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Mechanistic study of electron transfer at the oil/water interface
Hiroki HOTTA and Toshiyuki OSAKAI*

Received April 16, 2003

The study of electron transfer (ET) at the oil (O)/water (W) interface is useful for
understanding energy conversion processes occurring at biomembranes. The recent
introduction of SECM (scanning electrochemical microscopy) as well as other new
methods to this field has revitalized the study of the reaction mechanism of ET at the
O/W interface. However, the mechanism is not necessarily simple, and often involves an
ion-transfer process. When a not very hydrophobic complex such as ferrocene (Fc) is
used for the redox species in the O phase, the ET would occur homogeneously in the W
phase, the interfacial transfer of the ionic product (e.g., Fc*) being responsible for the
current flowing through the interface. On the other hand, when an extremely hydrophobic
complex such as lutetium biphthalocyanine is used, the heterogeneous, i.e., true ET
should occur at the O/W interface. Marcus proposed a general kinetic equation for the
heterogeneous ET. There are some experimental data which support the Marcus theory,
however, further careful and detailed studies seem to be required. In this review, recent
developments in theory and methodology in this research field are described.
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Fig.1 Formal potentials of redox species in water (W), nitrobenzene (NB), and 1,2-
dichloroethane (DCE) versus NHE.

Abbreviations: ZnTMPyP = zinc tetra-N-methyl-4-pyridium porphyrin, DcMFc = decamethyl-
ferrocene, TCNQ = 7,7,8,8-tetracyanoquinodimethane, DiMFc = dimethylferrocene, Fc =
ferrocene, RuTPP(py), = bis(pyridine) meso-tetraphenylporphyrinato ruthenium(Il), SnPc, =
tin(IV) diphthalocyanine, LuPc, = Iutetium(IIl) diphthalocyanine, DiFcET = diferrocenylethane,
TAA = tris(4-methoxyphenyl)amine, TPB = tetraphenylborate, TBrPA = tris(4-bromophenyl)-
amine, TCIPB = tetrakis(4-chlorophenyl)borate.

Source: From Ref. 23, except where otherwise noted: “Ref. 6, * Ref. 24,  Ref. 25, ¢ Ref. 26, °
Ref. 27.
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Fig. 2 Reversible cyclic voltammograms of
electron transfer at the oil/water interface
under various concentration conditions.
(A): [Ol]y = [R1]w = (a) 100, (b) 2, (¢) 1
mM; [02], =0 mM; [R2], =1 mM.
(B): [O1]y = [R1]y =1 mM; [O2], = 0 mM;
[R2], = (a) 100, (b) 10, (c) 2, (d) 1 mM.
The diffusion coefficients of all redox
species are 1 X 10° cm?® s™'. Sweep rate: 0.1
Vs,
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Fig. 3 Schematic diagram of SECM mea-
surements of electron transfer at the oil/
water interface. Species Red, and Ox,; are
confined to phase 1, while species Red, and
Ox, are present in phase 2. The electrolytes
M,"X" and M,"X" determine the potential
drop across the interface. Mass transfer is
indicated by the thick arrows.

Reprinted from Ref. 18. Copyright 2000
Elsevier Science.
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Fig. 4 Experimental approach curves (=)
for the oxidation of ZnPor at a tip UME in
benzene approaching a benzene/aqueous
interface, with the aqueous phase containing
Fe(CN),*. The bulk  concentration
conditions are: (a) [ZnPor], = 0.500 mM,
[Fe(CN)s*1y = 7.00 mM; (b) [ZnPor], =
0.500 mM, [Fe(CN);*ly = 3.50 mM; (c)
[ZnPor], = 0.380 mM, [Fe(CN)s* ]y = 0.700
mM; (d) [ZnPor], = 0380 mM,
[Fe(CN)*1w = 0.350 mM; (e) [ZnPor], =
0.380 mM, [Fe(CN),*]y = 0.255 mM. The
solid lines show the behavior predicted for y
(= Dreqp/Dreq;) = 1.7 and a bimolecular rate
constant, k;, = 91 M cm s, while the
dashed lines show the behavior for a
diffusion-controlled process for each case.
Reprinted from Ref. 17. Copyright 1999
American Chemical Society.
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Fig. 5 Electrolytic cell for the ECSOW
system: (a) O phase; (b) W phase; (c), (d)
platinum disk electrodes connected with an
electric wire; (e), (f) reference electrodes
with Luggin capillaries; (g), (h) platinum
coil electrodes; (i), (j) N, gas inlet.

Reprinted from Ref. 36. Copyright 2002
Elsevier Science.
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Fig. 6 Cyclic voltammograms observed
with (A) the ECSOW system and (B) the
corresponding O/W interface in the presence
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in NB and 0.5 mM Fe(CN),>~ and 0.1 mM
Fe(CN),* in W. Sweep rate: 0.1 V s\, The
solid circles in (A) show the regression data.
For more details, see the original paper.
Reprinted from Ref.36. Copyright 2002
Elsevier Science.
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Fig. 8 Comparison of the volume of reaction field between the heterogeneous and homogeneous
electron transfers (ETs). The thickness of the reaction field for the homogeneous ET was estimated

by a digital simulation analysis for the Fc (NB)— Fe(CN),*~ (W) system.
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Table 1 Theoretical and experimental
kinetic parameters for a hypothetical electron
transfer between Fc in NB and Fe(CN),* in
W

k°/M'cms™ o
Theoretical 0.064 “ 0.56
0.014°"
Experimental 0.12 1.0
¢ Estimated from the Marcus theory (with Z

=310 M"'cms™).

Estimated from the Marcus theory on

assuming Z = kpy =71 M cm s

¢ Obtained by curve fitting of the
voltammetric data (in Fig. 10) as adjusting
parameters.

b
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Fig. 10  (a) Base-line corrected cyclic

voltammogram observed at the NB/W

interface in the presence of 20 mM Fc in NB
and 0.5 mM Fe(CN)>~ and 0.1 mM Fe(CN),*
in W. (b, ¢) Theoretical curves based on the
Marcus theory with (b) Z = 310 M™' ¢m s™
and (¢) Z =kppe =71 M cm s™ (see Table 1).
The solid circles show the regression data
obtained by assuming the Butler—Volmer
equations (egs. 11a,b). Sweep rate: 0.1 Vs~
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Fig. 11 “Driving force” dependence of the

ZnPor in benzonitrile (or benzene for Fe(CN),

second-order rate constant (k;,) for the reduction of
>*7) by various redox couples in W as probed by

SECM. The solid line is expected behavior based on the Marcus theory for A = 0.55 €V and an

arbitrary maximum rate constant of 50 M~ ¢cm

s,

Reprinted from Ref. 17. Copyright 1999 American Chemical Society.
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