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Abstract

Two interfacial electron transfer (ET) systems, i.e., the decamethylferrocene
(DcMFc)—Fe(CN)g system and the MTPP " —Fe(CN)+ system (M = Zn or Cd; TPP =
5,10,15,20-tetraphenylporphyrin) at oil/water interfaces were studied by means of scanning
electrochemical microscopy. The second-order rate constants (k) for the ET systems could be
accurately determined at different “standard” Gibbs energies (AG®) by changing the nature and
concentration ratio of a common ion added to both phases. The driving force dependence, i.e.,
the log k vs. AG® plot did not show a simple upward parabola, with the k values being limited in
a certain range of AG°. This clearly suggested that there should be a bimolecular -reaction
effect, as predicted previously [T. Osakai, H. Hotta, T. Sugihara, K. Nakatani, J. Electroanal.
Chem. 571 (2004) 201-206]. However, the observed diffusion-controlled rate constants are

typically one-order smaller than the theoretical ones, and have shown only small dependence

1



on the viscosity of organic solvents for the DcMFc—Fe(CN)s® system. These results were
unexpected from the previous model based on “microscopic diffusion” of a redox species in the
vicinity of the interface, and then suggested an alternative model, in which the rate-determining

step is “interfacial diffusion” of a redox species across the oil/water interface.

Keywords: Electron transfer; ITIES; SECM; Bimolecular-reaction effect; Driving force

dependence; Marcus theory
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1. Introduction

The study of electron transfer (ET) at the interface between two immiscible electrolyte
solutions (ITIES) or the so-called oil/water (O/W) interface is useful for understanding not only
catalytic reactions in two phase systems (liquid membranes, microemulsions, micelles, etc.) but
also biological processes occurring at lipid membranes (e.g., respiratory chain, photosynthesis,
and antioxidative activity) [1,2]. Since Samec et al. [3] reported the first example of an ET
reaction at a polarized O/W interface, a variety of interfacial ET systems have been studied by
means of electrochemical techniques, which include cyclic voltammetry (CV) [3-8], ac
impedance method [8,9], current scan polarography [10], CV with micro O/W interfaces [11],
scanning electrochemical microscopy (SECM) [12-24], and electrolysis with a single micro O-
or W-droplet [25-28]. These experimental studies have shown that reaction mechanisms of ET
at O/W interfaces are classified into two categories, i.e., the ion-transfer (IT) mechanism and
the ET mechanism [2]. The former involves an IT process of the ionic product of a
homogeneous ET in one phase (ordinarily, the W phase). The ferrocene (O)-hexacyanoferrate
(W) system, as the first example of a “heterogencous” ET [3], has been found to come into the
IT-mechanism class. The ET mechanism, i.e., a “true” ET reaction can be realized by using a
sufficiently hydrophobic redox species in the O phase, e.g., metal complexes of
biphthalocyanine [4,5] and 5,10,15,20-tetraphenylporphyrin (TPP) [8].

In the early 1990s, Marcus presented a general theory of ET rates across O/W interfaces
[29-33]. An expression was given for the second-order ET rate constant (k). When one can

neglect the so-called “work terms”, K is given approximately by
A1+ AG°/2)
4RT

Ink = In Z —

(1)

where Z is the frequency factor; A is the reorganization energy; AG® is the “standard” Gibbs
energy defined by Eq. (8) shown below; R and T have their usual meanings. Before and after the
Marcus’s study, similar but somewhat different theoretical studies were undertaken by other

researchers [34-38]. A parabolic dependence of log k on AG®, as predicted from Eq. (1), was



first claimed by Bard and coworkers, who used SECM to determine the k values for the ET
reactions between the oxidized zinc complex of TPP (ZnTPP") and various aqueous reductants
[16,19]. However, the experimental log k vs. AG® plot showed considerable scatter from the
theoretical curve, probably because of the use of the reductants having different intramolecular
reorganization energies.

More recently, our group [39] pointed out that an ET reaction at the O/W interface is a
bimolecular reaction, so that the “microscopic” diffusion of a redox species in the immediate
vicinity of the O/W interface should be not a linear one, but like a hemispherical diffusion.
Therefore, we predicted that the k value obtained from kinetic measurements would involve
such a bimolecular-reaction effect, having a certain upper limit determined by the microscopic
diffusion process. In the previous paper [39], the diffusion-controlled rate constant (kp) of ET at
an O/W interface was formulated in the analogy of the Smoluchowski—Debye theory [40,41]
for a bimolecular reaction in a homogeneous medium. If the rate-determining step is the
microscopic diffusion of a redox species in the O phase (as expected in ordinary cases), then kp
is given by [42]
kp = 47 rargDaN (2)
where rp and rg are the radii of redox species, A and B, added to the O and W phases,
respectively; Dy is the diffusion coefficient of A in O; N is Avogadro’s number. It is here
assumed that species A reacts with species B just when it reaches the “reaction surface” that is
shown by shadow in Fig. 1. We then predicted that if the ET process is very fast, the overall or
observed rate constant should be restricted by the diffusion-controlled rate constant. This
prediction was not inconsistent with the previous kinetic data [19], however no decisive
conclusion could be reached because of the scatter of experimental data points. We would like
to add that Senda [43] also reported a theory of the bimolecular-reaction effect using a
cylindrical-diffusion model.

For verification of our proposed theory [39], we employed CV with a single micro
W-droplet to determine the k value for ET between decamethylferrocene (DcMFc) in
2-nitrophenyl octyl ether (NPOE) and Fe(CN)g*~ in the W droplet [27]. In this measurement,
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AG® was varied by changing not the aqueous metal complex but the common ion, which was
added to both phases to control the Galvani potential difference (A} ¢ = ¢" — ¢°) between the
O/W interface. As expected, an upper limit of k was confirmed when AG® was decreased,
however further experimental verification was needed.

In this paper, we have employed SECM to perform accurate determination of k for two ET
systems, i.e., the MTPP" (M = Zn, Cd)-Fe(CN)s* system and the DcMFc—Fe(CN)g>~ system.
In the later system, several organic solvents were used, including 1,2-dichloroethene (DCE),
1,6-dichlorohexane (DCH), nitrobenzene (NB), and NPOE. In these measurements, AG® was
varied by changing the nature and concentration ratio of a common ion added to both phases.
Based on the log k vs. AG® plots prepared for various ET systems, the validity of our theory has

been examined comprehensively.

2. Experimental

2.1. Reagents

CdTPP was prepared as reported previously [44] and purified by triple recrystallization
from acetone. ZnTPP, DcMFc, and potassium hexacyanoferrate(Il) (K4Fe(CN)gs) were
purchased from Wako Pure Chemical Industries and used as received.

Tetraphenylborate salts of tetraethyl-, tetrapropyl-, tetrabutyl-, and tetrapentylammonium
(TAATPB with TAA = TEA, TPrA, TBA, TPnA) were prepared by metathesis of the
corresponding chlorides (all available from Tokyo Chemical Industry) in ethanol with sodium
tetraphenylborate (Dojindo Laboratories) in methanol; the resultant crude salts were washed
five times with deionized water, followed by recrystallization from acetone—ethanol (1:1). In a
similar manner, perchlorate salts of tetrabutyl- and tetrapentylammonium (TBACIO4 and
TPnAClO4) were prepared with sodium perchlorate (Aldrich), followed by recrystallization.

DCE for HPLC was purchased from Wako and used without further purification. DCH
(98%; Aldrich) was purified by a modified previous method [45]. The purchased reagent was
shaken in a separatory funnel with conc. sulfuric acid, and the upper DCH layer was then mixed

with activated alumina (Wako; 200 mesh for column chromatography), followed by filtration.
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This purification process was repeated several times until either the sulfuric-acid layer or the
activated alumina were not colored in brown by impurities. The resultant DCH containing some
sulfuric acid was shaken successively with deionized water (emulsification occurred), 10 M
sodium hydroxide, and deionized water again, and was finally treated with activated alumina.
NB (Wako; analytical grade) and NPOE (Dojindo) were treated before use with activated
alumina. All other reagents were of the highest grade available and used as received.

2.2. Apparatus and procedures

The SECM measurements were performed with a commercially available system
(HV-402E; Hokuto Denko Co.) combined with a potentiostat (HA1010mM1A). A glass-coated
platinum ultramicroelectrode (UME; a 10 um diameter disc electrode with a glass sheath of 100
um outer diameter) was used as the probe. For further details of the SECM apparatus, see the
previous paper [24]. The SECM measurements were performed in an air-conditioned room at
23 +2°C.

Two types of the electrolytic cells used in SECM are schematically shown in Fig. 2. In Cell
A for the DcMFc—Fe(CN)63_ system, the O phase solvent was DCE, DCH, NB, or NPOE. In
Cell B for the MTPP"—Fe(CN)s* system, the O phase solvent was NB. Since NB is heavier than
water, the test O/W interface in the latter system was prepared at the end of a glass tube of 8§ mm
inner diameter. To ensure the physical stability of the test interface, the inner glass wall, which
should be in contact with the O phase, was siliconized in advance with dimethyldichlorosilane
vapor. The O and W solutions were deaerated with nitrogen gas prior to the SECM
measurements.

In SECM, the steady-state UME current (I¥) was monitored by moving the UME tip
toward an O/W interface at 1.0 pm s . A touch of the UME tip to the interface was usually
detected by a sudden change of the current. Using the thus-estimated distance (d) between the
UME tip and the interface, the plot of I* against d, a so-called “approach curve” was obtained.
The simulation of approach curves was made by using a theoretical model reported previously
[12,22]. The UME used in this study is suitable for the simulation, being characterized by RG =
re/a =10 (r, = the radius of the glass sheath; a = the radius of the electrode disk) [46].

6



Prior to the SECM measurements, CV measurements were performed for Fe(CN)¢" and
MTPP (M = Zn, Cd), by using Cells A and B (Fig. 2), respectively. For the oxidation of
Fe(CN)s* in W, a well-defined sigmoidal wave was observed, as reported previously [27]. For
ZnTPP (or CdTPP) in NB, two-successive sigmoidal waves (or a single one) was obtained,
corresponding to the two-step (or one-step) one-electron oxidation [8,24]. The one-electron
oxidation of DcMFc in organic solvents could also be observed using Cell A, in which the
UME tip was penetrated into the lower O phase. Based on these measurements, the
working-electrode potential in SECM was set at the potential where the limiting current due to
the (first) one-electron oxidation was obtained.

In the SECM measurements, the A% ¢ of a test O/W interface was varied by changing the
nature and concentration ratio of a common ion in both phases. In the presence of the common
ion (X), A}¢ should obey the Nernst equation, being expressed approximately by

W = AV 4 R Xl
Aop = Aoy + oF 1H[X]W 3)

where [X]o and [X]w are the concentrations of X in O and W, respectively; Z is the ionic charge
of X; F is the Faraday constant; and A}¢y is the standard ion transfer potential of X. The A% ¢

values were estimated by using the literature values of AYd;, [45,47-52].

3. Results and discussion

3.1. Determination of rate constants

Fig. 3 shows two sets of approach curves obtained by SECM measurements with Cells A
and B. In the approach curves, the UME tip currents are plotted against the distance (d) between
the tip and the test O/W interface. The tip currents are normalized by those at long distances
where they showed constant values. As shown in Fig. 3, the normalized currents at shorter
distances increased markedly with the concentrations of DcMFc and Fe(CN)s" for Cells A and
B, respectively. These results clearly showed that the following redox reactions occurred in the

respective cells.



For Cell A:
Fe(CN)s" — Fe(CN)¢ + ¢ (at the UME in W) 4)

Fe(CN)s> (W) + DecMFc(0) = Fe(CN)g (W) + DeMFc'(0)  (at the O/W interface) (5)

For Cell B (with M = Zn, Cd):
MTPP — MTPP" + ¢ (at the UME in O) (6)

MTPP'(0) + Fe(CN)s* (W) — MTPP(O) + Fe(CN)s> (W) (at the O/W interface) (7)

In both the systems, experimental approach curves fit well with the theoretical curves, as
shown in Fig. 3, although the experimental blank curves tended to deviate slightly upward from
the theoretical ones (a possible origin for the deviation may be impurities). Then, the apparent
first-order rate constants (Kf) were successfully obtained as the fitting parameter for different
concentrations of the redox species. Because K is related to the second-order rate constant (K) as
ke = k[DcMFc] (Cell A) or ke = k[Fe(CN)s" ] (Cell B), the k¢ value should be proportional to
[DcMFe] or [Fe(CN)e' 1. In practice, a good proportionality was observed in a definite
concentration range under most conditions studied (Fig. 4). From the slope of the linear plot,
the k value could thus be accurately determined. The relative SD (=standard deviation) for k
was typically within 10%.

Tables 1 and 2 show the kinetic data for the NB/W interface, which were obtained with
Cells A and B, respectively, under different electrolyte conditions, i.e., at different A} ¢ values.
As seen in Table 2, the kinetic data for CATPP could be obtained only under a single electrolyte
condition, probably owing to the relative instability of CdTPP. Similar kinetic data obtained
with Cell A for other O/W interfaces are presented in Tables S1-S3 (Supplementary
information).

3.2. Driving force dependence of the rate constants

The dependence of the ET rate constant on the driving force (AG®) was investigated. The

value of AG® is given by

—AG° = +F(Ey, — E_ + AYg) (8)



where E;, and E; are the formal potentials of the redox couples in W and O, respectively,
being expressed on the same potential scale; the positive and negative signs of the right-hand
side of Eq. (8) correspond to Cells A and B, respectively; note that AG® is defined as the
“standard” Gibbs energy of the forward (left-to-right) reaction of Egs. (5) and (7). In the present
SECM measurements, AG° could be evaluated from the difference of the formal potentials
measured by positioning the UME tip in W and O, which equals to (E;, — E; + AQ¢) in the
right-hand side of Eq. (8).

Fig. 5 shows the AG® dependence of k for the ET between DcMFc in NB and Fe(CN)> in
W. The log k vs. AG® plot did not show a simple upward parabola, with the k value being
limited in the lower AG® range, as previously reported for the NPOE/W interface [27]. In this
study, a similar dependence was observed for the DCE/W, DCH/W, and NPOE/W interfaces
(Figs. S1-S3, Supplementary material). These results clearly suggest that there should be a
rate-limiting process for the ET reactions, which is hardly affected by the interfacial potential.
The limiting process might be the previously proposed “microscopic” diffusion of a redox
species in O or W, prior to the succeeding ET reaction at the O/W interface [39]. We have then

assumed the following reaction scheme:

diffusion ET
kp ket
AO) + B(W) =——= A.-B — products 9)
kuni

where A---B represents the encounter complex of A and B; ky,; is the dissociation rate constant
of A---B; Kgr is the first-order heterogeneous rate constant of the intramolecular ET. The overall

second-order rate constant, i.e., k is then given by
kaET
kET + kuni

k = (10)

With a treatment similar to that for a homogeneous reaction in solution [53,54], Ky, (cm s’l) can

be estimated from kp (cm M ™' s7') as

3
Ky = [“,L JAK—V (11




where the volume AV (cm’) contains the encounter complex and is given approximately by
(4/3)7z(rA+rB)3. For the estimation of AV and thus kyy;, the following values were used for ra or
rg: 0.48 nm (DcMFc [55,56]), 0.62 nm (MTPP" [8]), 0.44 nm (Fe(CN)63_ [55]), and 0.45 nm
(Fe(CN)" [57)).

Regarding Kgr, an Arrhenius-type general kinetic equation was assumed:

Ker = thetexp(— AG+] (12)

where x is the Landau—Zener non-adiabacity factor (k= 1 for an adiabatic reaction); Zy is the
frequency factor; AG* is the Gibbs energy of activation of the reaction, which may be estimated

using the theoretical equation by Marcus [29-33].

) p_ r)?
AG1:Wr+£1+w (13)
4 2

where W' and WP are the work terms, respectively, for bringing the reactants from infinite
distance and for removing the products to the infinite distance. These work terms, however, are

usually much lower than A, as shown previously [8]. Accordingly, AG* can be approximated by

0)\2
AGi=£(1+AG)
4 A

(14)

Using Egs. (10)—(12), and (14), manual curve fitting was performed for the log k vs. AG°
plot in Fig. 5. When Kp, xZy, and A were used as adjusting parameters, however, curve fitting
was successful for various sets of xZy, and 4. We therefore estimated the A value theoretically,
as described below, to reduce the adjusting parameters to two, i.€., Kp and &Zye. As shown by
the solid line in Fig. 5, the theoretical curve was well fitted to the experimental data. Such curve
fitting was also successful for the log k vs. AG® plots (Figs. S1-S3, Supplementary information).
Table 3 shows the values of kp and &Zy obtained as the adjusting parameters and the
theoretically estimated values of A.

The reorganization energy was estimated as follows: A is defined by A = Ay + Ain, Where
Aot and i are the outer- and inner-sphere reorganization energies, respectively. Marcus

[29,30] gave the equation for Agy:
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iout = 4— _( op __Sj + _( op __sj
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1 &w—&  Ew—& J
4d ey (ey +63)  Eoley + &)
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4d, ey (e +éw)  ewle+&y)

—g(olo—sls] (15)
I\&y +en & +é&y

where n is the number of electrons transferred (here, n = 1); & is the permittivity of vacuum; &
and &" are the static and optical dielectric constants of solvent i (=O and W); d; is the distance
from the interface to the center of the reactant or product in solvent i; and | is the distance
between the centers of the reactants. In the present estimation, we simply assumed that d; =4,
d, =rp, and | = ru + rg. The dielectric constants used are: & =35.0 (NB [58]), 10.4 (DCE [58]),
8.83 (DCH [45]), 24.2 (NPOE [52]), 78.8 (W [58]); &” = 2.4 (NB [58]), 2.0 (DCE [58]), 2.12
(DCH [59]), 2.3 (NPOE [60]), 1.8 (W [58]). Then, we evaluated the outer-sphere contribution
to the reorganization energy as Aoy =71.1,72.2,68.9, and 71.5 kJ mol ! for the NB/W, DCE/W,
DCH/W, and NPOE/W interfaces, respectively. The inner-sphere contributions from Fe(CN)s>
and DcMFc are reported as Aiy(Fe(CN)g® ) = 10.6 kJ mol ' (=0.11 eV [61]) and Aiy(DcMFc) =
0.6 kJ mol™ (= 0.15 kcal mol™' [62]), therefore Ain = Ain(Fe(CN)s> ) + Ain(DcMFc) = 11.2 kJ
mol .. Finally, the values of 4 (= Aoyt + 4in) could be estimated as shown in Table 3.

Fig. 6 shows the driving force dependence of k for the ET between MTPP" (M = Zn, Cd) in
NB and Fe(CN)s* in W. The plot for CATPP" (A) is based on the data previously obtained by
ac impedance method [8]. By including this plot, curve fitting was successfully performed to
obtain the theoretical curve as shown by the solid line in Fig. 6. In this curve fitting, 4 was also
used as an adjusting parameter. The obtained values of Kp, &Zye, and A are shown in Table 3.
The value of A (=43 kJ mol™") is somewhat smaller than the theoretically estimated value of
77.0 kJ mol ™' [8] and the literature value of 82 kJ mol ™' (=0.85 eV [19]); this literature value
was obtained by SECM, but with various aqueous reductants and some different organic

solvents. The present SECM measurements were performed at a single O/W interface by using
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the sole aqueous reductant (F e(CN)s ). Although two different organic oxidants (i.e.,
tip-generated ZnTPP" and CdTPP") were used here, the inner-sphere reorganization energy of
such large complexes seems to be negligible. In Fig. 6, another fitting curve is shown by the
dashed line, which was obtained with the theoretical value of kp (=40 cm M sl estimated
from Eq. (2)) and the adjusting parameters of xZpe and A. As seen in the figure, however, a less
satisfactory fitting result was obtained.

Due to the proper arrangement of experimental conditions, we could thus obtain the clear
driving-force dependence shown in Fig. 6. The dependence is apparently different from the
parabolic one that was claimed by Bard and coworkers [16,19]. There seems to be an upper
limit of k, which seems to be due to a bimolecular-reaction effect. According to the previous
reports [16,19], however, the existence of a Marcus inverted region was confirmed in this study
as well.

Here, it is interesting to compare the experimental values of xZpe with those predicted
using the Marcus theory. The second-order rate constant, k, under ET-controlled conditions
(i.e., ket << kuni), 1s related to the first-order rate constant, Kgt, as K = Kkgt = (Kp/Kuni)Ker [2,39].
Since k and kgt are given by k= Zexp(~AG*/RT) and Eq. (12), respectively, we obtain a relation:
Z = (Kp/Kyni) &Znet. Using the experimental values of &Zye, Kp, and Ky, (see Table 3), Z can be
calculated, e.g., as Z = 12 cm M s for the MTPP™—Fe(CN)s"~ system. On the other hand,
Marcus [29-33] proposed that the frequency factor Z for a “sharp” O/W interface is given by
Z=27(ra + rg) kU Al)’ (16)
where x is the transmission coefficient (k=1 for a perfect adiabatic ET), vis the frequency for
molecular motion, and Al is the parameter appearing in an exponent for the dependence of the
ET rate [ocexp(—I/Al)] on separation distance |. Using the typical values, xv= 10" s and Al =
0.1 nm, adopted by Marcus [32], the Z value is estimated to be 410 cm M s™' for the
MTPP —Fe(CN)s* system. This value is one-order higher than the above experimental value
(i.e., 12 cm M s7). In a similar manner, the Z value for the DeMFc—Fe(CN)s> system is
estimated to be 350 cm M ' s™'. In this case, the theoretical value of Z is rather lower than the
experimental values, Z = 670, 1700, 3700, 4200 cm M s for the DCE/W, NB/W, DCH/W,
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and NPOE/W interfaces, respectively. Thus, though the reason is not clear yet, it has been
found that the observed frequency factor is largely dependent not only on the nature of redox
species in the O phase but also on the nature of the organic solvent.

3.3. Effects of organic solvents

According to Eq. (2), kp should be proportional to Da, i.e., the diffusion coefficient of A (=
DcMFc) in the O phase. Since D, is inversely proportional to the viscosity (77) of the solvent, kp
should be linearly dependent on 7'. As seen in Table 3, the obtained values of kp were
decreased with the order of 7, i.e., DCE < NB < DCH < NPOE. However, it should be noted
that kp was not simply proportional to 7 '; the dependence was considerably less than that
expected from Eq. (2). Also, as discussed below, the kp values are considerably smaller than the
theoretical ones (see also Table 3).

In our previous study with a single micro W-droplet [27], a similar log k vs. AG® plot to
that obtained in this study was observed for the ET between DcMFc in NPOE and Fe(CN)g™ in
W. As shown in Fig. S3 (Supplementary information), however, the previous k values at lower
AG°® values are about four times larger than those determined by SECM. Considering the
possible experimental errors in kinetic measurements, the discrepancy between the two data
sets may not be very significant. Possible origins of the discrepancy are the nonideality of the
electrode configuration in SECM (e.g., inclination of the UME axis with respect to the normal
to the O/W interface) and the imperfection of the cylinder model employed for the digital
simulation in CV with a micro W-droplet.

3.4. Alternative model

As described above, the kp values obtained in SECM showed only a small dependence on
the organic-solvent viscosity. Also, the kp values are typically one-order smaller than those
estimated from Eq. (2). Such unexpected results might suggest the invalidity of the previous
model for a diffusion-controlled bimolecular reaction [39].

Then we propose an alternative model for understanding the bimolecular-reaction effect.
Fig. 7b shows the new model, which is based on the “interfacial diffusion” of redox species

across the O/W interface. It is here assumed that the rate-determining step is the interfacial

13



diffusion of species B in W toward species A in O. If species A is not surface active and thus
does not exist on the O/W interface, then species B should cross the inner layer of the interface
to react with species A. In the inner layer, the water molecules contacting with the organic
solvents probably form a planer hydrogen-bonded network, which is similar to the structure
making of water molecules hydrated to a strongly hydrophobic ion such as TBA". Accordingly,
there would be a certain energy barrier for the redox species to break the hydrogen-bonded
network. Such a transport process across the inner layer, which we here call “interfacial
diffusion”, may be a rate-determining step of the overall ET reaction, although some molecular
dynamic simulation [63] showed that there is no significant slowing down as a
semi-hydrophobic tetramethylammonium ion crosses an O/W interface. For species B being
fully hydrophilic and having a large positive free energy of transfer, however, the interfacial
diffusion would show an appreciably large activation energy. It is then considered that the
diffusion rate would be influenced by rheological properties of the O/W interface rather than
those of the bulk phase (e.g., viscosity of the organic solvent). As previously discussed on
ion-transfer kinetics at an O/W interface [64], the interfacial tension () should significantly
influence the transfer kinetics of redox species across the O/W interface. Regarding the
interfaces studied here, however, the 7 values show no large differences: y(in mN m") = 28.4
(DCE/W [65]), 25.2 (NB/W [66]), 23.5 (DCH/W [67]), 27.9 (NPOE/W [68]). This might have
resulted in the small dependence of kp on the nature of organic solvents. It should also be
pointed out that the postulated interfacial diffusion process for charged redox species (e.g.,
Fe(CN)g ) should be affected by the inner layer potential difference. However, this effect
seems to be restricted, because the inner layer potential difference of an O/W interface is
generally small compared with the potential difference across the diffuse layers in O and W
[69,70].

Thus, the present kinetic data obtained by SECM have suggested the new model based on
“interfacial diffusion” (Fig. 7b). Nevertheless, the previous model based on “microscopic
diffusion” (Fig. 7a) cannot be entirely excluded, since the CV measurements with a micro

W-droplet have given higher rate constants closer to the theoretical values of kp. Further
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detailed studies would be required to clarify this issue.

4. Conclusions
Regarding the two ET systems, i.e., the MTPP" (M = Zn, Cd)-Fe(CN)s" system and the
DcMFc—Fe(CN)g®~ system, the following conclusions have been reached.

1) The second-order rate constants (k) for the two ET systems could be accurately
determined by means of SECM.

2) For both ET systems, the driving force dependence of the rate constant, i.e., the log k vs.
AG° plots did not show a simple upward parabola, with the k values being limited in a
certain range of AG°. This suggests that the ET rates should be limited by the
“microscopic” diffusion of redox species, as predicted in the previous study [39].

3) The diffusion-controlled rate constants obtained experimentally, however, are typically
one-order smaller than the theoretical values, and have shown only small dependence
on the viscosity of organic solvents. These results suggest an alternative model, in
which the rate-determining step is the “interfacial” diffusion of a redox species across

the O/W interface.
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Table 1

Kinetic data obtained with Cell A for the NB/W interface

ke (cms™)

[DcMFc] (M)

App* AG®® k+SD
Electrolyte conditions (V) (kJ mol™) 0.0015 0.003 0.005 0.007 (cmM's™
() 50 mM TEATPB (O)-10 mM TEACI (W) —-0.014 =37 0.0135 0.0230 0.0315 4.53+£0.06
(I1) 20 mM TEATPB (0)-20 mM TEACI (W) —0.055 -33 0.0060 0.0140 0.0220 0.0310 427+0.28
(III) 20 mM TPrATPB (0)-20 mM TPrACI (W) —-0.170 —22 0.0130 0.0220 0.0310 4.39+0.05
(IV) 10 mM TPrATPB (O)-50 mM TPrACl (W)  —0.211 18 0.0140 0.0230 0.0320  4.61£0.05
(V) 20 mM TBATPB (0)-20 mM TBACI (W) 0.275 12 0.0090 0.0140 0.0200  2.89+0.10
(VD) 20 mM TPnATPB (O)-20 mM TPnACI (W)  —0.408 -1 —c 0.0016 0.0022 0.32+£0.00

¢ Estimated from Eq. (3) with the reported values of AYg@; [47-49].

® Calculated by Eq. (8) with EJ, — EJ =0.40 V.

¢ The value was too small to determine.
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Table 2

Kinetic data obtained with Cell B for the NB/W interface

ke (cms™)

[Fe(CN)s" ] (M)

Ay AG®® k+SD
Electrolyte conditions (V) (kImol™")  0.001 0.0015 0.002 0.0025 0.004  (cmM's™h
ZnTPP
(I) 0.1 M TPnAClO4 (O)-20 mM TPnACIl (W) —0.367 82 —° —° —° 0.0010  0.0018  0.43 £0.04
(II) 0.1 M TBACIO4 (0)-20 mM TBACI (W) —0.234 —69 0.0020  0.0025 0.0030 1.26 £0.07
(1IT) 0.25 M TBACIO4 (0)-10 mM TBACI (W) —-0.192 —65 0.0013  0.0018  0.0025 1.25£0.05
(IV) 0.25 M TBACI1O4 (O)-10 mM NaClO4 (W) —0.165 —62 0.0020  0.0035  0.0045 2.19£0.17
(V) 0.1 M TBACIO;4 (O)-20 mM NaClO4 (W) —-0.123 58 0.0027  0.0035  0.0050  0.0065 2.53£0.16
(VI) 50 mM TBACIO4 (0)-50 mM NaClO4 (W) —0.082 —54 0.0025  0.0040  0.0045 1.82 £0.17
CdTPP
(VII) 0.1 M TBACIO4 (0)-20 mM NaClO4 (W) —0.123 —40 0.0030 (2.0)d

¢ Bstimated from Eq. (3) with the reported values of A%g; [47-49].

® Calculated by Eq. (8) with Ey, — E; =-0.48 V (for ZnTPP) or —0.29 V (for CdTPP).

¢ The value was too small to determine.

4 Probably owing to the relative instability of CATPP, the measurement was successful only in a single concentration condition.
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Table 3

Kinetic parameters obtained with Cells A and B

/s 2 KZhet kp Kuni®

Organic solvent (10~ Pas)  (kJ mol™) (cms ) (cmM's™ (cms )
Cell A

DCE 0.779 83.4 3.6x 107" 6.0 (137) 3.1x10°°
NB 1.795 82.3 9.0x 107" 52 (61) 2.7x10°°
DCH 2.04 79.9 1.9x10° 5.0 (53)f 2.6x10°
NPOE 13.8 82.7 21x107° 2.6 (10) 13x10°
Cell B

NB 1.795 43 40x10° 3.0 (40) 9.7x 107

* Viscosity of the organic solvent; the values are taken from Ref. [52] or [45] (for DCH).

® Estimated theoretically for Cell A and obtained as an adjusting parameter for Cell B.

“d Obtained by curve fitting.

¢ Calculated by Eq. (11).

"Values in parentheses are the kp values estimated theoretically by Eq. (2) with Ds = 8.6 x
10°,3.8x10°3.3%x10°, 6.4x 10" cm’s for DeMFc in DCE, NB, DCH, and NPOE,

respectively, and with D = 1.9 x 10 ® cm®s™' for MTPP" in NB.
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Figure captions

Fig. 1. Previous model for the formulation of a diffusion-controlled rate constant of ET at an

O/W interface [39].

Fig. 2. Cells A and B used in the SECM measurements, respectively, for (A) the DcMFc—
Fe(CN)g>™ system and for (B) the MTPP—Fe(CN)s+ system. In Cell A, (1) x M DcMFc,
10-50 mM TAATPB; (2) 1 mM K4Fe(CN)g, 10-50 mM TAACI, 0.5 M NacCl; (3) 3.0 M NaClL.
In Cell B, (4) 0.5 mM MTPP (M = Zn, Cd), 0.05-0.25 M TAACIO4; (5) y M K4Fe(CN)g, 0.5
M NaCl; (6) 10-20 mM TBACI or NaClOg; (7) 3.0 M NacCl. Phases 6 and 7 were separated by
using a hollow gel pellet [24]. (WE) working electrode, (RE) reference electrode, (CE)

counter electrode.

Fig. 3. Approach curves obtained (A) with Cell A for different concentrations of DcMFc and
(B) with Cell B (with ZnTPP) for different concentrations of Fe(CN)s*. In both cells, the
O-phase solvent was NB. Electrolyte conditions: (A) 20 mM TEATPB (0)-20 mM TEACI
(W); (B) 0.1 M TBACIO4 (O)-20 mM NaClO4 (W). Open circles: experimental values in the
presence of the indicated concentrations of DecMFc or Fe(CN)s. Solid lines: theoretical
curves for the corresponding concentrations and the blank. The dashed lines represent the

diffusion-limited curves.

Fig. 4. Dependence of k¢ on the concentrations of (A) DcMFc and (B) Fe(CN)s* in Cell A
and Cell B (with ZnTPP), respectively. The plots in panel (A) correspond to the electrolyte
conditions of (O) I, (A) II, (KJ) II1, (X) IV, (<) V, and () VI shown in Table 1, whereas
those in panel (B) correspond to the electrolyte conditions of (O) I, (A) II, (1J) IIL, (X) 1V,

(<) V, and (k) VI shown in Table 2.

Fig. 5. Driving force dependence of the second-order rate constant for the ET between
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DcMFc in NB and Fe(CN)s* in W. Solid line: the theoretical curve obtained by curve fitting.

Fig. 6. Driving force dependence of the second-order rate constant for the ET between (@)
ZnTPP" or (A) CdTPP" in NB and Fe(CN)¢* in W. The plot for CdTPP", shown in
parentheses, was obtained under a single concentration condition. The plot for CATPP" (A)
is based on the data previously obtained by ac impedance method [8]. Solid line: the fitting
curve obtained with three adjusting parameters (Kp, &Zpet, and A; see Table 3). Dashed line:
the fitting curve obtained with the theoretical value of kp (=40 cm M ' s') and two adjusting

parameters (kZpe = 1.5 x 10 ® cm s and 4 =43 kJ mol ).

Fig. 7. Two possible models for understanding the bimolecular reaction effect of ET at the

O/W interface, which are based on (a) “microscopic diffusion” and (b) “interfacial diffusion”.
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Table S1

Kinetic data obtained with Cell A for the DCE/W interface

ks (cm s™)
[DcMFc] (M)
ASp AGe P k+SD
Electrolyte conditions (V) (kJ mol™) 0.002 0.003 0.005 0.007 (cmM*s™?
(I) 20 mM TEATPB (0)-20 mM TEACI (W) 0.020 =35 0.0100 0.0130 0.0250 4,78 +0.38
(11) 10 mM TEATPB (0)-50 mM TEACI (W) -0.021 =31 0.0100 0.0135 0.0230 4.70 £0.26
(111) 20 mM TPrATPB (0)-20 mM TPrACI (W) —-0.090 24 0.0075 0.0110 0.0190 3.74 £ 0.07
(V) 20 MM TBATPB (0)-20 mM TBACI (W) -0.220 -12 0.0045 0.0070 0.0110 1.49+0.09

# Estimated from Eq. (3) with the reported values of A}g; [47,50].

® Calculated by Eq. (8) with E;, — E; =0.34 V.



Table S2

Kinetic data obtained with Cell A for the DCH/W interface

ki (cm s™)
[DcMFc] (M)
AVg 2 AG® " k+SD
Electrolyte conditions (V) (kJ mol™) 0.002 0.003 0.005 0.007 (cmM™*s™
(1) 20 mM TEATPB (0)-20 mM TEACI (W) 0.056 -35 0.0160 0.0200 0.0340 4.73+0.68
(11) 10 mM TEATPB (0O)-50 mM TEACI (W) 0.015 =31 0.0095 0.0130 0.0300 4.46 +0.26
(111) 20 mM TPrATPB (0)-20 mM TPrACI (W) —0.072 -23 0.0130 0.0220 0.0300 4.34 +0.06
(1IV) 20 mM TBATPB (0)-20 mM TBACI (W) —0.220 -9 0.0080 0.0130 0.0180 2.61+0.05
(V) 20 mM TPnATPB (0)-20 mM TPnACI (W) -0.343 3 0.0025 0.0040 0.0056 0.81+0.02

# Estimated from Eq. (3) by regarding the midpoint potentials in CV [45] as A%ds,.
® Calculated by Eq. (8) with E;, — E5 =0.31 V.



Table S3
Kinetic data obtained with Cell A for the NPOE/W interface

ki (cm s™)
[DcMFc] (M)
AVg 2 AG® " k+SD
Electrolyte conditions (V) (kJ mol™) 0.003 0.005 0.007 (cmM™*s™
(1) 20 mM TEATPB (O)-20 mM TEACI (W) 0.026 -37 0.0085 0.0130 0.0170 2.62 +0.20
(11) 10 mM TEATPB (0O)-50 mM TEACI (W) -0.015 -33 0.0075 0.0120 0.0170 2.44 +0.05
(111) 20 mM TPrATPB (0)-20 mM TPrACI (W) —0.092 —26 0.0090 0.0130 0.0170 2.68 £0.29
(1IV) 20 mM TBATPB (0)-20 mM TBACI (W) -0.241 -12 0.0075 0.0100 0.0140 2.17+0.29
(V) 20 mM TPnATPB (0)-20 mM TPnACI (W) -0.324 -3 0.0035 0.0060 0.0080 1.17+0.03

# Estimated from Eq. (3) with the reported values of Ag; [47,51,52].

® Calculated by Eq. (8) with E;, — E; =0.36 V.
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solid lines: the corresponding theoretical curves obtained by curve fitting.
For the later curve, the following parameters were used: &Zpet= 1 x 107 cm
s, A=108 kimol™ kp =12 cm M s, and kyni = 4.76 x 10° cm s,
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