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In order to estimate the inner potential difference of an electrical double layer (EDL) created between the
ionic hydrophilic head group of the amphiphile and its counter ion, the electrochemical characteristics of the
ferrocene derivatives solubilized in three kinds of micelles were measured, and are discussed so as to clarify the
effect of the EDL on the electron transfer through the interface.

Studies of photoinduced electron transfer have been
of great significance in many areas of physics, chemistry,
and biology. Photoinduced electron transfers involving
organic assemblies have been extensively studied during
the last two decades in connection with artificial pho-
tosynthesis and molecular devices.!~® We have investi-
gated photoinduced electron transfer kinetics in hetero-
geneous A/S%19 or D/S'%!V) Langmuir-Blodgett (LB)
films. Especially, the dependence of the photoinduced
electron transfer rate on the standard free-energy differ-
ence of the reaction, i.e. the energy gap (AG°)'® was
studied in detail. Then, the effect of the inner potential
difference in the electrical double layer (EDL) created
between the ionic hydrophilic head group of the amphi-
phile and its counter ion was suggested.!V

Ionic micelles have a similar EDL on the surface, and
photoinduced electron transfer through the surface EDL
of micelles has also been studied.!? In this paper, the
electrochemical characteristics of ferrocene derivatives
solubilized and immobilized in an anionic, a cationic,
and a nonionic micelles are described and discussed in
order to clarify the effect of the EDL on electron transfer
through the interface.

Experimental

1. Materials.  Hexanoylferrocene and hexylferrocene
were synthesized by conventional methods. Butylferrocene
(Tokyo Kasei Kogyo) was purified by column chromatog-
raphy on silica gel with hexane. Dodecyltrimethylammoni-
um bromide (DTAB, Tokyo Kasei Kogyo) was recrystallized
once by methanol. Poly[oxyethylene(10)] octylphenyl ether
(TX-100, Wako Pure Chemical Industries), sodium dodecyl
sulfate (SDS, Wako Pure Chemical Industries, biochemical
grade), and ammonium chloride (Merck, Suprapur) were
used as received. The molecular structures as the surfac-
tants and ferrocene derivatives are shown in Fig. 1.

2. Electrochemical and Surface Potential Mea-
surements.  The solutions for electrochemical measure-
ments were prepared as follows. After one milliliter of 0.25 M
chloroform solution (1 M=1 moldm™2) of ferrocene deriva-
tive was poured into a 300 ml Schlenk vessel, chloroform
was removed in vacuo. Surfactant (0.025 mol) and ammoni-
um chloride as the supporting electrolyte were added, and
the atmosphere in the Schlenk vessel was replaced by nitro-
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gen. Pure water (250 ml) from a Milli-Q system (Millipore)
bubbled by nitrogen was added into the Schlenk vessel and
stirred for 3 d.

Voltammetry with a rotating glassy carbon (GC) disk
electrode with a rotator (Nikko Keisoku, RRDE-1) and
cyclic voltammetry with a GC disk electrode were car-
ried out with a conventional potentiostat (Nikko Keisoku,
NPGFZ-2501-A). A saturated calomel electrode (SCE), a
GC rod, and the GC rotating or the GC disk electrode were
used as the reference electrode, the counter electrode, and
the working electrode, respectively.

The surface potential of an aqueous 0.1 M surfactant so-
lution at the air—water interface was measured by a surface
potential meter (Kyowa Interface Science, SEP). All of the
measurements were carried out at room temperature (ca. 20

°Q).

Results and Discussion

Curves (a), (b), and (c) in Fig. 2 show voltammo-
grams on a rotating GC disk electrode of 1 mM butyl-
ferrocene solubilized in 0.1 M NH,Cl aqueous solutions
containing a 0.1 M surfactant of DTAB, TX-100, and
SDS, respectively. It is clear from a comparison of these
voltammograms that the half-wave potential (£, /3) of
butylferrocene solubilized by SDS was shifted to a po-
tential ca. 0.1 V more negative than those by DTAB

C12H25 N+(CH3)3 Br DTAB
CgHy7 CeHa (OCH,CHo) OH TX-100
C12H25 0803 Na* SDS

]
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Fig. 1. Structures of dodecyltrimethylammonium bro-
mide (DTAB), poly[oxyethylene(10)] octylphenyl,
ether (TX-100), sodium dodecyl sulfate (SDS), hex-
anoylferrocene, hexylferrocene, and butylferrocene.
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Fig. 2. Voltammograms on the rotating GC disk elec-

trode of 1 mM butylferrocene in 0.1 M NH4ClI con-

taining 0.1 M surfactant. Scan rate, 4 mV s™1; w,

1600 rpm. (a) DTAB; (b) TX-100; (c) SDS.

and TX-100. Although E;/; in the DTAB system was
slightly more negative than that in TX-100, their differ-
ence was negligible compared with those between SDS
and DTAB, or TX-100.

When these values of Fj/, for these three solubilized
systems were plotted as a function of the concentra-
tion of NH4Cl added as the supporting electrolyte, the
curves shown in Fig. 3 were obtained. Although the val-
ues of E /5 for the SDS system decreased with decreas-
ing the supporting electrolyte concentration, almost no
dependence of Ej /; on the concentration of NH,Cl was
observed for the DTAB and TX-100 systems. A sim-
ilar dependence was also observed for solubilized hex-
ylferrocene and hexanoylferrocene, as shown in Figs. 4
and 5, respectively.

The changes in the surface potentials (E) of 0.1 M
surfactant aqueous solutions as a function of the NH4Cl
concentrations are also shown in Fig. 6. Along with a
decrease in the NH4Cl concentration, the E for the SDS
system was shifted to the cathodic direction, while that
for the DTAB system shifted to the anodic direction.
However, as can be seen from Fig. 6, almost no change
in E was observed for the TX-100 system.

The experimental findings indicate that the poten-
tial difference (A¢) due to the EDL created between
the ionic head groups and the counter ions in solu-
tion varied and decreased down to A¢ of the compact
EDL along with an increase in the NH4Cl concentra-
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Fig. 3. Plots of E1/5 vs. [NH4Cl] of butylferrocene in

a micellar solution: DTAB (O); TX-100 (O); SDS
(@).

0.30
@) O
025 |- 00 ©
L
O
® 020 |-
[
>
>
& 015 |-
- °
0.10 o P [
oos &1 11
0 0.1 0.2 0.3 0.4
[NHLCI} /M
Fig. 4. Plots of E; /o vs. [NH4Cl] of hexylferrocene in

a micellar solution: DTAB (O); TX-100 (O); SDS
(®).

tion, and contributed linearly to the measured surface
potentials. Contrary, no change was observed for the
TX-100, which is reasonable, since in this system a free
charge is absent on the hydrophilic head group of TX-
100 and there is no diffused EDL; thus, the EDL cre-
ated only by the aligned dipole moments was only little
affected by the change in the concentration of the sup-
porting electrolyte. i) The difference in the surfactant
surface densities (I') in the monolayers at the air-water
interfaces of these surfactant solutions and, the there-
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Fig. 5. Plots of Ey/5 vs. [NH4Cl] of hexanoylferrocene

in a micellar solution: DTAB (O); TX-100 (O); SDS
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Fig. 6. Plots of the surface potentials vs. [HN4Cl] of

the monolayer at the air/water interface for 0.1 M
aqueous surfactant solutions: DTAB (O); TX-100
(O); SDS (@).

fore, the difference in the I" of the surface dipole due to
the hydrophobic tail end of -CH3 and ii) the difference
in the dipole moments due to the compact EDL of the
ionic or nonionic head groups and their density I" may
account for the difference in the surface potentials at
high NH4Cl concentrations.

From a comparison of Figs. 3 and 6, it is clear that
there is an effect of the micellar surface EDL on E /5 of
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solubilized butylferrocene for the SDS system, but not
the DTAB system. In the case of the TX-100 system,
this effect is not so obvious, since the surface potential,
itself, was independent of the NH,4Cl concentration.

The different electrochemical behavior among three
solubilized systems can be interpreted in terms of the
difference in the solubilization of the electrochemical
product, i.e. a ferrocenium (Fct) cation, as schemati-
cally illustrated in Fig. 7. Namely, for SDS, since the
product is also solubilized after the electrochemical ox-
idation, there is the effect of the EDL on the electro-
chemical potential of Fct, and thus E; /2, which differ
from those of the reference standard state in the aque-
ous phase, i.e. outside of the micelle. In contrast, for
DTAB, Fc* cannot be solubilized in the cationic micelle
due to the electrostatic repulsion between Fct and the
cationic surface charge of the DTAB micelle, and also
its hydrophilicity. Consequently, the initial and the fi-
nal states of the electrochemical process

+
FCin micelle =™ FCin water + €in electrode (1)

are not appreciably affected by the change in the NH,Cl
concentration. For TX-100, since there was no apprecia-
ble change in the surface potential, we cannot conclude
from only this F;;, measurement whether Fc* is sol-
ubilized in the poly(oxyethylene) layer surrounding the
micellar surface or in the water phase, as illustrated in
Fig. 7(c). To determine the location of the solubiliza-
tion site of Fc™ in the TX-100 micellar solution, further
observations, such as absorption spectroscopy, are still
necessary.

Figure 8 shows the dependence of Ej/, determined
from cyclic voltammetry of 1 mM butylferrocene in 0.1
M SDS upon the NH4Cl concentration. Almost the
same tendency can be seen as that observed by voltam-
metry on the rotating GC disk electrode shown in Fig. 3.

In the following, how the extent of A¢ contributes
to the change in E;/, for SDS is discussed by referring
to the literature. When we discuss the redox poten-
tial of Fc/Fct in a solubilized system, it is necessary to
take into account the solubilization equilibrium of the
reduced and oxidized form of Fc between the micellar
and the water phases'® shown in Fig. 9. As described
above, for SDS, since both Fc and Fc*t are located in-
side the micellar phase, an electron passes through the
EDL during the oxidation of one Fc, but Fct does not.
In this case, the solvation energy change of Fct due
to the difference in the dielectric constants between the
micellar and the water phase and the potential differ-
ence (A¢) at the surface EDL of the micelle must be
taken into account as follows:

B = Eijaw" +e(l/em — 1/ew)(22+1)/2a + Ag, (2)

where /" and Ej/p " are the half-wave potentials
of the solubilized Fc/Fct and Fe/Fc™ in water, respec-
tively, and the second term corresponds to the necessary
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(a)

polyoxyethylene layer

Fig. 7. Schematic view of the electrochemical oxida-
tion of ferrocene in micelles: (a) anionic micelle; (b)
cationic micelle; (¢) nonionic micelle.
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Fig. 8. Plots of E;/; determined from cyclic voltam-

metry vs. [HN4Cl] of butylferrocene in a micellar so-
lution in 0.1 M SDS.

work for bringing Fct from water to the micellar phase,
calculated by the Born equation.'®

The work for bringing an ion with a charge of ze from
the vacuum to the medium with dielectric constant eg is
given by equation (i) in Fig. 10.1*) Therefore, the energy
difference in the oxidation of Fc between the micellar
and the water phase based on the Born equation is given
by equation (ii). This is the origin of the second term
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Fig. 9. Electron-transfer reaction at the ferrocene cou-
pled with micelle-solubilization equilibria.
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water phase into the micellar phase
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The free energy difference in oxidation
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Fig. 10. Derivation of the free-energy difference in the
oxidation between the micellar and water phases.

in Eq. 2.
If we subtract first term in Eq. 2 from the left-hand
side of Eq. 2, we obtain

AE; ;" ={e(1/em — 1/ew)/2a} (22 + 1) + A¢.  (3)

From this equation, if the Ey /o’s were measured for var-
ious redox couple with different 2, and the values were
plotted as a function of 2z+1, then e(1/em—1/ew)/2a
could be obtained from the slope and A¢ from the in-
tercept. An attempt to evaluate the slope was made
by Ohsawa et al.,’® as shown in Fig. 11, by using var-
ious redox couples. From these plots, the values of 9—
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25 mV are obtained as the slope. On the other hand,
Suga et al. has already determined A E /5" for viologens
solubilized in aq SDS;'® when these values were plot-
ted together with the value determined in the present
work for butylferrocene as a function of 2z+1, the plot
shown in Fig. 12 was obtained, where 0.1 M was used
as the concentration of the supporting electrolytes. The
intercepts given by extrapolation of the solid lines are
ca. 145 mV, while the intercepts given by the slopes
by Ohsawa shown in Fig. 11 are ca. 90 mV, as shown
by the dashed lines in Fig. 12. Although there is only
a slight difference in the values of A¢ obtained from
these intercepts, the values of A¢ were estimated to be
80—150 mV in the presence of 0.1 M of the supporting
electrolytes. The shift of ca. 100 mV in E;, observed
for in Fig. 2 should correspond to the summation of the
slope and A¢, since for the ferrocene derivatives z is
zero. The sum of the values for the slope and A¢ esti-
mated above (90—175 mV) is in fairly good agreement
with the shift in /5 of ca. 100 mV.

Conclusion

It was found that when ferrocene derivatives were sol-
ubilized in SDS micellar solutions, the values of E,
reflect A¢ of the EDL at the micellar surface, which is
evident from a comparison between the dependence of
Ey/; and the surface potential (£) on the supporting
electrolyte concentration. On the other hand, in the
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Fig. 11.  Correlation between AF;;,;" and 2z+1.

(a) Os(4- dmbpy)3+/2+

(b) Os(phen)3***; (c)
Fe(phen)3+/2+

(d) Os(5- Clphen)3+/2+ (e) Os-
(dmbpy)3™/**: (1) Os(bpy)3™/**s (g) Fe(bpy);*/
(h) methylviologen®*/*; (i) Fe(bpy)2(CN)F ;0

Ru(bpy)2(CN);/°. [Y. Ohsawa, Y. Shlmazakl and
S. Aoyagui, J. Electroanal. Chem., 114, 235 (1980)].
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Fig. 12. Correlatlon between AFE;,5" and 2z+1. (a)
ethylviologen?+/ +* (b) methylviologen®*/ +*; ()

butylferrocene™/°. *K Suga and M. Fujihira, “Ex-
tended abstract of “40th ISE Meeting,” at Kyoto,
1988, Vol 2, p. 976.

DTAB micellar system, no effect of the EDL was ob-
served. This implies that the oxidized product Fc™ is
solubilized in the micellar phase for SDS, but comes out
to the water phase for DTAB. The difference in E; 5’s
in the micellar and the water phase is expected to have
two origins based on a consideration of the difference in
the dielectric constant of these media; the other is the
effect of the electrical potential difference (A¢) across
the EDL. From an analysis of AF,; /, as a function of
2241, the contribution from A¢ was estimated to be
80—150 mV, and that from the Born term to be 9—25
mV. The sum of these contributions is in good agree-
ment with the shift in F;/, between SDS and DTAB or
TX-100.
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