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The one-electron reversible electroreduction of methyl viologen to its radical cation in aqueous
solutions on mercury electrodes proceeds, according to potential, concentration and time of
electrolysis, in various ways. Methyl viologen is adsorbed in flat orientation at the electrode
surface; it undergoes a surface redox process in z-interaction with the metal in a potential range
positive by about 02 V of the beginning of the electroreduction. The actual reduction starts by
electron transfer followed by adsorption of the radical cation and, at higher concentrations and
in a narrow potential range, by crystallization at the electrode surface of a salt of the radical
cation. In solution near the electrode the radical cation dimerizes and the dimer also adsorbs
at the electrode. In the region of the standard redox potential and more negative the reduction
proceeds by electron transfer from the electrode covered by a layer of the radical cation or of
its dimer.

The 1,1’-dimethyl-4,4’-bipyridylium ion, or the methyl viologen' dication, MV?*,
is a species frequently used in electron transfer processes in solutions (see, e.g.?™*),
convenient for the ease with which it accepts an electron forming the blue radical
cation MV? and for the relatively negative redox potential® characterizing this
reversible reaction.

The radical cation MV? has a tendency to dimerize®~® which is particularly
pronounced in water and which has to be taken into account when considering redox
equilibria.

From the amount of experimental data published in literature (e.g.°~**) it appears
that, due to the ready adsorption of both the dication and the radical cation on various
surfaces, the heterogeneous electron transfer reaction of MV2* is a considerably
more complex process than the homogeneous one. Because of wide use of methyl
viologen in heterogeneous and microheterogeneous systems its heterogeneous
reactivity is of special interest; the reproducibly renewed mercury electrode as
a simplest heterogeneous system provides ideal means for its study. In our previous
paper's we dealt with interfacial interactions between mercury and the parent
molecule of MV2*, the 4,4"-bipyridyl. The present paper brings results of combined
polarographic and electrocapillary measurements carried out with the aim to under-
stand the processes which enter into the heterogeneous one-electron reduction of the
MV2* ion at mercury electrode in aqueous solutions.
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EXPERIMENTAL

Electrocapillary measurements were carried out with a spindle-type dropping mercury electrode
by the method of controlled convection! %17, The capillaries, the apparatus, the chemicals
and the procedure with the solutions were the same as described previously!. In addition, for
recording polarographic and voltammetric curves the GWP 675 polarograph (ZWG, Academy
of Sciences of G.D.R., Berlin) with an Endim 620.02 XY recorder was used. Methyl viologen
was dichloride, a Fluka product. All values of potentials given in the paper are referred to the
saturated calomel electrode (SCE).

RESULTS AND DISCUSSION

Thanks to the work of several authors'® 22 the main features of the electroreduction
of MV?* are known. The MV2* dication accepts the first electron in a reversible,
pH-independent step in which the blue radical cation MV ¥ is formed; the correspon-
ding polarographic half-wave potential E;,, = —0-69 V (vs SCE) is in agreement with
the potentiometrically measured redox potential®-2%. The complexity of the electrode
process becomes clearly apparent when the polarographic curves are compared over
a wider concentration range starting from low concentrations.

A precise study of the dependence of the d.c. polarographic curve on the pressure
of mercury at various concentrations of MV2* shows that the faradayic as well as
non-faradayic currents depend on adsorption and that the corresponding adsorption
equilibria are not always attained during the drop-time. The limiting current of
reduction of MV2* to MV?, e.g., is purely diffusion controlled only at concentra-
tions 7.107° mol ™! and higher — this dependence has been found for the entire
cathodic current measured from zero, i.e., including the component due to charging
of the clectrode. From the results of previous measurements'®-?> and from what is
shown below it follows that at about the concentration 7 . 10~ mol 17! the dropping
electrode is being completely covered during its growth by the reduction products,
the radical cation MV? or its dimer, MV3*, which have displaced the cations of the
supporting electrolyte from the closest contact with the electrode surface and thus
become the sole bearers of the charging current at the negatively charged electrode.
In this way the sum of both currents, the faradayic and the nonfaradayic, is controlled
by diffusion of MV?* to the electrode and of the reduction products from the elec-
trode.

Fig. 1 shows changes of the mean current of the d.c. polarographic curve in the
potential region of the first reduction step when the concentration of MV?* in solu-
tion is varied between 1.107% and 5.10" % mol 17, Three different waves can be
distinguished on the curves: from the lowest MV2* concentrations increases the first,
drawn-out prewave with E;,, around —0-50V and reaches its limiting height at
about 5.107°moll™!; at higher concentrations the main wave starts appearing
on top of the prewave and continues growing proportionally with concentration —
by its E,,, which does not change with concentration it can be identified as per-
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taining to the electron transfer proper, MV2* 4+ e & MV?; an additional wave
appears at concentration about 2.107* mol 17! between the first prewave and the
main wave and when MV?2* concentration is further increased it shifts, maintaining
constant height, towards positive potentials. For a correct interpretation of the three
different processes connected with the one-electron heterogeneous reduction of
MV2* it is important to know the parameters of the adsorption equilibrium of
MV?2* and the tendency to adsorption of its reduction products over the correspon-
ding potential range, such as are provided in electrocapillary measurements by the
method of controlled convection!®17,

ELECTROCAPILLARY MEASUREMENTS

The electrocapillary curves of MV solutions for concentrations between 5. 1077
and 2. 10”* mol 17 ! are shown in Fig. 2. They indicate strong adsorption on mercury
of MV?* as well as of its reduction products. The inflection at —0-7 V marks the
first reduction step. The dashed line denotes the potential range of the electrolytic
process where adsorption is combined with electron transfer and transport processes.
The scatter of points at curve 7 characterizes a particular region where no reprodu-
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D.c.polarographiccurvescorresponding tothe Electrocapillary curves in 0-IM NaClO, in
first reduction step of MV2*. 0-1M NaClO,, presence of MVCI, in concentration: 1 0;
concentration of MVCl,: 10; 21; 32; 43; 5 20-5;31; 42; 510; 6 20; 7 50; 8 100; 9 200 .
4:65:710; 820, 950.10 3 moll™ ! . 1075 mol1~1
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cible drop-time can be obtained. The surface tension values for the potential range
positive of the first reduction wave are given in Table I.

From the data of the electrocapillary curves a set of y-log ¢ curves were plotted
for constant potential values between —0-1 and —0-65V in 50 mV intervals and
from those by graphical differentiation according to the Gibbs-Lippmann equation
for the surface excess I', I' = —(1/2-303RT) (0y/é log c), the I'-E curves for various
concentrations were obtained (Fig. 3). Comparison of Figs 2 and 3 shows that
MV?2* is adsorbed already on positively charged electrode. The conjugated system
of the two aromatic nuclei of MV?2* is known to enter readily into charge transfer
interaction with electron-rich species in homogeneous media* and it can be expected
that an analogous interaction occurs in planar adsorption at a pure metallic surface,
like in the case of the bipyridylium ion'S. The n-interaction between the aromatic
system and the electrons in the metal is hence stronger than the electrostatic repulsion
of the dication from the positive surface, weakend, presumably, by association of
MV?2* with anions in the interface?®. However, unlike in the case of the structurally
closely related 4,4’-bipyridylium ion'®, the MV?* adsorption has its limit at positive
potentials. This is probably due to the hydrophobic character of MV?* compared
with the more hydrophilic bipyridylium ion which in an electrical repelling field can
turn with one end towards the solution and eventually, after splitting off the proton
from the positively charged nitrogen atom facing the electrode, go over from non-
localized to localized interaction with mercury. The symmetrical hydrophobic MV2*

TaBLE [

Equilibrium interfacial tension of Hg in aqueous solution of MVCI, in 0-1m NaClO, (mN m™!
with precision of +0-2 mN m ™)

—F Concentration of MVCI, mol 17!

0 5.1077 1.10762.107%1.107°2.107°5.107%1.107% 2. 107%

V vs SCE

C-000 396-0 396-0 396-0 396-0 396-0 3960 396-0 — —

0-050 401-5 401-5 401-5 401-5 401-5 401-5 401-5 400-9 399-5
0-100 407-1 407-1 4071 407-1 407-1 4071 407-1 406:0 4043
0150 411-6  411-6  411-6 4116 411-6 4116  411-5 410-1 408-2
C-200 4157 4157 4157 4157 4157 4156 4150 4135 413-2
0-250 4192 4192 4192 4192 4192 4185 4174 4160 4141
0360 421-8 4218 421-8 421-8 4215 420-4 4190 4174 4154
0-350 423-8 4238 4238 423-8 422-5 421-3 4196 4176 4156
0-400 4251 4250 4249 424-6 4226 4213 419-2 4172 4151
0450 4258 4255 4251 424-5 421-6 4199 4176 4156  413-5
0-500 425-5 4250 4244 423-4 4195 417-3 4144 4125 410-8
0-550 4248 4237 422:7 421-1 4156 4125 409-1 407-3 406-0
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dication either approaches the electrode in parallel with the surface or, at positive
potentials where the electrostatic repulsion prevails, does not enter the interface at
all. The methyl group bound to nitrogen prevents the localized interaction of the N
atom of MV?* with mercury. On the other hand, for both ions is similar the increase
of adsorption with increasing negative potential of the electrode; this tendency is
more strongly pronounced in MV?*. Up to the concentration 2.107> mol1~? of
MV?* the curves of I" vs E are monotonous. At higher concentrations the curves
go through an inflection at about —0-35V, i.e., at a potential corresponding to the
maximum of electrocapillary curves in the given solutions, and at more negative
potentials they cross over the curves of lJower concentrations. This nonmonotonous
course of the I'-E curves at higher concentrations is presumably due to special asso-
ciations of MV2* with anions in the less negative and of MV? in the more negative
regions of potentials. In solutions of MVCI, (ref??), and in particular in the inter-
face?®, the dication MV?2* associates with Cl™ anions; the asymmetrical complex
MV2*CI™ or the pairs MV?*X™, where X~ stands for other anions in the solution,
get adsorbed near the potential of zero charge in a position inclined to the electrode
surface — hence the increase of surface excess. When in NaClO, as supporting
electrolyte at higher concentrations of MV?* the MV? radical cation is generated
by the faradayic process, a crystallization of sparingly soluble MVt CIO; takes place
at the electrode surface, as is discussed below. This results in a particular space
requirement by the new phase, larger than for simple adsorption of the radical
cation, which explains the crossing of the I'-E curves.

From the I'-E curves the dependence of surface excess I' on the bulk concentra-
tion ¢, or the adsorption isotherms, can be obtained for various values of constant

rio°
molm?

FiG. 3 .
Dependence of the surface excess I” on poten- ;
tial obtained from the curves in Fig. 2 (cor- ‘ B f ; '
responding curves numbering) 052 04 £V 07
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potential, E, and are shown in Fig. 4. The isotherms indicate that already at the
bulk concentration of 2.107 % moll~! the electrode surface is nearly completely
covered by adsorbed MV?*, It is worth noticing that at positive potentials where
the adsorption is weaker the ascending part of the isotherm acquires an S-shape.
Similar result was observed also with other adsorptive substances'®:2%. We explain
it by additional processes like solvation/desolvation or interionic interactions entering
into the equilibrium when the adsorbate-adsorbent interaction is relatively weak.
The experimental data of the equilibrium surface excess I' when plotted in the
¢/T vs ¢ coordinates yield a set of well fitting straight lines confirming that the ad-
sorption of MV?* follows the Langmuir isotherm. The adsorption parameters
obtained from these straight lines are given in Table II. When compared with the
4,4'-bipyridylium dication” the Langmuir adsorption coefficient of the MV2* ion
for adsorption on Hg is by more than one order of magnitude higher; the reason for
this difference can be ascribed to the difference in hydration of the two ions. Greater
and stronger hydration of the bipyridylium ion presumably also contributes to the
greater surface area occupied at maximum coverage by the ion which by itself is
smaller than MV?*. For adsorption of MV?* at a Pt ring-disc electrode at the
E,,, potential (—0-69 V) the value for I';, was given®® as 0-20 + 0-03 nmol cm™?2
which is within the order of magnitude of our results for Hg; however, the adsorption
coefficient of MV2* on Hg comes out almost 100 times higher than the one given
for Pt.

According to the data in Table I1 with increasing negative potential the limiting
surface excess I'y, and the adsorption coefficient § markedly increase. This potential
dependence shows two distinctly different regions: at potentials more positive than

r.ao
molm?

Fic. 4
Adsorption isotherms of MVCl, up to 2. 107° mot1™ ' in 0-1m NaClO, at potentials: 1 —0-35;
2 —0-40; 3 —0-45; 4 —0-50; 5 —0-55; 6 —0-60; 7 —0-65 V (SCE)
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—05V both I', and B increase aproximately linearly with negative potential, at
more negative potentials their steep increase is a function of potential with an ex-
ponent higher than 1. At the more positive side the interfacial behaviour of MV?*
is obviously similar to that of the bipyridylium dication!®. The steep increase at the
more negative side can be explained by a gradual change of the adsorbed species
at the electrode in consequence of a beginning adsorption-coupled electron transfer
reaction which makes itself in this way noticeable at —0-5 V. At potentials more
positive all the MV2™* jons approaching the electrode from the bulk get reversibly
adsorbed with their plane parallel to the surface favouring n-interaction; at poten-
tials more negative some of the MV?* ions approaching the electrode accept an
electron at a certain distance from the surface and change into the radical cation
MV which, polarized in the electric field, gets adsorbed in a position near to per-
pendicular. The oxidized form, MV?2*, is less strongly adsorbed than the reduced
form, MV?, and the positive difference between the free energies of adsorption
of the reduction product and the reactant shifts the reversible electron transfer to
potentials more positive than the standard redox potential of the simple reaction?,

When an electron transfer reaction initiating mass transfer gets included in electro-
capillary measurements, the conditions do not correspond to a pure adsorption
equilibrium any more and the Gibbs-Lippmann equation does not hold; however,
although not providing exact equilibrium data on such conditions the measurements
still supply usefuyl information on adsorption of reaction components and allow
conclusions to be drawn on the heterogeneous processes involved in the reaction.
In our sysiem, e.g., once the electroreduction starts, the more strongly adsorbable
MV radical cation begins to replace MV2?* from the electrode surface and this
change continues throughout the drop life. In the potential range corresponding to

TABLE IT
Data of the linearized Langmuir adsorption isotherm obtained from electrocapillary curves
measured in solutions of MVCI; in 0-1m NaClO,

—~E Iy yr,, B
V vs SCE mol m™2 m? mol ! m? mot !
0350 1-07. 1079 094 . 10° 098 . 102
0-400 1-11.10°6 0-90 . 108 2:04 . 10?
0-450 1-28.10°° 0-78 . 10° 3-00. 10%
0-500 136,106 0-74 . 108 612 . 107
0-550 1-78.10°6 0-56 . 10° 9-33. 102
0-600 224,108 0-45. 108 16-52. 10%
0-650 2-82.107° 0-36. 10° 35-50. 102
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the limiting current of the first polarographic prewave the whole process goes on
only slowly and the results we take from the drop-time measurements are the more
remote from the equilibrium data the longer is the drop-time or the more negative
is the applied potential. In this respect in Table II only the data measured at poten-
tials less negative than —0-5 V can be regarded as corresponding to true adsorption
equilibrium conditions. From the adsorption data we can see how the onset of the
electron transfer process brings about the decrease in surface area requirement of the
adsorbed species from the maximum, in flat orientation of MV** with n-interaction,
as the proportion of MV?, occupying less area in an inclined orientation, increases.

When followed over a wider concentration range (Fig. 5) the usual shape of iso-
therms is maintained by the curves at —0-35, —0-40 and —045V. At —0-50V
there appears a small maximum on the curve at concentration of about 5. 107> mol .
.171. With further progress towards negative potential above the concentration
2.1073 mol1~* the I'y, values decrease until at 1. 107“ mol 17! they all meet near
the value 1-2.1071° mol m™2. This result can be understood when the above men-
tioned®” reaction of dimerization of the radical cation, 2 MV? = MV2* is taken
into consideration. At higher concentration of MV2?* and at potentials more negative
than —0-5 V this reaction competes near the electrode surface with adsorption of the
monomer. By stirring during the long drop-time the dimer is brought into the whole
volume of the solution and, since it is also-adsorbable, it participates with monomer
in covering the electrode until, with the given drop-time, at concentration 1. 10™% mol
.17 of MV?* it replaces the monomer completely at the electrode surface. The
common value I'y, for all curves indicates what had been already suggested®!, that
in the dimer the aromatic rings of the two moieties are parallel, and that the sym-
metrical dication dimer MV2* gets adsorbed with the rings in parallel with the

raot
molm?
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Adsorption isotherms of MVCl, up to 1. 10™* mol1~! in 0-1m NaClOQ, at potentials: 1 —0-35;
2 —0:40; 3 —0-45; 4 —0-50; 5 —0-55; 6 —0+60; 7 —0+65 V (SCE)
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surface occupying very nearly the same area as the primary symmetrical dication
MV?2*, It was shown elsewhere®? that in electroreduction of MV?* the dication
dimer MV3* is formed as a secondary product which undergoes electroreduction
in the potential region between the first and second reduction steps of MV?*,

By graphical differentiation of the electrocapillary curves the dependence of the
charge density on potential of the electrode has been obtained which is presented,
in Fig. 6. Unlike in the case of bipyridylium!® there is no common intercept for
the set of curves, as there is no potential of minimum adsorption for MV2*. Here
again two potential regions can be distinguished in the dependence: from the begin-
ning of adsorption to about —0-5 V the negative equilibrium charge density increases
steeply with increasing negaiive potential like for bipyridylium; from —0-5V where
the electroreduction starts participating in the process the increase slows down.
Like bipyridylium, the MV** dication when adsorbed at the electrode in a flat posi-
tion, attracts electrons from the metal to the surface. From —0-5 V in the negative
direction the charge accumulation at the electrode surface follows the increasing
surface concentration of the products of the electrode reaction: the radical cation
MV at lower volume concentrations of MV2* or at less negative potentials and the
growing participation of the dimer MVZ* in the electrode coverage at higher con-
centrations or at more negative potentials. In the whole potential range examined
the charge density increases with increasing concentration of MV?* along the usual
course of an adsorption isotherm to a limit at 5. 1075 mol 17! irrespective of the
maxima occurring on the concentration dependence of the surface excess. The
accumulation of the negative charge on the electrode surface hence proceeds in
a uniform way whether the adsorbed species be MVZ*, MV or MV3*. The last
curve in Fig. 6 represents the charge saturation of the mercury surface in contact
with MV?* in aqueous solution. The fact that concentrations higher than 5.
.107* mol 17! do not contribute to the equilibrium charge density at the electrode
means that at that concentration the surface is completely covered by the adsorbed
matter and that only the species coming into closest contact with the metallic surface
decide about the charge density on it. The difference in charge density between 5.
.107°mol 17! and 2.10"4mol1~?! solution of MV?* at the positive side of the
electrocapillary curve is probably due to a particular structure of the surface layer
of the associations between MV2* and anions, evident also on the I'-E curves.

From the curves in Figs 3 and 6 the dependence of the charge density, g, on the
surface excess, I', can be found; this is given in Fig. 7. For the potentials —0-35,
—0-40 and —0-45V the dependence has the same characteristic course as in the
case of the bipyridylium dication. From —0-5V to more negative potentials the
sequence of the initial linear parts acquires an opposite direction of the slopes. This
is due to the gradual change of the initial composition of the surface layer with
increasing proportion of MVt to MV?*. The steep increase of negative charge
density after the initial moderate increase is an obvious consequence of the increase
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of the average I',, value due to continued replacement of the MVZ* ions by the
MV radical ions in the adsorbed layer as the faradayic current continues flowing
throughout the whole drop-life.

POLAROGRAPHIC MEASUREMENTS

The First Prewave

From the data for I', in Table II it follows that in the potential region positive of
—0-50 V the cation MV?* is adsorbed with its plane flat on the electrode surface.
On the d.c. polarographic curves recorded with high sensitivity the adsorption of
MV?* is indicated by a small cathodic current which extends towards positive
potentials as the adsorption extends (Fig. 8). As shown in Fig. 8, this small cathodic
current precedes the first prewave with half-wave potential at —0-5 V and, like the
limitng current of this prewave, increases with concentration of MV2* to a limit
reached at about 5.10 5mol1™!. A similar cathodic current had been found®?3
to precede the adsorption prewave of methylene blue. It is obviously due to the nega-
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Dependence of the equilibrium density ¢ on
potential obtained from the curves in Fig. 2
(corresponding curves numbering)

Dependence of the equilibrium charge den-
sity q on the surface excess I' for potentials:
1 —0-35; 2 —0-40; 3 —0-45; 4 —0-50; 5
—0-55; 6 —0-60; 7 —0-65V (sCE), obtained
from the data in Figs 3 and 6
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tive charge attracted to the electrode surface by the positively charged planar aromatic
species in m-interaction with the metal. The essential difference between the charge
density—potential curves in Fig. 6 and the polarographic charging current accompa-
nying adsorption shown in Fig. 8 is in the degree of attainment of adsorption equi-
librium: while the data from electrocapillary measurements up to the potential
of —0-5 V refer to equilibrium attained with a long drop-time and stirring, the polaro-
graphic adsorption current at low concentrations of MV2* corresponds to a non-
equilibrium state; at higher concentrations when the diffusion is able to supply
sufficient amount of MV?* for equilibrium to be reached within the usual short
drop-time of 3-S5 s, the equilibrium surface concentration is already near the com-
plete coverage.

The first polarographic prewave appears in the potential region where, measured
at equilibrium conditions, an adsorption interaction of MV?2* with the electrode
surface takes place and, besides, a transport-controlled faradayic process beginsto
make itself noticeable. However, within the short drop-time in polarography this
faradayic process comes into force only at more negative potentials and hence
the wave observed on polarographic curves is connected only with the adsorption
interaction of MV2* with the electrode surface. The main characteristics of the pre-
wave as well as the electrocapillary equilibrium data up to its half-wave potential
are analogous to that of the bipyridylium ion'5. We sugges: that like there it is due
to the surface redox process of the cations adsorbed with the heterocyclic rings in
parallel with the electrode surface:

MVZ* & (MV?Y),
(MV?*), + e =(MV?I),,
where the subscript # denotes the n-interaction in adsorbed state.
During the time of contact with the electrode the system of = electrons of the

adsorbed MV2* cation, which acts as electron acceptor due to the effect of the
two positive charges, is in the field of a higher negative charge density than the
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D.c. polarographic curves of 0-1mM NaClO,4 o)

solution containing: 10; 24; 35; 47. 1073 ) ) . )
mol 1~ MCVI, 02 04 -EV o8
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system of a cation in the solution. (In an analogous case, in viologen-capped por-
phyrins, where 7-interaction exists between MV2* and the prophyrins, a polarization
of electron density from porphyrin to viologen has been observed®%.) In reduction
of MV?™* the newly accepted electron joins the delocalized system of = electrons
of the radical cation MV?; the electroreduction of the adsorbed MV2™ cation then
takes place in a less negative range of externally applied potential than the reduction
of the non-adsorbed cation and on the polarization curves it appears as an adsorp-
tion pre-wave or pre-peak>’. In the reversible adsorption equilibrium at the potential
of the limiting current of the first prewave each elementary act of adsorption is
accompanied by reduction of the MV2™ ion and each desorption by its reoxidation
so that the composition of the solution near the electrode surface remains unchanged.
The surface redox process hence cannot be observed in potentiometry or in potentio-
static electrolysis with stationary electrodes>. It shows the behaviour characteristic
of charging or adsorption currents: in d.c. polarography the limiting height of the
surface redox wave is directly proportional to the pressure of mercury above the tip
of the capillary which is directly proportional to the rate of change of the electrode
surface dA/dt; at a slow rate of drop growth the surface redox prewave becomes
indistinguishable by the side of the main wave (Fig. 9). Similarly, 1f recorded with
the ‘““tast” or “‘current sampling” polarographic techniques when the current is
measured towards the end of a longer drop-time when dA/dt is small, the polaro-
graphic curve does not show the surface redox wave. On voltammetric curves the
cathodic and anodic peaks due to the surface redox process appear on the positive
side of the main redox peaks providing the rate of change of potential, dE/dt, is
sufficiently high (Fig. 10). At low scanning rates the surface redox peaks on the

-r.108

F1G6. 9

Effect of the mercury pressure upon the
separation of the first prewave and the main
wave on d.c. polarographic curves of 5.
. 1073 mol1~! MVCI, in 0-1M NaClO,. The
drop-time measured at —0-8V was: 1 56;
230; 315s.
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voltammetric curves ultimately merge with the charging current (c¢f. results in“).
In phase-selective a.c. polarography the surface redox process of MV2* is charac-
terized by a peak on both, the in-phase and out-of-phase, components of the cell
impedance which remains prominent up to high frequencies!®-2%,

When the electrode gets covered by a surfactant more strongly adsorbed than
MV?27 | the first prewave due to the surface redox process is eliminated and the reduc-
tion of MV?2* takes place in the normal, main wave with its half-wave corresponding
to the potentiometric redox potential, as is demonstrated in Fig. 11. (The same effect
as shown in the figure was achieved by a 10 % mol 17! solution of tetrabutylammo-
nium perchlorate; ¢f. also results in3®.)

The Second Prewave

While the first prewave pertains to a redox process in itself, i.e., to the surface redox
process, the short characteristics of the second prewave given in the introduction
and displayed in Fig. 1 indicate a direct connection of this prewave with the redox
process in the main wave. The second prewave begins to appear on polarographic
curves only at MV?* concentration of about 1-5.10 % mol1~! with the usual
drop-times of 3—5 seconds, and from that concentration it accompanies the main
wave. With the foot of the main wave it shifts to positive potentials when the MV?*

e
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Cyclic voltammetric curve of 1. 1075 mol.
.171 MV(l, in 0-1m NaClO, obtained with
a hanging mercury drop electrode at scanning
rate of 0:32V s~ ! showing a pair of re-
versible prepeaks due to the surface redox
and two pairs of reversible peaks due to two
primarily reversible processes of the two-
-stage reduction of Mv2t

Fic. 11
Effect of surfactant upon the surface redox
reaction. D.c. polarographic curves of:
0-1m NaClOy; 2 4. 107 ° mol 171 MVCl,;
30-1M NaClO, + 1. 10 *mot 17! erythro-
sin; 4 4+-4.107° mol 17! MVCl,
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concentration increases. At higher temperatures, while the first prewave only slightly
shifts to negative potentials, the second prewave disappears entirely from the polaro-
graphic curve. It does not occur with solutions containing either adsorbable substances
like alcohols or buffer components at higher concentrations, or anionic substances
at low concentrations, like in pure water or in buffers at low degree of dissociation.
A marked feature of this prewave, in contrast to the drawn-out first prewave, is the
steep increasing part becoming more prominent at higher concentrations, suggesting
that the current determining reaction is a fast process. This conclusion follows
also from a study of i—t curves or from slow-scan voltammetric experiments with
slowly growing or stationary mercury drop electrodes. On i-t curves in the potential
region around —0-60 V there appears at a certain moment a sudden sharp and narrow
cathodic peak (Fig. 12); the time of appearance of this discontinuous increase of
current is gradually delayed when the potential is made more negative. When the
i—t curves were followed with a solution which after long experimenting contained
some form of reduction products of MV2*, the peak was appearing on the i-t
curves irreproducibly, at random times. The peak occurs over a potential span of
about 60 mV; at the side of negative potentials the shape of the i~t curves changes
in a way indicating a complex adsorption process accompanying the faradayic
reaction. An analogous peak on slow scan voltammograms has an anodic counterpart
on the reverse branch of the curve which proves reversibility of the process. The
potential difference between the cathodic and anodic peaks is less than 30 mV; its
value depends on the scan rate and on composition of the solution.

The experimental facts lead to the conclusion that the second prewave is due to
reduction of MV2* followed by formation over the electrode of a primarily two-

14r, —— )

-1.0°L d
A
1 k k |
4r 1
] FiG. 12
Instantaneous current-time curves at con-
oo 0 L stant potential of —0-625 V with 2. 10~ % mol
0 6 ts 16 171 MVCl, in 0-1M NaClO,
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-dimensional crystalline layer of a sparingly soluble salt of the radical cation MV ¥
with an anion from the solution — a similar case as was described in electroreduction
of 4,4-bipyridyl'>. Like there, the difference in potentials of the main wave and the
second prewave is due to the free energy of crystallization and adsorption of the salt;
for MV?2* this is obviously less than the energy for the corresponding salt of 4,4'-
-bipyridyl which gives as a rule a more prominent reduction prewave. On top of the
two-dimensional layer of the adsorbed oriented salt the growth of the crystal can
continue in the third dimension from the side of the solution when further radical
cations are generated by electron transfer through the primary layer. In d.c. polaro-
graphy the limiting current of the second prewave increases linearly with increasing
negative potential; the inverse slope of this linear dependence is an indication of the
resistance of the crystalline layer: with longer drop-time the layer on the surface of
the drop grows thicker, its resistance accordingly increases and the slope of the
limiting current is smaller. The formation of the crystalline layer can take place
only when special conditions are fulfilled: there must be sufficiently high concentra-
tion both of MV?™* and of the anion in the space close to the electrode surface and
the electrode potential must be sufficiently negative so that the reduction of MV?2*
followed by adsorption of the radical MV 7 takes place at an appropriate rate and
a nucleus for the crystallization can be formed, but not too negative, as the higher
rate of generation of the radical cation leads to formation of the adsorptive dimer
MVZ*. The region of potentials over which the salt of the radical cation is formed
at the electrode is limited at the negative side on the polarization curves by an abrupt
increase of current which obviously denotes the change of reaction mechanism due
to the replacement of the layer of salt from the electrode surface by the adsorption
of the dimer. The dimerization of the radical cation is obviously one of the factors
noxious to crystallization of the radical cation salt layers in the technique of the
display systems (see, e.g.,>” and papers cited therein). The steep slope of the ascending
part of the second prewave is due to the fast growth of the layer following the nuclea-
tion process. In the old solution some dispersed particles of reduction products
when coming at random into contact with the surface can presumably initiate the
nucleation — hence the random occurrence of the current peaks observed on the
i-t curves.

The Main Wave

In Fig. 11 it can be seen that when an interaction between MV2* and MV? and the
electrode is prevented by blocking the electrode surface, the electroreduction of
MV?2* takes place already at the lowest concentrations in the potential range of the
main wave with the half-wave potential at —0-69 V. The electron transfer in the
main wave hence corresponds to the simple redox reaction without either MV?*
or MV? interacting with the electrode. In absence of surfactants the electrode gets
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covered by a layer of the radical cation, its salt or its dimer, as was shown above,
in the potential region positive of the main wave. The electron transfer in the main
wave, therefore, proceeds at the electrode as in a homogeneous redox process, un-
hindered by the surface coverage.

At concentration 5. 1074 mol 1™ of MV?2™ the top of the front part of the polaro-
graphic wave is distorted with a tendency for a maximum to occur — the maxima
do actually occur at still higher concentrations®¢-38. This is presumably due to fast
dimerization of the radical cation in solution near the electrode and to replacement
of the monomer by the dimer at the electrode surface which produces fast changes
of surface tension in course of drop life. Such conditions could account also for
the region of irreproducible drop-times at the electrocapillary curve shown in Fig. 1.

CONCLUSIONS

The study of the one-electron reduction of the MV2* cation at mercury electrodes
by means of polarographic techniques and electrocapillary measurements has con-
firmed that the basically simple reaction is in practice a complex process due to
homogeneous and heterogeneous interactions of the components of the redox
system, MV2* MV? and MV32*, with solution components and the electrode
surface. The stages involved in the reduction, in the sequence proceeding towards
negative potentials, are the following:

1. at positively charged electrode, E > E, , ., reversible adsorption of MV?* with
its plane in parallel with the electrode surface enabling 7-interaction with the metal

MV2 + = (Mvz +)x ;

2. at negatively charged electrode, —0-5 < E < E,, ., surface electron transfer
in m-interaction with the electrode (surface redox process), 1. polarographic prcwave

(MV2*), + e =(MVY),

3. at E £ —0-5V, with long drop-times and lower concentrations observed already
at E = —0-5V, in polarography at E < —0-5V, electron transfer followed by re-
versible adsorption of MV? in a position inclined towards surface

MVt 4 e 2 MV (a)
MV =(MV7?),, (b)

4. at E £ —0-5V; with long drop-times and higher concentrations observed already
at E = —0-5V, in polarography at E < —0-5V, formation and reversible adsorp-
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tion of the radical dimer MV2* in n-interaction with the electrode; occurs after stage
(3a) and competes with (3b)

2MVY @aMVit
MVit =(MVih),

5. at —069V < E < —05V, occurs with sufficiently high concentration of MV2™*
and of anion X7, electron transfer followed by surface crystallization of a sparingly
soluble salt of radical cation; takes place after stage 3. and is hindered by stage 4.,
2. polarographic prewave

(MVT),ds + X~ = [MVtX—]ads.cryst.

6.at E £ —069 V, electron transfer through a surface layer of electrolytic products
adsorbed at the electrode surface, polarographic main wave

MVZ* 4 e 2 MVT .
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