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Electrochemical oxidation of [V(IV)O(nta) (H2 0»)- (H3nta nitrilotriacetic acid) was studied in 
aqueous solution by means of cyclic voltammetry, differential pulse polarography, and current 
sampled DC polarography on mercury as electrode material. In the pH-range under study 
(5'5-9'0) the corresponding V(V) complex is produced by one-electron oxidation of the parent 
V(IV) species. The oxidation product is stable within the time scale of cyclic voltammetry. The 
evaluation of the pH-dependence of the half-wave potentials leads to a pKa value for [V(IV) . 
. O(nta)(H20»)- which is in a good agreement with previous determinations. The measured 
value for E1/2 is very close to the formal potential E 01 calculated via the Nernst equation on the 
basis of known literature values for log Kox and log Kred • the complex stability constants for the 
oxidized and reduced form, respectively. 

The investigation of the redox chemistry of transition metal oxo complexes by electro­
analytical methods has attracted considerable interest in recent years l - 3 (and 
references cited therein). Most of these studies were done because oxo-metal ion 
complexes are good candidates for oxygen transfer catalysts that oxidize inorganic 
and organic substrates as we1l4 • 

The present study was undertaken as a first step in search for electrochemically 
reversible V(V)/V(IV) redox couples interesting from several points of view. 

Analytically, reversible electrode processes can be used to determine the oxidized 
and reduced forms of a redox couple by means of DC-polarography5. 

On the other hand, V(V)/V(IV) couples in coordination environments which allow 
fast redox reactions may Be regarded as model cases with biochemical relevance. 
It was shown only recently that the interconversion of the complexed V(V)/V(IV) 
couple in human serum occurs rapidly under physiological conditions6 • For this, 
certain structural requirements have to be fulfilled. 

In this work a detailed study of the electrochemical oxidation of the [V(IV)O(nta) . 
. (H20)]- complex was carried out as a candidate redox V(IV)/V(V) couple that 
shows reversible electrochemical behaviour. 
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EXPERIMENTAL 

Materials 

The complex Na[V(lV)O(nta)(H2.0)].2·5 H 2 0 was prepared according to the method by Nishi­
zawa and Sait07a• 

Boric acid and sodium tetra borate tenhydrate (VEB Laborchemie Apolda, G.D.R.) were 
of analytical grade purity and were used without further purification. 

Methods 

All voltammetric measurements were done with the polarographic analyzer PA 3 (Laboratorni 
pristroje, Prague, Czechoslovakia) in a standard three compartment cell. The static mercury 
drop electrode SMDE 1 (as a part delivered with the PA 3) was used as the working electrode 
throughout. Opening times of 160 ms for the magnetic needle valve (which controls the flow 
rate of mercury and, in this way, the size of the mercury drop) were used in all measurements 
to ensure a reproducible drop surface. 

The reference electrode was a commercial AgjAgCljCls-;;t-electrode (Forschungsinstitut "Kurt 
Schwabe" Meinsberg, G.D.R.). All potentials given in this work refer to this electrode, unless 
otherwise stated. The counter electrode was a commercial platinum wire electrode of the same 
man ufacturer. 

pH-values were measured with the micro combination glass elecirode EGA 801 N ("Kurt 
Schwabe" Meinsberg) coupled to a MV 85-pH-meter (VEB Praecitronik, Dresden, G.D.R.). 
The glass electrode was calibrated with commerical standard buffers of pH 6·86 and pH 9'18. 

The pH-values of the voltammetric sample solutions were measured before and immediately 
after each voltammetric run inside the electrochemical cell. 

RESULTS AND DISCUSSION 

Our attempts to oxidize [V(IV)O(nta)(H20)]- electrochemically were started as 
a conclusion from a paper of Nishizawa et al7b• In this paper, it was demonstrated 
that the outer-sphere oxidation of [V(lV)O(nta)(HzO)]- by chemical one-electron 
oxidants at pH < 5·5 occurs so fast (t1/2 < 10 ms) that kinetic studies by stopped­
-flow methods were impossible. The following equation for the redox reaction under 
study was given 

(A) 

Electrooxidation of [V(IVjO(nta)(H20)]- appears to be reversible in the electro­
chemical and the chemical sense, as well. Table I gives data for the CV's at three 
different scan rates at pH 6·7: the anodic (Epa) and cathodic (Epe) peak potentials, 
the difference between anodic and cathodic peak potentials (i1Ep), and the difference 
between the anodic peak potential and the potential at half peak height (Epa - Epa/z), 
respectively. The anodic peak current parameter i paV- 1 / 2 (v scan rate) is constant 
with varying scan rate which confirms the diffusion control of the electrode process. 
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A further check of the reversibility of the electrochemical oxidation of [V(IV) . 
. O(nta)(H20)]- has been obtained from the slope of the logarithmic plot of the 
polarographic wave which is close to the theoretical value of 59 m V for a one­
-electron Nernstian wave also in agreement with cyclic voltammetry yielding the 
separation of anodic and cathodic peak potentials AEp = 60 mY). 

As a medium boric acid/borate buffer was used in the present study. In a related 
study, where the redox couple [V(V)O(oxn-]j[V(IV)O(ox)z(H20Y-] (ox oxalate) 
was investigated, we made the experience that borate in contrast to phosphate buffer 
is not able to substitute the coordinated water molecule at the V(IV)-center8 • Despite 
of the fact that the buffering capacity of borate is limited in the neutral pH-range, 
we focused on this medium in order to avoid overlapping equilibria in which ternary 
complexes of the type [V(IV)O(nta)X]n- (X e.g. phosphate) would be involved. 
To verify the electrode reaction (A), measurements of the half-wave potential E1/2 

were madein the pH-range 5·5 to 9·0. At pH < 6·5, the E1/2-values could be measured 
only by DPP because with decreasing pH the anodic limiting current is increasingly 
cut by the anodic dissolution limit of mercury. This evaluation is based on the relation 

(1) 

TABLE I 

Data for CV's of 0'5 mM [V(N)O(nta)(H2 0)]- in 0'5M H 3B03 , pH 6·7; SMDE 1, hanging 
mercury drop mode, different scan rates (v) 
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FIG. 1 

Plot of the measured half-wave !,otentials 
vs pH.AgjAgCljCl;;;t vs NHE = +0·197 V 
(ref. 1s) 
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whele Epa is the peak potential of the DPP-peak when anodic pulses are used. L1E 
is the pulse amplitude and has a positive sign in this case9 • 

The DPP-measurements over the whole pH-range gave Wi/2-values (Wi/2 potential 
separation at half peak height) which were close to the theoretical value of 90· 5 m V 
for a Ncrnstian one-electron process 9 • The same was true for the slopes in the log 
plots of the current sampled DC polarography and the CV-L1Ep values. 

To establish the E lIZ vs pH-diagram in Fig. 1, values gained by all of the three 
voItammetric techniques mentioned were used. For individual pH-values, these 
El/z-values agree within ±5 mY. From the data in Fig. 1 two segments with different 
slopes were obtained. 

Thc slopc of the line at pH < 6·84 is -114 mY/pH, i.e. the Ei/z-value is shifted 
in the cathodic direction with increasing pH. The value of 114 mV is close to the 
theoretical value of 118 m V for the case when a one-electron processs is coupled 
with a two-proton transfer. In this way, the correctness of Eq. (A) was confirmed. 

At pH > 6·84 a slope of -60 mV was obtained. This corresponds to the following 
electrodc rcaction: 

[V(IV)O(nta)(OH)]Z- ~ [V(V)02(nta)y- + H+ + e. (B) 

The inllcction point in the diagram of Fig. 1 is identical with the pKa value of the 
coordinated water molecule in [V(IV)O(nta)( H zO)] -, 

[V(lV)O(nta)(HzO)]- ~ [V(IV)O(nta)(OH)y- + H+ . (C) 

The value of pKa = 6·84 agrees well with previously determined values by pH­
-potcntiometry (pK" = 6·9j1b and pH-titration with observation by EPR-spectro­
scopylO. 

From the diagram in Fig. 1 no information can be gained in view of the actual 
concentration ratio of the species resulting from the equilibrium (B). It is quite clear 
that under our conditions even at pH < 6·84 considerable amounts of [V(IV)O(nta)­
(OH)J2 - are present in the bulk of the solution. 

So, from our results no conclusions are possible with respect to the findings in 
ref. 7b that the hydroxo-V(IV) complex is oxidized considerably faster than the aquo­
-V(IV) complex. 

The unambiguity of the E1/rvalues determined in this work can be proved in the 
following way: 

Thc formal potential of the [V(V)O 2(nta )]2 -/[V(I V)O( nta)(HzO)] - couple can 
be calculated via the Nernst equations. I 2 as follows: 

0' 0' I Kox Ee = Eaqu - 0·059 11 log --- ; 
K rcd 

(2) 
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E~' is the formal potential of the electrode reaction as defined in Eq. (A). E~~u is 
the formal potential of the electrode reaction of uncomplexed V(V) and V(IV) at 
pHO: 

(D) 

The value is + 1·00 V vs NHE (ref. 8 ). Kox and Kred are the complex stability constants 
as defined in Eqs (3) and (4) 

K _ [V(IV)O(nta)H 20-] 
red - [V(IV)02+r~ta3-j' 

(3). (4) 

The values used were log Kox = 13·80 and log K rcd = 10·82 (ref. 13). In this way, 
the formal potential of the complexed couple at pH 0 was calculated as E~' = 0·824 V 
vs NHE. With the known pH-dependence of the electrode reaction (Eq. (A)) the 
E~' value is calculable according to 

EO'(pH) = +0,824 - O·IIHpH(V), (5) 

e.g. for pH 6 the value obtained was E~' (pH 6'0) = +0·116 V vs NHE. It agrees 
well with the measured value which is E1/2 (pH 6'0) = +0·105 V vs NHE. 

From the present results and our experience from related studies8 it seems clear 
that reversible interconversion of V(IV) and V(V) can occur only when the appro­
priate V(IV) complex has a coordinated water molecule in cis-position to the V(IV)­
-oxo oxygen. Only in such cases highly structural similarity between the V(V) and 
V(IV) complexes is given. In this respect it should be borne in mind that V(V) occurs 
in its complexes (with only a few exceptions) in a cis-dioxygen unit. When the cis­
-position in the V(IV) complex of concern is occupied by a donor atom of a chelate 
ligand, then the oxidation to V(V) is sterically hindered and the electron transfer 
is much slower. This was demonstrated for the [V(IV)OEDT AY-j2V(V)02EDTA r­
couple14• 

Assumed structures of the complexes involved in the electrode reaction studied are 
such as depicted by 1 and II. 

[V(V)O (nta)} Iv (IV)O(nta)(H ,.O)J 
/I 
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In a forthcoming report we will show how electrode reactions of the type described 
here can be used for a parallel determination of V(V) and V(IV) by current sampled 
DC polarography on a static mercury drop electrode!!. 
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