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INTRODUCTION

N,N'�disubstituted bipyridinium dications (viol�
ogens) are among the most important organic elec�
tron�accepting structural elements that have
recently attracted considerable attention due to their
redox properties. Since the mid�20th century, it was
known [1] that they are reversibly reduced in close

ranges of potentials by a two�stage process that
forms the stable radical cation V•+ and diamine V0,
respectively (Scheme 1). The properties of viologens
change from strong electron acceptor to strong elec�
tron donor during the reduction. The compounds
also change in color from colorless to blue and yel�
low, respectively [1].
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Scheme 1. Reversible two�stage reduction of MV2+.

Increased interest in viologens in recent years was
explained by the fact that viologen units react with
electron�donating compounds to form donor�accep�
tor complexes [2–39], which dissociate after the par�
tial or complete reduction of viologen. This underlies
the functioning of supramolecular systems with elec�
troswitchable and electrochemically controlled prop�
erties [35–39] and molecular devices and machines
with a catenane [2–26], rotaxane [2, 24–32], and
pseudorotaxane structure [13, 31, 33, 34].

An interesting property of viologens is the liability
of their radical cations to undergo π�dimerization

[40], i.e., the interaction of the π�systems of two radi�
cals with electron coupling but without forming a
σ�bond [41]. π�Dimerization depends strongly on the
medium [42, 43], temperature [44], concentration
[44], and the structure of the radical cation [45–47].
The UV spectra clearly show π�dimerization as an
additional wide absorption band in the long�wave
region (~850–950 nm), which appears at increased
concentrations of the radical cation [48]. π�Dimeriza�
tion of radical cations leads to a change in the color of
the solutions of radical cations from blue to violet [48].
The π�dimerization effect was used to create molecu�
lar devices [49–52].
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To create supramolecular systems with electro�
chemically controlled properties, we previously studied
the binding of calix[4]resorcin tetrasulfonate [35], the
complex [Fe(CN)6]

4– tetraanion [36], and the dianion
of amphiphilic 1,5�bis(para�sulfonatophenyl)�3,7�
diphenyl�1,5�diaza�3,7�diphosphacyclooctane with
amphiphilic tetramethylviologen calix[4]resorcin octa�
cations that differ in the length of the hydrocarbon rad�

ical in the resorcinol fragments (MVCA�  where n =
1, 5) in solvents with different water and dimethylsul�
foxide (DMSO) contents and NaClO4 or NaCl sup�

porting solutions [37, 39]. MVCA�  is reduced in
two stages in all solvents. The first stage involves the
transition of four electrons to four viologen units, form�

ing the MVCA�  tetra(radical cation), which further
undergoes four�electron reduction to the neutral com�

pound MVCA�  at the second stage (Scheme 2). The
transfer of four electrons occurs at the same potential at
each stage. Supramolecular systems with electrochem�

ically controlled binding (MVCA�  and aggregation

(MVCA�  were created on the basis of the redox
transformations of viologen units.

During the reduction of MVCA�  at controlled
potentials of the first stage under the conditions of
large�scale electrolysis in these systems, the solution
becomes violet, which points to π�dimerization of the
radical cations of viologen fragments. Since there are
four viologen units on the calixresorcin platform, both

intra� and intermolecular dimerizations are possible
in the tetra(radical cation). In contrast to the examples
from the literature [40–52], the latter process in this
case can lead to the formation of not only π�dimers,
but also π�oligomers (π�polymers). Their formation
opens up prospects for creating a system with an elec�
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trochemically controlled state in the form of a monomer
or oligomer from tetraviologen calix[4]resorcins by sim�
ply switching the potential from the steady state to the
first�stage reduction potential and back. In this connec�
tion and from the viewpoint of more profound rational�
ization of previously obtained data, we investigated in

detail the stepwise reduction of MVCA�  in aqueous
organic (dimethylformamide (DMF), DMSO) solvents
with various contents of the organic component, paying
major attention to π�dimerization. This communica�
tion presents the results of this study.

EXPERIMENTAL

The studies were performed by cyclic voltammetry
(CV), electrolysis, and UV and EPR spectroscopy.

The cyclic voltammograms were recorded using a
PI�50�1 potentiostat on an H 307/2 XY recorder
(without IR compensation) in an inert atmosphere
(nitrogen). The working electrode was a glassy carbon
(GC) disc electrode (∂ = 3.4 mm) pressed into Teflon
(fluoroplast). The electrode was cleaned by mechani�
cally polishing it before each measurement. Platinum
wire was an auxiliary electrode. The potentials were
measured and are given relative to the saturated calomel
electrode (s.c.e.) having a potential of –0.41 V relative
to the formal potential of the Fc/Fc+ redox system.
The temperature was 295 K. The diffusion character of
the peak currents ip was proven using the theoretical
form of the voltammogram and the linear dependence

ip–  the adsorption nature was confirmed by the
presence of an adsorption maximum and the linear ip–
dependence (the potential scan rate  was varied from
10 to 200 mV/s) [53].

The electrolysis was performed in a three�electrode
glass diaphragm (porous glass) cell in a potentiostatic
mode in an atmosphere of an inert gas (nitrogen) using a
PI�50�1 potentiostat. During the electrolysis, the solu�
tion was stirred with a magnetic stirrer. The working elec�
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trode was glassy carbon tissue (S = 18 cm2), the auxiliary
electrode was platinum wire, and the reference electrode
was s.c.e. The solutions were monitored by CV on the
indicator glassy carbon disc electrode (∂ = 3.4 mm)
directly in the electrolyzer during the electrolysis.

For electrolysis of the MVCA�  system, the
working solution with a volume of 20 mL was prepared

by dissolving MVCA�  ⋅ 8Cl– (С = 0.5 mM)
(18.4 mg) and the NaClО4 supporting salt (245 mg) or
NaCl (С = 0.1 M) (117 mg) in 90% aqueous DMF or
30% aqueous DMSO (30 vol % DMSO). For electrol�

ysis of the MVCA� –ferrocene (Fc) system, Fc (С =
0.5 mM) (1.9 mg) was added to the above�mentioned

solution; for the MVCA� –ferrocenyl(H�phosphine)
acid system, an acid (2.5 mg) was added. A supporting
electrolyte solution was poured into the auxiliary space.
The electrolysis was conducted at controlled potentials of
the first (from –0.6 to –0.8 V) and second (from –1.1 to
⎯1.4 V) reduction peaks and at the potential of reoxida�
tion to the dication state (from +0.4 to +0.5 V) until the
current became constant.

A spectrophotometric study was performed on a Per�
kin Elmer Lambda�35 spectrophotometer using 10 mm
quartz cells at 295 K. The EPR spectra were recorded on
a SE/X 2544 Radiopan spectrometer (Poland) and simu�
lated using the “Winsim v.1.0, 2002” program. The
results were processed with the Microcal Origin program.

MVCA�  ⋅ 8Cl– was synthesized by the proce�
dure of [35]. Ferrocenyl(H�phosphine) acid
(Fc�P(O)(H)OH) was prepared by the procedure of
[54]. The commercial reagents were the salts MV2+ 

⋅

2Сl–, NaCl, NaClO4, and Fc. The DMF solvent (Pan�
reac) was used without further purification. All the
salts dissociate well in the chosen solvents; therefore,
here we mainly operate on ions unless stated other�
wise. DMSO was purified by the procedure of [55];
twice distilled water was used.

RESULTS AND DISCUSSION

Spectrophotometric Studies

The π�dimerization of radical cations is readily

proven by UV spectroscopy; therefore, the MVCA�
radical cations were mainly studied by this method.
The absorption spectra were recorded for 0.02 or

0.04 mM aqueous organic solutions of MVCA�
reduced with metallic zinc. The organic component
(DMF, DMSO) was varied over a wide range (every
10%) from 0 to 100 vol %. For comparison, the UV
spectrum of the methylviologen MV2+ radical cation
(0.1 mM) was recorded. For MV2+, the spectrum of
the monomeric MV+• radical cation was recorded in
all solvents; the π�dimers were not found at the low

concentration used (Fig. 1). For MVCA� , the
monomer–π�dimer ratio depends on the medium. In
100% organic solvents, the solution contained only the
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Fig. 1. Normalized UV spectra of methylviologen in water and
DMSO (С = 0.1 mM) after the reduction with metallic zinc.
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monomer radical cations of viologen units (Figs. 2a, 2b).
The addition of 10% water in the solution already led
to the formation of π�dimers, as indicated by the
transformation of the whole spectrum and especially
the appearance of a wide absorption band at ~900 nm.
As the water content increased, the monomer radical
cation fraction decreased and the π�dimer fraction
simultaneously increased. In 100% water, the mono�
mer was present in minor quantities; the main part of

the viologen radical cations MVCA�  was in the
form of π�dimers. MM+ modeling of the tetra(radical
cation) shows that intramolecular π�dimerization is
impossible because of steric hindrances. At the same
time, there are no pronounced limitations on inter�
molecular π�dimerization both for one� and two�cen�
ter interactions and for three� and four�center ones
(four radical cations of one molecule with four radical
cations of another, Fig. 3). Consequently, the MVCA�

 π�dimers in this case are the products of intermo�
lecular π�dimerization. Note that these results were
obtained for the concentration 0.02 (0.04) mM. Evi�
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dently, for more concentrated solutions (0.5 mM)
used in the electrochemical experiment, the fraction
of π�dimers will be much higher in all solvents irre�
spective of the number of interaction centers.

Electrochemical Studies

H2O–DMF (90 vol % DMF)/0.1 M NaClO4

medium. As in all previously studied organic and aque�
ous organic solvents [35–39, 56, 57], in this medium

MVCA�  (С = 0.5 mM) was also reduced stepwise

(Fig. 4a), forming the stable MVCA�  tetra(radical

cation) and the MVCA�  neutral compound accord�
ing to Scheme 1. The first reduction peak is a pure dif�
fusion peak (i ~ v1/2); the second peak and both reox�
idation peaks also contain a small adsorption compo�
nent. As a result, the second reduction peak is slightly
more acute and higher than the first one and the
potential difference between the first reduction and
reoxidation peaks at low potential scan rates is lower
than the theoretical value for single�electron reversible
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processes (59 mV at 25°C [53]). Thus, at v = 10 mV/s,
this difference is 40 mV. The potential of the first reox�
idation peak is independent of the potential scan rate
in the range 10–200 mV/s, and the reduction peak
potential shifted toward negative values at increased v.
The latter is the result of the subsequent π�dimeriza�
tion reaction. When the working electrode was prelim�
inarily maintained at the potential of generation of the
radical cation form (Е = –0.6 V) for 1 or 2 min and the
CV was recorded at this potential, there were no signif�
icant changes on the CV curve. It follows from the set
of obtained data that the radical cations are π�dimer�
ized during the electrochemical reduction of MVCA�

 to MVCA� . The products of the reduction of
calixresorcin are adsorbed on the electrode surface

insignificantly. The low peak current of MVCA�  is
unusual in this system. The four�electron diffusion
peak of its reduction equals the one�electron diffusion
peak of ferrocene oxidation, which suggests the low

diffusion rate of the MVCA�  octacation compared
with that of uncharged ferrocene (the diffusion coeffi�
cient is ~16 times lower).

The solution of MVCA�  (С = 0.5 mM), which is
slightly yellow in the initial state, starts to be colored
blue immediately after large�scale electrolysis on a
glassy carbon fabric at the potentials of the generation
of the tetra(radical cation) (Е = –0.7 V). In 2 min, the
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blue color becomes deep and changes to violet. This
color persists during the whole electrolysis for 20 min

(Q ≈ 6 F/mol MVCA� ) and during further record�
ing of CV curves. After the electrolysis, the steady�state
potential of the GC indicator electrode (Est = –0.55 V)
became higher negative than the potential of the first

reduction peak of MVCA�   = –0.42 V). This
points to the practically quantitative reduction of

MVCA�  to MVCA�  and the absence of the start�

ing MVCA�  and other possible intermediates of the

partial reduction of the first stage of MVCA�

(MVCA�  MVCA�  and MVCA�  The
CV curve of the electrolysate recorded with the initial
potential scan from the steady�state potential toward
the anode values shows one oxidation peak of MVCA�

 whose potential exactly equals the potential of
the first peak of reoxidation on the CV curve of

MVCA�  (Fig. 4b). The height of this peak is 15%
lower than that of the first peak of the reduction of

MVCA�  in the starting solution. The reverse
branch of the curve contains the peaks of re�reduction

of MVCA�  to MVCA�  and the reduction of

MVCA�  to MVCA�  The picture was similar
when CV was recorded with the initial potential scan
toward the cathode values.

The violet color of the solution suggests π�dimer�

ization of the MVCA�  radical cations of viologen
units. The intermolecular π�dimerization is indicated
not only by the calculated data, but also by the change
in the color of solution from blue to violet in the course
of electrolysis. At the start of electrolysis, i.e., at low
tetra(radical cation) concentrations, the (blue) color
of the solution corresponds to the monomer radical
cations of the viologen units. At higher electrolysis
times and hence higher tetra(radical cation) concen�
trations, the (violet) color of the solution corresponds
to the π�dimers.

The π�dimers should be reduced and oxidized less
readily than the monomers. The absence of additional

signals of both the starting compound MVCA�  and

MVCA�  on the CV curve is due to the high rate of
π�dimerization and dissociation of the π�dimers.
π�Dimerization leads to an increase in the molecular
mass of the species and accordingly to a decrease in
the diffusion coefficient, which just shows itself as

decreased oxidation currents of MVCA�  com�

pared with the reduction currents of MVCA�
During the reverse oxidation of the solution at Е =

+0.4 V, the violet color of the solution which it
acquired during the reduction in the preceding elec�
trolysis changes to blue in 3 min. The color gradually
becomes less deep with time and after 14 min of elec�
trolysis, the solution corresponds, in its yellowish
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color and CV curves, to the starting solution of

MVCA�  (Fig. 4a).

The repeated reduction–reoxidation cycle leads to
the same results. Thus, we performed double electro�

chemical switching of MVCA�  to a mixture of the
monomer and π�dimer tetra(radical cation) and back
with reversible switching of the color of the solution:
pale yellow ⇔ blue ⇔ violet.

The neutral form MVCA�  was also generated at
Е = –1.2 V. The electrolysis was performed for 36 min
until the currents became constant. The blue color
appeared immediately; after 1.5 min, the solution
became violet and in 11 min, it acquired brownish red
coloring, which became deeper with time and
remained to the end of electrolysis. The steady�state
potential of the GC electrode (Est = –0.84 V) corre�

sponds to the second reduction peak of MVCA�
The solution actually contained the neutral form. On
the CV curve of the electrolysate, the oxidation stages
are lowered. After reverse oxidation at Е = +0.4 V
(18 min), the color of the solution became at first vio�
let and blue and then yellow. The CV curve of this state of
the system corresponds to the starting solution; i.e., after

the cycle of reduction of MVCA�  to MVCA�  at the
potentials of the second stage and reverse oxidation, it

completely returns to the starting MVCA�  state. The

obtained result indicates that MVCA�  is stable for a
long time.

As mentioned above, the diffusion coefficient of

MVCA�  is unusually low and still lower for the
π�dimeric tetra(radical cation), which followed from

the CV curves of MVCA�  and MVCA�  To con�
firm these conclusions additionally, we studied the

reduction and reoxidation of MVCA�  in the pres�
ence of equimolar amounts of ferrocene.

The starting solution was bright yellow. The CV
curve contains the peaks of the reduction and reoxida�

tion of MVCA�  in the cathode region and the revers�
ible peak of oxidation of Fc to Fc+ at Ер = +0.46 V in the
anode region (Fig. 5). The potentials and heights of all
peaks correspond to the oxidation or reduction of free
nonbonded particles.

During the generation of MVCA�  radical cat�
ions in the course of electrolysis at Е = –0.6 V, the
color of the solution changed in the same way as in the
electrolysis in the absence of Fc. The blue coloring
became pronounced at the start and then changed to
violet after 4 min. The electrolysis was conducted for
33 min until the currents became constant.

According to the steady�state potential of the

working electrode (Est = –0.40 V), MVCA�  was

reduced to MVCA�  nonquantitatively in this case.
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The CV curves of the electrolysate contain the oxi�

dation peak of MVCA�  and the peak of oxidation
of Fc to Fc+ at a potential of +0.45 V, whose height
increased 1.4�fold compared with that of the starting
solution (Fig. 5). The reverse Fc+ reduction peak cor�
responds, in its height and potential, to the peak for
the starting solution. In this case, Fc really performs
the function of a mediator; i.e., at Fc oxidation poten�

tials, the monomer and π�dimer forms of MVCA�
are oxidized with Fc+ generated electrochemically.
The oxidation of the less mobile monomer and π�

dimer forms of MVCA�  is accelerated due to the
much higher mobility of Fc and Fc+, which is reflected
in the increase in the Fc oxidation peak current.

To return the system to its starting state, we oxi�
dized it at the potential of oxidation of Fc to Fc+ (E =
+0.4 V). The similar oxidation in the system without
ferrocene took 14 min, while in this case, the mediator
oxidation took only 3.5 min. Already after 1.5 min, the
violet solution became blue and after 2 min, the blue
color vanished and the solution acquired its initial yel�
low coloring. The CV curve of this solution corre�
sponds to that of the starting solution. The height of
the Fc oxidation peak lowered to the initial value.
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The cycle of electrolyses was repeated. The reduc�
tion was conducted at Е = –0.8 V, which accelerated
the process. The reduction lasted 14 min; the reverse
oxidation also occurred within 3.5 min. The change in
the color of the solution and the CV curves were simi�
lar. Thus, the double electrochemical switching of

MVCA�  to a mixture of the monomer and π�dimer
tetra(radical cation) and back was also performed in
the presence of Fc. This was visualized as the reversible
switching of the color of the solution from yellow to
blue and then to violet both in the presence and
absence of the mediator. In the presence of Fc, the
reverse color switching occurred much faster.

The radical products of the reduction of MVCA�
and MV2+ were also studied by EPR. In this case, they
were generated electrochemically on a Pt electrode at
a controlled potential of the first reduction peak under
the same conditions as during the electrolysis and CV.
In 90% DMF, the spectrum of MV2+ was typical [58]
for the MV+• radical cation (g = 2.0030, а2N = 0.4187,
a6H = 0.4017, a4H = 0.1607, a4H = 0.1319 mT). The
integrated intensity of the EPR signal increased in
time and the limiting value decreased proportionally
when the concentration of MV2+ decreased fourfold
(Fig. 7a, 7b). The solution was blue after the electrol�
ysis in both cases and colored uniformly throughout
the whole volume being scanned. Evidently, π�dimer�
ization did not occur at a concentration of MV2+ of
2 mM and the whole amount of the generated radical
cations was in the monomer form.

To model the radical cation of the methylviologen
fragment of tetraviologen calix[4]resorcin, we
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recorded the spectrum of the methylcetylviologen
radical cation (Fig. 6c) under the same conditions and
obtained the following characteristics during spectrum
simulation: g = 2.0030, аN1 = 0.4175, аN2 = 0.4018,
a3H(СН3) = 0.3989, a2H(СН2) = 0.2614, a2H =
0.1675, a2H = 0.1503, a2H = 0.1426, and a2H =
0.1245 mT.

When MVCA�  was reduced (C = 0.5 and
0.125 mM), the spectrum of the methylviologen frag�
ment radical cation was recorded: g = 2.0030, aN1 =
0.3998, aN2 = 0.3991, a3H(CH3) = 0.4011,
a2H(СН2) = 0.2657, a2H = 0.1765, a2H = 0.1723,
a2H = 0.1361, and a2H = 0.1320 mT (Fig. 6b;
Figs. 8a, 8b). The integrated intensity of the EPR sig�
nal increased with time to a plateau and its limiting
value decreased threefold when the concentration of

MVCA�  decreased fourfold (Figs. 7c, 7d). The
solution was violet after the electrolysis at both con�
centrations. A comparison of the limiting integrated

intensities of the MV+• and MVCA�  radical cat�
ions at the same concentration of viologen units of
2 mM including the correction coefficient for the dif�
ference in the line width led to the conclusion that the
concentration of the radical cations was four times

lower in the case of MVCA�  This means that 25%
of all radical cations are in the monomer form and
75% are π�dimers.

30% Aqueous DMSO/0.1 M NaCl medium.
According to previous studies [37–39], the products of

the reduction of MVCA�  (MVCA�  and
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Fig. 6. EPR spectra of (a) dimethylviologen radical cat�

ions, (b) methylviologen fragment MVCA� , and

(c) methylcetylviologen generated during the electro�
chemical reduction at the potentials of the first peaks of the
reduction of dimethylviologen, methylcetylviologen, and

MVCA�  on a Pt electrode in 90% aqueous
DMF/0.1 M NaClO4.
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MVCA�  in this medium are adsorbed on the sur�
face of the GC electrode. The starting octacation is
also partially adsorbed. The obtained CV curve (Fig. 9)
agrees with these conclusions. After the electrode was

maintained at the potential of MVCA�  generation
(Е = –0.7 V) for 1 min, the height of the acute adsorp�
tion peak of monomer oxidation (Ep,ox = –0.35 V)
increased approximately threefold. The anode region
acquires an extended irreversible oxidation peak
(Ер ~1.00 V), which was absent on the CV curve with�
out accumulation (Fig. 9). When the storage time
increased to 2 and 3 min, the shape and height of the

adsorption peak of oxidation of the MVCA�
monomer did not change; the additional anode peak
increased and shifted toward higher positive potentials
(Table 1). The cathode region contains the usual two

peaks of the reduction of MVCA�  (Fig. 9). Conse�
quently, in the medium containing a larger amount of

water (70%), the generated monomeric MVCA�  are
adsorbed on the electrode in a small limiting amount.

They are united into associates (MVCA�  which
are much more difficult to oxidize. The number
and/or size of associates increases with the electrore�
duction time and the difficulty of oxidation increases.
After the electrolysis for 1 min or more, the associates
are accumulated near the electrode and on its surface,
but are not adsorbed and do not hinder the reduction

of MVCA�

In large�scale electrolysis with the solution stirred at
the potentials of the first reduction peak (Е = –0.7 V),
the solution became violet throughout its volume
within 1 min without intermediate blue coloring. Dur�
ing the electrolysis (41 min), the color of the solution
became deeper, while the solution remained homoge�
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neous. The associates did not accumulate in the near�
electrode layer any longer in this case, but were uni�
formly distributed in the solution due to convection.
After the electrolysis, the indicator microelectrode
took the potential Est = –0.20 V, which is much higher
positive than the oxidation potential of the monomeric
tetra(radical cation) (Ep,ox = –0.38 V). This is possible
only in the case when the solution does not contain
this monomer form. On the CV curve of the electroly�
sate in the cathode region, both peaks of the reduction

of MVCA�  are reduced threefold and the anode
region has no oxidation peaks (Fig. 10). It follows from

these data that (1) 66% MVCA�  was reduced to

MVCA�  during the electrolysis; (2) the MVCA�
monomer particles are recorded only on the surface of
the generating electrode in the adsorbed form, but are
almost absent in solution and are all united into the
associate, in which the radical cations of the methylvi�
ologen fragments are largely π�dimerized; (3) this
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Fig. 8. (a) Simulated and (b) experimental EPR spectra of
the radical cation of the methylviologen fragment generated
during the electrochemical reduction at the potentials of the

first peak of the reduction of MVCA�  on a Pt electrode
in 90% aqueous DMF/0.1 M NaClO4. С = 0.5 mM.
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Fig. 9. CV curves of MVCA�  (0.5 mM) in DMSO–
H2O (30 vol % DMF)/0.1 M NaCl: (a) the starting solu�
tion; (b)–(d) the solution after keeping the working elec�
trode potential at Е = –0.7 V for (b) 1, (c) 2, and (d) 3 min;
(e)–(g) the solution after keeping the working electrode
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100 mV/s.
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associate does not settle on the electrode and goes into
solution on stirring; and (4) the associate is not oxi�
dized under the conditions of CV in the accessible
range of potentials.

Under the conditions of large�scale electrolysis,
the associate is completely oxidized into the starting

MVCA�  even at low anode potentials. Thus, during
the reverse oxidation of the preceding solution at Е =
+0.4 V for 80 min, the solution completely returns to
the starting state according to its color and CV curves.
During the recording of the CV curves, the solution is
not stirred and the substances move to the electrode
surface only due to self�diffusion. Therefore,
the absence of oxidation peaks on the CV curve of the
reduction product may be due to the inability of the
associate to be oxidized at the potentials in question or
to the low rate of its self�diffusion because of its high
molecular mass. In the first variant, the associate is

oxidized via the oxidation of the MVCA�  mono�
mer. Though its equilibrium concentration in solution
is very low, the associate slowly dissociates during its
oxidation and is quantitatively oxidized via the mono�
mer form to the starting octacation during prolonged
electrolysis. In the second variant, the associate itself is
oxidized; during the electrolysis, the solution is stirred
and convective diffusion accelerates the oxidation.

To understand the nature of not readily oxidizable

species, we studied the reduction of MVCA�  in the
presence of a mediator, which was the anion form of

8
5
+C

C4
5
+i

8
5
+C

ferrocenylphosphinic acid Fc�P(O)(H)OH soluble in
this medium. The deprotonated form of phosphinic
acid Fc�P(O)(H)O– (Fc�H1) was prepared by intro�
ducing a threefold amount of alkali (NaOH, C =
1.5 mM) in the solution. The CV curve of the Fc�H1

anion (C = 0.5 mM) shows the reversible single�elec�
tron diffusion�controlled oxidation peak at Ер, ox =

+0.3 V. When an equimolar amount of MVCA�  was
added to this solution, all the peaks of the reduction

and reoxidation of MVCA�  and oxidation and re�
reduction of Fc�H1 corresponded, in all parameters,
to the free states of the particles (Fig. 11, Table 2).

In the preliminary reduction of the MVCA�
octacation to the tetra(radical cation) state MVCA�

 (Е = –0.7 V) for 2 min, the adsorption peak of

reoxidation of MVCA�  increased 1.9�fold and the
oxidation current of Fc�H1 (Ер, ox = +0.37 V)
increased fourfold. The reverse peak of re�reduction of

Fc�  remained of the same height as that for Fc�H1

in the starting solution (Table 2, Fig. 12). In addition,
the reoxidation peak at 1.0 V, which was observed in
the absence of Fc�H1, disappeared on the CV curve.
An increase in the reduction time to 4 and 6 min led to
noticeable changes in the characteristics of only the
oxidation peak of Fc�H1 (a significant increase in its
height and the broadening and shift to the anodic
regions of potentials). The obtained results show that
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Table 1. Potentials (V) and currents (µA) of the reduction and reoxidation peaks of MVCA�  (C = 0.5 mM) obtained by
CV on a GC electrode in DMSO–H2O (30 vol % DMSO)/0.1 M NaCl after keeping the electrode at E = –0.70 V and
E = ⎯1.10 V for different periods of time;  = 100 mV/s

Electrode 
holding po�
tential E, V

Holding 
time, min

MVCA�

Σ Ep, ox (~Ip)

– – –0.51 (–0.39) 10.0 –0.35 21.5 –0.95 30.0 –0.75 34.5 –

–0.7 1 –0.51 (–0.40) 10.0 –0.37 59.0 –0.95 34.0 –0.78 40.5 0.98 (~2.5)

–0.49 12.0 –0.37 59.0 –0.95 35.5 –0.78 43.5 –

2 –0.51(–0.40) 11.5 –0.33 63.5 –0.96 34.5 –0.75 45.0 1.10 (~5)

–0.48 15.0 –0.33 63.5 –0.98 34.5 –0.75 45.0 –

3 –0.51(0.40) 13.0 –0.35 64.0 –0.97 41.0 –0.77 49.0 1.15 (~10)

–0.48 15.5 –0.35 64.0 –0.97 30.0 –0.77 40.0 –

–1.1 1 –0.53 11.5 –0.38 10.5 –0.97 36.5 –0.74 15.5 1.05

– – –0.38 10.5 –1.02 9.0 –0.74 15.5 –

2 –0.53 10.5 –0.38 11.0 –0.98 39.0 –0.74 16.5 1.06

– – –0.38 11.0 –1.02 9.0 –0.74 16.5 –

3 –0.53 8.5 –0.37 9.0 –1.01 35.0 –0.73 13.5 1.06

– – –0.37 9.0 –1.01 9.0 –0.73 13.5 –
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(1) the starting MVCA�  and the products of its
reduction do not bind the Fc�H1 anion at the first
stage; (2) at the Fc�H1 oxidation potentials, the medi�

ator oxidation of (MVCA�  associates occurs; the
associates are directly oxidized on the electrode at
Ер ≥ +1.0 V; and (3) the increase in the reduction time
leads to their accumulation in the near�electrode
zone. If these particles are not oxidized, the height and

potential of the first peak of MVCA�  reduction are
independent of their accumulation time and corre�

spond to the starting free MVCA�  (Fig. 12). In

other words, the accumulation of (MVCA�  par�
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ticles in the near�electrode zone does not affect the

diffusion or reduction of MVCA�  i.e., the particles
are not adsorbed or deposited on the electrode surface.

If the (MVCA�  particles are oxidized via a medi�

ator, the MVCA�  reduction current increases in direct
proportion to the amount of the accumulated product.

Consequently, the mediator oxidation of (MVCA�

again leads to the formation of MVCA�

To estimate the rate of dissociation and diffusion of

the (MVCA�  associate, we performed another
series of experiments. After the working electrode was
kept at the first reduction peak potential (–0.70 V) for
2 min, the CV curve was recorded with an initial scan
in the anodic region. The scanning was stopped at a
potential of –0.15 V and this potential was maintained
each time for different periods of time (10 to 500 s). At

this potential, the MVCA�  monomer was oxi�

dized, but high�molecular (MVCA�  was not.

The dissociation of (MVCA�  into monomer spe�

cies is fast enough, but (MVCA�  can also be

quickly oxidized to the starting MVCA�  at this
potential. As the storage time at a potential of –0.15 V
increased, the oxidation peak of substituted ferrocene
decreased. The intensity of this peak also significantly
decreased when the potential was switched off for
10 min after it reached –0.15 V. However, the height of
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Fig. 10. CV curves of MVCA�  (0.5 mM) in DMSO–
H2O (30 vol % DMF)/0.1 M NaCl: (a) the starting solu�
tion; (b) the solution after the reduction at Е = –0.7 V and
(c) reoxidation at Е = 0.4 V; (d) the solution after the
reduction at Е = –1.1 V and (e) reoxidation at Е = 0.4 V.
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Fig. 11. Cyclic voltammogram for the MVCA�
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the oxidation peak under study was higher than that of
the corresponding peak of individual Fc�H1 in all

cases. Evidently, the (MVCA�  associate has high
molecular weight, slowly dissociates into monomeric

MVCA� , and has such a low diffusion coefficient
that even 10 min is not enough for it to completely dif�
fuse from the electrode surface to the solution.

In large�scale electroreduction (–0.7 V, 120 min)
and reverse oxidation (+0.5 V, 10 min) in the presence
of Fc�H1, the cycle of transformations was the same as

in the absence of a mediator. 70% MVCA�  trans�

formed into the soluble (MVCA�  associate (the

4
5 )n
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4
5
+iC

8
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C4
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yellow solution turned violet) during the reduction
and completely returned to the starting yellow sub�
stance during the reverse oxidation. In the presence of
a mediator, however, the oxidation was eight times
faster. Another difference was a slight decrease in the
intensity of the violet coloring after a certain value was
reached. Fc�H1 was included in the high�molecular
associate, as indicated by the decreased oxidation peak
after the reduction stage (Fig. 13). The repeated
reduction– reoxidation cycle led to the same results.

The radical products of the reduction of MVCA�

 and MV2+ were studied in this medium by EPR
using the same algorithm as in 90% DMF. The results

8
5
+C

Table 2. Potentials (V) and currents (µA) of the reduction and reoxidation peaks of MVCA�  (C = 0.5 mM) and of the oxidation
of Fc�H1 (C = 0.5 mM) in a mixture obtained by CV on a GC electrode in DMSO–H2O (30 vol % DMSO)/0.1 M NaCl in the
presence of NaOH (1.5 mM) after holding the working electrode potential at E = –0.70 V and E = –1.10 V for different
periods of time;  = 100 mV/s

Electrode hold�
ing potential, V

Holding 
time, min

MVCA� Fc�H1

Σ Ep, ox Ep,rered

– – –0.49 (0.40) 12 –0.37 30 –0.97 27.5 –0.77 37.5 0.34 0.26

–0.70 1 –0.45 15 –0.35 57 –0.97 41.0 –0.78 44.0 – –

–0.48 17 –0.35 57 –0.97 44.0 –0.78 49.0 0.37 0.26

2 –0.48 18 –0.34 65 –0.99 46.0 –0.77 51.0 – –

–0.48 24 –0.34 65 –0.98 64.0 –0.77 61.0 0.39 0.27

3 –0.48 17 –0.34 66 –0.99 44.0 –0.77 46.0 – –

–0.48 27 –0.34 66 –0.99 69.0 –0.77 63.0 0.42 0.27

4 –0.48 15 –0.34 68 –1.00 36.0 –0.77 42.0 – –

–0.48 35 –0.34 68 –0.99 88.0 –0.77 74.0 0.41 0.27

5 –0.47 15 –0.34 68 –1.03 30.0 –0.77 45.0 – –

–0.48 36 –0.34 68 –0.99 91.0 –0.77 72.0 0.43 0.26

6 –0.47 16 –0.34 70 –1.00 35.0 –0.77 40.0 – –

–0.47 40 –0.34 70 –0.99 95.0 –0.77 78.0 0.44 0.26

–1.10 1 –1.06 21 –0.38 14 – – –0.75 14.0 – –

–0.49 18 –0.38 18 –0.97 49.0 –0.75 14.0 0.37 0.26

2 –1.06 22 –0.38 17 – – –0.75 12.0 – –

–0.49 23 –0.38 17 –0.98 63.0 –0.75 12.0 0.42 0.26

3 –1.06 25 –0.38 14 – – –0.75 15.0 – –

–0.49 26 –0.38 17 –0.98 74.0 –0.75 15.0 0.42 –

4 –1.06 31 –0.37 18 – – –0.74 15.0 – –

–0.48 29 –0.37 18 –0.98 81.0 –0.74 15.0 0.43 –

5 –1.06 28 –0.38 16 – – –0.74 12.0 – –

–0.49 32 –0.38 19 –0.99 82.0 –0.74 15.0 0.39 –

6 –1.06 28 –0.38 18 – – –0.74 15.0 – –

–0.48 32 –0.38 20 –0.98 84.0 –0.74 16.0 0.41 –
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were similar. The spectra of the methylviologen radical
cations and methylviologen fragments of calixresorcin
were recorded. The signal intensity increased with the
electrolysis time to the limiting value (Fig. 14). When
the concentration of the substance increased fourfold,
the limiting integrated intensity changed fourfold

(MV2+) and 3.5�fold (MVCA�  The color of the
solution after the electrolysis was blue for MV2+ and

violet for MVCA�  However, there were apprecia�
ble differences. Despite prolonged electrolysis for
60 min, the violet coloring was concentrated in the
near�electrode area and the intensity of the EPR signal

for MVCA�  was 10 times lower than for MV+•.
According to EPR, in 30% DMSO, π�dimerization
was higher; 90% radical cations of the viologen frag�
ments were in the form of the π�dimer; and the

π�dimer particles were in the high�molecular product,
which did not markedly diffuse from the near�elec�
trode zone in the solution within at least 1 h.

Thus, the association of tetraviologen

calix[4]resorcin MVCA�  can be controlled using
the electrochemical cycle of the reduction–reoxida�
tion of its viologen units in 30% aqueous DMSO.

The reduction of the MVCA�  monomer to the

MVCA�  tetra(radical cation) leads to its transfor�
mation into the high�molecular associate (π�poly�

mer) (MVCA�  its reverse oxidation fully
returned it to its original monomer state (Scheme 3).
In this medium, the color switched from yellow to
violet and back.

Then we also studied the system by CV and elec�
trolysis under the conditions of the reduction of

MVCA�  to MVCA�  When the electrode was
preliminarily kept at the potentials of the second stage

of the reduction of MVCA�  (Е = –1.10 V), the CV
curve acquired an irreversible oxidation peak at 1.06 V
in addition to the two usual adsorption peaks of oxida�
tion of the reduction products; the height of this addi�
tional peak was practically independent of the accumu�
lation time (1, 2, and 3 min). Obviously, as in the case of

MVCA�  the completely reduced MVCA�  form is
adsorbed on the electrode and forms the associates
that are oxidized at Ер = 1.06 V (Table 1). After the
oxidation of the associates, the reverse branch of CV

contains two normal reduction peaks of MVCA�
(Fig. 9). If the associates are not oxidized, the reverse
branch contains only one reduction peak (at Ер =

⎯1.02 V) instead of two peaks in the accessible range of
potentials. The potential of this peak is higher negative

than that of both reduction peaks of MVCA�  under
the normal conditions; the peak current is indepen�

dent of the generation time of the MVCA�  neutral
form and is comparable to the current of the first stage

of the reduction of MVCA�  in the starting solution.

All this is caused by the fact that (MVCA�  is
deposited on the electrode surface and hinders the

supply of MVCA�  to the electrode surface and its
reduction at the first stage (~0.50 V), but affects little, if
at all, the second stage potential. Therefore, both stages
of reduction are performed at the same potential.

The reduction–reoxidation cycle was also per�
formed under the large�scale electrolysis conditions.
The reduction was conducted at –1.1 V for 120 min.
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The solution was homogeneous and colorless, then
became light�violet, and again almost colorless. After
the reduction, the solution contained 15% of the start�

ing MVCA�  (CV, Fig. 10), but no MVCA�  and

MVCA�  monomers. This is indicated by the
steady�state potential of the indicator GC electrode
(Est = 0.04 V). Despite the stirring of the solution during

the electrolysis, the whole amount of the (MVCA�
associate obviously deposited on the surface of the
generating electrode (GC fabric). According to CV
data, the starting compound is recovered during the
reverse oxidation at +0.4 V. In the electrooxidation,
the oxidized currents decrease, reaching the minimum
value after 150 min. In this case, only 70% of the start�
ing compound is regenerated; the other 30% are com�
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+C 0

5C

C4
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+i

0
5)nC

pletely recovered during the after�oxidation with
atmospheric oxygen.

The generation of neutral MVCA�  was also stud�
ied in the presence of the electrochemically generated

Fc�  mediator. After 2�min storage of the electrode
at Е = –1.10 V, the heights of the two adsorption peaks

of oxidation of MVCA�  decreased approximately
3.5�fold and the oxidation peak of Fc�H1 increased
significantly (Fig. 12). The increase in the storage time
did not affect the adsorption peaks, but led to an
increase in the height and width of the oxidation peak
of Fc�H1. In this case again, the hardly oxidizable

(MVCA�  particles were evidently easily oxidized
via a mediator with the electrochemically generated

Fc�  Unlike (MVCA� , these particles are
deposited on the electrode surface and hinder the sup�
ply of the substance to the electrode surface and the
electrochemical reactions. That is why the adsorption

maxima of oxidation of MVCA�  decreased and the

first reduction peak of MVCA�  shifted 0.57 V
toward higher negative potentials. In the mediator
(Fc�H1) oxidation of these particles, the curve con�

tains the reduction peaks of MVCA�  at the same
potentials as for the starting calixresorcin, but with
increased heights. These heights increase with the
exposure time. This means that the mediator oxida�
tion again forms the starting compound.

The reduction–reoxidation cycle in the presence of
Fc�H1 in large�scale electrolysis proceeded in the
same way as in the absence of a mediator. The reduc�

tion (–1.1 V, 120 min) of 90% MVCA�  formed the

colorless high�molecular associate (MVCA�  as
the sole product, which fully deposited on the elec�
trode surface. This associate did not include the medi�
ator. The whole amount of Fc�H1 was in solution and
its electrochemical characteristics fully corresponded
to those of the initial state. The reverse mediator oxi�
dation (+0.5 V, 10 min) followed by after�oxidation
with air oxygen completely returned the compound to

its starting state MVCA�

Thus, MVCA�  was transferred from solution to
the deposit and then back into solution during the
cycle of reduction (at the second stage potentials) –
reoxidation (+(0.4–0.5) V) both in the absence and
presence of a mediator.

CONCLUSIONS

The electrochemical reduction of tetraviologen

calix[4]resorcin MVCA�  in organic (DMF, DMSO),
aqueous organic, and aqueous solutions involved the
two�stage reduction of viologen fragments to the radi�
cal cation and neutral diamine. All viologen units were
reduced at the same potential; the overall process
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occurred in two stages, forming the MVCA�  radi�
cal cation at the first stage and the neutral compound

MVCA�  at the second. At concentrations of

MVCA�  of 0.02–0.04 mM in organic solvents, the
radical cations of the viologen fragments existed as
monomers; in aqueous organic solvents, they under�
went intermolecular π�dimerization. The fraction of
the π�dimer increased with the water content and the
monomer was found in minor quantities in pure water.

At a concentration of MVCA�  of 0.5 mM, the
π�dimer content was 75% in 90% DMF and 90% in
30% DMSO. The methylviologen MV+• radical cat�
ions did not dimerize under similar conditions and
concentrations.

The coloring of the solution was controlled using
the difference in the coloring between the starting

MVCA�  (yellow), the Fc, Fc�H1 mediator (yellow),
the methylviologen fragment radical cation (blue),
and its π�dimer (violet), the dependence of π�dimer�
ization on the concentration and solvent, and the
reversible electrochemical cycle of first�stage reduc�
tion and the reverse mediator or mediator�free oxida�
tion. The color switching was performed from yellow
to blue and from blue to violet in 90% DMF and from
yellow to violet in 30% DMSO. Similar color switch�
ings can also be performed for ordinary viologens, but
this requires higher concentrations and charges.

In 30% aqueous DMSO, the monomeric MVCA�

 tetra(radical cations) existed only in the adsorbed
form on the surface of the generating electrode. In
solution they self�associated into a soluble high�
molecular product. Not all radical cations were
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π�dimerized in the associate, 10% was in the mono�
mer form. In the presence of the Fc�H1 mediator, the
associate also included the mediator.

The neutral compound MVCA�  was completely
hydrophobic. Therefore in 30% aqueous DMSO it
formed an insoluble high�molecular associate. The

generation of MVCA�  in the presence of Fc�H1 gave
the same associate without a mediator. The associate
deposited on the electrode. This deposit has good
adhesion to the glassy carbon surface, does not pass in
solution on stirring, and hinders both the diffusion and

the electrochemical reduction of MVCA�  itself.

Based on the electrochemical reduction–reoxidation
cycles of viologen units, we performed electrochemical
control over the association and deposition of tetraviolo�

gen calix[4]resorcin MVCA�  in 30% DMSO. The

reduction to the MVCA�  tetra(radical cation)

converted the MVCA�  monomer into the high�

molecular associate (π�polymer) (MVCA�  and
its reverse oxidation completely returned it to the ini�
tial monomer state (Fig. 15). Calixresorcin was trans�
ferred from solution to deposit by the reduction to the

neutral state MVCA�  and back to solution by the
reverse oxidation.

The complete return of MVCA�  to the initial
state after the first� or second�stage reduction cycle
and reverse oxidation suggests the complete chemical
reversibility of the reduction and the formation of sta�

ble high�molecular (MVCA�  and (MVCA�
due to the noncovalent intermolecular interactions. In

the case of MVCA� , one of such interactions is
intermolecular π�dimerization with one to four inter�
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action centers. Another reason for association is the
interaction of hydrophobic calixresorcin platforms,
which are not readily solvated in this aqueous organic
medium. This interaction is proven by the precipita�

tion of the neutral (MVCA�  These interactions
are unidirectional and directed toward association;
that is why the associate is high�molecular. The Fc�H1

mediator is charged negatively, contains a hydropho�
bic ferrocene fragment, and is included in the associ�
ate as a counterion.
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