy

Samples were analysed by MS as syringe injections from a 74900 series Cole-Parmer syringe pump into a Micromass Platform LCZ mass spectrometer operating in electrospray ionisation (ESI) mode. The instrument was controlled by MassLynx v3.1 software. Samples were diluted 1000 x in water. The injections were made from a gastight glass 250 µl syringe at a flowrate of 10 µl/min. ESI parameters were: capillary voltage 3.15 kV, cone voltage 35 V, nitrogen flow 300 l/hr, desolvation temperature 200 °C, source block temperature 100 °C.
3.  Results

3.1 Cyclic voltammetry

Electrochemical reduction of the Rh(bpy)33+ complex at the mercury electrode exhibits a much more complicated behavior when compared to the electrochemical reduction at the GC electrode (Fig. 1). At the GC electrode, cyclic voltammograms show two well-defined irreversible reduction peaks at the potentials of – 1.02 and – 1.25 V (Fig. 1a). The scan rate dependence of current peak heights reveals mixed adsorption/diffusion control of the reduction. Even at the highest scan rates employed (50 V/s) there is no reverse oxidative process, which indicates that the electroreduction is followed by a fast homogenous chemical reaction resulting in a non-electroactive product. The second voltammetric peak coincides with the voltammetric peak of bpy (Fig. 1a, dotted line). 

At the mercury electrode, electrochemical reduction occurs at the potentials rather different from those at the GC electrode, undergoing several stages (Fig. 1b). In general, five cathodic (Ic-Vc) and three anodic peaks (Ia-IIIa) can be clearly distinguished in the cyclic voltammograms obtained in phosphate buffer solutions of pH 7. The shape of the peaks reveals the occurrence of the surface confined processes and suggests that strong adsorption effects might be operative in the overall electrochemical reduction of Rh(bpy)33+ at the mercury electrode. It is also very likely that some kind of condensed layer might be formed at the mercury surface as in the case of Co, Ni, and Fe complexes of bpy [28]. The stripping-like character of the Ia peak indicates the accumulation of the reduction products at the surface of the electrode, stressing the important role of mercury in the electroreduction. To make the interpretation of the voltammograms even more difficult, Rh-complexes can easily form covalent bond with mercury, resulting in mixed Hg-Rh complexes [29-31].

In cyclic voltammograms at the hanging mercury drop electrode, the number of peaks, their shape, size, and degrees of reversibility all vary depending on the experimental conditions. The change of the pH values from 5 to 9 does not lead to a significant change of electrochemical behavior of Rh(bpy)33+, indicating that protons do not participate in the observed redox processes.

Fig. 2 shows the cyclic voltammograms at the hanging mercury drop electrode for the reduction of 0.7 mM Rh(bpy)33+ at different scan rates. It is clear that the peaks IIc, IIIc and IVc are related to one another, since the increase in the scan rate causes the peaks IIc and IVc (peak IVc being, in fact, the composite of two peaks) to become more dominant at the expense of the IIIc current peak. At low scan rates (< 0.2 V/s) there is no IIc peak in the cyclic voltammograms (Fig. 2 inset). At the scan rate of 0.2 V/s, the IIc peak IIc start to appear and become more pronounced with an increase of the scan rate. With increasing scan rate the IIIc current peak is almost diminishing. The peak Vc appears throughout the investigated scan rate range, being more dominant at lower scan rates.

In the second and third consecutive scans there is no IIc peak present in the cyclic voltammograms, the peak Ic appears and the other peaks still exist as in the first scan (Fig. 3).

The concentration dependence of Rh(bpy)33+ electroreduction was investigated in the range of 0.042 – 12 mM, at different scan rates. The results for the selected scan rate of 5 V/s are presented in Figs. 4a and 4b. At low concentrations of Rh(bpy)33+ the peaks IIc, IVc and Vc peaks are present in cyclic voltammograms. The IIIc current peak emerges at the concentration of 0.5 mM and rapidly increases with the increase in concentration. The potential of IIIc current peak is shifted toward less negative potentials by 60 mV per 10–fold increase in concentration (Fig. 4b), suggesting the participation of coupled chemical reaction in the electron transfer reaction. At the same time, IIc current peak height reaches the limiting value at the concentration of appearance of the IIIc current peak, remains practically independent of the concentration in the concentration range between 0.5 - 3 mM and then decreases at higher concentrations of Rh(bpy)33+. The concentration of appearance of the IIIc current peak depends on the scan rate. At lower scan rates, lower concentrations of Rh(bpy)33+ are required for IIIc current peak to emerge. The peak Ic is negligible at lower concentrations and its height increases with increasing the concentration of Rh(bpy)33+.

The plausible explanation for this interesting behavior is that the Rh(bpy)33+ complex is strongly adsorbed at mercury electrode and undergoes slow chemical transformation at its surface. Chemical transformation is potential dependent, and it is very likely that some kind of rhodium adduct of mercury, which is known to occur in this kind of systems [29-31] is formed. At low scan rates chemical reaction has ample time to take place, resulting in the product which is reduced at the potentials of IIIc current peak. At high scan rates unreacted complex is subject to reorientational change in the adsorbed layer at the potentials of IIc current peak  preventing chemical transformation to occur, and is further reduced at the potentials of IVc current peak. The shift of IIIc peak toward less negative potentials with an increase of Rh(bpy)33+ concentration confirms the participation of the complex in the coupled chemical reaction preceding the charge transfer. The dependence of the coupled chemical reaction rate on Rh(bpy)33+ concentration is reflected in the scan rate dependence of the concentration at which the IIIc current peak appears.

In order to verify the mechanism described above, the electrode was equilibrated at the starting potential prior to the measurements. Fig. 5 shows cyclic voltammograms obtained in 1.35 mM solution of Rh(bpy)33+ with different delay times at the starting potential of 0 V. The characteristic feature of the obtained voltammograms is that waiting at the starting potential gives rise to a new cathodic peak, Ic, the intensity which increases with an increase of delay time. The peak IIc slightly decreases with an increase of delay time and the peak IIIc appears and becomes more pronounced. The same effect is observed at all starting potentials, but the relative intensity of IIc and IIIc current peaks depends on the starting potential (Fig. 6). These results point out that the rate of the preceding chemical reaction is adsorption controlled and potential dependent.

The Ia current peak represents the oxidation of the product formed at the potentials of the IVc current peak. Its stripping-like character suggests the accumulation of the reduction product at the electrode surface. The released bipyridine ligand is reduced at the potentials of Vc current peak as confirmed from its significant increase with the addition of 0.7 mM bipyridine in the solution of Rh(bpy)33+ (Fig. 7).

3.2 Exhaustive electrolysis

To get deeper insight into the mechanism of electrochemical reduction of Rh(bpy)33+ and to reveal the processes giving rise to the current peaks in cyclic voltammograms, exhaustive electrolyses at the selected constant potentials were carried out.

The electroreduction of Rh(bpy)33+ was carried out at the potentials of the current peaks IIc, IIIc, IVc and Vc and the resulting currents were monitored. It is interesting to note that in all cases the current did not exponentially decay but remained relatively constant for most of the electrolyses, and never dropped to zero. 

The following observations might help in the elucidation of the electroreduction mechanism:

-
When the electrolysis was carried out at the potential of IIc current peak the current was very little above the background current. 

-
When the electrolysis was carried out at the potential of IVc current peak, a black spongy-like precipitate was formed in the solution. By allowing the solution to stay after the electrolysis, the black precipitate disappeared from the solution and mercury drops appeared at the bottom of the vessel.

-
In all cases, mass spectra were taken on the reaction mixtures. When the electrolysis was carried out at the potential of IIc current peak, there was no disappearance of the mass peak of the starting compound (m/z=190). When the electrolysis was carried out at the potential of IIIc current peak, two dominant mass signals were observed, m/z=157.3 and m/z=242.4, respectively. The first signal corresponds to the free bpy ligand. The calculation of masses of all possible species composed of Rh, bpy, Cl, H2O or OH fragments and with all possible charges, revealed that the signal m/z = 242.4 could be meaningfully ascribed only to the [Rh2bpy3(H2O)Cl]3+ species. When the electrolyses were carried out at the potentials of IVc and Vc current peaks, mass spectra showed only the signal that corresponded to bpy ligand.

3.3 Adsorption of Rh(bpy)33+

Adsorption of Rh(bpy)33+ at the mercury electrode in phosphate buffer solution was studied by ac voltammetry, out-of-phase mode, in broad concentration and potential ranges. The resulting differential capacitance vs. applied potential curves for the selected Rh(bpy)33+ concentrations are shown in Fig. 8. 

From Fig. 8 it is clear that Rh(bpy)33+ exhibits a complex adsorption behavior in phosphate buffer solutions. The complex forms the adsorbed layer from approximately - 0.3 V toward more negative potentials until the onset of faradaic reduction. In the potential range around -0.8 V, a drop in the capacitance to C = 7 μF cm-2 similar to pit formation occurs, ending in the peak that corresponds to IIIc peak from CV measurements. Above the concentration of 0.085 mM, the pit capacitance assumes flat shape which is independent of the concentration. On the other hand, the potential corresponding to IIIc peak from CV experiments shifts toward more positive potential with the increase of concentration, resulting in a narrower low capacitance region. The more positive edge of the low capacitance region gives rise to the sharp IIc peak in cyclic voltammetry experiments. 

The low values of capacitance suggest the existence of the compact layer at the electrode [32]. To verify this assumption, chronoamperometric measurements, applying a potential step from E1 = - 0.63 V, at which the compact layer does not exist, to the potentials of E2 = - 0.79, - 0.82 and - 0.85 V, were performed (Fig. 9). The structural change taking place after the potential pulses to - 0.82 and -0.85 V (Fig. 9, curves 3 and 4) is reflected by a hump in the current transition within 10 ms. The hump provides possible evidence for nucleation-and-growth process of Rh(bpy)33+ film on the mercury surface [33], and the shift of hump position between these two potentials, as presented by curves 3 and 4 in Fig. 9, is as well as indication of condensed film formation. The results are compared with pure electrolyte (curve 1) and with the potential pulse to -0.79 V where no condensed film formation occurs (curve 2).

4. Discussion

On the basis of the results presented, it is obvious that Rh(bpy)33+ exhibits a complicated voltammetric behavior in phosphate buffer solutions at the mercury electrode. The major feature in the voltammograms is the appearance of a series of sharp and symmetrical current peaks, indicating the crucial effect of reactant and reduction products adsorption in the course of electroreduction. Although the Vc current peak sometimes resembles diffusion-like reduction, we were unable to find such experimental conditions for other current peaks where electron transfer processes proceed with diffusion controlled rates.

The adsorption of Rh(bpy)33+ at the mercury/solution interface leads to at least two different types of adsorbed state. At the potentials more positive than -0.75 V, the complex forms adsorption layer (Ad1) in a time and potential dependent manner, while at the potentials between -0.75 V and the onset of faradaic reduction the complex forms the compact layer (Ad2). The low value of differential capacitance at the potentials where Ad2 state exists (C = 7 μF cm-2) as well as its independence of the concentration of the complex suggest the formation of the condensed phase on the surface of mercury. The kinetics of the condensed layer formation is governed by the nucleation-and-growth process, and the transition between the two adsorption states gives rise to the sharp IIc peak in the cyclic voltammetry experiments.

The strong tendency of Rh(bpy)33+ to form adsorbed layers made it seem likely that this complex would be involved in the formation of rhodium-mercury bonds as in the case of Rh-ethylenediamine complexes [30,31]. Indeed, the formation of chemical bond between the complex and mercury is the most plausible explanation for the observed electrochemical behavior. The dependence of IIIc current peak height on the experimental conditions (Figs. 2, 4-6) reveals a slow kinetic step associated with the electron transfer process:
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2Rh(bpy)33+  +   H2O    +    Cl-   +    2e-                   [Rh2bpy3(H2O)Cl]3+  +  3bpy
(1)

Thus, the overall reduction at the potentials of IIIc current peak is one-electron process resulting in a bridged, binuclear complex of rhodium(II). This is in accordance with the previous results which show that the stable complexes of rhodium(II) could exist only as binuclear Rh-Rh complexes [29]. The formation of rhodium(II)-dimer intermediate in the course of electroreduction of trans-Rh(en)2Cl2+ at the mercury electrode was already proposed by Gillard et al. [34], but later it was shown that this species was a mercury(II)-bridged trinuclear complex of rhodium(I) [30]. Since rhodium (II) species has never been identified when reduction was carried out at solid electrodes, the chemical bond between the complex and mercury is required for its formation. This chemical bonding precedes the charge transfer and takes place at the potentials where the complex exists in Ad1 state. It is very likely that in that case (-electrons of bipyridne rings occupy the vacant orbitals of mercury. The potential dependence of such bonding is reflected in IIIc current peak height when the electrode is held at different starting potentials prior to the measurements (Figs. 5 and 6). When the electrode is held at 0 V, which is outside the adsorption region, no appreciable bonding occurs. In the potential region where the complex exists in Ad1, state the rate of bond is significantly increased. In that region, the increase of bonding at more negative potentials is a consequence of the electrostatic attraction of an increasingly negatively charged electrode and the positively charged complex. On the other hand, the bonding reaction interferes with the condensed film formation (Ad2 adsorption state) which is reflected in the diminishing of the IIc current peak height. It is not possible from these measurements to determine the rate constant for the bonding step.

Another possibility of the charge transfer mechanism underlying the IIIc current peak is 2-electron reduction of Rh(bpy)33+ to rhodium(I), which is, analogously to previously reported cases [35,36] engaged in a rapid inner-sphere electron transfer reaction with Rh(bpy)33+ (Eqs. (2) and (3)). 

Rh(bpy)33+   +   2e-                       Rh(bpy)+    +     2bpy




(2)

Rh(bpy)33+   +   Rh(bpy)+   +  H2O   +   Cl-                  [Rh2bpy3(H2O)Cl]3+   +   bpy
(3)

The mechanism represented by the equations (2) and (3) corresponds to the EC reaction scheme where the product of reduction couples with the reactant, i.e. disproportionation reaction.  For the reaction (2) equilibrium potential could be defined by the Nernst equation:
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where Ee stands for the equilibrium potential, Ee' is formal potential of the reaction and other parameters having their usual meaning. The equilibrium constant for the reaction (3) is:


[image: image2.wmf][

]

[

]

[

]

[

]

[

]

Cl

bpy

Rh

bpy

Rh

bpy

Cl

O

H

bpy

Rh

K

e

+

+

+

=

)

(

)

(

)

(

3

3

3

2

3

2

.
(5)

Rearranging both equations we obtain:
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The equation (6) predicts 60 mV shift of the reduction potential of reaction (3) with 10-fold increase in concentration.

From the obtained results it is not possible to differentiate between two cases of electroreduction mechanism underlaying IIIc current peak. However, the shift of the IIIc peak potential by 60 mV/logCRh(bpy)33+ toward less negative potentials with the increase of the concentration of Rh(bpy)33+, as well as the scan rate dependence of the concentration at which the IIIc current peak appears, confirm the participation of the complex in the accompanying chemical reaction and are therefore strong evidence in favor of the reaction mechanism represented by the equations (2) and (3). 

At the IVc current peak (or rather a group of peaks) further reduction of rhodium (II) takes place. The mechanism of the reduction is rather complex and the resulting products could not unambiguously be identified by the techniques used, but the following observations might help in the elucidation of the reduction mechanism:

-
Participation of mercury in the electroreduction process. This is one of the most striking features observed during the electrochemical reduction of Rh(bpy)33+ at the potentials of IVc current peak. It is known that during electrochemical reductions and/or oxidations of some transition-metal complexes at the mercury electrode the formation of mercurated products occur [30, 37-38]. Gulens et al. [30] first showed that such reactions proceed with simple amine complexes of rhodium(III) and that their reduction leads to the concomitant oxidation of the mercury electrode at the potentials as negative as - 1 V vs. sce.

-
The release of bpy ligand into the solution. Mass spectra unambiguously reveal the free ligand which is reduced at the potentials of the Vc current peak.

-
The stripping like character of Ia current peak suggests the accumulation of the reduction product at the surface of the electrode. 

-
The formation of the insoluble product which contains mercury in a stable but kinetically labile complex. The reduction of Rh(bpy)33+ at the IVc group of current peaks can follow one of the following reaction mechanisms:

1. Further reduction of the product obtained at the potentials of IIIc current peak with the concomitant follow-up reaction with mercury:

[Rh2bpy3(H2O)Cl]3+   +  2e-                     2Rh(bpy)+    +  bpy  +  H2O   +   Cl-
(7)

3Rh(bpy)+    +    Hg0                        2Rh0    +    [Rhbpy]Hg3+   +   2bpy
(8)

Although the exact stoichiometry could not be precisely identified, the ultimate reduction product is a mixed Rh(I)-Hg(II) complex. However, the possibilities such as [Rhbpy]2Hg4+, [Rhbpy]Hg(H2O)3+ or [Rhbpy]Hg(OH)2+ could not be ruled out. The Ia current peak is related to the oxidation of the adsorbed product formed at the potentials of IVc current peak. Since the elemental rhodium is irreversibly reduced at the mercury electrode [39], the oxidation of the mixed Rh-Hg complex is the most plausible explanation of the origin of Ia current peak.     

2. It is clear from the results presented and from the previous discussion that condensed layer at mercury prevents one-electron reduction of Rh(bpy)33. However, the question remains about the mechanism of electroreduction under such experimental conditions where condensed layer is formed on the electrode. From the cyclic voltammograms it is visible that IVc current peak is a composite of several processes taking place at similar potentials. The relative heights of the two peaks depend on the experimental conditions and it is reasonable to assume that the starting complex in the condensed layer undergoes two-electron reduction at the potentials of IVc current peaks as presented by equation (2). The rhodium (I) species thus formed reacts with mercury, resulting in the same way as presented in equation (8).

3. The reduction of the starting complex reaching the surface by diffusion with the mechanism presented in equation (2). This process might dominate the cyclic voltammograms at higher concentrations of complex (Fig 4b) since the current peak controlled by diffusion should be linear with concentration, whereas the height of IIc and IIIc current peaks should be limited to the available surface of mercury and consequently insensitive to the concentration in the concentration range where maximum adsorption exists.  

5. Conclusions

In contrast to other papers dealing with electroreduction of Rh(bpy)33+, the results presented in this paper stress out the importance of mercury in the electroreduction process. The role of mercury is twofold at least. First, the strong adsorption of Rh(bpy)33+ at the surface of mercury enables the formation of Hg-complex bond which is a prerequisite for one-electron reduction at the potentials of IIIc current peak leading to the bridged Rh(II) complex,  [Rh2bpy3(H2O)Cl]3+. At the potentials of the IVc current peaks further reduction of the complex takes place, causing the concomitant oxidation of the mercury electrode, yielding a mixed Rh(I)-Hg(II) complex and elemental rhodium. Both reductions are accompanied by the liberation of bpy ligand, which is reduced at the Vc current peak.
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Fig. Legends

Fig. 1. The cyclic voltammograms of a) 1.35 mM Rh(bpy)33+ (____) and 1 mM bpy (------) at GC electrode, (=1 V/s and  b) 1.35 mM Rh(bpy)33+ at Hg electrode, (=30 V/s.

Fig. 2. The cyclic voltammograms of 0.7 mM Rh(bpy)33+ at Hg electrode at: (=1 V/s (____), 2 V/s (------), 5 V/s (((() and 10 V/s ((-(-();  (inset 0.02 V/s)

Fig. 3. Three consecutive cyclic voltammograms of 0.7 mM Rh(bpy)33+ at mercury electrode; (=5 V/s

Fig. 4. The cyclic voltammograms of Rh(bpy)33+ of different concentrations, (=5 V/s; a) 0.085 mM (____), 0.34 mM (------), 0.7 mM (((() and 1.35 mM ((-(-(); b) 2.8 mM (____), 6 mM (------) and 12 mM ((-(-().

Fig. 5. The cyclic voltammograms of 1.35 mM Rh(bpy)33+ at Hg electrode at starting potential of 0 V with delay times: 5, 25, 50 and 500 s ; (=50 V/s. Arrows indicate increased delay times.
Fig. 6. The cyclic voltammograms of 1.35 mM Rh(bpy)33+ at Hg electrode recorded with 5s delay time at starting potentials of: 0 V (____) , –0.35 V (------) and –0.65 V ((((); (=50 V/s.
Fig. 7. The cyclic voltammograms at Hg electrode of 0.7 mM Rh(bpy)33+ (____) and with the addition of  0.7 mM bpy (------), (=5 V/s. 

Fig. 8. The differential capacity-potential curves for the bulk Rh(bpy)33+ concentrations: (------) 0.17mM, (((() 0.7 mM and ((-(-() 6 mM. (____) pure electrolyte.

Fig. 9. Potential step chronoamperometric curves of 0.6 mM Rh(bpy)33+ at Hg electrode for potential step from E1 = -0.63 V to E2 = -0.79 V (curve 2), E2 = -0.82 V (curve 3) and E2 = -0.85 V (curve 4). Curve 1 represents phosphate electrolyte.

Fig. 1.


[image: image4.wmf]-5

-4

-3

-2

-1

0

1

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

-8

-4

0

4

8

 

 

 j / mA cm

-2

a

b

Vc

 

 j / mA cm

-2

III

a

II

a

I

a

IVc

IIIc

IIc

Ic

E / V



Fig. 2.


[image: image5.wmf]-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

-1.4

-1.6

0.05

0.00

-0.05

-0.10

-0.15

-0.20

-0.25

 

 

j / mA cm

-2

E / V

III

k

IV

k

V

k

V

c

IV

c

 

 

j / mA cm

-2

III

c

II

c

E / V


Fig. 3.


Fig. 4.


[image: image6.wmf]-3

-2

-1

0

1

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

-8

-6

-4

-2

0

2

Vc

IV

c

 

 

j / mA cm

-2

 

 

a

III

c

II

c

 

E / V

 

j / mA cm

-2

 

b

III

c

IIc


Fig. 5.


Fig. 6.


[image: image7.wmf]0.0

-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

-1.4

-8

-6

-4

-2

0

2

4

6

8

10

IVc

III

c

II

c

 

 

 j / mA cm

-2

 E / V


Fig. 7.
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Fig. 9.
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