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In electroreduction, after the transfer of the first electron to methyl viologen, MV2+, resulting in formation of the 
radical cation, MV-+, the electron transfer to MV*+ without chemical complications occurs only under special 
conditions: the species more readily reduced than MV-+ are the dication or monocation dimers, MV22+ or MV2-+ 
formed in reactions in solution near the electrode. 

It is well known] that the methyl viologen (1 ,l'-dimethyl-4,4'- 
bipyridinium) dication, MV2+, changes into the blue radical 
cation, MV*+, by accepting one electron from an electrode in 
the fast reversible reaction (1) which in aqueous solution is 
accompanied by adsorption of MV2+ and MV.+ at the 
electrode surface.2.3 For the half-wave potential of this 
electrode reaction in aqueous solutions the value of -0.69 V 
vs. saturated calomel electrode (S.C.E.), identical with the 
corresponding standard redox potential,4 has been accepted.5 
The actual course of the second reduction step of MV2+, 
generally considered to be as represented in reaction ( 2 ) ,  
where MVO symbolizes the reduced molecular form of methyl 
viologen (1 ,l'-dimethyl-l,l'-dihydro-4,4'-bipyridine), has 
been the subject of detailed research, the important results of 
which are reported in the present note. 

nMVO--+ MV,O ( 3 )  

When studied by linear sweep voltammetry with a station- 
ary mercury drop electrode, the electroreduction of MV.+ to 
MVO in neutral aqueous solutions occurs as a simple reversible 
process at -1.35 V us. S.C.E. at MV2+ concentrations of 1 X 
10-5 M and lower and at voltage scan rates of 200 mV s-1 and 
higher.3 Under these conditions two pairs of peaks about 
0.7 V apart can be observed on the cyclic voltammetric curve, 
due to the two reversible redox steps in equations (1) and (2). 
The asymmetry of the curve indicates that part of the 
reduction product MVO undergoes an inactivating reaction, 
presumably an association ( 3 ) ,  where n denotes the degree of 
association. 

In d.c. polarography a reduction process, which, as its 
half-wave potential, Eh -1.35 V vs. S.C.E., shows, corre- 
sponds to the voltammetric MV*+/MVO redox reaction, is 
marked on the polarographic curve by a well-defined wave 
only when the rate of flow of mercury into the electrode is 

sufficiently high (however, still within laminar limits). With a 
slow drop growth and low MV2+ concentration the polaro- 
graphic curve shows a reduction wave with its half-wave 
potential more positive by 0.15 V than the MV*+/MVO redox, 
i.e., at - 1.2 V us. S.C.E. When the pressure of mercury above 
the capillary tip is increased above a certain limit, there 
appears, on top of the existing wave, the MV*+/MVO wave at 
- 1.35 V which increases linearly with the mercury pressure. 
This effect can be explained in the following way. 

The radical cation MV*+ produced in the first reduction step 
is adsorbed at the negatively charged electrode. Similarly, the 
reduced molecular form MVO is also adsorbed on mercury, 
although less strongly. Following the electron transfer reac- 
tion the adsorption of the reduced species continues, irrespec- 
tive of its adsorbability, until full coverage of the electrode is 
attained; only then do the products begin to diffuse towards 
the bulk of the solution. When the pressure of mercury 
exceeds a certain limit, the rate of increase of the electrode 
surface becomes higher than the rate of occupation of the 
newly forming surface by adsorbing product of the electrode 
reaction, and hence no reduction product can appear in the 
solution for secondary reactions to take place. With a high rate 
of growth of the mercury drop neither MV*+ nor MVO appear 
beyond the electrode surface and thus, under these special 
conditions, the second stage of the electroreduction of MV2+ 
proceeds in the simplest way, according to equation (2). With 
a lower rate of growth of mercury surface, after the electrode 
becomes fully covered by the products and MV*+ and MVO 
appear in solution, the monocation dimer6.7 MV2'+, when 
formed [reaction (4)] by encounter of these two species near 
the electrode, is reduced [reaction ( 5 ) ]  to MV20, the dimer of 
MVO, in the wave at -1.2V vs. S.C.E. In the negative 
potential range when MV2+ is reduced directly to MVO, the 
cation radical MV*+ is produced in solution by the conpropor- 
tionation reactions (6), and the formation of the monocation 
dimer MV2*+ and its reduction proceed according to reactions 
(4) and ( 5 ) .  Thus in d.c. polarography under normal condi- 
tions and at low concentrations of MV2+ the reduction wave 
corresponding to the second stage of electroreduction of 
MV2+ is due to electron transfer to the dimeric species MV2'+ 
In voltammetry with a slow scan rate, there appear two 
negative peaks at -1.2 and -1.35V vs. S.C.E., pertaining to 
the reduction of MV2*+ and MV*+ respectively. 
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Scheme 1 
In the potential range between the MVZ+/MV.+ and 

MV2*+/MV20 redox reactions there occurs one more faradaic 
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process in aqueous solutions, at -1.OV vs. S.C.E. It becomes 
apparent when the concentration of MV2+ in the solution is 
sufficiently high or ,  with solutions of low concentration of 
MV2+, when the time of contact of the solution with the 
electrode is sufficiently long. In d.c. polarography a reduction 
wave at - 1 .O V can be distinguished on the curve with a 5 X 
10-SM solution when the drop-time is 3s;  in linear sweep 
voltammetry a peak at -1.OV is clearly defined with a 2 X 
10-SM solution at a potential scan rate of 50mVs-1 and 
lower. With higher concentrations and faster scans the peak is 
reversible. With increasing concentration of MV2+ or with 
prolonged drop-time the d.c. polarographic wave at - 1.0 V 
increases at the expense of the more negative MV2'+/MV+) 
wave at - 1.2 V: with 5 x 1 0 - 4  M solution and a drop-time of 
3 s or with 2 x 10-4 M solution and a drop-time of 10 s the 
negative wave is almost completely replaced by the more 
positive one. 

2MV*+ MV22+ (7) 

The species primarily produced by electroreduction of 
MV2+ at - 1 .O V is the radical cation MV-+ which is adsorbed 
at the electrode. After complete coverage of the electrode 
surface has been attained the radical cations are free to diffuse 
towards the bulk of the solution or  to combine to  form the 
dication dimer 6,9910 MV22+ according to reaction (7) which is 
presumably slower than reaction (4). As soon as this dimer 
appears near the electrode at -1.OV vs. S.C.E. it accepts an 
electron and is reduced [reaction (S)] to the monocation dimer 
MV2*+. When accumulated the monocation dimer dispropor- 
tionates [reaction (9)] and the reduction of MV22+ at -1.OV 
continues with the dimer MV20 as product. The total height of 
the polarographic wave is determined by the rates of reactions 
(7) and (9) with the limit at high MV2+ concentrations of a 
diffusion-controlled two-electron process, as is found 

experimentally. The polarographic wave or the voltammetric 
peak of MV2+ observed at -1.OV vs. S.C.E. is thus due to 
reduction of the dication dimer MV22+ formed in solution 
near the electrode by dimerization of the radical cation MV*+ 
and not to the direct reduction of this radical which takes place 
in a potential range more negative by 0.35 V. 

The paths along which the two-electron electroreduction of 
MV2+ can proceed in aqueous solutions are summarized in 
Scheme 1, where the adsorption steps and the reactions of 
catalytic evolution of hydrogen have not been included. The 
species MVO and MV2'+ are oxidized by hydrogen ions and 
hence the second reduction stage of MV2+ is pH-depen- 
dent1911 in solutions of pH < 7. 
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