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Ion transfer reactions at a liquid±liquid interface or an
interface between two immiscible electrolyte solutions are
essential for many biological and chemical processes, such as
transmembrane signaling, drug delivery, and phase-transfer
catalysis.[1±3] Over the last three decades, the thermodynamics
and kinetics of such processes have been extensively studied
using electrochemical methods. Several groups have tried to
measure the rate constant using transient techniques,[4] but
met with limited success. This is mainly because the ion
transfer is often very fast and therefore the transfer rate is
difficult to measure.[4]

Recently we obtained the rate constant of potassium ion
transfer from water to 1,2-dichloroethane facilitated by
dibenzo[18]crown-6 (DB18C6) using nanopipet voltamme-
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1215 cm�1. Compound 16a was unstable and correct analytical data could
not be obtained.

Further experimental details can be found in the Supporting Information.
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try.[5] This type of pipet provides a very high mass transfer rate
and efficiently reduces an uncompensated drop in iR. Scan-
ning electrochemical microscopy (SECM) is a powerful tool
in the investigation of fast heterogeneous kinetics at liquid±
solid and liquid±liquid interfaces, microfabrication, and
imaging of local electrochemical reactivity.[6] The use of a
micropipet as the tip of the SECM instrument has shown
promise for the imaging of various substrates, especially
biological specimens.[7±9]

Up to now, SECM studies on the kinetics of electron
transfer across a liquid±liquid interface have been carried out
at a nonpolarized liquid±liquid interface, where a common ion
is employed in both phases to control the drop in potential
across the interface.[6±9] One limitation of this approach is that
the adjustable potential differences are rather narrow (�
120 mV). However, most of the thermodynamic and kinetic
data on charge transfer reactions have been obtained by using
convenient electrochemical techniques to polarize and con-
trol the potential difference externally at such polarized
liquid±liquid interfaces. The adjustable potential difference is
limited by the potential window and is usually about 300 to
600 mV. We have recently applied SECM to study electron
transfer reactions at a polarized liquid±liquid interface, based
on a novel three-electrode setup that we developed.[10,11]

To the best of our knowledge, SECM studies on the kinetics
of facilitated ion transfer across an externally polarized
interface have not been described in the literature. Here we
report the kinetic measurements of Kþ transfer across the
water±1,2-dichloroethane (W±DCE) interface facilitated by
DB18C6 through the use of SECM with a nanopipet as the tip.
As shown in Figure 1, an Ag/AgCl electrode is covered with a

droplet of aqueous KCl solution and immersed in the DCE
phase. The Ag/AgCl electrode serves both as a counter and a
reference electrode, and its potential remains constant as long
as the concentration of KCl in the droplet is not changed.[10]

The W±DCE interface formed can be polarized externally by
a three-electrode setup (the experimental setup shown in the
lower part of Figure 1, where the SECM tip is not involved).

This assembly can be employed to study simple, facilitated ion
and electron transfer reactions. The Ag/AgCl electrode is
covered fully with 2 mL of a 0.1m KCl solution and immersed
into 0.4 mL of a DCE solution; a phase volume ratio (r¼VO/
VW; VO¼ volume of organic phase, VW¼ volume of aqueous
phase) of about 200 was used in all experiments. The area of
this interface is about 0.009 cm2, and well-defined voltammo-
grams have been obtained for the three cases studied
(Figure 2). Although the droplets are small and the size of

the W±DCE interface formed is in the mm range, all of
voltammograms are peak-shaped, indicating that the charge
transfer reactions are controlled by a semi-infinite diffusion
field. These results clearly indicate that this three-electrode
setup works well as it simplifies the instrumentation used for
studying charge transfer across liquid±liquid interfaces.

A nano-sized liquid±liquid interface can be formed at the
nanoorifice of the pipet between the bulk organic phase and
the aqueous solution inside the nanopipet. The outer wall of
the nanopipet was silanized prior to use.[8c] A nearly perfect
steady-state voltammogram can be obtained at the same
potential as shown in Figure 2a.[12] For the kinetic analysis,
one needs to know the radius of the pipet a as well as the value
ofRg (Rg¼ rg/a, where rg is the radius of the glass insulator plus
the radius of the pipet). The latter can be estimated from SEM
and is equal to 1.3. The radius of the pipet can be obtained
either by SEM or by theoretical simulation. In our case, a
value of 240 nm was determined from the SEM image of the
pipet (Figure 3).

For comparison, we carried out the theoretical simulation
as well, following the approach described in reference [8b].
The principle of this approach is to apply a theoretical
equation with a certain value forRg and calculate the radius of
the pipet from an experimental cyclic voltammogram. We
simulated the case of a nanopipet with Rg¼ 1.3 and obtained

COMMUNICATIONS

3446 ¹ 2002 WILEY-VCH Verlag GmbH& Co. KGaA, Weinheim 0044-8249/02/4118-3446 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 18

Figure 1. Schematic diagram of the application of SECM to probe
facilitated ion transfer at an externally polarized liquid±liquid interface.
TPBCl¼ tetrakis(4-chlorophenyl)borate.

Figure 2. Cyclic voltammograms obtained for charge transfer reactions by
use of a three-electrode setup. The potential E is given versus Ag/
Ag(TPBCl). a) Potential window and facilitated Kþ transfer reaction. The
cell consists of Ag/Ag(TPBCl)/10 mm TBA(TPBCl) þ 0.25 mm

DB18C6)//100 mm KCl/AgCl/Ag; b) Potential window and electron trans-
fer reaction. The cell consists of Ag/Ag(TPBCl)/10 mm TBA(TPBCl) þ
0.2 mm TCNQ//1m LiCl þ 10 mm K3[Fe(CN)6] þ 400 mm K4[Fe(CN)6]/
AgCl/Ag; c) Potential window and TEAþ transfer reaction. The cell
consists of Ag/Ag(TPBCl)/10mM TBA(TPBCl)//100 mm LiCl þ 0.4 mm

TEACl/AgCl/Ag. TCNQ¼ 7,7,8,8-tetracyano-p-quinodimethane, TEA¼
tetraethylammonium.



the steady-state limiting current (I), which can be represented
by Equation (1), where n is the number of charge transferred,

I ¼ 4:82 nF aDc0 ð1Þ

F is the Faraday constant, a is the radius of the pipet, D is the
diffusion coefficient, and c0 is the bulk concentration of the
ionophore. The concentration of Kþ in the aqueous phase is
much higher than that of DB18C6 in the DCE phase, and the
tip current is limited by diffusion of DB18C6 to the
interface.[8a] Assuming that the diffusion coefficient of
DB18C6 in the DCE phase is 5.2 î 10�6 cm2s�1,[5] the effective
radius of the nanopipet is found to be 238 nm, which is in good
agreement with the value obtained by SEM.

The reactions in the system studied can be described by
Equations (2) and (3). Reaction (2) takes place at the tip and

Kþ
W þ DB18C6DCE !kf ½KþðDB18C6Þ	DCE ð2Þ

½KþðDB18C6Þ	DCE !kb Kþ
W þ DB18C6DCE ð3Þ

reaction (3) at the substrate. We chose this interfacial transfer
reaction as a model system mainly because its mechanism is
well established and attributed to transfer by interfacial
complexation/transfer by interfacial dissociation (TIC/TID).
In a typical SECM experiment, the tip is usually placed in a
solution containing the oxidized (or reduced) form of a redox
mediator, and this mediator is reduced (or oxidized) at the tip.
If the tip is positioned close to an electrically conductive
substrate, the species produced on the tip can diffuse to the
substrate surface and in turn be re-oxidized (or re-reduced).
This recycling produces an enhancement in the tip current (iT)
depending upon the distance d between the tip and the
substrate; this is called positive feedback. For an insulating
substrate, there is no recycling process and the substrate
blocks the diffusion of the oxidized species to the tip. Thus iT
decreases at smaller d ; this is called negative feedback. The
overall rate constant of mediator regeneration at the substrate
can be evaluated from the tip current±distance curve (iT±d),
which is also referred to as an approach curve.

In our experiment, the recycling process is not the result of
an electrochemically active mediator, but it is maintained by
the TIC/TID mechanism. The tip is held at a potential ET

where the reaction in Equation (2) is diffusion-controlled.

Meanwhile, the potential difference ES at the larger W±DCE
interface (substrate) is externally controlled by a bipotentio-
stat to observe the effect of a polarized substrate on the
transfer process at the tip (see Figure 1). The point of d¼ 0
can be precisely determined when the tip touches the
substrate interface, which causes a sharp increase (or de-
crease) in the tip current.

Under our experimental conditions, the rate constant of the
total interfacial reaction may be expressed by Equation (4),

kf ¼ ko exp½�n f ðES �E00
S Þ	 ð4Þ

where k8 is the standard rate constant, a is the transfer
coefficient, n is the number of charge transferred, E00

S is the
formal potential, and f¼RT/nF. When the value of ES�E00

S

becomes larger, kf becomes smaller, and it becomes easier to
obtain the kinetic parameter. Therefore the rate constant of
this recycling can be adjusted by controlling the potential of
this interface. When ES is smaller than the half-wave potential
E1/2, the substrate functions approximately like a conducting
substrate. The recycling shown in Figure 1 can be maintained.

From the experimental approach curves shown in Figure 4,
we can determine the rate constants kf by using the best fit of
the experimental results with the theoretical values. The value

of E00
S is evaluated from E1/2 of the nernstian voltammogram-

s,[10a] and is equal to 0.325 V for Figure 2a. The values of kf are
in the range of 0.3±1.9 cms�1. The plot of lnkf vs. E00

S is
depicted in the inset of Figure 4. The values of k8 and a can be
evaluated from the intercept of the extrapolation and the
slope of the plot, and are equal to 0.7� 0.3 cms�1 and 0.56�
0.08, respectively. These results are in good agreement with
the values obtained by nanopipet voltammetry.[5]
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Figure 3. An SEM image of the pipet used in the experiments. Scale bar¼
1 mm.

Figure 4. Experimental approach curves of a pipet with a 238 nm radius
fitted with the theoretical values. The tip potential is 0.45 V, the substrate
potential is 0.20 (&), 0.225 (î ), 0.25 (&), 0.275 (~), 0.30 (*), 0.325 (*), 0.35
(*), 0.375 (~), 0.40 (^), and 0.425 V (^). Curve 1 shows the theoretical
curve for a diffusion-controlled process, and curves 2±6 are theoretical
curves for kinetically controlled processes. Inset: the dependence of the
heterogeneous rate constants on different values for E00

S .



Let us now consider two limiting cases associated with the
application of high negative and positive potentials. If more
negative potentials are applied, the approach curves will
overlap with the diffusion-controlled curves. In addition, the
contribution of the transfer of supporting electrolyte will be
significant. In such cases, the rate constants will be difficult to
evaluate. When ES is larger than E1/2, most of the DB18C6
molecules in the DCE phase near the substrate exist as
complexes with Kþ, and the concentration of free DB18C6 is
close to zero. The recycling shown in Figure 1 cannot be
maintained, and hence the substrate functions approximately
like an insulating substrate. On the other hand, when the
applied potentials at the substrate are larger than 0.35 V the
experimental approach curves obtained deviate significantly
from the theoretical ones. This is probably due to the fact that
the substrate surface is positive under those conditions,
preventing Kþ from diffusing to it. Consequently, the recy-
cling is not maintained. The reaction shown in the Equa-
tion (3) can also be involved competitively, and thus the
theoretical equations developed for fitting the experimental
approach curves may be inadequate in this case.

Experimental Section

1,2-Dichloroethane (DCE, A.R), potassium chloride (A.R), and trimethyl-
chlorosilane (A.R) were obtained from Shanghai Chemical Co., China.
Dibenzo[18]crown-6 (DB18C6, 98%) was purchased from Aldrich. Tetra-
butylammonium tetrakis(4-chlorophenyl)borate (TBA-TPBCl) was syn-
thesized according to published procedures,[4d] and used as the supporting
electrolyte in the organic phase. Millipore water was employed for the
preparation of aqueous solutions.

A Model P-2000 laser puller (Sutter Instrument Co., USA) was used to
prepare the pipet with an orifice radius in the range of 0.2±4 mm from
borosilicate capillaries (1 mm outer diameter, 0.58 mm inner diameter).
The outer walls of the pipets were silanized according to a described
procedure.[8c] A 0.1m KCl solution was filled from the back using a 10-mL
syringe. Silver wire (0.125 mm in diameter) coated with AgCl was inserted
into the pipet as the reference electrode. The pipet was checked using an
Olympus BX-60 optical microscope (BX-60, Olympus) prior to each
measurement to ensure there was no bubble trapped inside. TheRg value of
the pipets employed is about 1.3; this can be achieved by developing a
suitable program and checked by a JXA-840 SEM (JEOL).

For experiments using the three-electrode setup with an Ag/AgCl electrode
covered with an aqueous phase, silver wire (2 mm diameter) was first sealed
in a glass tube (3 mm outer diameter, 2 mm inner diameter) and then
mounted in Teflon. Precautions must be taken to prevent leakage from
these electrodes. After the silver surface was polished, it was coated with a
layer of AgCl by electrolysis. Since glass and silver are hydrophilic, whereas
Teflon is hydrophobic, a stable aqueous droplet can form on the Ag/AgCl
surface. The glass insulator can also prevent the organic bulk phase from
coming into contact with the Ag/AgCl surface. The schematic representa-
tion of the three-electrode system is similar to that in ref. [10b]. Cyclic
voltammograms were recorded using a bipotentiostat (CHI900, CH
Instruments, USA).

The larger liquid±liquid interface as the substrate of SECM was formed
between an Ag/AgCl electrode covered with 2 mL of a 0.1m KCl solution
and 0.4 mL of a DCE solution containing 0.01m TBA-TPBCl and 0.25 mm

DB18C6. A Ag/AgTPBCl wire (0.125 mm diameter) and a Pt wire (0.5 mm
diameter) were used as the reference and counter electrodes, respectively.
The interfacial potential differences at the substrate and the tip were
controlled separately by the CHI900 bipotentiostat, and measured versus
the Ag/AgTPBCl reference electrode in the DCE solution. The approach
curve was obtained by moving the tip toward the substrate interface and by
recording the tip current as a function of d.
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