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INCLUSION, SOLUBILIZATION, AND STABILIZATION OF TWO-ELECTRON REDUCED
SPECIES OF METHYL VIOLOGEN BY CYCLODEXTRINS
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An electrochemical investigation of methyl viologen-cyclodextrin
(CD) system has revealed that B-CD has outstanding ability to include
the 2e reduced species of methyl viologen in aqueous solution (formation
constant: 1400 dm3 mol_1) in comparison with other CDs and the inclusion

solubilizes and stabilizes the electrogenerated species.

Dipyridium salts (Viologens) are one of the rare organic materials which show

1) in aqueous solution and

2)

reversible redox character with remarkable color change
therefore have widely explored as electron acceptors, electron carriers and
materials for electrochromic displays.3) Viologens undergo two succesive one-

electron reduction as shown below:

v2+ 4 e- v*- (1)
VAR + e” = v (2)

The two-electron reduced species (neutral gqguinoid form, V) is usually sparingly
soluble in aqueous solution, which makes practical use of it very narrow as
compared with that of the one-electron reduced species, V*-. Another major
demerit of V resides in its unstability in the presence of reactive chemicals.

We report here that these fatal disadvantages of V can greatly be diminished
by addition of cyclodextrins (CDs). Recently, Okuno and coworkers demonstrated4)
that complexation of long tails in viologen molecule with CD prevented consumption
of viologen in photochemical hydrogenation. They also suggested no inclusion of
methyl viologen (N,N’-dimethyl-4,4’-dipyridinium dichloride, MV2+2C1_) due to its
short tails. Our present results have supported their suggestion. However, we
have found that R-CD includes the two-electron reduced species (MV) strongly and,
more importantly, the inclusion solibilizes and stabilizes the electrogenerated
species. These finding would provide a way to utilize the two-electron reduced
viologens for various purposes. The electrochemical reaction of Mv2* in the
presence of CD in the solution proceeds via a mechnism shown in Scheme 1. We have

used cyclic voltammetric technique to investigate this reaction.

MvZt 4 e /= Mv*- (3)
Mvte 4+ 7 T/ Mv (4)
Mv2* + o —= wMv2*-cD K (Equilibrium constant) (5)
mMvte + oo ——= wmv*--CD Kq(Equilibrium constant) (6)
MV + CD — MV-CD K,(Equilibrium constant) (7)

Scheme 1.
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The measurement was carried out using conventional instruments at 25 °C in a
phosphate buffer (pH 7.0). The voltammogram was recorded at the scan rate of 50
mV s"1; this scan rate is considered to be slow enough to maintain equilibrium
concentration in the electrolyte solution.s) The working electrode was a 3 mm
diameter glassy carbon disk (GC-20, Tokai Carbon Co.) epoxidized in a glass tube.
The electrode was polished finally with 0.3 ym alumina powder (Buehler Co.) to
give a mirror-like surface (area: 0.071 cmz). Methyl viologen and CDs were
obtained commercially and recrystallized with ethanol and water, respectively.
The circular dichroism measurement was also carried out.

B-CD had a dramatic effect on a cyclic voltammogram of Mv2* as shown in Fig.
1. Since the two-electron reduced species of MV2* has very poor solubility in
aqueous solution, the voltammogram shows a typical adsorption wave on the reverse
scan in the absence of CD. However, the addition of B-CD altered the adsorption
shape to a well-defined, diffusion-controlled one with two successive one-electron
reduction. In addition to the change in shape, the second reduction peak
potential was shifted to the positive direction. By contrast, only small
influence was observed on the first electron transfer step corresponding to the
MV2+/MV+‘ redox couple. These findings clearly demonstrate that MV is solubilized
by its inclusion in B-CD.

Next we have carried out a quanti-
tative investigation of this system by
the electrochemical method. As proposed
previously,G) the electrochemical de-
termination of formation constants of
CD complexes can be accomplished by
using the two phenomena induced by
complexation; one phenomenon is the
decrease in peak or diffusion current
and the other the shift in peak or

half-wave potential. The latter was
used for the determination of the for-

mation constant of CD comlexes. The

cyclic voltammetry was carried out with
0.45 mmol dm~3 of Mv2* in a phosphate
buffer (pH 7.0). Under this low con-

centration of the substrate the re-

oxidation wave of the electrogenerated -0.5 -1.0

MV to Mv*: shows quite normal shape E / V vs, SCE

with the half-wave potentials for the

first (E1/21) and the second (E1/22) Fig. 1. Cyclic voltammograms of 1.36
electron transfer of -0.702 V and mmol dm™3 methyl viologen in the absence
-1.018 V vs. SCE, respectively. The (a) and presence (b) of 15.1 mmol dm~3
addition of g-CD resulted in the shift B-CD. Electrode: Glassy carbon disk.
in the apparent half-wave potential for Electrolyte: Phosphate buffer (pH 7.0).
the second electron transfer  step, Scan rate: 50 mV s”!. Temperature:

2 o . ) s
E1/2,app r to the positive direction 25 °cC.
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whereas the first one, E1/2,app1' showed only small potential changes. These
observation indicates that Rg-CD binds the species in the order of MV > MVt MV2+.

The independent measurement using circular dichroism showed no inclusion of Mv2+

into B-CD. The determination of the formation constants was performed by the

comparison of the experimental shifts
in the appartent half-wave potentials

with the theoretical ones from an

analytical equation6b) and a digital
simulation analysis.7) Figure 2 shows
the results. The experimental shifts

in the apparent half-wave potential
agree Dbeautifully with the theoretical
ones calculated with K=0, K4=30, and
K,=1400 dm3 mol~'.  The line obtained
from the analytical equation deviates
slightly wupward in the low CD concen-
tration range, since it is only
applicable when the concentration of CD
is in great excess over that of methyl
viologen. These shifts were explained
on the basis of a 1:1 (guest:host)
complexation very well. Therefore, it
can be concluded that the contribution
from other types (e. g., 1:2 or 2:1
complexation) is, if any, small. Table
1 summarizes the results including
those with - and y-CD as the host
compounds. Among CDs investigated, B-
CD showed the outstanding ability for
inclusion of MV. The inclusion ability
of ¢-CD for MV'* and MV is very small
although it was expected from con-
sideration with a molecular model. Y-
CD may be too large to include these
species. The formation constant can
also be determined from the change in
the peak current induced by addition of
CD.6) However, this method is not
applicable to the present case since
Mv2* and Mv*: were hardly included in
CD as shown in Table 1. This system is
contrast well with the ferrocene
derivatives-CD one where ferrocenes are
much more strongly included in CD than
the electrogenerated ferricinium

species.7'8)
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Fig. 2. Shift in the apparant half-wave
potential as a function of total
concentration of g-CD.
A : Experimental for MvZ2*/Mv*: couple.
QO : Experimental for MV*:/MV couple.
—— : Theoretical from the analytical
equation®®) with K;=30 and K,=1400
dm3 mol~'. ....: Theoretical from the
analytical equationGb) with K=0 and
K,=30 dm> mol~'. __. : Theoretical
from the digital simulation with
K,=30 and K,=1400 dm> mol~'.

Table 1. Formation constants

CD complexes

Type of CD K K4 K,
dm> mol~!

o= 0 10 50

B- 0 30 1400

Y= 0 40 60
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Another major disadvantage of
MV for practical use is its
unstability. As shown in Fig. 3,
the reoxidation peak of MV to Mv*t:
disappeared in the presence of 94

3 propionaldehyde due to

mmol dm™
chemical reactions between MV and
the aldehyde.?) The addition of B-
CD reproduced the well-defined

reoxidation peak. This phenomenon

clearly demonstrates that the

inclusion of MV into the interior 1 {

of the CD cavity protects the -0.5 -1.0

unstable MV from reactive E / V vs. SCE

chemicals. Further investigation Fig. 3. Cyclic voltammograms of 0.45

of the present system is now in mmol dm~3 methyl viologen in the presence

progress. of 94 mmol dm~3 propionaldehyde. (a):
This work was supported by Without CD. (b): With saturated g-CD

Grant-in-Aid for Scientific Re- (ca. 20 mmol dm~3). Electrode: Glassy

search (No. 59350052). carbon disk. Electrolyte: Phosphate

buffer (pH 7.0). Scan rate: 50 mV s~
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